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the online portion, leaving room for more text in the printed 
volumes. Additionally, we have included sub-Boar d-like 
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Cardiac Anatomy and Examination 
of Cardiac Specimens 


William D. Edwards ■ Joseph J. Maleszewski 


A fundamental understanding of cardiac anatomy forms 
the cornerstone of diagnostic pediatric cardiology and is 
a prerequisite for the proper interpretation of clinical cardio- 
vascular imaging. In this chapter, cardiac anatomy is presented 
segmentally, with an emphasis on comparisons between analo- 
gous right-sided and left-sided structures. Although standard 
and commonly accepted anatomic terminology is used, angli- 
cized forms are also provided in parentheses — for example, 
crista terminalis (terminal crest). 


MEDIASTINUM 


General Features 

In keeping with their embryonic origins as midline structures, 
the heart and great vessels occupy the midthorax within the 
mediastinum. The anatomic borders of the mediastinum are 
as follows: 

1. Anteriorly, the sternum and its adjacent ribs 

2. Posteriorly, the vertebral column and its adjacent ribs 

3. Laterally, the medial aspects of the parietal pleuras 
(pleurae) 

4. Superiorly, the plane of the first rib 

5. Inferiorly, the diaphragm 

The mediastinum, in turn, is divided into four regions 
(Fig. 1.1). The heart, aortic arch, and descending thoracic 
aorta are located in the middle, superior, and posterior regions, 
respectively. Also located within the mediastinum are the 
esophagus, trachea, right and left main bronchi, thymus, lymph 
nodes, autonomic nerves, thoracic duct, and small vessels 
(including bronchial, esophageal, azygos, and hemiazygos). 


Cardiac Size 

The size of the heart relative to the thoracic cage varies with 
age. Radiographically, on a posteroanterior (PA) film, the nor- 
mal cardiothoracic ratio is 60% or less for newborns and 50% 
or less in children and adults (Fig. 1.2). However, these ratios 
are applicable only for full respiratory inspiration, a condition 
that may be difficult to attain in newborns and infants. Accu- 
rate assessment of the great vessels by chest radiography also 
may be hampered by the overlying thymus. 

Cardiac size also is proportional to body size and correlates 
better with body surface area and weight than with height. In 
well-conditioned athletes, with physiologic cardiac hypertro- 
phy, heart weights may approach or slightly exceed the upper 
limits of normal. Heart weight varies with gender as well and, 
for the same body size, is greater in girls than in boys during 
infancy and childhood. By the time a body weight of 25 kg 
is achieved, however, heart weights are similar between gen- 
ders, and beyond 35 kg of body weight, heart weights in boys 
exceed those in girls by about 10% (1). This trend continues 
throughout adult life and increases with body size, from 15% 
at 70 kg, to 20% at 100 kg, to 25% at 150 kg (2). 

In general, the normal human heart is roughly the size of 
one’s fist. In this regard, it is important to emphasize that a 
patient’s heart size should be similar in size to the patient’s 
fist, not the examiner’s. This obvious fact easily can be forgot- 
ten when one is viewing cardiac images and not taking into 
account the size of the patient. 


Cardiac Position 

Within the mediastinum, the cardiac apex normally is directed 
leftward, anteriorly, and inferiorly, and this constitutes 
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levocardia. In newborns, the apical direction is more horizon- 
tal than in children or adults. 

However, once the heart is removed from the chest, whether 
literally at autopsy or technically by projecting an image onto 
a video monitor, the extracardiac reference points are lost, and 


orientation becomes a matter of convenience. Traditionally, 
photographs of cardiac specimens have been oriented with the 
apex down, and echocardiographic four-chamber images of 
the heart often are projected similarly. As a result, confusion 
has arisen concerning the true anatomic positions of the car- 
diac chambers and valves. 


PERICARDIUM 


General Features 

The pericardium both covers the heart, as the epicardium, and 
surrounds it, as the parietal pericardium, much like a fluid-filled 
balloon covers a fist that is pressed into it. Between the two lay- 
ers, within the pericardial sac, serous pericardial fluid (<25 mL 
in adults) serves to lubricate the heart and allow its relatively 
friction-free movement within the chest. In addition, the pari- 
etal pericardium limits the diastolic dimensions of the heart. 

Parietal Pericardium 

The parietal pericardium represents a tough, flask-shaped sac 
that surrounds the heart and attaches along the great vessels, 
such that the ascending aorta and main pulmonary artery are 
intrapericardial (Fig. 1.3 A). Similarly, the terminal 2 to 4 cm 
of the superior vena cava also is located within the pericardial 



Figure 1.2. Cardiothoracic ratio. In posteroanterior chest 
radiograms, the relative size of the cardiac silhouette changes 
with age. A: Two-day-old newborn. B: Three-year-old child. 
C: Thirty-one-year-old man. 
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Figure 1.3. Parietal pericardium. A: With the anterior aspect of the parietal pericardium removed, the intraperi- 
cardial position of the great vessels is apparent. B: With most of the parietal pericardium excised, the pericardial 
reflection can be identified ( arrows ), as can the ligament of Marshall (arrowheads) and the transverse sinus 
(asterisk) (left lateral view). (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 


sac, as are shorter lengths of the pulmonary veins and the 
inferior vena cava. 

For patients with total anomalous pulmonary venous con- 
nection, the confluence of pulmonary veins is located within 
the pericardial sac behind the heart. In contrast, the right and 
left pulmonary arteries and the ductus arteriosus are extraperi- 
cardial structures, and surgical procedures restricted to these 
vessels do not require a pericardial incision. 

The parietal pericardium consists of an outer fibrous layer 
and an inner serous layer of mesothelial cells. The fibrous layer 
is densely collagenous and is <1 mm thick in adults. Its outer 
surface also normally contains variable amounts of adipose 
tissue, especially near the diaphragm, that can cause appar- 
ent thickening of the pericardium, as well as contribute to the 
cardiac silhouette radiographically. 

Because the fibrous pericardium contains little elastic tissue, 
it cannot distend acutely. Consequently, the rapid accumulation 
of as little as 200 mL of pericardial fluid in adults generally pro- 
duces hemodynamic features of cardiac tamponade. However, 
in the setting of chronic enlargement of the heart, as occurs 
with normal body growth or with cardiac dilation, stretching 
and growth of the parietal pericardium do take place to accom- 
modate the increasing cardiac volume. Such growth is capable 
of accommodating >1 L of chronic pericardial effusion. 

Visceral Pericardium (Epicardium) 

The visceral pericardium, or epicardium, covers the heart and 
the intrapericardial portions of the great vessels. It consists of 
a delicate lining of mesothelial cells and the subjacent adipose 
tissue, coronary vessels, and nerves along the surface of the 
heart. Adipose tissue tends to accumulate within the atrioven- 
tricular (AV), interventricular, and interatrial grooves (sulci) 
and along the acute margin of the right ventricle and the coro- 
nary branches. Prominent tags of fat cover the origins of the 
coronary arteries, between the aorta and the atrial append- 
ages. With increasing age, epicardial fat increases in amount 
and may infiltrate into the atrial septum, particularly within 
the limbus of the fossa ovalis. 

Because the heart must be compliant enough to enlarge 
during ventricular diastole and to contract during systole, the 


normal visceral pericardium has no dense fibrous component. 
Even so, it does have appreciable mechanical strength, as 
evidenced by the fact that, following coronary interventions 
complicated by arterial perforation, the overlying epicardium 
readily withstands coronary blood pressure and thereby deters 
rupture into the pericardial sac. 

Pericardial Reflection 

The junction between the parietal and visceral layers occurs 
along the great vessels and is known as the pericardial reflec- 
tion. That portion involving the great veins forms the oblique 
sinus, a cul-de-sac (shaped like an inverted U) along the 
posterior aspect of the left atrium. Between the great arter- 
ies, anterosuperiorly, and the atrial walls, posteroinferiorly, 
is a tunnel-shaped structure, the transverse sinus (Fig. 1.3B). 
Nearby, the ligament of Marshall represents the embryonic 
remnant of a left superior vena cava. 

Intraoperatively, in the setting of pulmonary atresia, if a 
remnant of the hypoplastic or atretic main pulmonary artery 
exists, it will be found along the ascending aorta, anterosupe- 
rior to the transverse sinus. Conversely, a persistent left supe- 
rior vena cava will abut the left pulmonary artery, posterior to 
the transverse sinus. 

Following operative procedures that include an anterior 
pericardiotomy, the development of fibrinous pericarditis is 
the rule and may be accompanied by a friction rub. As healing 
takes place, fibrin is replaced by fibrovascular granulation tis- 
sue, from which oozing of blood may occur as small vessels are 
eroded by repeated contact between the parietal and visceral 
layers with each heartbeat. For this reason, the pericardium 
generally is left open postoperatively so that accumulations of 
blood or fluid can be drained into one of the pleural cavities 
and removed through a chest tube. 

Within a few days, however, the raw and inflamed sur- 
faces generally begin to adhere to the overlying sternum, 
effectively closing the pericardium. When this occurs, ooz- 
ing of blood from the pericardial surfaces can result in the 
insidious development of postoperative cardiac tamponade. 
Furthermore, in supine patients, localized accumulations 
of blood within the oblique sinus can produce isolated left 
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atrial tamponade, which can be readily detected by bedside 
echocardiography. 

Over time, organization of fibrinous exudates often results 
in the development of diffuse fibrous adhesions between the 
parietal pericardium and the epicardial surface, although 
progression to constriction is rare. However, fibrous adhe- 
sions may increase the risk of subsequent cardiac operations 
by obscuring the locations of epicardial coronary arteries or, 
when dissected free, by causing appreciable intraoperative 
bleeding while the patient is heparinized. 


EXTERNAL TOPOGRAPHY 


General Features 

The AV groove (sulcus) defines the plane of the base of the 
heart, which contains the four major cardiac valves. The ante- 
rior and inferior interventricular grooves indicate the plane of 
the underlying ventricular septum. Externally, the two ventri- 
cles are similar in size and the atria are appreciably smaller 
than the ventricles, even though all four internal chamber 
volumes are similar. Along the surface of the heart, the right 
and circumflex coronary arteries travel in the right and left 
AV grooves, respectively, and the left anterior and posterior 
descending coronary arteries course along the anterior and 
inferior interventricular grooves, respectively. Thus, by exter- 
nal inspection alone, surgeons and pathologists can assess the 
location of the coronary arteries and the presence of hypoplas- 
tic or dilated chambers. 

Base-Apex Characteristics 

The ventricles, being roughly conical, have a base (at the base 
of the heart) and an apex. The base-apex direction (or axis) 
for both ventricles is leftward, anterior, and inferior, and the 
two directions are roughly parallel. However, in crisscross 
hearts, the ventricular apical directions cross and are often 
perpendicular. 

Because the left base-apex length normally is greater than 
that of the right, the left ventricular apex generally forms the 


true apex of the heart. However, the right ventricle may form 
the cardiac apex when the left ventricle is hypoplastic or when 
the right ventricle is dilated. Rarely, the interventricular groove 
is quite deep apically and results in a heart with a bifid apex. 

The cardiac apex normally is located along the left mid- 
clavicular line at the fourth or fifth intercostal space. Clini- 
cally, the point of maximal impulse usually corresponds to the 
anteroseptal region of the left ventricle rather than to the true 
cardiac apex. 

External Landmarks 

The junction between the anterior and inferior free walls of 
the right ventricle forms a sharp angle known as the acute 
margin, the basal aspect of which delineates the right shoul- 
der of the heart. Analogously, the rounded lateral wall of the 
left ventricle forms an ill-defined obtuse margin, and its basal 
aspect represents the left shoulder of the heart. Thus, coronary 
vessels supplying this region are known as obtuse marginal 
branches of the circumflex artery. Along the inferior (dia- 
phragmatic) aspect of the heart, the AV, interventricular, and 
interatrial grooves form a cross-shaped intersection called the 
crux cordis (crux of the heart). 

Chambers and Great Vessels 

To properly interpret the various cardiac imaging modalities, 
one must understand not only the normal size and shape of 
the cardiac chambers and great vessels but also their relative 
positions three-dimensionally (Fig. 1.4). In this regard, only 
the right atrium is anatomically named correctly. It is truly 
a right lateral chamber, whereas the left atrium lies in the 
midline posteriorly and is not a left-sided structure. The right 
ventricle is a right anterior chamber, and the left ventricle is 
a left posterior structure. Although not striking, the atria are 
located slightly superiorly relative to the ventricles. Position- 
ally, the aorta arises posteriorly, inferiorly, and to the right 
of the main pulmonary artery. In patients with congenitally 
malformed hearts, the relative sizes and positions of the car- 
diac chambers and great vessels may vary considerably from 
normal. 



Figure 1.4. External cardiac anatomy. The heart and great vessels are shown from the anterior (A), posterior (B), 
right lateral. 
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Figure 1.4. (Continued) (C), left lateral (D), superior (E), inferior (F), right anterior oblique (G), and left anterior 
oblique (H) anatomic perspectives, as indicated for each view. (See Appendix 1.1 at http://solution.lww.com for 
abbreviations.) 
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Figure 1.5. Systemic veins, shown schematically. A: The systemic veins include the superior and inferior venae 
cavae and their tributaries. B: The portal circulation drains the abdominal digestive system and the spleen. (See 
Appendix 1.1 at http://solution.lww.com for abbreviations.) 


GREAT VEINS 


Superior Vena Cava 

The internal jugular and subclavian veins merge to form bra- 
chiocephalic (or innominate) veins bilaterally (Fig. 1.5). Their 
junctions usually are guarded by venous valves (3). The bra- 
chiocephalic veins enter the mediastinum at the level of the 
first rib, posterior to the sternoclavicular joint. The left brachi- 
ocephalic or innominate vein is two to three times the length 
of its right-sided counterpart and lies along the anterosuperior 
aspect of the aortic arch and its brachiocephalic branches. 


Each innominate vein receives internal mammary (thoracic) 
and pericardiophrenic veins, and the left also receives the infe- 
rior thyroidal vein. 

Both brachiocephalic veins merge to form the superior 
vena cava, which lies just anteriorly to the right pulmonary 
artery and against the posterolateral aspect of the ascending 
aorta. The azygos vein arches over the right bronchus and 
empties into the superior vena cava posteriorly. The superior 
vena cava, as a right lateral structure, contributes to the right 
superior border of the radiographic frontal cardiac silhouette 
(Fig. 1.6). Approximately one-third to one-half of its length is 
intrapericardial as it approaches the right atrium. 



Figure 1.6. Heart and great vessels. A: The borders of the frontal cardiac silhouette are demonstrated on a chest 
radiogram. B: An anterior view of a cardiac specimen is shown, for comparison with A. (See Appendix 1.1 at 
http://solution.lww.com for abbreviations.) 
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The right internal jugular vein, right brachiocephalic vein, 
and superior vena cava provide a short and relatively straight 
intravascular route to the right atrium and tricuspid orifice 
that may be used for obtaining endomyocardial biopsy speci- 
mens from the right ventricle. Subclavian veins often are used 
for the placement of transvenous pacemaker leads, and both 
the subclavian and internal jugular veins are used for the inser- 
tion of pressure-monitoring catheters. Indwelling catheters 
and pacemaker leads can become coated with shallow throm- 
bus, particularly at sites of contact with vascular walls, which 
may become sources of embolization or infection. 

Inferior Vena Cava 

The inferior vena cava receives systemic venous drainage from 
the legs, retroperitoneal viscera, and the portal circulation 
(Fig. 1.5). Because the veins from the abdominal digestive sys- 
tem drain through the liver, ingested substances are metab- 
olized before they gain access to the remainder of the body. 
The suprahepatic portion of the inferior vena cava is only a 
few centimeters in length and, after traversing the diaphragm, 
joins the inferior surface of the right atrium. 

The ostium of the inferior vena cava is guarded by a 
diminutive crescent-shaped flap of tissue, the eustachian valve. 
Although generally small, this valve of the inferior vena cava 
can become so large that it produces a double-chambered right 
atrium (cor triatriatum dexter) and can be so obstructive to 
the tricuspid valve inflow that underdevelopment of the right 
ventricle results. 

Interestingly, the vertebral venous plexus does not directly 
join the inferior vena cava. Rather, it drains into the intracra- 
nial, intercostal, lumbar, and lateral sacral veins, as well as into 
the portal system via the rectal venous plexus. Accordingly, 
infections or metastases may spread to the vertebral bodies or 
central nervous system through this vascular network. 

Coronary Sinus 

The coronary sinus travels in the left AV groove and receives 
not only the great cardiac vein but also the posterior, mid- 
dle, and small cardiac veins. It empties into the right atrium 
near the atrial septum and the orifice of the inferior vena 
cava. During electrophysiologic studies in patients with the 
Wolff-Parkinson-White preexcitation syndrome and left-sided 
bypass tracts, a multielectrode catheter can be positioned 
within the coronary sinus and great cardiac vein, adjacent to 
the mitral valve ring, to localize the aberrant conduction path- 
ways. During cardiac operations, cardioplegic solution may be 
administered retrogradely into the coronary sinus. 

The coronary sinus ostium is guarded by a crescent-shaped 
valve, the thebesian valve. A commissure exists between the 
valves of the coronary sinus and the inferior vena cava. From 
this commissure, a small cord, the tendon of Todaro, trav- 
els just beneath the endocardium and inserts into the mem- 
branous septum. Rarely, an unroofed coronary sinus drains 
directly into the left atrium, or the coronary sinus ostium is 
atretic. 

The valves of the inferior vena cava and coronary sinus 
both are derived from the embryonic right venous valve. When 
either is enlarged and fenestrated, the term Chiari net (or net- 
work) may be applied. 

Pulmonary Veins 

Superior (upper) and inferior (lower) pulmonary veins from 
each lung join the posterolateral aspects of the left atrium. 
Owing to the midline nature of the left atrium, the right-sided 


veins are similar in length to their left-sided counterparts. As 
a variation of normal, a middle lobe vein from the right lung 
may enter the left atrium separately rather than first joining 
the upper lobe vein. In other cases, the upper and lower pul- 
monary veins, particularly from the left lung, can merge and 
join the left atrium as a single vein. 

The right and left lower pulmonary veins each travel along 
the inferior aspect of the corresponding main bronchus. In 
contrast, the two upper veins each course anteriorly to their 
respective bronchus and, at the pulmonary hilum, lie anteri- 
orly to the right intermediate and left main pulmonary arter- 
ies. Thus, because the upper pulmonary veins travel anteriorly 
and the pulmonary arteries travel posteriorly (moving from 
the heart to the hilus), the veins are posterior to the arteries 
at the level of the left atrium but lie anteriorly to the arteries at 
the level of the pulmonary hilum. 

Interestingly, the media of the pulmonary veins, within 1 to 
3 cm of the left atrium, contain myocardial cells rather than 
smooth muscle cells. Consequently, these regions can function 
as sphincters during atrial systole and thereby minimize retro- 
grade blood flow back into the lungs. These venous myocytes 
also can be the nidus for atrial fibrillation. Because the pul- 
monary veins normally are thin walled and distended under 
low pressure, they are prone to extrinsic compression either 
by a native structure, such as thrombus or neoplasm, or by 
synthetic materials, such as a conduit or surgical hemostatic 
packing material. 


ATRIA 


General Features 

The right and left atria serve as receiving chambers for blood 
returning from the systemic and pulmonary venous systems, 
respectively. They also have an endocrine function, particu- 
larly the right atrium. In the setting of right atrial dilation or 
congestive heart failure, atrial natriuretic peptide is released 
from secretory granules within myocytes, as part of the cardio- 
renal system for sodium and body fluid homeostasis. 

Right Atrium 

The right atrium is a right lateral chamber that, along with the 
venae cavae, forms the right lateral border of the radiographic 
frontal cardiac silhouette (Fig. 1.6). It receives blood from the 
two venae cavae, coronary sinus, and numerous small thebe- 
sian veins, and it expels blood across the tricuspid valve and 
into the right ventricle. Structurally, the right atrium consists 
of free-wall and septal components. 

Free Wall 

Internally, the free wall has a smooth posterior region and a 
more muscular anterior region (Fig. 1.7). The posterior aspect 
receives the two venae cavae and has a vein-like appearance, 
in keeping with its embryologic origin from the sinus venosus. 
In contrast, the anterior aspect exhibits a muscular wall and 
a large pyramidal appendage. A prominent C-shaped ridge of 
muscle, the crista terminalis, serves to separate the two regions 
and forms one of the tracts for internodal conduction. 

Numerous pectinate muscles arise from the terminal crest 
and travel as parallel ridges along the anterior aspect of the 
free wall. Pectinatus is Latin for comb, and the crista termi- 
nalis and pectinate muscles may be likened to the backbone 
and teeth of a comb, respectively. An irregular arrangement 
of pectinate muscles also is found within the atrial appendage, 
and, as a result, atrial pacemaker leads can be lodged readily in 
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Figure 1.7. Comparison of right and left atria. A: Opened right atrium. Two arrow-shaped probes show that the 
superior vena cava is directed toward the tricuspid orifice and the inferior vena cava is directed toward the fossa 
ovalis. B and C: Atrial septum. A white probe in the patent foramen ovale passes between the limbus and valve 
of the fossa ovalis in the right atrium (B) and exits through the ostium secundum in the left atrium (C). D and 
E: Atrial free walls. The right atrial wall (D, viewed from a left lateral perspective) contains a crista terminalis and 
pectinate muscles, whereas the left atrial wall (E, viewed from an anterior perspective) contains neither of these 
structures. F: The interatrial and AV septa are demonstrated in a four-chamber slice of the heart. (See Appendix 
1.1 at http://solution.lww.com for abbreviations.) 


this area. The right atrial appendage rests against the ascend- 
ing aorta and overlies the proximal right coronary artery. 

When right atrial enlargement is associated with stasis to 
blood flow, thrombus may form between the pectinate mus- 
cles, particularly within the appendage. Transvenous pace- 
maker leads and intracardiac catheters often produce linear 
contact lesions at the cavoatrial junction, and these usually 
become lined by shallow mural thrombi. 

It is important to note that the atrial wall between the 
ridges of pectinate muscles is generally <1 mm thick and can 
be perforated by catheters and pacemaker leads. Although the 
posterior half of the free wall (derived from the sinus venosus) 
is also only about 1 mm thick, it has a thicker endocardium 
and, therefore, is less prone to perforation. In adolescents and 
adults, the pectinate muscles are 2 to 4 mm thick, and the 
crista terminalis may achieve a thickness of 3 to 6 mm. 

Septum 

When viewed from the right, the septum has an interatrial 
component (between the right and left atria) and an AV com- 
ponent (between the right atrium and left ventricle). The 
interatrial portion is relatively small, and its most prominent 
feature is the fossa ovalis (4). This consists of a horseshoe- 
shaped muscular rim — the limbus, which forms a pathway 


for internodal conduction — and a central sheet of thin fibrous 
tissue — the valve of the fossa ovalis (Fig. 1.7). In adolescents 
and adults, the limbus averages 4 to 8 mm in thickness, and 
the valve is about 1 mm thick. Embryologically, the valve of 
the fossa ovalis represents the first septum that develops (sep- 
tum primum), and the limbus represents the second septum 
that forms (septum secundum). 

During fetal and neonatal life, the valve of the fossa ovalis 
represents a paper-thin, delicate, translucent membrane. As 
such, it readily is torn (or stretched) during balloon atrial 
septostomy procedures. With increasing age, however, the 
progressive deposition of collagen and elastin produces a 
thicker, tougher, opaque valve (5). As a result, transseptal 
procedures may be more difficult in older children, adoles- 
cents, and adults. 

In contrast to the fossa ovalis, the foramen ovale repre- 
sents a potential passageway between the two atria. It courses 
between the anterosuperior aspect of the limbus and the valve 
of the fossa ovalis and then through a natural valvular perfora- 
tion, the ostium secundum, and into the left atrium (Fig. 1.7). 
Although the foramen ovale is patent throughout fetal life, it 
functionally closes soon after birth, as left atrial pressure begins 
to exceed that in the right atrium, and the valve of the fossa 
ovalis becomes pressed against the limbus, thereby effectively 
closing the foramen. 
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In approximately two-thirds of individuals, the foramen 
ovale closes permanently during the first year of life, as fibrous 
tissue seals the valve to the limbus of the fossa ovalis. Thus, 
in about one-third of infants, children, and adolescents, this 
flap valve is not sealed (patent foramen ovale) and closes only 
when the pressure in the left atrium exceeds that in the right 
atrium. During the Valsalva maneuver, for example, a small 
right-to-left shunt can be detected echocardiographically 
in persons with a patent foramen ovale. In adolescents and 
adults, the foramen ovale ranges from 2 to 10 mm in maximal 
potential diameter, with a mean size of 5 to 6 mm (6). 

In the setting of pronounced atrial dilation, the atrial sep- 
tum can be stretched to such an extent that the limbus no 
longer covers the ostium secundum, resulting in a valvular- 
incompetent patent foramen ovale — an acquired atrial septal 
defect. In contrast, fenestrations of the valve are the most com- 
mon cause of congenital atrial septal defects. Excessive valve 
tissue may undulate during the cardiac cycle and form an 
aneurysm of the fossa ovalis (see Chapter 28). 

Because the tricuspid valve annulus attaches to the septum 
lower (more apically) than the mitral annulus, septal myo- 
cardium is interposed between the right atrium and the left 
ventricle. This constitutes the AV septum (Fig. 1.7). Although 
this is primarily a muscular septum, on average 10 mm thick 
in adults, it also contains a membranous portion that is only 
about 1 mm thick. The AV portion of the membranous sep- 
tum is located at the anteroseptal tricuspid commissure (when 
viewed from the right side of the heart) and beneath the right 
posterior aortic commissure (as seen from the left side). 

The AV septum corresponds to the triangle of Koch, an 
important anatomic surgical landmark because it contains 
the AV node and the proximal (penetrating) portion of the 
AV (His) bundle. Thus, during tricuspid annuloplasty proce- 
dures, care must be taken to avoid injury to the conduction 
system. When defects occur in the muscular AV septum, the 
mitral annulus usually drops to the same level as the tricuspid 
annulus, so that the defect becomes primarily interatrial, and 
the AV conduction tissues are displaced inferiorly. 

Finally, a medial portion of the free wall lies against the 
right aortic sinus, which bulges somewhat into the atrial cav- 
ity as the torus aorticus (aortic bulge). This protuberance is 
bordered by the limbus of the fossa ovalis, the ostium of the 
appendage, the tricuspid annulus, and the AV septum. During 
transseptal procedures, care must be taken to stay within the 
confines of the valve of the fossa ovalis to avoid perforation 
along the aortic protuberance, which could result in trauma 
to the adjacent aortic root or coronary arteries. Rarely, atrial 
septal defect closure devices have eroded into the aortic root 
(see Chapter 13). 

Because of hemodynamic streaming within the right atrium 
during intrauterine life, poorly oxygenated blood from the 
superior vena cava is directed toward the tricuspid orifice, 
whereas well-oxygenated placental blood within the inferior 
vena cava is directed by the eustachian valve toward the fora- 
men ovale and into the left atrium. Consequently, the most 
oxygenated blood in the fetal circulation travels, via the left 
side of the heart, to the coronary arteries, upper extremities, 
and the rapidly developing central nervous system. Through- 
out postnatal life, this orientation of the venae cavae is 
maintained (Fig. 1.7). As a result, transseptal procedures are 
performed more easily via the inferior vena cava, in contrast to 
right ventricular biopsies, which are performed more readily 
by a superior vena caval approach. 

Left Atrium 

The left atrium is a midline posterior chamber that receives 
pulmonary venous blood and expels it across the mitral valve 


and into the left ventricle. By virtue of its posterior location, 
the body of the left atrium does not contribute to the borders 
of the radiographic frontal cardiac silhouette. However, the 
left atrial appendage, when enlarged, may produce a bulge 
along the left cardiac border, between the left ventricle and the 
left pulmonary artery. 

Interposed between the left atrium and the vertebral bod- 
ies are the esophagus, to the right, and the descending tho- 
racic aorta, to the left. Furthermore, the bifurcated pulmonary 
artery and left bronchus travel along the superior aspect of 
the left atrium, and the left and posterior aortic sinuses may 
indent the atrial wall as the aortic protuberance (torus aor- 
ticus). During transesophageal echocardiography, the trans- 
ducer is placed close to the left atrium and provides excellent 
visualization of the atria, AV valves, and great vessels. 

In the setting of left atrial dilation, the left bronchus 
is pushed upward, as can be seen radiographically, and the 
esophagus is displaced rightward. When a left superior vena 
cava persists, the coronary sinus into which it drains generally 
is quite dilated, in some cases indenting the left atrial wall, and 
should not be mistaken echocardiographically for the descend- 
ing thoracic aorta. As on the right side, the left atrium consists 
of a free wall and a septum. 

Free Wall 

The free wall includes a dome-shaped body, which receives 
the pulmonary veins, and a finger-like appendage. These two 
regions are separated externally by the left atrial coronary vein 
and ligament of Marshall and internally by the ostium of the 
appendage. The left atrial body, although 1 to 3 mm thick and 
infiltrated by cardiac myocytes, is derived embryologically from 
the common pulmonary vein and internally maintains a smooth 
vein-like appearance. The endocardium is opaque and gray- 
white, owing to the deposition of collagen and elastin, and is 
thicker and less compliant than that in the other three chambers. 

The left atrial appendage rests along the left AV groove and 
covers the proximal circumflex coronary artery and, in some 
individuals, the left main coronary artery. The appendage con- 
tains numerous small pectinate muscles, has a variable number 
of lobes or blind-ended pouches, and is tortuous and may fold 
on itself. Outside the appendage, the body of the left atrium 
contains no pectinate muscles, and there is no crista terminalis. 

As the left upper pulmonary vein joins the left atrium, an 
infolded ridge often forms where the ostium of the pulmo- 
nary vein is contiguous with that of the atrial appendage. This 
should not be mistaken as a partial form of cor triatriatum 
(triatrial heart). 

Septum 

When viewed from the left, the septum is entirely interatrial. 
Along its anterosuperior border, the valve of the fossa ovalis 
contains one or more fenestrations, representing the embryo- 
logic counterpart of the ostium secundum. If a probe passed 
through the fenestrations enters the right atrium, the foramen 
ovale is considered patent. Neither the limbus of the fossa ova- 
lis nor the AV septum is visible from within the left atrium. 
Several small thebesian veins drain directly into the left atrial 
cavity, particularly along the septum. 

Comparison of the Atria 

With regard to the atrial septum, the limbus of the fossa ova- 
lis is a feature of the right atrium, and the ostium secundum 
is characteristic of the left atrium (Fig. 1.7). The free wall of 
the right atrium contains the crista terminalis and pectinate 
muscles, whereas that of the left atrium does not (Table 1.1). 
Moreover, the right atrial appendage is large and pyramidal, 
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Comparison of Right-Sided and Left-Sided Anatomic Fractures 
| | of Cardiac Segments 

Right Atrium 

Left Atrium 

Limbus of fossa ovalis (limb of oval fossa) 

Ostium secundum 

Large pyramidal appendage 

Small finger-like appendage 

Crista terminalis (terminal crest) 

No crista terminalis 

Pectinate muscles 

No pectinate muscles 

Receives venae cavae and coronary sinus 3 

Receives pulmonary veins 9 

Tricuspid Valve 

Mitral Valve 

Low septal annular attachment 

High septal annular attachment 

Septal cordal attachments 

No septal cordal attachments 

Triangular orifice (midleaflet level) 

Elliptical orifice (midleaflet level) 

Three leaflets and commissures 

Two leaflets and commissures 

Three papillary muscles 

Two large papillary muscles 

Empties into right ventricle 

Empties into left ventricle 

Right Ventricle 

Left Ventricle 

Tricuspid-pulmonary discontinuity 

Mitral-aortic continuity 

Muscular outflow tract 

Muscular-valvular outflow tract 

Septal and parietal bands 

No septal or parietal band 

Large apical trabeculations 

Small apical trabeculations 

Coarse septal surface 

Smooth upper septal surface 

Crescentic in cross sections 3 

Circular in cross section 3 

Thin free wall (3-5 mm) 3 

Thick free wall (12-15 mm) 3 

Receives tricuspid valve 

Receives mitral valve 

Pulmonary Valve 

Aortic Valve 

Empties into main pulmonary artery 

Empties into ascending aorta 


■"Variable feature. 


whereas the left atrial appendage is smaller and finger-like. 
Although the superior vena cava and the pulmonary veins can 
anomalously join the contralateral atrium, the inferior vena 
cava almost invariably joins the morphologic right atrium. 

Thus, the distinguishing features of a morphologic right 
atrium are the limbus of the fossa ovalis, connection of the 
inferior vena cava, and a large pyramidal appendage. The lim- 
bus can be detected with four-chamber imaging, and the course 
of the inferior vena cava and the morphology of the atrial 
appendage can be assessed by either invasive or noninvas ive 
imaging. Identification of the crista terminalis and pectinate 
muscles is possible by direct inspection at operation or autopsy 
but not consistently by imaging procedures. 


ATRIOVENTRICULAR VALVES 
General Features 

The AV valves serve to maintain unidirectional blood flow and 
to electrically separate the atria and ventricles. Each valve has 
five components. The annulus, leaflets, and commissures form 
the valvular apparatus, and the chordae tendineae (tendinous 
cords) and papillary muscles form the tensor apparatus. 

The annulus of each valve is somewhat saddle shaped 
rather than being truly planar and represents an ill-defined 


ring of fibrous tissue from which the leaflets arise. Although 
the mitral annulus is a continuous ring of collagen, the tri- 
cuspid annulus is not and exhibits loose connective tissue at 
the points of annular discontinuity. Consequently, ventricular 
dilation leads more readily to annular dilation of the tricuspid 
valve than that of the mitral valve. During the first two dec- 
ades of life, valvular growth correlates better with age than 
with body height, weight, or surface area (1). 

Leaflets represent delicate flaps of connective tissue. Owing 
to direct cordal insertions along their leading edges, the free 
edges have a serrated appearance. Tendinous cords also insert 
along the ventricular aspect of each leaflet (the valve pocket or 
undersurface) and thereby support the leaflet during ventricular 
systole. On the atrial aspect, the closing edge represents an ill- 
defined junction between the thinner body (or clear zone) and 
the thicker contact region (or rough zone) of the leaflet. During 
valve closure, apposing leaflets contact one another along the 
surfaces between the free and closing edges (Fig. 1.8). In about 
50% of fetuses and infants, blood cysts occur as small (<3 mm) 
purple nodules along the contact surfaces of the mitral and tri- 
cuspid valves and generally disappear within 1 year (7). 

Microscopically, each leaflet exhibits two major layers. A 
fibrous layer (fibrosa) forms the strong structural backbone of 
the valve and is continuous from the annulus proximally to the 
sites of cordal insertion distally. In contrast, the spongy layer 
(spongiosa) acts as a shock absorber and becomes prominent 
along the contact regions of each leaflet. Because the leaflets are 
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thin and compliant and are attached only at the annulus and pap- 
illary muscles, rapid opening and closure of the valve is possible. 

A commissure represents the site along a valve annulus 
where two leaflets meet. Commissures always have an under- 
lying papillary muscle and a fan-like array of tendinous cords 
that attach to both leaflets, in contrast to congenital clefts, 
which have neither. Although each leaflet has two major com- 
missures, it also may be divided further into several regions, 
or scallops, by minor commissures, each of which has a small 
underlying papillary muscle. 

The tendinous cords act as strong fibrous guy wires to anchor 
and support the leaflets. Accordingly, they restrict excessive val- 
vular excursion during ventricular systole and prevent valvular 
prolapse into the atrium. Because a cord generally branches 
several times, more than 150 cords normally insert into the 
free edge or ventricular aspect of each valve, which tends to 
distribute the systolic force of ventricular blood evenly along 
the undersurface of each leaflet (8,9). If the tendinous cords are 
malformed, weakened, or insufficient in number, a portion of 
the leaflet can begin to bulge and prolapse, leading to valvular 
regurgitation. This commonly occurs not only with myxoma- 
tous valves but also with common AV valves and at least one of 
the two AV valves in a double-inlet left ventricle (10). 


Papillary muscles can be single, multiheaded, or a fused 
group. By being positioned directly beneath a commissure and 
by receiving tendinous cords from two adjacent leaflets, a pap- 
illary muscle tends to pull its two leaflets toward each other 
during ventricular systole, thereby facilitating valve closure. 
Ventricular contraction also contributes to valve closure by 
decreasing the annular dimension and shortening the base-apex 
length of the chamber. Thus, papillary muscle ischemia or ven- 
tricular dilation may produce valvular regurgitation, as can be 
seen with the tricuspid valve after severe birth asphyxia or in the 
setting of persistent pulmonary hypertension of the newborn. 

Tricuspid Valve 

Because of the normal rightward bowing of the ventricu- 
lar septum, the tricuspid annulus is shaped like a reversed D 
when viewed from its ventricular aspect (Fig. 1.8). However, at 
midleaflet level, the orifice becomes triangular. Annular dimen- 
sions vary with the cardiac cycle, decreasing by about 20% in 
circumference and 33% in area during systole, owing to con- 
traction of the right ventricular myocardium (11). The plane of 
the tricuspid annulus faces toward the right ventricular apex. 




Figure 1.8. Comparison of right and left AV valves. A: The tricuspid valve normally has three leaflets. 
The membranous septum is located along its annulus (dashed line), at the anteroseptal commissure (arrow). 
B: The mitral valve has two leaflets, with papillary muscles beneath each commissure. C and D: In short-axis 
views, the tricuspid orifice is shaped like a reversed D at the annular level (C) and like a triangle at the midleaflet 
level (D). In contrast, the mitral orifice is elliptical at both levels. As shown in D, the anterior leaflet (arrow) of 
each valve is a midcavitary structure that divides its ventricle into inflow and outflow regions. (See Appendix 1.1 
at http://solution.lww.com for abbreviations.) 
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Whereas the septal and posterior leaflets lie against the ven- 
tricular septum and inferior wall of the right ventricle, respec- 
tively, the anterior leaflet forms a prominent intracavitary 
curtain that partially separates the inflow and outflow tracts. 
The anterior leaflet is the most mobile of the three, and the 
septal leaflet, by virtue of its numerous direct cordal attach- 
ments along the ventricular septum, is the least mobile. The 
relative sizes of the three leaflets vary appreciably from person 
to person (9). 

Among the three papillary muscles, the anterior muscle is 
the largest and most well formed. It originates from the acute 
margin of the right ventricle, may be single or bifid, and pro- 
vides cordal insertions to the anterior and posterior leaflets. 
The posterior papillary muscle arises from the inferior wall 
near the septum, and the posterior and septal leaflets receive 
cords not only from this small muscle but also from accessory 
papillary muscles and trabeculations. The medial papillary 
muscle (also called the papillary muscle of the conus or the 
muscle of Lancisi) emanates along the superior aspect of the 
septal band, at the level of the membranous septum, and has 
cordal attachments to the septal and anterior leaflets. Although 
prominent in infants and children, it commonly merges with 
the septal band and becomes small or absent by adulthood. 

Of the three commissures, the anteroseptal is the most vari- 
able. It traverses the midportion of the membranous septum, 
dividing it into AV and interventricular regions. Leaflet tissue 
is deficient at this commissure in about 10% of hearts, and 
the membranous septum fills the 1- to 7-mm gap between the 
anterior and septal leaflets (12). This commissure is also char- 
acteristically deficient in partial AV septal defects. 

Mitral Valve 

The mitral annulus changes shape during the cardiac cycle, 
from circular in diastole to elliptical during systole. However, 
at the midleaflet level, the diastolic orifice is elliptical or foot- 
ball shaped. The annular circumference and area also decrease 
by approximately 15% and 25%, respectively, during ven- 
tricular systole (13). Unlike the tricuspid annulus, the mitral 
annulus is directed more toward the midportion of the septum 
than toward the apex. Although the entire annular circumfer- 
ence connects to the overlying left atrium, only a C-shaped 
portion attaches to the underlying left ventricular free wall. 
The remaining 30% of the annulus is intracavitary, is attached 
to the anterior mitral leaflet, and is continuous with the aortic 
valve annulus. 

Therefore, the anterior mitral leaflet, like the anterior tri- 
cuspid leaflet, forms an intracavitary curtain that partially sep- 
arates the inflow and outflow tracts (Fig. 1.8). However, unlike 
its right-sided counterpart, it actually forms part of the outflow 
tract and may contribute to subaortic obstruction in such dis- 
orders as hypertrophic cardiomyopathy. Whereas the anterior 
leaflet is semicircular, the posterior leaflet is rectangular and 
usually is subdivided by minor commissures into three or more 
semicircular scallops. Only the mitral valve has just two leaf- 
lets; the other three valves each have three leaflets or cusps. 

Interestingly, the surface areas of the anterior and posterior 
leaflets are almost identical and together provide nearly twice 
the area needed to close the systolic annular orifice (14). How- 
ever, because some folding and puckering of leaflet tissue, as 
well as appreciable surface area for contact between leaflets, 
are needed to ensure a competent seal, the mitral leaflets are 
not as redundant as they might first appear. 

The mitral valve has two major commissures, beneath 
which are located the two major papillary muscles, anter- 
olateral and posteromedial. In addition to the usual tendi- 
nous cords, two thick and prominent strut cords, one from 
each papillary muscle, attach to the ventricular aspect of the 


anterior leaflet and offer additional support (15). In about 
50% of subjects, cordal structures known as left ventricular 
pseudotendons arise from a papillary muscle and insert onto 
either the septum or the opposite papillary muscle. In con- 
trast, attachment of cords from a mitral leaflet to the ventric- 
ular septum is distinctly abnormal and is usually associated 
with AV septal defects or straddling mitral valves. 

Both papillary muscles originate from the left ventricular 
free wall and can have thicknesses similar to those of the ven- 
tricular wall. They occupy the middle third of the left ven- 
tricular base-apex length, not only in normal hearts but also 
in hypertrophied and dilated hearts. In the setting of hyper- 
trophic cardiomyopathy, the mitral papillary muscles may be 
particularly prominent and occupy a substantial portion of the 
potential volume of the left ventricular chamber. 

The anterolateral papillary muscle commonly is single with 
a midline groove and usually has a dual blood supply from the 
left anterior descending and circumflex coronary arteries. In 
contrast, the posteromedial papillary muscle generally is mul- 
tiple or else bifid or trifid, and it most commonly is nourished 
solely by the right coronary artery. The anterolateral muscle 
usually is larger and extends closer to the mitral annulus than 
the posteromedial muscle. 

Comparison of Atrioventricular Valves 

The tricuspid valve has three leaflets, commissures, and papil- 
lary muscles, whereas the mitral valve has only two of each. 
Other differences also exist that may be of clinical use (Fig. 1.8 
and Table 1.1). 

From a practical standpoint, identification of the lower 
septal insertion of the tricuspid annulus, as distinct from the 
mitral, can be assessed with four-chamber images (Fig. 1.7F) 
in both normal and malformed hearts. Exceptions include par- 
tial AV septal defects and double-inlet ventricles, in which the 
two valves achieve the same annular level. Along the septum, 
the distance between the mitral and tricuspid insertions is <0.8 
cm/m 2 body surface area in normal hearts and is greater than 
this in the Ebstein malformation (16). 

The insertion of numerous cords directly onto the septum is 
a reliable distinguishing feature of the tricuspid valve. Finally, 
the tricuspid valve virtually always connects to a morphologic 
right ventricle, whereas the mitral valve connects to a mor- 
phologic left ventricle. Differences also exist between the two 
valves with regard to annular size and orifice shape. 


VENTRICLES 


General Features 

Normally, a ventricle receives blood through an AV valve from 
an atrium and pumps it across a semilunar valve into a great 
artery. Because all four major cardiac valves lie in the same 
plane, at the base of the heart, blood entering and exiting a 
ventricle follows a V-shaped course. During ventricular sys- 
tole, both the base-apex length and the short-axis diameter 
decrease and not only expel blood from the chamber but also 
assist closure of the AV valve by decreasing its annular size. 

Heart weight, which roughly corresponds to ventricular 
mass, is related to body surface area or weight for all age 
groups (1,2). During the first two decades of life, thicknesses 
of the right and left ventricular free walls and the ventricu- 
lar septum correlate better with age than with body size. In 
normal hearts, the ratio between ventricular septa] and left 
ventricular free-wall thicknesses is 1.1 (range 0.8 to 1.4), and 
the ratio between left and right ventricular thicknesses is 3 
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Figure 1.9. Comparison of right and left ventricles. A: In cross section, the right ventricle is crescent shaped, the 
left ventricle is circular, and the wall thickness of the left ventricle is three to four times that of the right ventricle. 
B: The fetal heart (to the left) exhibits prominent right ventricular hypertrophy, whereas by the age of 3 months, the 
infant’s heart (to the right) shows regression of hypertrophy. C: The right ventricle receives a tricuspid valve, has 
prominent anteroapical trabeculations, and has a muscular outflow track that separates the tricuspid and pulmo- 
nary valves. The parietal and septal bands and the outlet septum form the crista supraventricularis (supraventricular 
crest). D: The left ventricle, in contrast, receives a mitral valve, has shallow apical trabeculations, and exhibits direct 
continuity between the mitral and aortic valves. E: The membranous septum is divided into AV and interventricular 
components by the septal tricuspid leaflet (arrow), (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 


(range 2 to 5). Autopsy measurements of wall thickness tend 
to correspond to end-systolic rather than end-diastolic dimen- 
sions (17). 

It is important to note that the right ventricle in fetuses and 
neonates differs from that in older persons. During fetal life, 
the presence of a patent ductus arteriosus is associated with 
equalization of aortic and pulmonary artery pressures and a 
state of physiologic pulmonary hypertension. Thus, during 
fetal and neonatal life, right ventricular hypertrophy is evident 
and the thickness of the right ventricle is similar to that of the 
left (Fig. 1.9). 


Right Ventricle 

As a right anterior chamber, the right ventricle normally does 
not contribute to the radiographic frontal cardiac silhouette. 
The anterior and inferior surfaces of its free wall merge along 
the acute margin of the heart and form an angle of 45 to 75 
degrees. This, along with rightward bowing of the ventricular 
septum, results in a crescent-shaped chamber in the short-axis 
view. Conditions such as pulmonary hypertension that impose 
a pressure or volume overload on the right ventricle and cause 


its hypertrophy and dilation may be attended by straighten- 
ing of the septum so that both ventricles become D-shaped on 
cross section. In extreme cases, such as an Ebstein anomaly 
or total anomalous pulmonary venous connection, leftward 
bowing of the septum can result not only in a reversal in ven- 
tricular short-axis shapes but also in possible obstruction of 
the left ventricular outflow tract. 

Anatomically, the right ventricle can be divided into inlet, 
trabecular, and outlet regions. This concept of a tripartite 
chamber correlates well with the embryologic development 
of the right ventricle. The inlet portion is associated with the 
tricuspid valve, and its border is defined by the cordal inser- 
tions. Anteroapically, prominent muscle bundles traverse the 
chamber from septum to free wall and demarcate the trabecu- 
lar region. It is in this region that biopsy tissue is obtained and 
transvenous pacemaker leads are lodged. The remainder of 
the ventricle is relatively smooth walled and forms the outlet 
region, which is a collar of myocardium known as the conus 
(meaning cone), infundibulum (meaning funnel), or right ven- 
tricular outflow tract. 

Within the right ventricle, a nearly circular ring of muscle 
known as the crista supraventricularis forms an unobstructed 
opening into the outlet region. It consists of a parietal band, an 
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Figure 1.10. Ventricular septum, shown schematically. For 
each ventricle, the septum is roughly triangular-shaped. One 
side forms the anterior border, and one forms the inferior 
border. The third side is located at the cardiac base and is 
associated with AV and semilunar valves. (See text for further 
description.) 


outlet septum, a septal band, and a moderator band (Fig. 1.9). 
The parietal band is a free-wall structure that separates the 
tricuspid and pulmonary valves. Lying beneath the right-left 
commissure of both semilunar valves, the outlet septum sepa- 
rates the two ventricular outflow tracts and tilts approximately 
45 degrees relative to the remainder of the ventricular septum. 
The septal band is a Y-shaped structure with a long, broad 
stem and smaller inferior and anterior limbs. The two limbs, 
in turn, cradle the outlet septum and give rise to the medial 
tricuspid papillary muscle. Apically, the septal band merges 
with the apical trabeculations and gives rise to the moderator 
band, which inserts at the base of the anterior tricuspid papil- 
lary muscle. The right bundle branch travels along the septal 
and moderator bands. 

When viewed from a right anterior oblique perspective, 
the ventricular septum is shaped like a triangle, the vertexes 
of which correspond to the apex, pulmonary annulus, and 
the most inferior aspect of the tricuspid annulus. Normally, 
the distance from the apex to the pulmonary valve annulus is 
about 25% greater than that from the apex to the tricuspid 
annulus. The membranous septum lies midway between the 
pulmonary valve annulus and the inferior aspect of the tricus- 
pid annulus. 

Using these landmarks, the surface of the ventricular sep- 
tum can be divided into six regions that are useful for localiz- 
ing the position of septal defects (Fig. 1.10) (18). A line drawn 
from the membranous septum to the apex divides the septum 
into anterior and inferior halves. By dividing the base-apex 
length into thirds (basal, middle, and apical), the six regions 
are obtained. The basal and middle regions inferiorly corre- 
spond to the inlet portion of the right ventricle, and the two 
apical regions plus the anterior middle region match the anter- 
oapical trabecular area. The remaining anterobasal region cor- 
responds to the outlet septum. 

Left Ventricle 

The left ventricle is a left posterior chamber that forms the left 
border of the radiographic frontal cardiac silhouette (Fig. 1.6). 
It consists of septal and free-wall components, and its entrance 
and exit are guarded by the mitral and aortic valves, respec- 
tively. The left ventricle is circular in short-axis cross section 
and is somewhat wedge shaped in the long-axis view. Three- 
dimensionally, it is shaped like a strawberry and is approxi- 
mated mathematically as a truncated ellipsoid (Fig. 1.11). It is 
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Figure 1.11. Three-dimensional shape of the left ventricle. The 
left ventricle in humans is shaped like a strawberry, here shown 
whole and in long-axis. Rather than being facetious, this anal- 
ogy serves to emphasize the complex shape of the chamber. 
Thus, mathematical formulas used for the determination of 
chamber volume or myocardial mass are accurate only insofar 
as they also accurately reflect the actual shape of the left ven- 
tricle. In disease states that are commonly attended by appre- 
ciable alterations in ventricular shape, the use of standard 
formulas may result in determinations that are considerably 
inaccurate. 


of interest that, whereas a conical chamber (as in aortic steno- 
sis) uses the least energy for systolic contraction and a spheri- 
cal chamber (remodeling in dilated cardiomyopathy) requires 
the least expenditure of energy for diastolic filling, the normal 
elliptical left ventricular chamber expends the least total sys- 
tolic and diastolic energy (19). 

In the left ventricle, muscle bundles follow a spiral course 
from apex to base and also form several different layers that 
crisscross one another. As a result of this arrangement, systole 
is characterized by twisting or wrenching contractions that 
effectively wring blood out of the left ventricle, and diastole 
creates a vortex that literally sucks blood into the left ventricu- 
lar chamber. 

The free wall is thickest basally and then gradually tapers 
toward the apex. Interestingly, the tip of the apex, called the 
apical thin point, averages only 1 to 2 mm in thickness, even in 
hypertrophied hearts. In contrast, the muscular septum forms 
a rounded peak at its basal summit and becomes thickest at its 
midportion owing to the contribution of the right ventricular 
septal band. Then, after thinning a bit, the septum remains 
relatively constant in thickness and tapers only as it fuses with 
the apical portion of the free wall. 

Direct fibrous continuity exists between the anterior mitral 
leaflet and the left and posterior aortic cusps, and this region 
is reinforced bilaterally by the right and left fibrous trigo- 
nes (see “Base of the Heart” section later in this chapter). In 
some hearts, small bundles of myocytes are embedded in this 
fibrous tissue and afford a minor degree of muscular separa- 
tion between the two valves. With persistence of the left pari- 
etal band (so-called double conus), this muscle bundle causes 
appreciable valvular separation as is often seen in a double- 
outlet right ventricle. 

As in the right ventricle, the septal surface of the left ven- 
tricle is roughly triangular. However, in contrast, the distances 
from the apex to the mitral annulus and from the apex to the 
aortic annulus are similar. The inflow length is appreciably 
shorter than the outflow length only with AV septal defects. 
The membranous septum and the site of mitral-aortic valvular 
continuity lie at a level midway between the aortic valve annu- 
lus and the most inferior portion of the mitral annulus. Thus, 
in long-axis scans, a line drawn from the point of valvular 
continuity to the apex will divide the ventricle into an inferior 
inflow region and an anterosuperior outflow region and allow 
identification of the site of the membranous septum. 
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The ventricular apex is characterized by small, shallow tra- 
beculations, and the apical one-half to two-thirds of the septal 
surface is also finely trabeculated. More basally, the septum is 
smooth walled, and subendocardially, the left bundle branch 
travels in this region. The membranous septum lies beneath the 
right posterior aortic commissure (Fig. 1.9). Because the septal 
tricuspid leaflet inserts along its midportion, the membranous 
septum consists of AV and interventricular components, and 
their relative sizes vary inversely, depending on the level of 
tricuspid insertion. Moreover, the entire membranous septum 
varies considerably in size among individuals and tends to be 
largest in patients with Down syndrome. Septal defects in this 
region generally are associated with focal elevation of the tri- 
cuspid annulus to the level of the mitral valve so that the com- 
munication is interventricular rather than atrioventricular. 

The outflow tract of the left ventricle is formed by the upper 
septum, the anterobasal free wall, and the anterior mitral leaf- 
let. Abnormalities in any of these structures may be associated 
with outflow tract obstruction. Examples include the discrete 
and tunnel forms of subaortic stenosis and hypertrophic car- 
diomyopathy. It is found along the anterior free wall, at the 
entrance to the outflow tract. The anterolateral muscle of the 
left ventricle is a prominent trabeculation that may cause out- 
flow tract obstruction in association with certain anomalies 
(20,21). By cardiac imaging, such prominent trabeculations 
may be misinterpreted as mural thrombus. 

Conditions such as aortic stenosis that impose a pressure 
overload on the left ventricle induce concentric hypertro- 
phy without appreciable dilation (pressure hypertrophy). In 
contrast, disorders that produce a volume overload, such as 
chronic aortic regurgitation, are attended not only by con- 
centric hypertrophy but also by chamber dilation (volume 
hypertrophy). Although pressure and volume hypertrophy 
each increase the ventricular mass, only pressure hypertrophy 
is consistently associated with an increased wall thickness. In 
volume hypertrophy, dilation masks the degree of hypertro- 
phy, and wall thicknesses often are normal although muscle 
mass is increased (Fig. 1.12). Consequently, when the left ven- 
tricle is dilated, wall thickness cannot be used as a reliable 
indicator of hypertrophy. 

As a general rule, only in myocarditis or hyperacute allo- 
graft rejection does the left ventricle become dilated with- 
out coexistent hypertrophy, owing to the acute nature of the 
disorder. It also is important to recognize that hypertrophy, 
with or without dilation, decreases myocardial compliance 
and may hinder diastolic filling. Many forms of congenital 
heart disease are associated with moderate to marked degrees 


of ventricular hypertrophy, and, as a result, there may be 
difficulty in achieving adequate myocardial preservation dur- 
ing long operations. Moreover, marked hypertrophy does not 
always regress significantly following reparative procedures 
and may become a source for ischemic injury as the patient 
survives into adulthood. 

Comparison of Ventricles 

Because the AV valves travel with their corresponding ventri- 
cles, the identification of these valves (by noting their different 
annular insertion levels along the septum) provides an indirect 
but reliable clinical means of establishing ventricular morphol- 
ogy. The presence of continuity or discontinuity between the 
AV and semilunar valves is also useful and can be evaluated 
using various scanning techniques (Table 1.1). Coarse apical 
trabeculations, indicative of a right ventricle, are identified 
more readily by angiography than by echocardiography. 
Although differences in wall thickness and ventricular shapes 
are characteristic in normal hearts, they often do not apply in 
malformed hearts. 


SEMILUNAR VALVES 


General Features 

The semilunar valves connect the ventricles to the great arter- 
ies and serve to maintain unidirectional blood flow. They con- 
sist of an annulus, cusps, and commissures. Because they have 
no tensor apparatus (tendinous cords and papillary muscles), 
the semilunar valves are simpler than the AV valves, and their 
opening and closure are primarily passive processes. 

Behind each cusp is an outpouching of the great artery that 
imparts a tribulbous, or cloverleaf, shape to the arterial root. 
The junction between the sinus portion of a great artery and 
its distal tubular portion forms a prominent ridge, the sinotu- 
bular junction. From the right and left aortic sinuses, proxi- 
mal to this junction, arise the right and left coronary arteries, 
respectively. These often are incorrectly called the right and 
left coronary sinuses; the coronary sinus, of course, is a venous 
structure that empties into the right atrium. 

The annulus of each semilunar valve assumes the shape 
of a triradiate crown, the three points of which attain the 
level of the sinotubular junction and demarcate the commis- 
sures. A commissure, in turn, represents the site at which two 
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Figure 1.12. Geometry of left ventricular hypertrophy and dilation in short-axis views. A: As shown schemati- 
cally, compared with the normal state, pressure hypertrophy produces an increase in both wall thickness and 
surface area, whereas volume hypertrophy (with chamber dilation) increases the surface area but not the wall 
thickness. B: Compared with a normal heart (center), the heart with pressure hypertrophy (left) has a thick left 
ventricular wall, but the one with volume hypertrophy (right) has a normal wall thickness. 
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Figure 1.13. Semilunar valves. A: Each cusp is pocket shaped and has a free edge, a closing edge, a nodule of 
Arantius, and two contact regions (iunulae). The annulus ( dotted line) for each cusp is U shaped. B and C: The 
aortic valve, viewed from above, is shown in simulated opened (B) and closed (C) positions. D and E: Tomo- 
graphic sections at the level of the aortic valve show adjacent structures as viewed from above (D) and below (E). 
(See Appendix 1.1 at http://solution.lww.com for abbreviations.) 


cusps meet along the annulus. Because the valvular orifice 
approximates the level of the sinotubular junction, autopsy 
measurements of the arterial diameter and circumference at 
this level correlate well with clinical measurements of orifice 
size (1). During the first two decades of life, normal valve size 
correlates better with age than with parameters of body size. 

As half-moon-shaped (semilunar) structures, the cusps rep- 
resent pocket-like flaps of delicate fibrous tissue. The leading 
edge of each cusp is its free edge, beneath which lies a shallow 
biscalloped ridge, the closing edge, along the ventricular sur- 
face of the cusp (Fig. 1.13). At the center of each cusp, along 
the free edge, is a small fibrous mound, the nodule of Aran- 
tius. To either side of this nodule, between the free and closing 
edges, are two crescent-shaped areas called Iunulae that repre- 
sent the contact surfaces between adjacent cusps during valve 
closure. The arterial surface of each cusp, in conjunction with 
its arterial sinus, forms the valve pocket. 

Like the AV valves, the semilunar valves histologically con- 
sist of fibrous (fibrosa) and spongy (spongiosa) layers. Cusps 
contain little elastic tissue and therefore have little elastic 
recoil. As passively mobile structures, they have no memory of 


shape and no tendency to assume either an opened or a closed 
position. During isovolumetric ventricular contraction, expan- 
sion of the arterial root may produce commissural separation 
and thereby initiate valvular opening. Each cusp moves in 
undulating fashion toward its arterial sinus during ventricular 
systole and then back toward the center of the arterial lumen 
during ventricular diastole as retrograde blood flow fills each 
valve pocket. 

Pulmonary Valve 

The pulmonary valve lies closest to the chest wall, near the 
upper left sternal border, and its orifice is directed toward 
the left shoulder. Because the right ventricular myocardium 
extends onto the pulmonary sinuses, the valve appears par- 
tially submerged within a crater of infundibular muscle. The 
anterosuperior limb of the septal band extends onto the left 
pulmonary sinus, and trabeculations parallel to the parietal 
band insert onto the right pulmonary sinus. Trabecular exten- 
sions onto the anterior sinus are less prominent. In the setting 
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of pulmonary atresia with an intact ventricular septum, failure 
to recognize these features has resulted in burrowing into the 
pericardial sac rather than into the pulmonary artery during 
closed operations (Brock procedure). Although the Brock pro- 
cedure is no longer performed, it is important to remember this 
potential complication during cardiac catheter manipulations. 

Aortic Valve 

The annulus of the aortic valve is a midline structure, and its 
orifice is directed toward the right shoulder. Consequently, its 
systolic murmurs are best heard along the upper right sternal 
border and radiate toward the neck. Although the valve cusps 
are similar in size, in only about 10% of hearts are they truly 
equal in size. Thus, a minor degree of inequality is the rule, 
and in two-thirds of hearts, either the right or the posterior 
cusp is larger than the other two. 

By virtue of its central position, the aortic valve and its 
sinuses contact all four cardiac chambers, an important con- 
sideration in evaluating aortic sinus aneurysms of congenital 
or infectious origin. The right aortic sinus abuts the basal ven- 
tricular septum and right ventricular parietal band and is cov- 
ered in part by the right atrial appendage. In contrast, the left 
aortic sinus rests against the anterior left ventricular free wall 
and a portion of the anterior mitral leaflet, abuts the left atrial 
free wall, and is covered in part by the main pulmonary artery 
and left atrial appendage. Finally, the posterior aortic sinus 
overlies the basal ventricular septum and a part of the ante- 
rior mitral leaflet, forms part of the transverse sinus, abuts the 
atrial septum, and indents both atrial free walls as the torus 
aorticus (aortic bulge). 

Comparison of Semilunar Valves 

The semilunar valves are named according to the great artery 
into which they empty, not the ventricle from which they arise. 
During fetal development and infancy, the aortic and pulmo- 
nary valves are virtually identical. However, during childhood, 
the aortic cusps begin to thicken and become more opaque 
than the pulmonary cusps as a result of higher left-sided pres- 
sures, and this process continues throughout life. The annu- 
lar dimensions of the aortic and pulmonary valves are similar 



from birth through the first four decades of life, but beyond 
the age of 40 years, the rate of age-related annular dilation is 
greater for the aortic valve than for the pulmonary valve. 

Base of the Heart 

The cardiac base is defined by the plane of the AV groove (sul- 
cus) and houses the four cardiac valves (Fig. 1.14). It also con- 
tains the fibrous cardiac skeleton, whose purpose is to weld 
together the valvular annuli, to fuse together but also electri- 
cally separate the atria and the ventricles, and to provide a 
firm foundation against which the ventricles can contract. The 
cardiac skeleton contains not only the four major valve annuli 
but also their intervalvular fibrous attachments (the right, left, 
and intervalvular fibrous trigones and the conus ligament). 

The centrally located aortic valve forms the cornerstone 
of the cardiac skeleton, and its fibrous extensions anchor and 
support the other three valves. The intervalvular fibrous trig- 
one is interposed between the left-posterior aortic commissure 
and the anterior mitral leaflet, and the left and right fibrous 
trigones project from each side and attach to the remainder 
of the anterior mitral leaflet. Thus, the left, intervalvular, and 
right fibrous trigones provide the anatomic substrate for direct 
mitral-aortic valvular continuity. 

The membranous septum, in conjunction with the right 
fibrous trigone, fuses the right posterior aortic commissure 
to the anteroseptal tricuspid commissure. Therefore, the right 
fibrous trigone (also known as the central fibrous body) welds 
together the aortic, mitral, and tricuspid valves and forms the 
largest and strongest component of the cardiac skeleton. Even 
in the setting of a membranous ventricular septal defect, this 
connection is maintained, so that the region of mitral-tricus- 
pid continuity forms the posterior wall of the defect. Near 
the right-left aortic commissure is a diminutive connection 
between the aortic and pulmonary valves, the conus ligament 
(or ligament of Krehl). Thus, each aortic valve commissure is 
fused to one of the other three valves: left-posterior commis- 
sure to mitral valve, right-posterior commissure to tricuspid 
valve, and right-left commissure to pulmonary valve. 

Although schematic drawings of the cardiac base generally 
show the four valves in the same plane, they actually do not 
lie in the same plane or even in parallel planes. Because of the 
intertwining of the great arteries, the aortic and pulmonary 



Figure 1.14. Base of the heart. A: The aortic valve is located centrally and abuts the other three cardiac valves. 
B: The cardiac skeleton, shown schematically, consists of four valvular annuli, three fibrous trigones, a membranous 
septum, and the tendon of Todaro. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 
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valves are skewed 60 to 90 degrees as the valvular orifices 
are directed toward opposite shoulders. Moreover, the tricus- 
pid and mitral valves are skewed 10 to 15 degrees, such that 
their annuluses approach one another at the membranous sep- 
tum and diverge along the inferior wall as the coronary sinus 
is interposed between them. These angles may vary somewhat 
during the course of the cardiac cycle. 

GREAT ARTERIES 
General Features 

The great arteries include the aorta, pulmonary arteries, and 
ductus arteriosus. Although the aorta and pulmonary artery 
represent elastic vessels, the ductus arteriosus has a unique 
microscopic appearance that changes during fetal and neona- 
tal life. 

In the fetus and neonate, the aorta and pulmonary arteries 
are similar in thickness and in the number of elastic laminae 
within their medial layers. During the first several months of 
life, and consequent to the postnatal decrease in pulmonary 
artery pressure and resistance, the mediastinal pulmonary 
arteries attenuate and decrease in thickness, and their elastic 
fibers become irregular and fragmented. Beyond the first year 
of life, the thickness of the main pulmonary artery is normally 
less than half that of the adjacent ascending aorta, although 
the diameters of the two great arteries remain similar. 

Interestingly, for patients with persistent pulmonary artery 
hypertension after birth (as with large unoperated ventricu- 
lar septal defects), the medial thickness and elastic pattern in 
the pulmonary arteries remain similar to those in the aorta. In 
contrast, in patients who develop primary pulmonary hyper- 
tension later in life, their pulmonary arteries become thickened 
and the medial elastic layers retain the appearance of a pulmo- 
nary artery rather than that of an aorta. 

Pulmonary Arteries 

The main pulmonary artery emanates from the right ventricle 
and travels to the left of the ascending aorta in the general direc- 
tion of the left shoulder. As it bifurcates, the left pulmonary 


artery continues as a smooth arch and courses over the left 
bronchus, whereas the right pulmonary artery arises at a right 
angle and travels beneath the aortic arch and behind the supe- 
rior vena cava. Creation of a Glenn anastomosis between the 
superior vena cava and right pulmonary artery takes advan- 
tage of the close proximity of these two vessels. The main and 
left pulmonary arteries contribute to the upper left border of 
the radiographic frontal cardiac silhouette (Fig. 1.6). Because 
the pulmonary arteries do not exhibit bilateral mirror-image 
symmetry, the spatial relationship of the mam and lobar arter- 
ies to their adjacent bronchi differs between the right and left 
lungs and can be used to determine pulmonary morphology 
and sidedness (Fig. 1.15; also see Figs. 2.5 and 2.6). 

During childhood, the tracheobronchial cartilage is pliable 
and may be compressed by hypertensive pulmonary arter- 
ies. Chronic compression of the left main and right middle 
lobe bronchi may contribute to the development of recurrent 
bronchopneumonia or atelectasis in the corresponding lobes. 
Furthermore, rightward displacement of the aortic arch by a 
dilated and hypertensive pulmonary trunk can produce tra- 
cheal indentation, which may be detected radiographically, 
and hoarseness owing to compression of the left recurrent 
laryngeal nerve. 

The pulmonary circulation often is referred to as the central 
or lesser circulation. Within the human lung, pulmonary arter- 
ies travel with their corresponding airways and pulmonary 
veins course within the interlobular septa (not septae) (22). 
Because the pulmonary circulation represents a low-pressure 
and low-resistance system, its arteries and veins are normally 
thin walled. In general, pulmonary arteries >1 mm in diameter 
are elastic vessels, and those <1 mm represent muscular resist- 
ance arteries. Because pulmonary arterioles normally contain 
little medial muscle, the term arteriolar resistance is inaccurate. 

During fetal life, a state of physiologic pulmonary hyper- 
tension exists owing to patency of the ductus arteriosus and 
equalization of aortic and pulmonary arterial pressures. As a 
result, the medial thickness of muscular pulmonary arteries 
resembles that of systemic arteries. After birth, as the ductus 
arteriosus closes and pulmonary arterial pressure decreases, 
attenuation of medial smooth muscle occurs, such that the 
ratio of medial thickness to external diameter decreases from 
20% to 25% in fetuses to <10% in infants 3 to 6 months of 
age (Fig. 1.16). 
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Figure 1.15. Pulmonary and bronchial arteries, shown schematically. A: The right and left pulmonary arteries 
are not mirror-image structures, and neither are the right and left bronchial trees. B: Bronchial arteries usually 
arise from the descending thoracic aorta at the level of the carina, but they vary in number. (See Appendix 1.1 
at http://solution.lww.com for abbreviations.) 
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Figure 1.16, Microscopic appearance of the pulmonary circulation. A-C: The medial thickness of muscular pul- 
monary arteries changes after birth, as shown at birth (A), in a 5-month-old (B), and in a 7-month-old (C). D and 
E: Pulmonary arteries (D) travel with their airways, and pulmonary veins (E) travel within the interlobular septa. (Elastic 
van Gieson stain; A-C, high power; D and E, medium power.) 


The pulmonary arteries serve to transport systemic venous 
blood to the lungs for oxygenation and for the release of car- 
bon dioxide. In contrast, nutrition of the bronchial and pul- 
monary vascular walls is provided by bronchial arteries that 
arise from the descending thoracic aorta (Fig. 1.15). 


Aorta 

The aorta is the major elastic artery of the systemic circu- 
lation. It arises at the level of the aortic valve annulus and 
terminates at its bifurcation into the common iliac arteries, 
at the level of the umbilicus and the fourth lumbar vertebra. 
The aorta may be divided into four regions: ascending aorta, 
aortic arch, descending thoracic aorta, and abdominal aorta 
(Fig. 1.17). Of note, the ascending aorta and aortic arch 
are derived embryologically from the neural crest, while the 
descending thoracic aorta and abdominal aorta are derived 
from the primitive vascular mesenchyme. This fact may help 
to explain the different pathologic conditions observed in the 
different aortic regions. 

The ascending aorta lies to the right of the main pulmonary 
artery and is located almost entirely within the pericardial sac. 
It consists of sinus and tubular portions, which are demar- 
cated by the sinotubular junction, the site at which the discrete 
form of supravalvular aortic stenosis occurs. The right and left 
coronary arteries, as the only major branches from the ascend- 
ing aorta, arise from the right and left aortic sinuses, respec- 
tively. During childhood and adolescence, the dimensions of 
the ascending aorta are related to age and body size. 

The aortic arch normally travels over the left bronchus, 
defining a left aortic arch, and over the right pulmonary artery. 
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Figure 1.17. Systemic arteries, shown schematically. The aorta 
consists of ascending, arch, descending thoracic, and abdomi- 
nal regions. (See Appendix 1.1 at http://solution.lww.com for 
abbreviations.) 
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From the top of the arch, the brachiocephalic (or innominate), 
left common carotid, and left subclavian arteries arise, in that 
order. In about 10% of individuals, the left common carotid 
artery originates from the brachiocephalic artery, and in 5%, 
the left vertebral artery arises from the aorta, between the left 
common carotid and left subclavian arteries. The aortic arch 
contributes to the left superior border of the radiographic 
frontal cardiac silhouette and forms the aortic knob. 

When the aorta courses over the right bronchus, a right 
aortic arch exists, and the arch vessels show mirror-image 
branching. Aberrant retroesophageal subclavian arteries arise 
from the side of the arch rather than from its top. Most aortic 
coarctations occur opposite the ductus arteriosus, just distal to 
the left subclavian artery. 

The descending thoracic aorta lies adjacent to the left 
atrium, esophagus, and vertebral column. Its posterolateral 
branches are the paired intercostal arteries, and its anterior 
branches include the bronchial, esophageal, mediastinal, peri- 
cardial, and superior phrenic arteries. The bronchial arteries 
also may arise from the intercostal or subclavian arteries or, 
rarely, from a coronary artery. Bronchial veins drain not only 
into the azygos and hemiazygos veins but also into the pulmo- 
nary veins (23). 

The abdominal aorta lies to the left of midline, adjacent 
to the vertebral column. Its major lateral branches are retrop- 
eritoneal and include the renal, adrenal, lumbar, and inferior 
phrenic arteries. Although the gonadal arteries originate more 
anteriorly, they too are retroperitoneal. In contrast, all other 
branches that arise anteriorly represent intraperitoneal arter- 
ies that supply the digestive system, including the celiac artery 
(with its left gastric, splenic, and hepatic branches) and the 
superior and inferior mesenteric arteries. Distally, the aorta 
bifurcates into the common iliac arteries and also gives rise to 
the middle sacral artery. 


Ductus Arteriosus 

During fetal life, the ductus arteriosus provides an avenue for 
communication between the pulmonary and systemic circu- 
lations. It is interposed between the proximal portion of the 
left pulmonary artery and the undersurface of the aortic arch; 
during intrauterine life, its diameter is similar to that of the 
descending thoracic aorta and is larger than that of the right 
or left pulmonary artery. Most of the right ventricular output 
bypasses the lungs and enters the aorta via the ductus arte- 
riosus. However, soon after birth and with expansion of the 
lungs, the ductus functionally closes, pulmonary vasodilation 
occurs, and the entire right cardiac output passes through the 
lungs (see Chapters 27 and 31). 

Throughout gestation, structural changes take place that 
prepare the ductus arteriosus for rapid functional closure soon 
after birth (24). Initially, this vessel has the appearance of a 
muscular artery, in contrast to the elastic arteries to which it 
connects. During the third trimester, proliferative fibroelastic 
intimal cushions become prominent and medial thickening 
results from smooth muscle proliferation and the deposi- 
tion of collagen, elastin, and glycoproteins. Ultrastructurally, 
medial smooth muscle cells change from the secretory to the 
contractile type. Blurring of intimal-medial junctions, coupled 
with haphazard arrangement of muscle bundles, produces an 
appearance similar to that of fibromuscular dysplasia. Adven- 
titial elastic fibers become prominent, particularly at each end 
of the artery. 

Constriction of the ductus arteriosus occurs within 24 
to 48 hours of birth in term neonates and is mediated by a 
combination of rising systemic oxygen tension and decreasing 
circulating prostaglandin E2 (PGE 2 ) and prostacyclin (PGI 2 ) 
levels. Ductal vasoconstriction, over the next several weeks, 


is accompanied by focal medial necrosis, medial edema, dis- 
ruption of the internal elastic lamina, and mural thrombosis. 
Subsequently, the deposition of elastin within the arterial wall 
becomes marked, and focal areas of calcification are the rule, 
resulting in complete and permanent closure of the ductus 
arteriosus, persisting from then on as the ligamentum arte- 
riosum. Not surprisingly, ductal closure is hampered in both 
infants born at high altitude where oxygen tension is lower 
and in those born prematurely. Both genetic factors and pre- 
natal infection may also play a role in patients with ductus 
arteriosus patency. 

In general, closure of the ductus arteriosus begins near the 
pulmonary artery and progresses toward the aorta. If this pro- 
cess is incomplete, a small ductal diverticulum remains that 
characteristically emanates from the undersurface of the aortic 
arch. Rarely, ductal aneurysms, dissections, or ruptures occur 
and may be associated with underlying connective tissue dis- 
ease, surgical manipulation, or active/healed arteritis. 


CORONARY CIRCULATION 


Coronary Arteries 

The right and left coronary arteries arise from their correspond- 
ing aortic sinuses. Their ostia (ostiums) are circular to elliptical 
and originate midway between the aortic valve commissures 
and about two-thirds of the distance between the annulus and 
the sinotubular junction. The right coronary artery originates 
nearly perpendicularly from the right aortic sinus. In contrast, 
the left main coronary artery arises at an acute downward 
angle and travels parallel to its aortic sinus wall. 

The major epicardial arteries include the left main, left 
anterior descending, circumflex, and right coronary arteries. 
Branches of the left anterior descending artery are called diago- 
nals, whereas branches of the right and circumflex arteries are 
called marginals (Fig. 1.18). Septal perforators represent long 
intramural branches of the anterior and posterior descending 
arteries that supply the ventricular septum and, hence, are not 
epicardial branches. 

Proximally, the right coronary artery travels between the 
main pulmonary artery and the right atrium and is covered 
by the right atrial appendage. Throughout its course within 
the right AV groove, the right coronary artery is embedded in 
epicardial adipose tissue. In about 60% of subjects, the first 
branch is the conus coronary artery, which supplies the right 
ventricular outflow tract; in the other 40%, this artery arises 
independently from the right aortic sinus (25). The descend- 
ing septal artery nourishes the infundibular septum. Marginal 
branches include several small vessels and a prominent acute 
marginal artery. 

Beyond the acute margin, along the inferior surface of the 
heart, the length of the right coronary artery varies inversely 
with that of the circumflex artery. In about 70% of human 
hearts, the right coronary artery gives rise not only to the pos- 
terior descending branch, as the dominant coronary artery, but 
also to posterolateral branches, thereby nourishing the right 
ventricular free wall, the inferoseptal wall of the left ventricle, 
the posteromedial mitral papillary muscle, and the AV nodal 
artery. 

The left main coronary artery lies between the main pulmo- 
nary artery and the left atrium and is covered by the left atrial 
appendage. It bifurcates into left anterior descending and cir- 
cumflex branches in most individuals but trifurcates in some, 
with an intermediate artery emanating between the other two 
vessels. A short (<8 mm) left main artery often is associated 
with left coronary dominance. The vast majority of left coro- 
nary artery blood flow takes place during ventricular diastole. 
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Figure 1.18, Coronary circulation, shown schematically. A: The right and circumflex arteries travel in the AV 
groove, near the tricuspid and mitral valves, respectively (cardiac base). B: The anterior and posterior descend- 
ing arteries travel in the interventricular groove and demarcate the plane of the ventricular septum (superior and 
inferior views). C: Coronary dominance is determined by the origin of the posterior descending branch. D: The 
anterior cardiac veins empty directly into the right atrium, whereas the other major epicardial veins drain into 
the coronary sinus. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 


Traveling within the anterior interventricular groove, the 
left anterior descending artery wraps around the apex and 
extends for a variable distance in the posterior interventricular 
groove. Including its diagonal and septal perforating branches, 
this vessel supplies the anteroseptal and anterolateral walls, 
part of the anterolateral mitral papillary muscle, and the entire 
apex of the left ventricle. Bridges of myocardium cover small 
lengths of the left anterior descending artery in about 10% of 
human hearts, but usually do not interfere with diastolic myo- 
cardial perfusion (26). 

The circumflex coronary artery travels within adipose tis- 
sue in the left AV groove. It generally terminates just beyond 
its obtuse marginal branches and nourishes the lateral wall 
of the left ventricle and part of the anterolateral mitral papil- 
lary muscle. In about 10% of subjects, the circumflex artery 
also supplies the posterior descending branch, constituting left 
coronary dominance, and the inferoseptal wall of the left ven- 
tricle, posteromedial mitral papillary muscle, and AV nodal 
artery. About 20% of human hearts exhibit shared coronary 
dominance, such that both the right and circumflex arteries 
provide posterior descending branches. 

The sinus nodal artery arises from the right coronary artery 
in about 60% of hearts and from the circumflex artery in 
40%, but its artery of origin does not depend on patterns of 
coronary dominance. In contrast, the AV nodal artery arises 
from the dominant coronary artery and, therefore, originates 
from the right coronary artery in 90% of human hearts. The 
AV (His) bundle receives a dual blood supply from the AV 
nodal artery and the first septal perforator of the left anterior 
descending artery. Nourishment for the right and left bundle 
branches is provided by other septal perforator branches of 
the anterior and posterior descending arteries. 


The right and circumflex coronary arteries travel in the AV 
groove and thereby define the plane of the cardiac base. Similarly, 
the anterior and posterior descending coronary arteries course 
within the interventricular grooves and indicate the plane of the 
ventricular septum. Consequently, for surgeons and pathologists, 
the epicardial coronary arteries are reliable external landmarks 
for determining relative chamber sizes and valve locations. 

Coronary Veins 

The coronary veins and cardiac lymphatics work in concert 
to remove excess fluid from the myocardial interstitium and 
the pericardial sac. The venous circulation of the heart con- 
sists of a coronary sinus system, an anterior cardiac venous 
system, and a thebesian venous system (Fig. 1.18). The great 
cardiac vein travels beside the left anterior descending and cir- 
cumflex coronary arteries to merge with the coronary sinus. At 
this site is a bicuspid venous valve, known as Vieussens valve. 
The coronary sinus, in turn, receives the left-posterior, middle, 
and small cardiac veins, as well as several smaller tributaries, 
before joining the right atrium. Along the anterobasal aspect 
of the right ventricular free wall, three or four anterior cardiac 
veins either empty directly into the right atrium or first join 
a common collecting vein. Finally, numerous small thebesian 
veins drain directly into a cardiac chamber, particularly the 
right atrium or right ventricle. 

As an aside, the human heart normally has eight valves. 
There are four major valves (aortic, mitral, tricuspid, and pul- 
monary). The right atrium contains three valves (of the fossa 
ovalis, inferior vena cava, and coronary sinus). The eighth is 
Vieussens valve, the ostial valve of the great cardiac vein. 
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Figure 1.19. Cardiac conduction, shown schematically. A: Right heart. The sinus node and AV node are both 
right atrial structures, whereas the AV (His) bundle travels through the right fibrous trigone to reach the summit 
of the ventricular septum. The right bundle branch travels along the septal and moderator bands. B: Left heart. 
The left bundle branch forms a broad sheet of fibers along the septal surface. (See Appendix 1.1 at http://solution. 
lww.com for abbreviations.) 


Cardiac Lymphatics 

Within the ventricular myocardium is an interconnecting net- 
work of delicate lymphatic channels that drain toward the 
epicardial surface. Along the epicardial surface, the right and 
left lymphatic channels form and accompany their respective 
coronary arteries in retrograde fashion toward the aortic root. 
These are joined by lymphatic channels from the conduction 
system and a few sparse lymphatic vessels from the atria and the 
valves (27). As the right and left lymphatic channels coalesce, 
they travel along the ascending aorta to the undersurface of the 
aortic arch and drain into a pretracheal lymph node. Next, they 
course between the superior vena cava and the brachiocephalic 
artery to join a cardiac lymph node before emptying into the 
right lymphatic duct. Lymphatics from the parietal pericardium 
drain into either the right lymphatic duct or the thoracic duct. 


CARDIAC CONDUCTION SYSTEM 


General Features 

The cardiac conduction system consists of the sinus node, 
internodal tracts, and AV conduction tissues (Fig. 1.19). Its 
function is influenced by sympathetic and parasympathetic 
innervation, circulating catecholamines, patency of its nutrient 
blood supply, regional acid-base or electrolyte disturbances, 
mechanical trauma (such as sutures, synthetic patches, or abla- 
tion procedures), and involvement by neoplasm or infection. 

The sinus and AV nodes are both right atrial structures with 
similar microscopic features, conduction velocities, and action 
potentials (Table 1.2). Similarities also exist in the structure, 
conduction velocities, and action potentials of the AV (His) 
bundle, right and left bundle branches, and working cardiac 


TABLE 1.2 


Comparison of Components of the Cardiac Conduction System 


Cell Diameter Conduction Action 

Site Location Cell Types (mm) Velocity (m/s) Potential 


Sinus node 

Right atrial subepicardium 

P cells 

5-10 

<0.05 



Transitional cells 

5-10 


Internodal tracts 

Atrial septum and free walls 

Atrial myocytes 

10-15 

0.3-0.4 

AV node 

Right atrial subendocardium 

P cells 

5-10 

0.1 



Transitional cells 

5-10 




Purkinje cells 

30-60 


AV (His) bundle 

Tricuspid valve annulus and 

Purkinje cells 

30-60 

2-3 


ventricular septal summit 

Ventricular myocytes 

10-20 


Bundle 

Ventricular subendocardium 

Purkinje cells 

30-60 

2-3 

branches 


Ventricular myocytes 

10-20 


Ventricular 

Ventricular septum and walls 

Ventricular myocytes 

10-20 

0.3-0.4 


myocardium 
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myocytes. All components of the cardiac conduction system 
are specialized cardiac myocytes, not nerves, whose major 
function is conduction rather than contraction. 

Sinus Node 

As the primary pacemaker of the heart, the sinus node rep- 
resents a right atrial structure that is located subepicardially, 
along the terminal groove near the superior cavoatrial junc- 
tion (Fig. 1.20 and Table 1.2). Because it is found at the border 
between areas derived from the sinus venosus and the embry- 
onic atrium, the pacemaker often is referred to as the sinoatrial 
node. It is shaped like a flattened ellipse, through which a 
prominent sinus nodal artery passes. Numerous autonomic 
nerves approach the sinus node at both its poles. 

Microscopically, the node is characterized by a complex 
interwoven pattern of P cells and transitional cells, within a 
fibrous stroma, and an outer coat of working atrial myocytes 


(28). Because these specialized cells primarily are concerned 
with conduction rather than contraction, they have fewer 
contractile elements and expend less energy than working 
myocytes. Although P cells are thought to be the source of 
impulse formation, changes in autonomic input may alter the 
actual pacing site within the node. 

Among patients with the asplenia syndrome and right isom- 
erism, bilateral sinus nodes may be encountered. In contrast, 
in the setting of polysplenia and left isomerism, the sinus node 
can be congenitally absent or malpositioned. During surgical 
operations such as the Mustard and Fontan procedures, the 
sinus node and its artery are susceptible to injury. 

Internodal Tracts 

Whether specialized conduction pathways exist between 
the sinus and AV nodes has been the subject of much con- 
troversy. Electrophysiologic studies support the concept 




Figure 1.20. Location of the cardiac conduction system (indicated in black ink). A: The sinus node lies subepicar- 
dially in the terminal groove of the right atrium (right lateral view). B: The AV node represents a subendocardial 
right atrial structure that lies within the triangle of Koch ( dashed lines), and the AV (His) bundle travels through 
the tricuspid annulus to rest along the summit of the ventricular septum. C: The right bundle branch is a small 
cordlike structure that courses along the septal and moderator bands (opened right ventricle). D: In contrast, 
the left bundle branch represents a broad sheet of fibers that travels subendocardially along the left side of the 
ventricular septum. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 
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of preferential pathways, but morphologic studies do not. 
Recent investigations suggest that both views may be cor- 
rect. The three internodal tracts identified electrophysiologi- 
cally correspond to those regions of the atrial septum and 
right atrial free wall, such as the crista terminalis, that con- 
tain the greatest concentration of myocytes. Thus, micro- 
scopically, these regions consist of working atrial myocytes 
rather than specialized P, transitional, or Purkinje cells. 

Because the septal preferential pathways near the fossa 
ovalis travel anterosuperiorly in its limbus, internodal conduc- 
tion disturbances would not be expected following a Rashkind 
balloon atrial septostomy, in which the valve of the fossa ova- 
lis is torn, or a Blalock-Hanlon posterior atrial septectomy. 
However, for operations in which the atrial septum is resected, 
as in the Mustard and Fontan procedures, such disturbances 
can occur. Similarly, disruption of the crista terminalis may 
interfere with normal internodal conduction. 

Atrioventricular Node 

Like the sinus node, the AV node is a right atrial structure 
that is richly innervated by parasympathetic and sympathetic 
fibers. In contrast, it is located subercdocardially, rather than 
subepzcardially, within the triangle of Koch and adjacent to 
the right fibrous trigone (or central fibrous body). The triangle 
of Koch, in turn, corresponds to the AV septum and is bor- 
dered by the septal tricuspid annulus, coronary sinus ostium, 
and tendon of Todaro, a subendocardial fibrous cord that 
travels from the thebesian-eustachian valvular commissure to 
the membranous septum (Fig. 1.20). The AV nodal artery, or 
several of its branches, travel near the node but not necessarily 
through it, and venous and lymphatic channels are abundant 
in and around the node. 

Microscopically, the AV node consists of a complex inter- 
woven pattern of specialized cardiac muscle cells within a 
fibrous matrix, similar to the sinus node (28). Proximally, at 
its junction with the internodal tracts, the AV nodal tissues are 
loosely arranged and consist primarily of transitional cells and 
a few working atrial myocytes. Centrally, the node is more 
compact and is characterized by an interlacing arrangement of 
P cells. Distally, Purkinje cells begin to form parallel bundles 
as the node merges with the His bundle. Around its periphery, 
the AV node contains transitional cells and an outer insulating 
coat of collagen. 

Because of its right atrial location near the tricuspid annu- 
lus, the AV node is susceptible to injury during annuloplasty 
procedures for tricuspid regurgitation and during plication 
procedures for the Ebstein malformation. In the setting of AV 
septal defects, involving the expected site of the AV node, the 
node and His bundle are displaced posteroinferiorly and are 
associated with relatively specific electrocardiographic altera- 
tions. Interestingly, in hearts affected by congenitally corrected 
transposition of the great arteries, both anterior and posterior 
AV nodes are observed, usually with a sling of His bundle tis- 
sue between the two. 

Atrioventricular (His) Bundle 

The AV (His) bundle arises from the distal portion of the 
AV node and travels through the central fibrous body (right 
fibrous trigone) to reside along the basal ventricular septum, 
adjacent to the membranous septum. It thereby represents 
the only normal avenue for electrical conduction between the 
atrial and ventricular myocardium. Within the central fibrous 
body, the AV bundle is related closely to the annuli of the aor- 
tic, mitral, and tricuspid valves, and its location is somewhat 
variable along the basal ventricular septum. Thus, during 
operative procedures involving these valves or a membranous 


ventricular septal defect, care must be taken to avoid injury to 
the His bundle. In some cases of congenital AV block, discon- 
tinuity exists between the AV node and the AV bundle. 

Microscopically, the AV bundle can be divided into two 
regions: the penetrating portion, which courses through the 
central fibrous body, and the branching portion, which gives 
rise to the right and left bundle branches. Both regions are 
characterized by numerous parallel bundles of Purkinje cells 
and working ventricular myocytes, separated by delicate 
fibrous tissue (28). During fetal and neonatal life, these con- 
duction bundles often are dispersed or separated within the 
central fibrous body. The final destination of each bundle 
within the right or left ventricle is probably determined by its 
position proximally within the penetrating portion of the His 
bundle. Like an electrical wire, the entire AV bundle is insu- 
lated by a dense fibrous sheath. 

In many individuals, additional connections exist between 
the AV conduction system and the atrial and ventricular myo- 
cardium. In some, atrial myocardium either joins the distal AV 
node via the atrionodal bypass tracts of James or connects to the 
AV bundle through the atriofascicular tracts of Brechenmacher. 
In others, nodoventricular and fasciculoventricular bypass fib- 
ers of Mahaim link the AV node and AV bundle, respectively, to 
the underlying ventricular septal myocardium. These accessory 
pathways are apparently nonfunctional in most individuals, 
although they may produce ventricular preexcitation in some. 

However, ventricular preexcitation more often is associated 
with aberrant bypass tracts that span the annulus of the tricus- 
pid or mitral valve, traveling either through the fibrous ring or 
within the adipose tissue in the AV groove. Such bypass tracts 
can be single or multiple and may be identified by electrophys- 
iologic mapping. In contrast, nodules of specialized conduc- 
tion tissue, representing the bundles of Kent, are located in the 
right lateral AV groove but usually do not provide a connec- 
tion between atria and ventricles. 

Bundle Branches 

The right bundle branch emanates from the distal portion of 
the AV (His) bundle and forms a cord-like structure that trav- 
els along the septal and moderator bands toward the anterior 
tricuspid papillary muscle. In contrast, the left bundle branch 
represents a broad fenestrated sheet of subendocardial con- 
duction fibers that spreads along the septal surface of the left 
ventricle. As it courses toward the ventricular apex and both 
mitral papillary muscles, the left bundle branch may separate 
into two or three indistinct fascicles. Left ventricular pseudo- 
tendons also may contain conduction tissue from the left bun- 
dle branch (29). Microscopically, the bundle branches consist 
of Purkinje cells and ventricular myocytes (28). 

In the setting of a membranous ventricular septal defect, the 
AV conduction tissues travel along the posteroinferior rim of 
the defect. However, if AV discordance coexists, the conduction 
fibers course along the anterosuperior aspect of the defect. For 
the outlet, inlet, and muscular forms of ventricular septal defect, 
the AV conduction tissues generally are remote from the defect. 
Interestingly, following a right ventriculotomy for reconstruc- 
tion of the right ventricular outflow tract, the electrocardio- 
gram characteristically exhibits a pattern of right bundle branch 
block, even though the right bundle has not been disrupted. 

Cardiac Innervation 

Because the embryonic heart tube first forms in the future neck 
region, its autonomic innervation also originates from this level. 
From the cervical ganglia arise three pairs of cervical sympa- 
thetic cardiac nerves, which intertwine as they join the cardiac 
plexus between the great arteries and the tracheal bifurcation. 
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Several thoracic sympathetic cardiac nerves arise from the upper 
thoracic ganglia and also join the cardiac plexus. From the 
parasympathetic vagus nerves emanate the superior and infe- 
rior cervical vagal cardiac nerves and the thoracic vagal cardiac 
nerves, which also enter the cardiac plexus. These nerves then 
descend from the cardiac plexus onto the heart and innervate 
the coronary arteries, conduction system, and myocardium. 
In addition, afferent nerves concerned with pain and various 
reflexes ascend from the heart toward the cardiac plexus. 

Transplanted hearts are completely denervated early after 
transplantation and can respond only to circulating sub- 
stances, such as catecholamines, but usually not to autonomic 
impulses. Moreover, because afferent pathways are also lost, 
coronary obstruction owing to chronic transplant vasculopa- 
thy may be associated with undetected myocardial ischemia, 
because chest pain cannot develop. 

EXAMINATION OF CARDIAC SPECIMENS 
General Features 

Evaluation of cardiopulmonary specimens from patients with 
congenital heart disease entails more than documentation of the 
underlying anomalies, although this is certainly important. The 
recognition of malformations in other organ systems is neces- 
sary for the identification of various syndromes, which can have 
implications for genetic counseling. In addition, the presence 
of secondary obstructive lesions in the pulmonary vasculature 
may be more significant in explaining the demise of a patient 
than the underlying cardiac anomalies. Other processes, such as 
infections or protein-losing enteropathy, also may be important. 

In the 21st century, it is distinctly uncommon for subjects 
with congenital heart disease to have received no interven- 
tional therapy, either in the operating room or in the cardiac 
catheterization laboratory. Hence, the investigation of cardi- 
opulmonary specimens also entails an evaluation of old and 
recent procedures, addressing not only their effectiveness but 
also their secondary effects on the heart and the pulmonary 
circulation. This includes recognition not only of the compli- 
cations of therapy but also of the beneficial effects, such as the 
regression of obstructive pulmonary vascular disease. 

Pathologists who evaluate treated forms of congenital heart 
disease often act in the capacity of a medical archeologist, 
searching for the telltale results of procedures performed at 
various times in the past. In complex cases, accurate conclu- 
sions can be reached only if accurate and complete histori- 
cal information is available concerning clinical diagnoses and 
previous procedures. For example, in patients with multiple 
interventions, the results of reconstruction and takedown pro- 
cedures may so alter the underlying morphology that identifi- 
cation of the original anomalies or even previous procedures 
becomes difficult or impossible. 

To relay this information to one’s clinical colleagues, a 
pathologist should not only provide a written report, often 
with schematic diagrams, but also be prepared to review the 
actual specimen with others. Such reviews may represent 
informal sessions, formal conferences, or publications, and 
therefore can involve the specimen itself or its photographs. 
In this regard, methods of dissection and photography should 
be chosen that display the lesions most clearly and accurately. 
Details of these various methods are discussed below. If one 
does not have the time, training, or interest to dissect oper- 
ated hearts with congenital anomalies, referral to a pathologist 
who does represents a reasonable option. 

In the past, for the dissection of congenitally malformed 
hearts, it was recommended that the heart and lungs be main- 
tained as one intact specimen. Based on personal experience, 


however, if the pulmonary arterial and venous connections are 
normal, then the lungs can be removed from the heart without 
compromising the accuracy of the evaluation. In fact, both the 
inspection and photography of the heart generally are easier 
if the lungs and tracheobronchial tree are removed (but not 
discarded). In contrast, the entire thoracic aorta with appre- 
ciable lengths of its brachiocephalic branches should remain 
attached to the cardiac specimen. 

Inflow-Outflow Method 

In the inflow-outflow method, the heart is opened according 
to the direction of blood flow (30). First, scissors are used to 
make an incision from the inferior vena cava to the right atrial 
appendage. The superior vena cava is left unopened so as not 
to disturb the region of the sinus node. Both the inflow and 
outflow cuts for the right ventricle are made about 0.5 cm 
from the ventricular septum, with either scissors or a knife, 
from the right atrium to the ventricular apex and then from 
the apex to the pulmonary artery. Contrary to older recom- 
mendations, there is no reason to avoid cutting through an 
abnormal valve when using this method of dissection. 

The left atrium is best opened from a point between the 
right upper and lower pulmonary veins to the tip of the left 
atrial appendage. In contrast to the right ventricle, the left ven- 
tricular inflow tract is opened not along the septum but rather 
along the lateral wall, between the mitral papillary muscles, 
from the left atrium to the left ventricular apex. From the apex 
to the aortic valve, the outflow cut follows the junction with 
the ventricular septum, generally forming a gentle inverted 
S-shaped curve. Whereas the inflow cut is best made with a 
long knife, the outflow cut is best accomplished using a scalpel. 

Once the aortic annulus is crossed, scissors can be used 
to continue cutting through the left aortic cusp. Because of 
the normal intertwining of the great arteries, further dissec- 
tion into the ascending aorta requires transection of the main 
pulmonary artery. The aortic arch is then opened along its left 
lateral border and, as a continuous dissection, the descending 
thoracic aorta is opened posteriorly, between the paired inter- 
costal arteries. Once the great arteries are opened, the origins 
of the coronary arteries and the patency of the ductus arterio- 
sus can be evaluated. 

The inflow-outflow method of cardiac dissection is easy to 
learn and quick to perform. Although it has withstood the test 
of time and is currently the most popular dissection method 
among pathologists, it is recommended primarily for normal 
hearts and perhaps for simple or unoperated forms of congeni- 
tal heart disease (Fig. 1.21A,B). 

Base-of-Heart Method 

Removal of the atria and the great arteries just above their cor- 
responding valves allows visualization and inspection of the 
cardiac base (Fig. 1.14). This method is useful for the evalua- 
tion of valvular anomalies or the effects of valvular surgery on 
nearby structures (Fig. 1.2 1C). For example, following tricus- 
pid annular plication for an Ebstein anomaly, possible kinking 
of the right coronary artery may be investigated by this method. 

Window Method 

In selected cases, hearts prepared by perfusion fixation, par- 
affin infiltration, or plastination may be examined by cut- 
ting windows from the cardiac chambers or great vessels 
(Fig. 1.21D). In this manner, the interior of the heart or vessels 
can be viewed without greatly disturbing the internal struc- 
tures. Although such specimens can be visually stunning, their 
preparation and photography can be difficult. 
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Figure 1.21. Nontomographic methods of dissection in malformed hearts. A and B: Inflow-outflow method. In 
(A), the right ventricle in a specimen with tetralogy of Fallot is opened to display the ventricular septal defect (with 
an arrow-shaped probe coming from the left ventricle), overriding aorta, and pulmonary stenosis (probe). In (B), 
an opened left ventricle demonstrates the position of a membranous ventricular septal defect (*). C: Base-of-heart 
method. The atria and great arteries have been removed to show the cardiac valves in a case of truncus arteriosus. 
D: Window method. The great arteries have been unroofed to demonstrate a patent ductus arteriosus. (See Appen- 
dix 1.1 at http://solution.lww.com for abbreviations.) 


Tomographic Method 

In the tomographic method, the heart is bisected (divided into 
two pieces) by one plane of section. With the bread-slice tech- 
nique, multiple sections are made parallel to the AV groove, 
producing numerous ventricular slices. For the past several 
decades, this popular method has been used by pathologists for 
the evaluation of ischemic heart disease. It is identical to the 
short-axis method used in clinical imaging and represents the 
most common method of cardiac dissection used at our institu- 
tion for the evaluation of acquired heart disease. It also may 
be performed concomitantly with the base-of-heart method. 


In addition to the short-axis method, the long-axis and 
four-chamber planes represent other tomographic sections 
commonly obtained clinically and may be correlated with ana- 
tomic features in normal hearts. Other planes, parallel to the 
standard anatomic directions, also have been used clinically, 
not only for transesophageal echocardiography but also for 
magnetic resonance imaging (31). These include frontal (coro- 
nal), parasagittal (lateral), and horizontal (transverse) planes 
of section. In cardiac specimens, any of the aforementioned 
tomographic planes can be applied not only to normal hearts 
but also to acquired and congenital forms of heart disease 
(Figs. 1.22-1.25) (32). 
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Figure 1.22. Tomographic methods of cardiac dissection (short-axis and frontal views), shown in normal hearts. 
A-C: Short-axis views, at the levels of the mitral valve orifice (A), left ventricular outflow tract (B), and aortic 
valve (C). D-F: Frontal (coronal) views, at the levels of the ventricular septum (D), membranous septum (E), and 
left atrium (F). (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 
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Figure 1.23. Tomographic methods of cardiac dissection (long-axis and two-chamber views), shown in normal 
hearts. A and B: Long-axis views show inflow and outflow tracts of right ventricle (A) and left ventricle 
(B). C: Long-axis view of thoracic aorta shows left bronchus and right pulmonary artery traveling beneath aortic 
arch. D: Two-chamber view demonstrates inflow tract of left ventricle. (See Appendix 1.1 at http://solution.lww. 
com for abbreviations.) 


Although the tomographic method of cardiac dissection 
has been used by anatomists and pathologists for more than a 
century, it has not been accepted widely, probably because it is 
time-consuming and requires prior fixation (preferably perfu- 
sion fixation). Nonetheless, perhaps no other technique allows 
the assessment of intracardiac relationships as well as the 
cross-sectional method. For congenitally malformed hearts, 
tomographic sections are particularly well suited for demon- 
strating not only the primary anomalies and various inter- 
ventions but also their secondary effects on the heart. Thus, 
photographs of specimens dissected tomographically provide 
clarity as teaching tools and correlate well with current clinical 
imaging modalities. 

Technically, the best cardiac cross sections are generally 
achieved when a perfusion-fixed specimen is cut in one con- 
tinuous cut with a very sharp knife. Sawing motions are to be 
avoided. Moreover, after one section has been made and doc- 
umented photographically, the specimens can be glued back 
together and resectioned along another tomographic plane. 
For this purpose, any of the readily available cyanoacrylate 
glues (such as Krazy Glue or Super Glue) will suffice. The best 
results are attained with smooth dry surfaces; roughened sur- 


faces (such as those produced by using scissors) may adhere 
poorly. 

Photography of Cardiac Specimens 

It is difficult to overestimate the role of photography in the 
teaching of congenital heart disease. Although schematic dia- 
grams are helpful, the visualization of actual specimens often 
is necessary for an appreciation of three-dimensional features. 
In this regard, the well-planned dissection and photography 
of a classic lesion may be remembered far longer than written 
words (33). Having access to the most expensive photographic 
equipment, however, does not guarantee good results. Careful 
planning and attention to detail are more important. 

The use of a high-resolution digital camera has essentially 
replaced film-based cameras in the field of specimen photog- 
raphy. However, certain basic rules of photography still apply. 
For example, to increase the depth of field of focus, the aper- 
ture should be as small as possible (achieved by setting the 
f-stop as large as possible, preferably 16 or greater). One of the 
simplest yet most important factors for attaining high-quality 
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Figure 1.24. Tomographic methods of cardiac dissection (four-chamber and horizontal views) shown in nor- 
mal hearts. A-C: Four-chamber views, at levels of coronary sinus (A), fossa ovalis (B), and aortic valve (C). 
D-F: Horizontal (transverse) views at levels of ventricular inflow (D) and outflow (E) tracts and pulmonary artery 
(F). (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 
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Figure 1.25. Tomographic methods of dissection in malformed hearts. A: Short-axis view of common AV valve in 
complete AV septal defect. B: Short-axis view of right anterosuperior aorta in complete transposition of the great 
arteries. C: Long-axis view of hypoplastic left ventricle in aortic atresia. D: Four-chamber view of right-sided 
dilation in an Ebstein malformation. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 


photographs is the initial focusing of the camera. Few things 
can ruin a photograph as quickly and irreversibly as failure to 
attend to sharp focusing. 

The use of black or white backgrounds is favored over 
backlighting through translucent sheets of colored plastic. In 
this regard, it is important to note that standard black poster 
board, available from art supply stores, is generally made with 
water-soluble ink and will stain the specimens. 

Because fresh specimens have shiny surfaces that produce 
extensive glare, tissues should be fixed before being photo- 
graphed. Maintenance of lifelike colors can be achieved by 
fixation in formalin for only brief periods (5 to 15 minutes) or 
in nonformalin fixatives such as Kaiserling or Jores (32). For 
perfusion-fixed specimens that have been in formalin less than 
a week, colors may be partially restored by soaking the tissues 
in 80% ethanol for 15 to 30 minutes. Specimens are then thor- 
oughly dried with paper towels to eliminate reflective glare. 

In some cases, pins are necessary to hold thin or collapsible 
structures in position. From a technical perspective, a piece of 
black cardboard is placed on a piece of similarly sized cork- 
board, and the specimen is placed on the cardboard. Pins of 


various sizes are then used to stabilize the specimen, and the 
heads of the pins are removed with cutting pliers so they will 
not be visible in the photograph (32). For example, 46 pins 
were used in Figure 1.7E to hold the atrial walls and valve 
leaflets upright. Probes, arrows, transillummation, and nor- 
mal specimens (for comparison) also may be used to highlight 
specific morphologic features. 
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PERSPECTIVES ON NOMENCLATURE 


Through 5,000 years of recorded human history, only during 
the past 60 have treatments become available to substantially 
improve the quality of life and increase the longevity of chil- 
dren with cardiac anomalies. Within these 60 years, diagnostic 
and interventional procedures have been developed that have 
defined the frontiers of medical technology and creativity. Dur- 
ing these exciting and innovative times, however, seeds were 
also sown, in the form of redundant and overlapping termi- 
nology, that have inadvertently led to difficulty and confusion 
for those interested in the subject of congenital heart disease. 

Diversity of Terminology 

Drawings and descriptions of malformed hearts date back to 
the 18th century, and in the mid- 19th century, Peacock (1) 
published 18 cases in his classic series. However, it is the cate- 
gorization of 1,000 malformed hearts by Dr. Maude E. Abbott 
at McGill University, published by the American Heart Associ- 
ation in 1936, that stands as a landmark in the classification of 
congenital heart disease (2). Since that time, others have exam- 
ined large numbers of cases, both from autopsies and from 
living patients, and have proposed different systems of classifi- 
cation and nomenclature (3-13). Furthermore, numerous clas- 
sifications have been adopted for individual anomalies, such as 
ventricular septal defects, and for groups of anomalies, such as 
hearts with univentricular atrioventricular connections. 

Each new system, however, has reflected not only the state 
of knowledge at the time of its formulation but also the par- 
ticular interests or biases of its creators. Thus, among the vari- 
ous classifications, some researchers have emphasized surgical 
anatomy, some embryogenesis, others spatial relationships 
such as atrial sidedness and the positions of ventricles and 
great arteries, and still others clinical features such as cyanosis 
and altered pulmonary blood flow. Not surprisingly, the intro- 
duction of new systems of classification has been attended by 
changes in terminology, primarily to clarify or simplify certain 
concepts. But as newer terms have been introduced, older terms 
have rarely been abandoned. As a result, the nomenclature for 
congenital heart disease has become a sea of synonyms, adding 
confusion rather than clarity to an already complex subject 
(Appendix 2.1, at http://solution.lww.com). 

Unity from Diversity 

Is the development of a unified system of nomenclature a 
realistic and worthwhile goal? If so, who should decide on 
the acceptable terminology? And what price will be paid to 
gain unity at the expense of diversity? Although such a system 
would limit the confusing number of synonyms that now exist, 
it also could limit our perspective as certain terms (such as 


those with an embryologic basis) are purged from our rich and 
diverse heritage. 

Nevertheless, a movement is already well under way to 
establish such a unified system. Uniform acceptance, however, 
will probably be achieved only following the publication of a 
consensus report from an international group that represents 
all disciplines dealing with congenital heart disease. To date, 
such attempts have met with only limited success (14). The 
system that is eventually chosen should be accurately descrip- 
tive, internally consistent, clinically usable, readily codable in 
a database, and applicable to all forms of congenital heart dis- 
ease. New terms should be accepted only if they are necessary, 
brief, and specific (3). 

Until such a consensus report is available, it is premature to 
endorse a specific system of nomenclature. However, at least at 
an institutional level, those dealing with patients having con- 
genital heart disease should agree to speak the same clinical 
language and to prescribe to a single system of terminology. 
For this chapter, the approach and terminology suggested by 
Anderson et al. (4) are emphasized, with some modifications. 
Commonly used Latin terms and their anglicized counterparts 
are provided in Appendix 2.2 at http://solution.lww.com. 

Although the notation system proposed by Van Praagh (3) 
is not emphasized in this chapter, it is favored at some insti- 
tutions and warrants summarization. The situs (sidedness) is 
determined separately for the atria, ventricles, and great arter- 
ies. Atrial situs may be solitus (S), inversus (I), or ambiguous 
(A). Ventricular situs is solitus or D-loop (D), inversus or 
L-loop (L), or ambiguous (X). Great arterial situs is desig- 
nated as solitus (S), inversus (I), D-transposition/malposition 
(D), L- transposition/malposition (L), or ambiguous or ante- 
rior transposition/malposition (A). Abbreviations are listed 
within the parentheses, with the ventriculoarterial arrange- 
ment included before the parentheses and any atrioventricular 
malalignments or other anomalies stated after the parentheses. 
Thus, TGA (S,D,D) would correspond to complete transposi- 
tion of the great arteries. 


SEQUENTIAL SEGMENTAL ANALYSIS 


For evaluating patients with suspected congenital heart dis- 
ease, it is helpful to consider the heart as a segmented structure 
represented by three regions — atria, ventricles, and great arter- 
ies (3-6). Each region, in turn, is partitioned into two com- 
ponents, usually right-sided and left-sided. Atrioventricular 
valves serve as connectors between atria and ventricles, and 
semilunar valves join the ventricles to the great arteries. There 
are only a limited number of possible connections between the 
three major regions, regardless of their spatial orientations. 
In practice, each region is evaluated independently, follow- 
ing the direction of blood flow: (a) systemic and pulmonary 
veins, (b) atria, (c) atrioventricular valves, (d) ventricles and 
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right ventricular outflow tract (infundibulum or conus), (e) 
semilunar valves, and (f) great arteries. 

In a systematic manner, right-sided and left-sided structures 
at each level are evaluated according to their morphology, their 
relative positions, their connections to proximal and distal seg- 
ments, and the presence and location of shunts, obstructions, 
and valvular regurgitation (7). This constitutes the sequential 
segmental method for investigation of congenital heart disease, 
and it represents a diagnostic cornerstone both for clinicians 
and for pathologists. Before applying this method, however, it 
is important to determine the cardiac position and the visceral 
situs (sidedness). 


CARDIAC POSITION AND APICAL DIRECTION 

With regard to the position of the heart in the chest, two 
questions arise that can be answered independently: Where 
is the heart located, and what is the direction of the cardiac 
apex? Unfortunately, the terms levocardia, dextrocardia, and 
mesocardia are commonly used to answer both questions, 
thus imparting an element of ambiguity (3,4). Although 
the approach described below is not universally accepted, 
it does provide clarity by defining the cardiac location and 
apical direction separately and by avoiding the ambiguous 
Latin terms. 


Location in the Chest 

Within the thorax, the heart can be described positionally as 
left-sided (normal), right-sided, or midline. This designation is 
particularly useful radiographically, before a patient has been 
evaluated by other imaging techniques. 

The position of the heart in the mediastinum is affected 
not only by underlying cardiac malformations but also by 
abnormalities in adjacent structures. It can be displaced by 
conditions that distort the shape of the thorax, such as severe 
scoliosis or an elevated diaphragm, or that alter the size of 
thoracic structures, such as a hypoplastic lung or diaphrag- 
matic hernia. Rightward displacement of the heart constitutes 
dextroposition, a leftward shift represents levoposition, and 
shifts toward the midline are called mesoposition. 

In rare instances, sternal or diaphragmatic defects exist and 
are associated with an extrathoracic heart, or ectopia cordis 
(ectopic heart). This condition may be partial or complete and 
can be further categorized as cervical, thoracocervical, tho- 
racic, thoracoabdominal, or abdominal. 

Orientation in the Chest 

The direction in which the ventricles are aligned defines the 
base-apex axis of the heart and may be leftward, rightward, 
or midline (Figs. 2.1 and 2.2). Leftward ventricles represent 
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Figure 2.1. Cardiac base-apex axis. 
A: The three types are shown sche- 
matically and are independent of 
cardiac position or situs. B: The 
ventricular apex is leftward (arrow), 
even though a hypoplastic right lung 
has caused dextroposition of the 
entire heart. (See Appendix 1.1 at 
http://solution.lww.com for abbre- 
viations.) 
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Figure 2.2. Cardiac base-apex axis ( arrows ) shown in three specimens, viewed anteriorly. A: Normal heart, 
with a leftward apex. B and C: Congenitally corrected transposition of the great arteries, showing a box-shaped 
midline apex (B) and a rightward apex (C). 


the normal state and are characterized by an apex that is 
directed leftward, anteriorly, and somewhat inferiorly. The 
extent of these three directions is variable and is influenced 
by age, body build, and the level and functional state of the 
diaphragm. Ventricles with a rightward apex are directed to 
the right of midline. In contrast, midline ventricles are often 
box shaped and exhibit two apices that are directed anteriorly 
and inferiorly (7). 

The base-apex axis is independent of cardiac location and 
displacements. For example, a patient with a hypoplastic right 
lung could have a right-sided heart, owing to dextroposition, 
and still exhibit a leftward apex (Fig. 2. IB). 

The base-apex axis is also independent of cardiac sidedness. 
Thus, the presence of a leftward apex does not necessarily 
imply normal sidedness (situs solitus), and a right-sided apex 
does not always coincide with mirror-image sidedness (situs 
inversus). A midline apex, on the other hand, usually is associ- 
ated with cardiac isomerism (situs ambiguus). 


VISCERAL SIDEDNESS (SITUS) 

All major organ systems begin their embryologic development 
as midline structures with bilateral mirror-image symmetry. 
However, three organ systems (cardiovascular, respiratory, 
and digestive) later acquire asymmetry and are thereby char- 
acterized by sidedness (situs or handedness), which is geneti- 
cally determined. Sidedness may be normal, mirror-image, 
isomeric, or indeterminate. Right isomerism indicates bilat- 
eral right-sidedness, whereas left isomerism denotes bilateral 
left-sidedness. 

Isomerism and Splenic Anomalies 

The relationship between isomerism and splenic anomalies is 
intriguing (8). The splenic anlage, rather than originating as a 
midline structure, appears to be left-sided from its inception. 
Thus, when right isomerism exists, the spleen is usually absent 
(asplenia syndrome). Left isomerism, in contrast, is generally 


associated with multiple spleens (polysplenia syndrome) that are 
confined to only one side of the vertebral column. Occasionally, 
subjects with asplenia or polysplenia have normal hearts, and, 
rarely, those with atrial isomerism have normal spleens. 

Abnormalities may affect the entire body, as in total mir- 
ror-image sidedness (situs inversus totalis), or can involve 
individual organ systems. Moreover, sidedness may vary 
between systems, particularly in conditions associated with 
isomerism. Although the term atriovisceral situs enjoys com- 
mon usage, it does not always allow an accurate descrip- 
tion of sidedness in right isomerism and left isomerism. 
Consequently, it is recommended that the sidedness of car- 
diovascular, respiratory, and digestive systems be designated 
separately (7). 

Cardiac Sidedness (Situs) 

Cardiac sidedness is determined by the position of the mor- 
phologic right atrium (Fig. 2.3). It is not determined by the 
direction of the cardiac apex, the positions of the ventricles 
or great arteries, or the sidedness of noncardiac viscera. The 
morphologic right atrium is normally right-sided but is left- 
sided in situs inversus (mirror-image sidedness). Bilateral 
right atria define right cardiac isomerism, and bilateral left 
atria constitute left cardiac isomerism (Fig. 2.4) (14). In some 
cases of polysplenia, one chamber represents a left atrium, 
but the other has a hybrid appearance that is morphologically 
neither left nor right; this constitutes indeterminate cardiac 
sidedness. In practice, an accurate determination of cardiac 
sidedness depends on an accurate distinction between right 
and left atrial morphology, as discussed in this chapter and 
in Chapter 1. Although all investigators agree on the concept 
of normal and mirror-image cardiac sidedness, some have 
questioned the existence of atrial isomerism (9). 

Pulmonary Sidedness (Situs) 

Pulmonary sidedness is determined by the positions of the mor- 
phologic right and left lungs (Fig. 2.5). Pulmonary morphology, 
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Figure 2,3. Cardiac situs (sidedness), shown schematically. A: Situs solitus, with right-sided morphologic right 
atrium. B: Situs inversus, with left-sided morphologic right atrium. C and D: Situs ambiguus, with bilateral mor- 
phologic right atria (right isomerism) (C) and bilateral morphologic left atria (left isomerism) (D). (See Appendix 
1.1 at http://solution.lww.com for abbreviations.) 



Figure 2.4, Cardiac situs in two specimens, displayed in the four-chamber format. A: Situs solitus. B: Situs 
ambiguus, with right isomerism. A crista terminalis is present bilaterally. Ventricular inversion is also present but 
plays no role in determining cardiac sidedness. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 
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Figure 2.5. Pulmonary situs, shown schematically. A: Situs solitus, with right pulmonary anterior to its upper 
lobe bronchus and with left pulmonary artery posterior to its upper lobe bronchus. B: Situs inversus, with 
mirror-image morphology. C and D: Situs ambiguus, with bilateral morphologic right lungs (right isomerism) 
(C) and bilateral morphologic left lungs (left isomerism) (D). (See Appendix 1.1 at http://solution.lww.com for 
abbreviations.) 


in turn, is defined by the relationship of the pulmonary arteries 
to their adjacent bronchi, and not by the number of lobes. The 
pulmonary artery of a morphologic right lung travels anterior 
to its upper and intermediate bronchi, whereas that of a mor- 
phologic left lung travels superior to its main bronchus and 
posterior to the upper lobe bronchus. 

Clinically, pulmonary sidedness may be inferred by com- 
paring the relative lengths of the two main bronchi, as meas- 
ured on a chest radiograph that shows an air bronchogram. 
Normally, the distance from the carina to the origin of the 
upper lobe bronchus is 1.5 to 2.5 times greater for the morpho- 
logic left lung than for the right lung, and this ratio holds true 
regardless of the sidedness of the aortic arch (which is deter- 
mined by the bronchus over which the aorta travels) (10). With 
pulmonary isomerism, this ratio approaches unity because the 
lengths of the two mirror-image bronchi are similar (Fig. 2.6). 

Although most examples of bilateral trilobed lungs do 
correspond to cases of right isomerism or asplenia syndrome, 
bilateral bilobed lungs more often occur as a variation of nor- 
mal morphology than as a manifestation of left isomerism or 
polysplenia. 

Abdominal Sidedness (Situs) 

Abdominal sidedness is determined by the location of the liver 
and stomach, with the spleen and pancreas generally on the 
same side of the vertebral column as the stomach (Fig. 2.7). 
The state of the spleen can be evaluated by clinical imaging, 
thus supplanting the less reliable method of identifying How- 
ell-Jolly bodies in peripheral blood smears. At autopsy, splenic 
morphology should always be designated in patients with con- 
genital heart disease. 


In the asplenia syndrome, the liver is commonly midline 
with two mirror-image right lobes (right hepatic isomerism), 
and the biliary tree is patent and is usually associated with a 
single gallbladder (Fig. 2.8). The position of the stomach and 
pancreas can be left-sided, right-sided, or midline. Malrota- 
tion of the bowel is the rule, such that the cecum and appendix 
may be located in any of the abdominal quadrants. Finally, the 
aorta and inferior vena cava travel together on the same side 
of the vertebral column, a unique feature that can be demon- 
strated by abdominal imaging. 

Interestingly, with the polysplenia syndrome, the sidedness 
of the abdominal viscera may be indeterminate (ambiguous), 
mirror-image (inversus), or even normal (solitus). Although 
the spleens are multiple, they are all located on the same side 
of the vertebral column as the stomach. The gallbladder is sin- 
gle, but biliary atresia may occur. As a rule, the inferior vena 
cava fails to join the heart directly and exhibits azygos con- 
tinuation, with connection to the superior vena cava. 


MORPHOLOGY OF CARDIAC SEGMENTS 

Accurate identification of right-sided and left-sided structures 
is an essential feature of the sequential segmental approach to 
the diagnosis of congenital heart disease. For consistency and 
reproducibility of diagnoses, definitions of even the most com- 
monly used terms are helpful. 

In this regard, a distinction between the terms connection 
and drainage is necessary because the two are not synony- 
mous. Connection is an anatomic term that implies a direct 
link between two structures. In contrast, drainage is a hemo- 
dynamic term that refers to the direction of blood flow. 
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Figure 2.6. Pulmonary situs in four specimens, viewed posteriorly. A: Normal situs, with long left bronchus and 
short right bronchus. B: Normal situs, with tracheal origin of the right upper lobe bronchus (bronchus suis) 
(arrow). C: Right pulmonary isomerism, with short bronchi of similar length (the posterior wall of the airways 
has been removed). D: Left pulmonary isomerism, with long bronchi of similar length. (See Appendix 1.1 at http:// 
solution.lww.com for abbreviations.) 



Figure 2.7. Abdominal situs, drawn schematically. A: Situs solitus, with right-sided liver, left-sided spleen (also 
stomach and pancreas, not shown), and cecum in right lower quadrant. B: Situs inversus, with mirror-image 
morphology. C: Situs ambiguus with right isomerism shows liver with two right lobes, malrotation of the bowel 
(indicated by the abnormal position of the cecum), and asplenia. D: Situs ambiguus with left isomerism shows 
polysplenia; other features are variable. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 
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Figure 2.8. Abdominal situs in two patients, with thoracoabdominal organs viewed anteriorly. A and B: Both 
patients had the asplenia syndrome, with right isomerism of the heart, lungs, and abdominal organs. Both exhibit 
a midline symmetric liver and malrotation of the bowel (with the small bowel to the right and the large bowel 
to the left). (As an aside, cardiac situs is not affected by the cardiac base-apex axis, which is leftward in A and 
rightward in B.) (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 


A distinction also should be drawn between single and 
common, as applied to cardiac chambers and valves. Single 
implies that the corresponding contralateral structure is 
entirely absent. Tricuspid atresia with a single-inlet ventricle is 
one example. In contrast, the term common indicates bilateral 
components with absent septation. Examples are a common 
atrium, a common atrioventricular valve, and a common trun- 
cal artery (truncus arteriosus [TA]). 

Superior Vena Cava 

When the superior vena cava is single and right-sided, as nor- 
mally occurs, no further designation is necessary. The term 
left superior vena cava is recommended for its left-sided coun- 
terpart, and distinction should be made between right-sided 
and left-sided structures in the setting of bilateral venae cavae. 
With bilateral veins, the presence or absence of a brachioce- 
phalic (innominate) venous bridge between the two should 
also be described. 

Inferior Vena Cava 

The inferior vena cava, or at least its suprahepatic segment, 
almost invariably connects to the inferior aspect of the 


morphologic right atrium. Rarely, and usually in patients 
with polysplenia, this connection is interrupted, and the 
vein empties into the superior vena cava through a direct 
connection with the azygos or hemiazygos vein, represent- 
ing azygos continuation of the inferior vena cava. In such 
cases, the hepatic veins generally connect directly to one or 
both atria via the suprahepatic segment of the inferior vena 
cava (9). 

Coronary Sinus 

The coronary sinus normally joins the right atrium. Rarely, its 
ostium is atretic. Moreover, variable portions of the vein may 
be unroofed and produce a left atrial fistula. Complete unroof- 
ing is commonly referred to as absence of the coronary sinus 
and may be associated with asplenia syndrome and direct left 
atrial connection of a left superior vena cava, or may be an iso- 
lated anomaly with resultant creation of an atrial septal defect 
of coronary sinus type. 

Pulmonary Veins 

Normally, the four pulmonary veins join the body of the left 
atrium separately. As a variant of normal, the upper and lower 
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veins, most commonly from the left lung, merge and connect 
to the left atrium as a single vein. Another variant is independ- 
ent connection of the right middle lobar vein directly to the 
left atrium. 

In the setting of anomalous pulmonary venous connection 
or severe left-sided obstructive lesions, a vessel connecting the 
pulmonary veins to the left brachiocephalic, or innominate, 
vein has been referred to as a persistent superior vena cava, 
vertical vein, or a levoatrial cardinal vein. For these anoma- 
lies, perhaps the term collateral vein would suffice (analogous 
to collateral arteries in cases of pulmonary atresia with 
ventricular septal defect). 


Atria 

Definition 

By definition, an atrium is a cardiac receiving chamber that 
usually is interposed between the great veins and an atrio- 
ventricular valve. Occasionally, it may exist either between 
the great veins and an adjacent atrium, as in tricuspid atre- 
sia or cor triatriatum (triatrial heart), or between an atrium 
and an atrioventricular valve, as in total anomalous pulmo- 
nary venous connection. Triatrial hearts can be described 
as having a subdivided left atrium, a double-chamber left 
atrium, or an accessory left atrial chamber. Rarely, the right 
atrium is subdivided by an enlarged valve of the inferior 
vena cava. 

Right Atrium 

The morphologic right atrium is characterized by connections 
from the venae cavae and coronary sinus and by connections 
to one or both atrioventricular valves, with drainage into one 
or both ventricles. Its septal surface is defined by an intera- 
trial portion, with the limbus and valve of the fossa ovalis, 
and by an atrioventricular portion. The free wall harbors not 
only a large pyramidal appendage but also a crista terminalis 
and numerous pectinate muscles outside the appendage (11). 
The crista terminalis forms a boundary between the smooth- 
walled posterior aspect of the free wall, derived from the sinus 
venosus, and the muscular anterior aspect, derived from the 
embryologic right atrium. 

Left Atrium 

In contrast, the morphologic left atrium has neither a crista 
terminalis nor pectinate muscles other than in its appendage. 
This appendage is more finger shaped than pyramidal, with 
several small outpouchings or lobes. The main body of the 
left atrium is smooth walled, like the common pulmonary vein 
from which it is derived, and only the appendage remains as 
a remnant of the embryologic atrium. The body and main 
pulmonary veins become infiltrated by cardiac myocytes that 
can produce left atrial contraction. The left side of the atrial 
septum is entirely interatrial. Its smooth surface is interrupted 
only by a crescentic rim that forms the residual border of the 
ostium secundum. 

Common Atrium 

A common atrium is the result of absence, or near absence, of 
the atrial septum. It almost always is associated with an atrio- 
ventricular septal defect, with or without asplenia syndrome. 
In most cases, a characteristic band or bar of myocardium 
spans the midportion of the atrium as the only septal remnant. 
The two atrial free walls can be morphologically right and left, 
or they may be bilaterally right or bilaterally left. 


Indeterminate Atrial Morphology 

Occasionally, atrial morphology may be impossible to 
determine with certainty. This most often occurs in patients 
with right or left isomerism. With left isomerism in par- 
ticular, one atrium often has a hybrid structure with some 
anatomic features of each atrium. In addition, previous sur- 
gical procedures with ligation of the atrial appendages or 
excision of the atrial septum may so distort the chambers 
that determination of atrial morphology is impossible. 

Diagnostic Criteria 

Cardiac sidedness is established by the location of the 
right and left atria (10) (Fig. 2.9). In this regard, anatomic 
landmarks in the atrial septum are useful for distinguish- 
ing between normal cardiac sidedness (situs solitus) and 
mirror-image cardiac sidedness (situs inversus). The lim- 
bus of the fossa ovalis always faces the morphologic right 
atrium. However, in the setting of atrial isomerism (situs 
ambiguus), most of the atrial septum is characteristically 
absent. As a result, anatomic landmarks in the atrial free 
walls must be used to determine cardiac sidedness. Only the 
parts of the free wall that are derived from the embryologi- 
cal atrium are used for this purpose, not those derived from 
the sinus venosus or common pulmonary vein. With this 
in mind, the structural landmarks of a morphologic right 
atrium are a large pyramidal appendage, pectinate mus- 
cles, and a crista terminalis. In contrast, the hallmark of a 
morphologic left atrium includes only a tortuous append- 
age with side branches, but without pectinate muscles or a 
crista terminalis. Using these criteria, right and left isomer- 
ism can readily be established in most cases. 

Atrioventricular Valves 

Definition 

Atrioventricular valves not only connect the atria to the ventri- 
cles but also serve to separate them electrically. Because these 
valves travel with their respective ventricles, a morphologic 
tricuspid valve connects to a morphologic right ventricle, and 
a morphologic mitral valve connects to a morphologic left 
ventricle. In normal hearts, viewed in a four-chamber format, 
the tricuspid valve ring attaches to the septum more apically 
than does the mitral annulus (Fig. 2.9). Identification of this 
arrangement by clinical imaging allows determination not 
only of atrioventricular valve morphology but also of ventric- 
ular morphology. 

Tricuspid Valve 

The normal tricuspid valve consists of three leaflets, three 
major commissures, and three papillary muscles. Although 
its annulus is elliptical (but saddle shaped), the shape of its 
orifice at the midleaflet (or midventricular) level is more trian- 
gular. The septal tricuspid leaflet has numerous direct cordal 
insertions along the ventricular septum, and the anterior leaf- 
let forms an intraventricular curtain that separates the inflow 
and outflow tracts. Additionally, the tricuspid and pulmonary 
valves are separated by the muscular right ventricular outflow 
tract. 

Mitral Valve 

Like the tricuspid valve, the mitral valve has an elliptical (but 
saddle-shaped) annulus and an intraventricular anterior leaf- 
let that separates the inflow and outflow tracts. However, the 
mitral valve has only two leaflets, two major commissures, and 
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Figure 2.9. Characteristic anatomic features of atria, atrioventricular valves, and ventricles in four specimens of 
normal hearts. A: The atrioventricular septum and the more apical attachment of the tricuspid valve ring, com- 
pared with the mitral valve, are best evaluated in a four-chamber view. B: The triangular tricuspid orifice and 
elliptical mitral orifice, at midleaflet level, are shown in a short-axis view, as are the septal insertions of tendinous 
cords from the septal tricuspid leaflet. C and D: Right-sided and left-sided features can readily be compared 
between a two-chamber view of the right heart (C) and a long-axis view of the left heart (D). (See Appendix 1.1 
at http://solution.lww.com for abbreviations.) 


two papillary muscle groups rather than three, and because 
the papillary muscles attach to the left ventricular free wall, 
there are normally no septal insertions of tendinous cords. 
Moreover, in contrast to the muscular separation that exists 
between the tricuspid and pulmonary valves, the mitral annu- 
lus is in direct continuity with the aortic valve ring, such that 
the anterior mitral leaflet forms a part of the left ventricular 
outflow tract. 

Common Atrioventricular Valve 

With complete atrioventricular septal defects, the presence of a 
common valve, rather than distinct tricuspid and mitral valves, 
renders four-chamber imaging unsuitable for determining 
ventricular morphology. Similarly, in partial atrioventricular 
septal defects, the mitral valve ring generally attaches to the 
septum at the same level as the tricuspid annulus, producing 
an interatrial septal defect and interfering with the identifica- 
tion of ventricular morphology. 

Right and Left Atrioventricular Valves 

A double-inlet left ventricle is characterized by papillary 
muscle insertions from both atrioventricular valves into the 


morphologic left ventricle. In many cases, the valves have 
mirror-image mitral morphology, or one of the valves (with 
right-ventricular straddling) has indeterminate, or hybrid, 
morphology with mitral and tricuspid features. Designation 
simply as right-sided or left-sided atrioventricular valves 
rather than as mitral, tricuspid, or hybrid minimizes the likeli- 
hood of confusion. 

Diagnostic Criteria 

The most reliable feature that allows distinction between tri- 
cuspid and mitral valves is the more apical septal attachment 
of the tricuspid valve when viewed in a four-chamber format 
(Fig. 2.9). For conditions in which this cannot be assessed, 
other features should be assessed, including septal cordal 
attachments, indicative of a tricuspid valve, and direct conti- 
nuity with a semilunar valve, indicative of a mitral valve. 

Ventricles 

Definition 

A ventricle represents an endocardial-lined chamber within the 
ventricular muscle mass. Other proposed definitions have been 
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a source of disagreement and controversy (12,13). Although 
normal ventricles are characterized by inlet, trabecular, and 
outlet regions, they are not defined by the presence of all three 
or by the presence of any one in particular. Hypoplastic ventri- 
cles, as described below, frequently consist of only one or two 
components. It is important to emphasize that, with only rare 
exceptions, virtually all human hearts contain two ventricular 
chambers. Hence, the terms single ventricle and univentricular 
heart are inaccurate. 

Right Ventricle 

A morphologic right ventricle is characterized by a heavily 
trabeculated anteroapical region (4). Other definitive features 
relate to the inlet region and the anatomic details of the tri- 
cuspid valve, as discussed earlier. The normal right ventricu- 
lar outflow tract (infundibulum or conus) represents a collar 
of muscle that separates the tricuspid and pulmonary valves. 
Rarely, in the case of a double-outlet left ventricle, the infun- 
dibular region may originate entirely from the contralateral 
ventricle. To conceptualize this and other conotruncal anoma- 
lies, the heart may be considered as consisting of five chambers 
(two atria, two ventricles, and an infundibulum) in which the 
infundibulum can attach to one or both ventricles, in various 
orientations (15). 

Left Ventricle 

A morphologic left ventricle has fine apical trabeculations. 
However, in patients with a double-inlet left ventricle, the 
presence of four sets of papillary muscles produces a muscular 
apex that can be misinterpreted as a morphologic right ventri- 
cle, particularly by echocardiography. 

Common Ventricle 

A common ventricle is characterized by virtual absence of the 
ventricular septum and by a free wall that morphologically is 
part right ventricle and part left ventricle. This represents an 
exceedingly rare condition. Accordingly, other anomalies that 
resemble a common ventricle should be considered before ren- 
dering a diagnosis. Among patients with a common-inlet right 
ventricle, the hypoplastic left ventricle may be so diminutive 
that it is difficult to identify even at autopsy and may lead to a 
misdiagnosis of common ventricle. 

Ventricular Morphology 

If ventricular morphology cannot be determined with confi- 
dence, the term indeterminate may be applied. This designa- 
tion is usually reserved for the rare condition in which only 
one ventricular chamber can be identified. Such a chamber 
has either ambiguous morphologic features or has right and 
left ventricular free walls with an absent ventricular septum (a 
common ventricle). 

Hypoplastic Ventricle 

Underdeveloped ventricles have an appreciably smaller cham- 
ber size than expected, although their muscular walls may 
either be normal in thickness or hypertrophied, depending on 
the pressures generated within the chamber. Structurally, either 
they exhibit inlet, trabecular, and outlet components or they 
are deficient and consist of only one or two of these regions. 

In the setting of tricuspid or mitral atresia, for example, the 
inlet portion of the affected ventricle is either absent or very 
diminutive. Similarly, with pulmonary or aortic atresia, the 
outlet region is usually incompletely formed. For combined 
tricuspid and pulmonary atresia or combined mitral and aor- 
tic atresia, the interposed ventricle is severely hypoplastic and 
generally consists primarily of a trabecular component. 


A hypoplastic ventricle that is positioned along the antero- 
superior surface of the heart and gives rise to a great artery is 
virtually always a morphologic right ventricle. Conversely, a 
small chamber that occupies the posteroinferior aspect of the 
heart and does not connect to a great artery is almost invari- 
ably a morphologic left ventricle. Thus, the use of terms such 
as outlet chamber, trabecular pouch, and rudimentary cham- 
ber is probably unnecessary. 

Criteria 

In practice, the most reliable features that allow distinction 
between morphologic right and left ventricles are the nature 
of the apical trabeculations, the morphology of the associated 
atrioventricular valve, and the state of continuity between the 
atrioventricular and semilunar valves (Fig. 2.9). Even in the 
setting of a hypoplastic ventricle, the other ventricle should be 
assessable at all three levels. Trabeculations and valvular dis- 
continuity can be determined angiographically, and valvular 
morphology and discontinuity are readily evaluated echocar- 
diographically. 

In normal hearts, the short-axis shapes and wall thick- 
nesses of the ventricles differ appreciably. The left ventricle 
has a thick wall and a circular chamber, whereas the right 
ventricle is thin walled and more crescent shaped. Neither of 
these features, though, is reliable for distinguishing ventricular 
morphology. Right ventricular hypertrophy or left ventricu- 
lar atrophy is encountered relatively frequently and produces 
either ventricles of similar thickness or a thick right ventricle 
and thin left ventricle, respectively. Likewise, straightening 
or leftward bowing of the ventricular septum may occur and 
result in mirror-image D-shaped chambers or a crescentic left 
ventricle, respectively. 

Semilunar Valves 

A semilunar valve serves to connect a ventricle to a great artery 
and is named according to the artery into which it empties. It 
is not named according to the ventricle from which it emanates 
or according to its relative position in the chest. Semilunar 
valves include aortic, pulmonary, and truncal valves. Nor- 
mal semilunar valves consist of three pocket-like cusps, three 
commissures, and a fibrous annulus shaped like a triradiate 
crown. When malformed, they can have an abnormal number 
of cusps, be hypoplastic or dysplastic, or exhibit a combina- 
tion of these features. 

Great Arteries 

Definition 

The great arteries include the aorta, main pulmonary artery, 
TA, and ductus arteriosus. Distinction between the aorta, 
pulmonary artery, and TA is based solely on their branching 
patterns (Fig. 2.10); there are no other distinguishing features. 
In contrast, the identification of a ductus arteriosus is based on 
its position and its lack of tortuosity or branching. 

Aorta 

The aortic arch is normally left-sided, traveling over the left 
bronchus. In contrast, a right aortic arch travels over the right 
bronchus and is almost always associated with mirror-image 
brachiocephalic arterial branching. A double aortic arch, 
although rare, travels over both bronchi. The sidedness of the 
aortic arch is not associated with appreciable lengthening of 
the subjacent bronchus and therefore does not interfere with 
the radiographic determination of pulmonary situs (10). Con- 
sequently, even with a right aortic arch, the length of the right 
bronchus will be substantially less than that of the left bronchus. 
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Figure 2.10. The different types of great arteries are illustrated schematically, as viewed anteriorly. A right 
aortic arch travels over the right main bronchus, and its brachiocephalic branching is the mirror-image of 
normal. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 


Pulmonary Artery 

The mediastinal pulmonary arteries maintain their charac- 
teristic Y shape when severely hypoplastic and occasionally 
even when atretic. They do not branch further before entering 
the lungs. In addition, each artery has a unique relationship 
to its adjacent bronchus (Fig. 1.15 and 2.5). Rarely, the right 
or left pulmonary artery anomalously arises from the ascend- 
ing aorta. In contrast, the smaller bronchial arteries origi- 
nate from the descending thoracic aorta, often form several 
branches, and course along the major bronchi to enter the 
lungs. Systemic collateral arteries usually have a similar origin 
and distribution. 

Truncus Arteriosus 

The TA represents a common vessel that has not divided into 
the ascending aorta and main pulmonary artery. Accordingly, 
it gives rise to the coronary, systemic, and pulmonary circu- 
lations. In patients with pulmonary atresia and a ventricular 
septal defect, in whom no remnant of the main pulmonary 
artery can be identified, the single artery that emanates from 
the heart is an aorta and not a common TA, because the right 
and left pulmonary arteries do not originate from it. 

Ductus Arteriosus 

Embryologically, the ductus arteriosus is bilateral. The left-sided 
structure is simply referred to as the ductus arteriosus. It trav- 
els between the most proximal portion of the left pulmonary 
artery and the undersurface of the aortic arch. In the setting 
of a left aortic arch, a right-sided ductus arteriosus, if present, 
will connect the proximal portion of the right subclavian artery 
to the right pulmonary artery. For a right aortic arch with 
mirror-image brachiocephalic branching, the opposite applies. 
A ductus arteriosus is not tortuous and does not form branches. 


POSITIONS OF CARDIAC SEGMENTS 


Once the cardiac segments are defined morphologically, their 
spatial orientations are next recorded. Three segments are 
evaluated: atria, ventricles, and great arteries. The positions of 
the atrioventricular and semilunar valves are addressed later 
when segmental connections are evaluated. 

Atria 

The spatial relationship between the atria is important because 
the position of the morphologic right atrium determines 
cardiac sidedness (Figs. 2.3 and 2.4). If the right atrium is 
right-sided, then the cardiac situs is normal, or solitus. On the 
other hand, if it is left-sided, then the situs is mirror-image, or 
inversus. 

Ventricles 

The location of the ventricles is determined by the position of 
the cardiac apex and the plane of the ventricular septum. In 
hearts with a leftward apex, the two ventricles occupy right- 
anterior and left-posterior positions. Conversely, with a right- 
ward apex, they are usually right-posterior and left- anterior. 
A midline apex is generally characterized by a vertical midline 
septum with side-by-side ventricles. 

For hearts with univentricular atrioventricular connections 
and a hypoplastic right ventricle, the ventricular septum is 
often tilted midway between vertical and horizontal. Rarely, 
the septum is horizontal, resulting in superoinferior ventricles 
(upstairs-downstairs), with the morphologic right ventricle on 
top. Finally, in crisscross hearts with twisted atrioventricular 
connections, the ventricular septum may also acquire a partial 
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Figure 2.11. Ventricular sidedness. A, B: Right-sided ventricles. A normal right-sided morphologic right ventricle 
has been dissected by removal of its free wall (A). A mirror-image right-sided morphologic left ventricle is shown 
from a patient with atrioventricular discordance (B). C, D: Similar views are provided of a normal morphologic 
left ventricle (C), and a mirror-image left-sided morphologic right ventricle from a patient with atrioventricular 
discordance who underwent tricuspid valve replacement (D). 


spiral twist, such that the relative positions of the ventricular 
chambers change as one travels from the cardiac base toward 
the apex. 

In each of the aforementioned positions, the ventricles 
may be normal or mirror image in morphology. Mirror-image 
ventricles have also been referred to by various researchers 
as L-loop ventricles, ventricular situs inversus, or ventricular 
inversion (Fig. 2.11) (3). 

Great Arteries 

The position of the ascending aorta is generally described in 
relation to the main pulmonary artery (Fig. 2.12). Normal 
hearts are characterized by a right-posterior aorta. Abnor- 
malities in aortic position are important to assess because each 
generally occurs in only a limited number of conditions. For 
the vast majority of malformed hearts, the aortic position is 
either normal or occupies a position that is dextroposed, right 
lateral, right anterior, or left anterior (Fig. 2.13). Only rarely 
are other positions encountered. 

A slightly anterior shift of the aorta, to a position mid- 
way between right posterior and right lateral, is termed 


dextroposition of the aorta (in contrast to dextroposition of 
the entire heart) and is commonly encountered in tetralogy 
of Fallot, double-outlet right ventricle, and atrioventricular 
septal defects. A right-anterior aorta is most frequently associ- 
ated with complete transposition of the great arteries, and a 
left-anterior aorta most often occurs in patients with either 
congenitally corrected transposition of the great arteries or a 
double-inlet left ventricle. 


CONNECTIONS OF CARDIAC SEGMENTS 

Once the morphology and positions of the cardiac segments 
are determined, the manner in which they join to one another 
can be evaluated. Connections exist at three levels: venoatrial, 
atrioventricular, and ventriculoarterial. Abnormal venoatrial 
connections are related to malformations involving the sinus 
venosus, common pulmonary vein, and their derivatives. 

In contrast, cardiac valves form the mortar that connects 
atria to ventricles and ventricles to great arteries. These 
connections, however, do not necessarily imply patency for 
blood flow. For example, in aortic atresia, identification of 
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Figure 2.12. The possible positions of the ascending aorta relative 
to the main pulmonary artery are shown schematically, as viewed 
from below (from apex toward base). 


an imperforate valve between the left ventricle and the 
ascending aorta is indicative of a concordant connection, 
despite the fact that blood does not flow between the two. The 
presence of overriding valves can interfere with the determina- 
tion of atrioventricular and ventriculoarterial connections, as 
discussed below. 

Venoatrial Connections 

Normally, the superior and inferior venae cavae and the coro- 
nary sinus connect to the morphologic right atrium and the 
pulmonary veins join the morphologic left atrium. Anomalies 
may involve the systemic veins, pulmonary veins, or both, and 
they can involve all or only some of the veins. Consequently, 
the connection of each venous structure should be evaluated 
separately. 

Atrioventricular Connections 

Only four possible modes of atrioventricular connection exist: 
concordance, discordance, univentricular, and ambiguous 
(Figs. 2.4B, 2.14, and 2.15). The univentricular connections, 
in turn, include three subtypes: double inlet, single inlet, and 
common inlet. 

If an atrioventricular valve is atretic, it is important to 
distinguish between the presence of an imperforate fibrous 
membrane, in which the connection can be determined, and 
absence of the atrioventricular connection on that side of the 
heart. Most cases of tricuspid atresia, for example, are char- 
acterized by an absent right atrioventricular connection rather 
than by an identifiable valvular plug. By clinical imaging, 
the membranous septum should not be misinterpreted as an 
imperforate tricuspid valve. 

Concordance and Discordance 

Concordance denotes the normal state and indicates that the 
morphologic right atrium is connected to the morphologic 


right ventricle and that the left atrium is connected to the left 
ventricle. In contrast, connection of the right atrium to the left 
ventricle and of the left atrium to the right ventricle constitutes 
atrioventricular discordance, which corresponds to ventricular 
inversion or L-loop ventricles. 

Univentricular Atrioventricular Connections 

When both atria are joined to only one ventricle, the con- 
nection is univentricular, and three variants are recognized: 
double-inlet ventricle, in which two atrioventricular valves 
are present; single-inlet ventricle, in which only one valve 
is present and there is no grossly identifiable remnant of the 
other valve; and common-inlet ventricle, in which a common 
atrioventricular valve connects both atria to only one ven- 
tricle. Thus, it is the connection, and not the heart, that is 
univentricular. 

Ambiguous Atrioventricular Connection 

With either right or left cardiac isomerism, the atrioventricu- 
lar connection, by definition, is ambiguous or mixed. In the 
setting of right isomerism, for example, the right-sided mor- 
phologic right atrium might be connected to a morphologic 
right ventricle (concordance), and the left-sided morphologic 
right atrium would then join a morphologic left ventricle (dis- 
cordance). For complex cases such as this, a description of the 
atrioventricular connection is recommended. 

Ventriculoarterial Connections 

Like connections at the atrioventricular level, those at the ven- 
triculoarterial level are limited in number. Possibilities include 
concordance, discordance, and double, single, and common 
outlets (Figs. 2.16 and 2.17). Occasionally, with an atretic pul- 
monary or aortic valve, the ventricle to which the correspond- 
ing great artery is connected cannot be distinguished with 
certainty, and the ventriculoarterial connection is considered 
indeterminate. 

Concordance and Discordance 

Concordance refers to the normal state, in which the mor- 
phologic right ventricle is connected to the pulmonary artery 
and the morphologic left ventricle is linked to the aorta. By 
comparison, discordance corresponds to right ventricular 
origin of the aorta and left ventricular origin of the pulmo- 
nary artery and is synonymous with transposition of the great 
arteries. 

When the atrioventricular connection is concordant and 
the ventriculoarterial connection is discordant, the malforma- 
tion is called complete transposition, which results in com- 
plete separation of the systemic and pulmonary circulations, 
except at the sites of shunts. In contrast, congenitally corrected 
transposition is characterized by ventriculoarterial discord- 
ance and atrioventricular discordance, which results in normal 
blood flow but a systemic workload on the morphologic right 
ventricle. Because the term great vessels refers to either the 
great arteries or the great veins, use of the term great arteries 
is favored for the transposition complexes. 

Double, Single, and Common 

When both great arteries emanate from only one ventricular 
chamber, the ventriculoarterial connection is considered dou- 
ble outlet. It is important to recognize that a double-outlet 
connection is not synonymous with the diagnostic entity 
known as double-outlet right ventricle. This form of connection 
includes not only double-outlet right ventricle but also double- 
outlet left ventricle and most cases of tetralogy of Fallot. 
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Figure 2.13. Aortic positions in four types of congenital heart disease. A: The aortic position is normal in this 
example of supravalvular aortic stenosis with bilateral superior venae cavae. B: A right lateral aorta is associated 
with tetralogy of Fallot and a right aortic arch with mirror-image brachiocephalic branching. C: The aorta is 
right-anterior in this case of complete transposition of the great arteries. D: The aortic position in this patient 
is left-anterior and is associated with a double-inlet left ventricle. (See Appendix 1.1 at http://solution.lww.com 
for abbreviations.) 
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Figure 2.14. The six possible atrioventricular connections 
are shown schematically. Upper panel: Concordance is 
synonymous with the normal state, and discordance 
is synonymous with ventricular inversion. For either right 
or left cardiac isomerism, the atrioventricular connection 
is always ambiguous. Lower panel: There are three pos- 
sible univentricular atrioventricular connections: double 
inlet, single inlet, and common inlet. (See Appendix 1.1 at 
http://solution.lww.com for abbreviations.) 



Figure 2.15. Four types of atrioventricular 
connection, shown in a four-chamber (or 
three-chamber) format. A: Concordance. 
B: Discordance. C: Double-inlet left ven- 
tricle. D: Tricuspid atresia with single-inlet 
left ventricle and absent right atrioventric- 
ular connection (arrows). (See Appendix 
1.1 at http://solution.lww.com for abbre- 
viations.) 
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Figure 2.16. The five possible ventriculoarterial 
connections are shown schematically. Upper 
panel: Concordance indicates the normal state, 
and discordance is synonymous with transposi- 
tion of the great arteries. Lower panel: There 
are three other possible connections: double 
outlet, which usually involves a right ventricle; 
single outlet, which includes pulmonary atresia 
with ventricular septal defect; and common out- 
let, which represents TA. (See Appendix 1.1 at 
http://solution.lww.com for abbreviations.) 




Figure 2.17. Four types of ventriculoarterial 
connection, viewed anteriorly. A: Discor- 
dance, in complete transposition of the great 
arteries. B: Double-outlet connection, in 
double-outlet right ventricle. C: Single-out- 
let connection, in pulmonary atresia with a 
ventricular septal defect and ductal origin of 
the pulmonary arteries. D: Common-outlet 
connection, in TA. (See Appendix 1.1 at 
http://solution.lww.com for abbreviations.) 
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Morphologic criteria exist to distinguish tetralogy of Fallot 
from cases of double-outlet right ventricle with subpulmonary 
stenosis and a subaortic ventricular septal defect. Interestingly, 
patients with tetralogy of Fallot and a complete atrioventricular 
septal defect usually have Down syndrome and a low surgical 
mortality rate, whereas those with double-outlet right ventricle 
and a complete atrioventricular septal defect characteristically 
have atrial isomerism and a high surgical mortality rate. 

Among patients with pulmonary atresia and a ventricular 
septal defect, there exists a group in whom no remnant of the 
pulmonary valve or proximal portion of the pulmonary artery 
can be identified. As a result, only the aorta arises from the 
ventricles, constituting a single-outlet ventriculoarterial con- 
nection. In general, this situation does not pertain to aortic 
valve atresia because the ascending aorta, although hypoplas- 
tic, must remain patent to provide coronary blood flow, thus 
allowing its ventricular connection to be readily determined. 

A common-outlet connection is characteristic of TA, in 
which this vessel represents the undivided aortic and pulmo- 
nary roots. Although hearts with single-outlet and common- 
outlet connections are quite similar, only in the setting of TA do 
the pulmonary arteries arise proximally from this vessel rather 
than from the ductus arteriosus or systemic collateral arteries. 

Overriding and Straddling Valves 
Definition of Overriding Valves 

Overriding may be defined as biventricular emptying of an atri- 
oventricular valve or biventricular origin of a semilunar valve. 


It is a property of the valve annulus and is always associated 
with a malalignment ventricular septal defect. The presence 
of annular overriding may interfere with accurate determina- 
tion of cardiac connections. As a further complication in liv- 
ing patients, the extent of overriding may vary throughout the 
cardiac cycle and may appear to vary with different angles of 
view. 


Malalignment 

For overriding atrioventricular valves, the atrial and ventricu- 
lar septa are malaligned. This may represent a lateral shift, 
a rotational shift, or a combination of the two (Fig. 2.18). 
The ventricular septal defect tends to involve the basal por- 
tion of the inlet septum. For the assessment of atrioventricu- 
lar connections, an atrium is considered to join the ventricle 
into which >50% of the valve orifice empties (Fig. 2.19). 
A common atrioventricular valve is usually associated with 
concordant or discordant connections, although a common- 
inlet arrangement applies if >75% of the valve orifice empties 
into only one of the two ventricles. 

Overriding of the semilunar valves is associated with mala- 
lignment of the outlet septum relative to the remainder of the 
ventricular septum. Malalignment can be lateral, rotational, 
or a combination of these (Figs. 2.18 and 2.20). The ventricu- 
lar septal defect is located beneath the overriding artery and is 
either membranous or outlet in location, or a combination of 
the two. As with the atrioventricular valves, the 50% rule also 
applies to the semilunar valves (Fig. 2.21). 



Figure 2.18. The types of annular overriding and septal malalignment are illustrated schematically. Upper panel: 
Atrioventricular valves are shown, with lateral and rotational malalignments between the atrial and ventricular 
septa. Lower panel: Semilunar valves are shown, with lateral and rotational malalignments between the ventricu- 
lar and outlet septa. (See Appendix 1.1 at http://solution.lww.com for abbreviations.) 
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Figure 2.19, The effect of overriding atrioventricular valves on the determination of atrioventricular connections. 
Upper panel: With progressive leftward shifting of the atrial septum, the connections change from concordant 
to double-inlet left ventricle. Lower panel: The two insets illustrate the 50% rule. (See Appendix 1.1 at http:// 
solution.lww.com for abbreviations.) 



Figure 2.20. Overriding semilunar valves, in two cardiac specimens. A: An overriding aortic valve in tetralogy 
of Fallot. B: An overriding pulmonary valve in complete transposition of the great arteries. (See Appendix 1.1 at 
http://solution.lww.com for abbreviations.) 
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Figure 2.21. The effect of over- 
riding semilunar valves on the 
determination of ventriculoarte- 
rial connections. Upper panel: 
With progressive rightward 
shifting of the outlet septum, the 
connection changes from con- 
cordant to double-outlet right 
ventricle. Lower panel: The two 
insets illustrate the 50% rule. 
(See Appendix 1.1 at http://solu- 
tion.lww.com for abbreviations.) 



Definition of Straddling Valves 

In contrast to annular overriding, straddling involves the 
anomalous insertions of chordae tendineae (tendinous cords) 
or papillary muscles into the contralateral ventricle (Figs. 2.22 
and 2.23). Thus, straddling involves only the atrioventricular 


valves and requires the presence of a ventricular septal defect. 
Although straddling does not affect the evaluation of atrioven- 
tricular connections, it is important that it be identified preopera- 
tively because its presence may preclude certain types of surgical 
repair or may necessitate valve replacement. Cordal straddling 
may occur alone or in conjunction with annular overriding. 


Figure 2.22. Overriding and 
straddling atrioventricular 
valves are shown schemati- 
cally. Upper panel: Overriding 
and straddling are compared 
(see text for definitions). Lower 
panel: The three types of strad- 
dling are determined by the 
sites or cordal insertion into the 
contralateral ventricle along the 
crest (type A) or body (type B) of 
the ventricular septum, or onto 
the ventricular free wall (type 
C). (See Appendix 1.1 at http:// 
solution.lww.com for abbrevia- 
tions.) 
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Figure 2.23. Overriding and straddling atrioventricular valves in two specimens. A: Straddling without overriding 
of the left- sided tricuspid valve ( arrows ) in a heart with atrioventricular discordance. B: Overriding and strad- 
dling of both atrioventricular valves is associated with rotational malalignment of the atrial and ventricular septa 
in a case of superoinferior ventricles with a horizontal ventricular septum. (See Appendix 1.1 at http://solution. 
lww.com for abbreviations.) 
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Development of Myocardial Structure 
and Function 
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T he structure and function of the myocardium undergoes dy- 
namic changes during fetal life and in postnatal maturation 
to adulthood. These processes are regulated by a number of 
hormones, neurotransmitters, growth factors, and mechanical 
forces. The development of the coronary circulation is tightly 
coordinated with myocardial growth to ensure an adequate 
supply of oxygen and metabolic substrates. A complete un- 
derstanding of the physiologic processes that regulate myo- 
cardial structure and function is a necessary prerequisite to 
understand the pathogenesis of congenital and acquired heart 
disease. This chapter describes the developmental changes 
in cardiac structure and excitation-contraction (E-C) cou- 
pling along with cell-cell and cell-matrix interactions at the 
cellular and tissue levels. Postnatal changes in autonomic 
innervation are summarized. The effects of these changes 
on myocardial systolic and diastolic dysfunction are also 
discussed. 

It is important to note that the majority of studies on 
developmental changes in myocardial structure and func- 
tion have been performed in zebra fish, chick embryos, 
and rodents, with some additional data taken from higher 
mammals and humans. While the process of E-C coupling 
is very similar, there is significant spatiotemporal variability 
in structural development across mammalian species. Unless 
otherwise noted, the majority of the developmental changes 
described in this chapter focus on data from rodent models 
and humans. Second, most of our understanding of devel- 
opmental changes in myocardial structure and function is 
limited to the left ventricle (LV), especially during the postna- 
tal period. Finally, many important concepts and molecular 
mechanisms have been omitted because they are beyond the 
scope of this chapter. 

MYOCARDIAL STRUCTURE 

The heart is a complex organ composed of multiple cell types 
that can be grouped into conducting, supporting, and func- 
tional cells (Fig. 3.1). The cellular constituents of the heart 
include cardiac myocytes, cardiac fibroblasts, endothelial cells, 
and vascular smooth muscle cells. The conducting cells are 
mainly Purkinje fibers that propagate the action potential from 
the atrium to the ventricle. Purkinje fibers are responsible for 
rapid communication and propagation of the signal through- 
out the heart. While cardiac myocytes are responsible for the 
mechanical function of the heart, they comprise only approxi- 
mately 30% of the total number of cells. Cardiac fibroblasts 
predominate in conferring structural integrity to the heart (1). 
Dynamic cross talk between cardiac myocytes and cardiac 
fibroblasts plays a crucial role in myocardial development and 
structural remodeling. 


CARDIAC FIBROBLASTS AND THE 
EXTRACELLULAR MATRIX 


The cardiac fibroblast is the most abundant noncardiac myo- 
cyte cell type present within the postnatal mature heart. Car- 
diac fibroblasts play an extensive role in cardiac development 
and remodeling. They are the main cell types responsible for 
the deposition of extracellular matrix (ECM) proteins and also 
dynamically remodel the ECM through the secretion of matrix 
metalloproteinases and their tissue inhibitors. Fibroblasts also 
act as a source of growth factors, mitogens, and cytokines that 
signal to neighboring myocytes. Cardiac fibroblasts are derived 
from different cell lineages at different developmental stages. 
During embryonic development, they are mesenchymal in ori- 
gin and are derived from the proepicardial organ. Fibroblasts 
also arise from the differentiation of bone-marrow-derived cir- 
culating fibrocytes (2). In the neonatal and adult heart, cardiac 
fibroblasts arise from resident cells via epithelial-mesenchymal 
transformation and from bone-marrow-derived cells (3). 

The ECM provides structural support to the heart, facilitates 
mechanical and chemical signaling during myocardial develop- 
ment, and helps to maintain normal homeostasis in the adult 
heart in response to physiologic stressors and injury. Compo- 
nents of the ECM include interstitial collagens, elastin, fibronec- 
tin, proteoglycans, glycoproteins, cytokines, growth factors, and 
proteases. The most abundant extracellular collagens are the 
fibrillar collagens, type I and III. Elastic fibers are present in close 
association to collagen and are responsible for maintaining nor- 
mal elasticity of the cellular framework. Fibronectin influences 
cellular properties, including cellular growth. Proteoglycans 
and glycoproteins appear to play a role in signaling and ECM 
turnover and serve as a reservoir for latent growth factors (e.g., 
transforming growth factor (TGF)-/3, epidermal growth factor). 

The collagen network of the myocardium begins form- 
ing during fetal development (3). Cardiac fibroblasts become 
enmeshed in this network, which allows them to contract the 
endomysial collagen, exerting mechanical force on the myo- 
cytes (Fig. 3.2). In addition, this organization allows fibroblasts 
to maintain structural integrity of the heart through cell-cell 
and cell-ECM interactions, as well as through proliferation and 
ECM degradation and synthesis. In the adult myocardium, this 
network includes the epimysium that surrounds large groups of 
muscle fibers, the perimysium arising from the epimysium that 
surrounds smaller groups of muscle fibers, and the endomysium 
that tethers individual fibers to each other and the adjacent vas- 
culature (4,5). In addition to acting as scaffolding for cells and 
vessels, the collagen network also coordinates the delivery of 
force generated by myocytes, serving as a viscoelastic medium 
facilitating compression and recoil properties of the tissue (6). 

Cardiac fibroblasts are regulated by mechanical and 
molecular signals during cardiac development. Mechanical 
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Figure 3.1. Schematic representation of the major cell types of the heart, including myocytes, fibroblasts, blood 
vessels, and nerve terminals. (Modified from Baudino T.A., et al. Cardiac fibroblasts: friend or foe? Am J Physiol 
Heart Circ Physiol 2006;291:H1015-H1026.) 


stimulation of fibroblasts causes a marked increase in integ- 
rin receptors and secretion of ECM proteins, cytokines, and 
growth factors. Angiotensin, endothelin, and TGF-/3 also 
stimulate matrix deposition, while the inflammatory cytokines 
such as interleukin 1-fi and tumor necrosis facto r-a inhibit 
matrix deposition and promote matrix degradation by matrix 
metalloproteinases (7). 

Basement Membrane 

A specialized area of the matrix termed the basement membrane 
or basal lamina surrounds all cells in the myocardium except 


cardiac fibroblasts. The primary components of the basal lam- 
ina are laminin, type IV collagen, and the proteoglycan perlecan. 
Type IV collagen assembles into a sheet-like mesh and provides 
tensile strength. Type IV collagen is coated by perlecan that 
binds to integrins and dystroglycans on the plasma membrane to 
stabilize the basement membrane structure against mechanical 
forces. Perlecan is expressed at high levels throughout embryo- 
genesis in the heart where it is required to ensure mechanical 
stability until cell-cell contacts have formed and matured (8). 
Cardiac deletion of perlecan encoded by HSPG2 in mice is 
lethal to the embryo due to basement membrane deterioration, 
blood leakage into the myocardium, and cardiac asystole (9). 
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Figure 3.2. Connective tissues of the human heart (transverse section). A: The collagen network around car- 
diomyocytes and small vessels is clearly observed. Thick arrow : perimysium; thin arrow: endomysium). B: The 
interstitial connective tissue consisting of perimysial and endomysial components presents a honeycomb shape. 
The perimysium (thick arrow) surrounds groups of cardiomyocytes, and the endomysium (thin arrow) surrounds 
each cardiomyocyte. C: The endomysium supports and connects individual cardiomyocyte fascicles. D: At higher 
magnification, collagen fibers show interconnections on the surface of cardiomyocytes. Thin collagen strands are 
probably collagen III (arrow). Scale bar = 3 jum; magnification x 10,000. (From Kanzaki Y, Terasaki F, Okabe 
M, et al. Three-dimensional architecture of cardiomyocytes and connective tissue in human heart revealed by 
scanning electron microscopy. Circulation 2010;122:1973-1974, with permission.) 


CARDIAC MYOCYTES 

Cardiac myocytes have two major mechanistic functions: force 
generation by myofibrils in response to E-C coupling and 
force transmission across cell bundles mediated by the inte- 
gration of electromechanical signals at the intercalated disc. 
Myocytes also communicate with the ECM and other cardiac 
cells through costameres. 

Plasma Membrane 

The plasma membrane (or sarcolemma) is the region of the cell 
that contains ion pumps, channels, and exchangers that contribute 


to action potential propagation as well as maintenance of proper 
ionic and chemical gradients. The flow of ions controlled by these 
proteins is essential for proper myocyte function and directly reg- 
ulates cellular contraction and relaxation. Numerous G-protein- 
coupled receptors and cytokine and growth factor receptors are 
located on the plasma membrane and are responsible for trans- 
ducing changes in the local neurohormonal milieu into intracel- 
lular signals that regulate cell growth and function. 


Na + - and K + -ATPases and Exchangers 

The Na + /K + -ATPase maintains the ionic gradient across the 
sarcolemmal membrane by pumping Na + out of the cell and 
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K + into the cell against their respective concentration gra- 
dients. Since under physiologic conditions, three Na + are 
removed from the cell but only two K + are taken up per pump 
cycle, the ATPase generates a small outward current. Both 
the maintenance of the ionic gradient and the electrogenic- 
ity of Na + /K + -ATPase are required to maintain resting Ca 2+ 
levels (10). 

The Na + /K + -ATPase is composed of a- and /3-subunits. 
The a-subunit contains the binding sites for ATP, Na + , K + , 
and cardiac glycosides, and is thus largely responsible for 
the catalytic, transport, and pharmacologic characteristics of 
the ATPase. The smaller /3-subunit modulates the transport 
characteristics of the ATPase and plays an important role in 
its proper membrane insertion (10). There are three Na + /K + 
pump a-subunits in the heart that display similar ion affini- 
ties and ATPase activity, but different affinities for cardiac 
glycosides and distinct subcellular localizations. In the rodent 
heart, the low-digitalis affinity al isoform predominates 
through all phases of development, while there is a postna- 
tal transition from the neonatal a3 isoform to the adult al 
isoform that occurs within the second week of postnatal life 
(11). However, in humans, the al isoform has high affinity 
for cardiac glycosides. Three different isoforms of the Na + / 
K + -ATPase in the adult human heart, cqft, and a 3 / \ are 

expressed with different affinities for various cardiac glyco- 
sides (12). To date, there have been no human studies char- 
acterizing developmental changes in Na + /K + -ATPase isoform 
expression. 

Na + /K + -ATPase activity indirectly regulates other plasma 
membrane transporters that require an inward Na + gradi- 
ent. The cardiac Na + /Ca 2+ exchanger (NCX1) is the major 
Ca 2+ extrusion mechanism in cardiac myocytes. It functions 
by utilizing the Na + electrochemical gradient to mediate the 
electrogenic countertransport of three Na + ions for one Ca 2+ 
ion across the sarcolemmal membrane (13). This exchanger 
is bidirectional and capable of moving Ca 2+ in either direction 
across the sarcolemma. 

The plasma membrane also contains a high-affinity, low- 
capacity Ca 2+ -ATPase that extrudes Ca 2+ from the cell in an 
ATP-dependent process. This pump functions as a fine-tuner 
of cell Ca 2+ , lowering it to the submicromolar level (14), 
thereby maintaining low amounts of intracellular Ca 2+ during 
basal conditions. 

Na + Channels, Ca 2+ Channels, and K + Channels: 

The Cardiac Action Potential 

Under resting conditions, the membrane potential (V m ) is set 
by the intracellular and extracellular concentrations of Na + 
and K + and the conductance properties of ion channels on the 
plasma membrane (Fig. 3.3). This equilibrium potential (volt- 
age at which there is no net flow) for a single ion is described 
by the Nernst equation. In ventricular myocytes, the resting V m 
(- — 86 mV) is close to that predicted by the Nernst equations 
for K + (15). In order to elicit an action potential, any electrical 
stimulus must depolarize the membrane to a threshold value 
(~65 mV) - the lowest membrane potential that causes activa- 
tion of voltage-sensitive Na + channels. 

Phase 0 : The rapid depolarization phase and action poten- 
tial amplitude is due to Na + entry through voltage-sensitive Na + 
channels encoded by the SCN5A gene. Once open, these chan- 
nels rapidly inactivate at higher V m and undergo a refractory 
period in which the channels become unresponsive to any fur- 
ther stimulation. This voltage-dependent activation and inac- 
tivation of the channel are important clinically since changes 
in its expression or gating properties can change action poten- 
tial amplitude and durations, leading to arrhythmias (15). For 



Figure 3.3. Schematic representation of the cardiac action 
potential. 


example, gain-of-function mutants in SCNA5 prolong the 
action potential duration and are one cause of long Q-T syn- 
drome (16). Loss-of-function mutants decrease the inward Na + 
current and are associated with Brugada syndrome, a disorder 
characterized by susceptibility to ventricular arrhythmias in 
structurally normal hearts that may cause syncope or sudden 
death (17). 

Phase 1: Early repolarization. The brief repolarization 
phase results in the notch between the end of the upstroke 
and the beginning of the plateau phase. This transient out- 
ward current is largely due to activation of K + channels. There 
are numerous K + channels present in the sarcolemma that are 
characterized by their gating properties and substances that 
regulate their opening (e.g., K Ach , K Ca ) and closing (e.g., K AT p) 
(18). The K + channels involved in this phase are outward recti- 
fier K v channels. 

Phase 2: The plateau phase. Ca 2+ enters the cell through 
voltage-gated L-type Ca 2+ channels, which are composed of 
two subunits (a and cq) that form the ion pore. These chan- 
nels are regulated by membrane potential and the inward Ca 2+ 
concentration gradient. In the adult heart, the majority of 
Ca 2+ influx occurs through this channel, although fetal myo- 
cytes also express T-type Ca 2+ channels that may contribute to 
E-C coupling. During this phase, delayed outward rectifier K + 
channels begin to open and the positive V m drives K + efflux 
from the cell. 

Phase 3: K + efflux through outward rectifier K + channels 
and Ca 2+ -activated K + channels (K Ca or BK channels) domi- 
nates this repolarization phase. Mutations in the KCNQ1 gene 
encoding a delayed rectifier K + channel are also associated 
with long QT syndrome (19). On the other hand, activation of 
the K Ca channel by Ca 2+ explains why the QT interval is dimin- 
ished by cardiac glycosides (15). Expression of these channels 
changes over the course of cardiac development, which likely 
influences changes in the action potential duration and repo- 
larization (20,21). 

Phase 4: Restoration of ionic concentrations: This phase is 
largely driven by K + flux through inwardly rectifying K + chan- 
nels. The Na + /K + - ATPase also maintains the resting membrane 
potential. 

Sarcoplasmic Reticulum 

The sarcoplasmic reticulum (SR) is a network of tubular 
membranes that surround the myofibrils and are involved 
in the regulation of Ca 2+ concentrations (Fig. 3.4). The SR 
is composed of two distinct regions that are involved in 
Ca 2+ regulation: the junctional SR regulates Ca 2+ storage 
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Figure 3.4. Pumps and channels regulate Ca 2+ signaling, the key modulator of contraction and relaxation. Fol- 
lowing depolarization, Ca 2+ enters the cells through the sarcolemma and causes Ca 2+ -induced Ca 2+ release from 
the SR, initiating contraction. Relaxation occurs when most of the Ca 2+ is resequestered into the SR. SR, sarco- 
plasmic reticulum; SL, sarcolemma; PLB, phospholamban; NCX, Na-Ca exchanger. 


and release, while the longitudinal SR regulates Ca 2+ uptake. 
Release of SR Ca 2+ is a tightly regulated process, and proper 
functioning of the SR is imperative for normal heart func- 
tion. The SR contains ryanodine Ca 2+ release channels that 
play a primary role in E-C coupling (22) (see below). The 
cardiac SR Ca 2+ -ATPase (SERCA2a) pumps Ca 2+ into the 
SR against its concentration gradient. SERCA2a is the main 
player in restoring diastolic Ca 2+ levels and terminating 
Ca 2+ -dependent force activation. The function of SERCA2a 
can be modulated by several indirect and direct factors. 
The most predominant indirect mechanism is inhibition by 
the phosphoprotein phospholamban. Phosphorylation of 
phospholamban via p-adrenergic stimulation and enhanced 
cAMP-dependent protein kinase A activity (PKA) relieves 
SERCA2a inhibition (23). SERCA2a is also under the direct 
control of Ca 2+ /calmodulin-dependent protein kinase II, 
which has been shown to phosphorylate SERCA2a and 
enhance its Ca 2+ transport capacity (23). During devel- 
opment, the SR content of the heart changes wherein the 
immature heart SR content is dramatically less (24,25) than 
in the mature heart (26). 

T-Tubules 

The system of T-tubules extends transversely into the center 
of the myocyte and envelops the myofibril at the level of the 
Z-disk, forming couplings with the SR. This allows transmis- 
sion of the action potential to the cellular interior, leading to 
rapid activation of the cell. In humans, T-tubules are noted 
at 30 weeks gestation (27). The development of T-tubule net- 


works appears variable, with myocytes from animals that 
are well developed at birth having well-developed T-tubule 
systems and those from less well-developed neonates lack- 
ing mature T-tubule networks. These variations in T-tubule 
development may account for the variability in E-C coupling 
between mature and immature heart cells. 

Sarcomere 

The sarcomere (Fig. 3.5), or the functional unit of heart muscle, 
is defined as the region between two Z-lines and is composed 
of thick (myosin) and thin (actin) filaments. The regions of the 
sarcomere include the I-band, which contains thin filaments, 
troponin, and tropomyosin; the A-band, which is a region of 
overlapping thick and thin filaments; and the M-band (located 
in the center of the A-band) containing thick filaments linked 
to titin and myosin-binding protein. 


Thin Filaments 

The thin filaments are composed of two strands of actin 
monomers. There are two isoforms of actin, skeletal and car- 
diac a- actin, that differ by four amino acids. Early in human 
heart development, both a-actin isoforms are expressed (28). 
As development progresses, however, the content of skeletal 
a-actin is decreased, while the cardiac isoform is increased; 
however, the mechanisms of this isoform switch have not 
been delineated. The Tn complex is composed of three pro- 
teins: TnT, Tnl, and TnC (29). TnT facilitates binding of the 
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Figure 3.5. Protein composition of the sarcomere. Titin, extending from the Z band to the thick filament, con- 
nects to myosin by myosin-binding protein C. Several proteins support the thin filaments, including nebulette 
(connecting the thin filaments to the Z band) and tropomodulin (linked to the ends of thin filaments). (Redrawn 
from Katz AM. Molecular and Cellular Basis of Contraction and Relaxation. Figure 1-8. In: Colucci WS, ed. 
Atlas of Heart Failure: Cardiac Function and Dysfunction . 4th ed.) 


troponin complex to tropomyosin. Tnl is a strong inhibitor 
of actin-myosin interactions, binding to TnC during systole 
and actin during diastole (Fig. 3.6) (30). TnT is involved in 
binding the troponin complex to tropomyosin. Tropomyosin 
is evident in both a and /3 isoforms that wind together to form 
a coil. Tnl is a strong inhibitor of actin-myosin interactions, 
whereby Tnl binds to TnC during systole and actin during 
diastole. Tnl also has skeletal and cardiac forms, and both are 
expressed in immature hearts (31). During development of the 
heart, the skeletal isoform is changed to the cardiac isoform, 
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Figure 3.6. Interaction of the troponin-tropomyosin complex 
with an actin filament. During diastole, troponin I covers the 
adenosine triphosphate (ATP)-reactive site on the actin fila- 
ment. When Ca 2+ binds to troponin C during systole, a confor- 
mational change causes TnT to lift tropomyosin and Tnl away 
from the ATP-reactive site to permit actin-myosin interaction. 
(Redrawn from McBride BF, White CM. Levosimendan: 
Implications for Clinicians. ] Clin Pharmacol 2003;43:1071- 
1081, with permission.) 


which could help to explain the changes in cardiac function 
during development (32,33). TnC binds Ca 2+ and a conforma- 
tional change causes TnT to lift tropomyosin and Tnl away 
from the ATP-reactive site to permit actin-myosin interaction 
leading to contraction. 

The distribution of thin filament subunits is altered dur- 
ing heart development and likely contributes to developmental 
changes in myocardial contraction. The regulation of Tnl has 
been well studied in the heart and has two isoforms, cardiac 
Tnl and slow skeletal Tnl. Slow skeletal Tnl is the major iso- 
form during development, and a switch occurs at birth to 
cardiac Tnl (34,35). This switch is postulated to account for 
the decrease in calcium sensitivity found in the adult heart as 
compared to the neonatal heart (33). TnT has multiple iso- 
forms. Studies in the rat heart have demonstrated that TnTl 
is a major isoform in the fetal heart with a switch to TnT2 in 
the neonate (36), but in human studies, TnTl is a predomi- 
nant isoform in both the fetus and adult, while TnT2 is only 
found in the fetal heart (30). Interestingly, TnC does not seem 
to change expression during development. 

Changes in actin and tropomyosin also occur during devel- 
opment. In the fetus, the predominant actin isoform is a-skeletal 
actin and this is replaced by a-c ardiac actin in the adult heart 
(37). Tropomyosin also has two major isoforms, a and /3. In 
the adult heart, these two forms are present at approximately 
equal levels, but during development ft - tropomyosin has lower 
expression levels. During late fetal development, expression of 
this ft isoform increases to adult levels and this is postulated to 
be inversely correlated with heart rate (37). 


Thick Filaments 

Myosin is the most abundant protein in the myocyte, with 
two heavy chains and four light chains. The two heavy chains 
of myosin wind together to form the thick filament, with the 
myosin heads projecting up from the long axis of the thick fila- 
ment to form cross-bridges. In the presence of Ca 2+ , the myosin 
heads bind to actin to initiate contraction. In the first step, 
the myosin head, due to its intrinsic ATPase activity, becomes 
activated by ATP hydrolysis, allowing the head to attach to 
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actin and form a cross-bridge. The interaction elicits a con- 
formational change in the myosin head that pulls the actin 
filament inward (“power stroke”). ADP is then released and 
a new molecule of ATP binds to the myosin head, causing it 
to release the actin filament. If intercellular Ca 2+ remains ele- 
vated, myosin will undergo another cross-bridge cycle. 

Myocytes contain two types of myosin heavy chain (MHC): 
a-MHC and /3-MHC. Detailed expression studies in mouse 
embryos demonstrate that the predominant isoform in the 
developing ventricles is MHC-/3, while MHC-a expression is 
localized to the developing atria. MHC-/3 is found as early as 
E7.5 in the mouse embryonic heart (38). In early postnatal 
life in the rodent, there is a switch from MHC-/3 to MHC-a 
in the ventricles. Recent studies demonstrate the role of the 
microRNA miR-208 in regulating this switch and that miR- 
208 mediates the effects of thyroid hormones (THs), which are 
known to affect MHC-a and MHC-/3 expression levels (39). 

In human ventricles, /3-MHC is the predominant form dur- 
ing all stages of life (40). Interestingly, a-MHC is found in only 
very small amounts in the human ventricle, but mutations in 
this protein are linked to both hypertrophic and dilated cardi- 
omyopathy (41). Expression of the myosin light chain (MLC) 
does not appear restricted in the early to midfetal stages of 
development, but by late fetal life, MLC1A is restricted to the 
atria and MLC1V to the ventricles. This expression is main- 
tained in adulthood. 

Myosin-binding protein C is a protein associated with the 
thick-filament myosin that is found within the A band and 
functions as a tether to hold the thick filaments together. 
Mutations in myosin-binding protein C have been linked to 
hypertrophic cardiomyopathy (42,43) and may account for 
potential alterations in cardiac contractile function during 
development (44). 

Z-disk 

The Z-disks demarcate individual sarcomeres and directly 
interact with all myofilament proteins except myosin. a-Actinin 
is the primary protein that makes up the backbone of the Z-disk 
and cross-links the ends of actin to adjacent sarcomeres (45). 
Proteins in the Z-disk also bind the intermediate filament desmin 
to link the sarcomere to the intercalated disc and costameres 
at the plasma membrane (see following section). This unique 
structure allows the integration of signals from the cytoskel- 
eton, ECM, and those induced by mechanical stress (45). 

Titin 

Titin is the largest protein known, spanning half of the sar- 
comere from Z-disk to M-band (Fig. 3.5). Titin’s remark- 
able elasticity is due to its I-band domain that is composed 
of three sequence elements that develop passive tension as the 
sarcomere is stretched. These three elements are composed of 
distal and proximal Ig segments, a unique N2B segment, and 
the PEVK segment (named for its rich composition of proline 
[P], glutamate [E], valine [V], and lysine [K] residues). Tension 
generated by these elements is responsible for pressure gener- 
ated during diastole and accounts for approximately 80% of 
passive pressure at physiologic sarcomere lengths (46). Titin’s 
passive force is modulated during development and in response 
to pathologic changes in hemodynamic load. This occurs pri- 
marily by differential splicing primarily in the Ig and PEVK 
segments, which leads to three different isoform classes with 
variable compliance (47). The stiffer N2B isoform is the short- 
est of these and is approximately 3 MDa. The second class is 
the more compliant N2BA isoform, which is approximately 
3.3 to 3.5 MDa, and contains additional PEVK segments and 
a varying number of additional Ig domains. 


The relationship of titin to cardiac development and dis- 
ease is complex. A dramatic isoform switch occurs during 
cardiac development in mammals, from fetal N2BA titin 
expressed before birth to a mix of smaller N2BA/N2B iso- 
forms found postnatally. Adult rat hearts almost exclusively 
have N2B titin isoform (48,49). These changes in titin isoform 
composition during heart development affect myofibrillar 
extensibility, passive force generation, and alter cardiac stiff- 
ness (50). In humans, N2BA/N2B ratios vary with disease 
from an increased ratio in dilated cardiomyopathy (more com- 
pliant) (46,51-53) to decreased ratios in aortic stenosis (less 
compliant) (46,52-54). 


MITOCHONDRIA AND METABOLISM 

As the heart develops, it requires an abundant amount of 
energy to grow, differentiate, and mature. Cellular mitochon- 
dria are the key “powerhouses” of energy production, gener- 
ating abundant amounts of ATP for use in cellular processes. 
Relative to other organs, the heart contains a high number of 
mitochondria to accommodate this energy need. 

Mitochondria are rectangular-shaped with an inner mem- 
brane that folds into numerous compartments termed cristae. 
The cristae create a greatly expanded intracellular surface area 
to accommodate the membrane-bound enzymes of the electron 
transport chain responsible for generating ATP in the inner 
matrix. Myocytes contain two distinct types of mitochondria: 
subsarcolemmal mitochondria located beneath the plasma 
membrane and interfibrillar mitochondria located between 
myofibrils in parallel rows. The number, size, and volume of 
mitochondria increase during development (55-58), coupled 
with lengthening of the cristae. 

The adult heart is primarily a postmitotic organ with 
minimal regenerative capacity. Proper functioning of cellu- 
lar mitochondria is therefore critical for proper functioning 
of the heart. The electron transport chain is naturally some- 
what “leaky,” and release of high-energy electrons from this 
chain generates reactive oxygen species that then react with 
macromolecular components of the cell (proteins, lipids, 
mitochondrial DNA, etc.). Though the mechanisms are not 
well understood, it is thought that increases in oxidative dam- 
age to cellular macromolecules due to this mitochondrial leak- 
age play a significant role in the aging process. 

Cellular metabolism and energetics undergo major shifts 
during the switch from fetal life to adulthood. The heart uti- 
lizes predominately glucose and lactate before birth. Following 
birth, there is a shift toward increased left ventricular work- 
load. At this stage, the heart switches to fatty acids that supply 
reducing equivalents to the mitochondrial electron transport 
chain as its primary substrates for metabolism (59). 


CELL-CELL AND CELL-EXTRACELLULAR 
MATRIX INTERACTIONS 


Cell-Extracellular Matrix Interactions 

Cardiac myocyte contraction causes cellular deformation 
and shortening (Fig. 3.7). During this process, the contractile 
machinery must remain connected to the surrounding ECM; 
otherwise, movement would be improperly transmitted, which 
would increase the risk of membrane damage (60). Cells 
maintain strong connection to the ECM through two spe- 
cialized complexes, costameres and dystrophin glycoprotein 
complexes. 
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Figure 3.7. Extracellular matrix-cardiac myocyte interactions. Attachment to the ECM is mediated by costa- 
meres composed of the dystroglycan-glycoprotein complex and the integrin complex. Force transduction and 
intracellular signaling are coordinated through the costamere. The unique roles of each of these proteins are 
critical to appropriate structure and function of the heart. T-cap, titin cap; MyBP-C, myosin-binding protein 
C. (From Harvey PA, Leinwand LA. The cell biology of disease: cellular mechanisms of cardiomyopathy. J Cell 
Biol 2011;194:355-365.) 


Costameres 

Costameres are a complex protein structure that forms a physi- 
cal connection between the ECM and underlying outer Z-disks 
of underlying sarcomeres. This complex acts to transmit the 
contractile forces generated by the myofilaments directly to 
the ECM. Members of the integrin family of transmembrane 
proteins are found in costameres. Integrins binds directly to 
specific peptide sequences in the basal lamina proteins collagen 
IV and laminin and to Type I and III collagens and fibronectin 
in the ECM. Integrins are heterodimeric proteins consisting of 
single a- and /3-subunits. Cardiac myocytes express multiple 
a-subunits (cq-, a 3 -, a 5 -, a 6 -, a 9 -, and c^-subunits), whereas the 
predominant /3-subunit is /3 1A and, to a lesser extent, /3 1D (61). 
Different combinations of these subunits allow integrins to bind 
to specific ECM components. The a-subunit directly binds to the 
matrix proteins, while the cytoplasmic tail of /3- integrin interacts 
with several cytoskeletal proteins (vinculin, talin, filamin) that 
directly link to a-actinin at the Z-disk and cytoskeletal actin. 
This spatial organization of integrin-associated costameres 
allows them to act as key mechanical sensors that transduce 
changes in mechanical forces to cellular signaling cascades that 
mediate sarcomere assembly, gene expression, cell migration, 
and survival. This type of “outside-in” signaling is the primary 
mechanism that regulates cardiac myocyte growth in response 
to changes in hemodynamic load (61). 

Costameres play a key role in sarcomere assembly. Sus- 
tained changes in myocardial wall stress and strain result in 
myocyte growth or atrophy. For example, cells elongate in 
response to sustained diastolic strain by adding sarcomeres 
in series, while they thicken in response to increased systolic 
stress by adding sarcomeres in parallel (62). The precise mech- 
anisms by which new sarcomeres are added to the myofila- 
ment are unknown. Russell and colleagues performed a series 
of gene overexpression or deletion studies in neonatal cardiac 
myocytes that suggest that integrins activate signaling cascades 
(e.g., protein kinase C-e) that “loosen” the Z-disk, weakening 


actin binding and stimulating actin capping and myofilament 
formation (62-64). 

The molecular composition of integrins and the ECM 
changes throughout development, suggesting that these two 
factors may contribute to myocardial morphogenesis. One 
example is the coordinated regulation of fibronectin and 
/3-integrins. The levels of fibronectin and ft-integrin are ele- 
vated in the developing myocardium, which allow myocytes to 
spread and proliferate, but in adult cells that have lower levels 
of these proteins, myocytes only attach weakly to fibronectin. 
Both neonatal and adult cells bind strongly to laminin and col- 
lagen IV in the basal lamina (65). 

Dystrophin-Associated Glycoprotein Complexes 

The dystrophin-associated glycoprotein complex provides 
a strong mechanical link from the cardiac cytoskeleton to 
the ECM and appears to colocalize with costameres. Com- 
ponents of this complex include dystrophin, dystroglycan, 
sarcoglycans, and dystrobrevins. Mutations in these proteins 
result in plasma membrane damage in striated muscle as seen 
in muscular dystrophy-associated cardiomyopathies. Loss 
of normal dystrophin function in the heart produces four- 
chamber dilation, reduction in left ventricular function, and 
arrhythmias (66). Since dystrophin complex-related cardio- 
myopathies are covered in great detail in a later Chapter (58), 
this section is restricted to an overview of dystrophin com- 
plex organization and function, as well as functional classes 
of mutations. 

Dystrophin is a rigid cytoplasmic protein that anchors dys- 
troglycan to the cytoskeletal filamentous actin (67). Removal 
of dystrophin from the dystrophin glycoprotein complex 
makes this complex unstable and leads to its loss from the 
plasma membrane, rendering the cell susceptible to damage 
from contraction (68). Specifically, the loss of membrane 
integrity allows Ca 2+ entry into the cell, which in turn activates 
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Ca 2+ -sensitive proteases leading to cellular degradation and 
release of cardiac myocyte proteins such as creatine kinase 
into the bloodstream (69,70). In cardiac myocytes, mutations 
in dystrophin also affect the function of stretch-activated ion 
channels that normally open in response to stretch during 
ventricular filling (70). 

Heterodimeric dystroglycan is a protein central to the dys- 
trophin glycoprotein complex that spans the sarcolemma and 
binds to laminin in the surrounding basal lamina through its 
a-dystroglycan subunit and to dystrophin through the cyto- 
plasmic, C-terminus of its fi - dystroglycan subunit (71,72). 
Sarcoglycans are transmembrane glycoprotein complexes 
composed of six isoforms (a, ft, 8, e 3 y, and Q that are thought 
to stabilize the interactions between a and fi dystroglycans. 
Dystrobrevin binds to dystrophin and the sarcoglycan com- 
plexes and also plays an important role as a structural scaffold 
linking the dystrophin glycoprotein complex to intermediate 
filaments (73). The intermediate filaments, in turn, encircle the 
Z-lines of each myofibril. Mutations in dystrobrevin have been 
associated with left ventricular noncompaction, a recently 
defined cardiomyopathy characterized by a pattern of promi- 
nent trabecular meshwork and deep trabecular recesses (74). 

Cell-Cell Interactions 

Intercalated discs (Fig. 3.8) are highly organized and special- 
ized components of the cardiac myocyte that maintain struc- 
tural integrity and synchronized contraction of cardiac tissue. 
Intercalated discs are located at the longitudinal ends of the 
rod-shaped cardiac myocytes where contact and cell-cell 
communication occurs, and are composed of three different 


types of connections: adherens junctions, desmosomes, and 
gap junctions. Adherens junctions and desmosomes provide 
mechanical coupling for force transmission and reinforce car- 
diac myocyte structure, whereas gap junctions are essential for 
rapid electrical transmission between cells. 

Components of adherens junctions include the transmem- 
brane cadherin (N-cadherin) responsible for cell-cell adhesion, 
the cytoplasmic catenins (a-/2-y [plakoglobin]) that bind to cad- 
herin and regulate adhesion, and other catenin-related proteins 
including vinculin and a-actinin that link the intercalated discs 
to the cytoskeleton catenins (75). Adherens junctions hold cells 
tightly together as the heart expands and contracts and act 
as the anchor point where myofibrils are attached, enabling 
transmission of contractile forces from one cell to another (76). 
Because actin filaments also pull against cadherins, these junc- 
tions also mediate the bidirectional transmission of cytoskel- 
etal tension between cells (65). 

Desmosomes also consist of intercellular and intracellular 
components. The desmosomal cadherins, desmocollin, and 
desmoglein interact in a heterophilic manner in the extracel- 
lular space to connect with adjacent cells. The cytoplasmic 
component of desmosomes consists of the proteins plako- 
globin (y-catenin), plakophilin, and desmoplakin, the latter of 
which connects the desmosome to intermediate filaments such 
as desmin (76). Desmin also links the Z-disk to costameres. 
Thus, desmin is uniquely situated to integrate signals from 
both cell-cell and cell-matrix interactions to ensure cellular 
integrity, force transmission, and biochemical signaling (45). 
Given this crucial role, it is not surprising that mutations in 
desmin lead to cardiomyopathy (77). 

The gap junctions maintain electrical coupling of individual 
myocytes to form an electrical syncytium. Gap junctions ensure 
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Figure 3.8. Schematic representation of the major cell-cell complexes of the cardiac intercalated disc. (Reprinted 
from Sheikh F, Ross RS, Chen J. Cell-cell communications. Trends Cardiovasc Med 2010;19:182-190, with 
permission from Elsevier.) 



CHAPTER 3 ■ Development of Myocardial Structure and Function 


61 


the proper propagation of the electrical impulse, which triggers 
sequential and coordinated contraction of the cardiac myocytes. 
One gap junction channel consists of heptamers of the core pro- 
tein connexin, of which 20 members have been identified in 
human (78). The main connexins expressed in the heart are 
connexins-40, -43, -45, and -37. In ventricular myocytes, the 
embryonic isoforms are connexin-40 and -43, but connexin-40 
expression gradually decreases during development (79). These 
isoforms also exhibit distinct regional, cell type-specific and 
chamber-specific expression, with different isoforms present in 
the conduction system as compared to the ventricular myocar- 
dium (80). Six connexins combine to form one connexon that 
extends from the plasma membrane of one cell to dock with a 
connexin of an adjacent cell, creating an intercellular gap (78). 

Gap junctions regulate numerous functions; the most well- 
known action of gap junctions is the rapid transmission of 
action potentials throughout the myocardium. However, con- 
nexins also allow the diffusion of metabolites and second 
messengers, including glucose, ATP, Ca 2+ , cyclic nucleotides 
(cAMP, cGMP), and inositol phosphates (78). Connexins may 
also be involved in gene transcription and cell growth control 
through interactions with a number of cytoplasmic proteins 
including zona-occludens-1 (ZO-1) and actin. 

Gap junction channel assembly, membrane localization, 
gating, and degradation are regulated by a variety of stimuli 
including voltage, ionic concentrations, pH, phosphoryla- 
tion, and local protein interactions. For example, increases in 
cAMP increase the trafficking and assembly of connexins at 
the intercalated disk, whereas protein kinase C decreases the 
unitary conductance of gap junction channels (80-82). 

During cardiac myocyte development and maturation, 
large changes in the spatiotemporal distribution of gap junc- 
tions, desmosomes, and adherens junctions occur. In the 
mature myocardium, all three are clustered in a bipolar pat- 
tern (perpendicular to the long axis) on the ends of the myo- 
cyte. However, during embryological development, adherens 
junctions are also found on the lateral membranes where they 
seem to be able to sense mechanical forces along the transverse 
axis and are thought to play an import role in myofibrillogen- 
esis (65,83). At the perinatal stage, the adherens junctions no 
longer surround the entire cell, but are restricted to intercalated 
discs between cells. Interestingly, this polarization coincides 
temporally with an increase in cardiac output at birth to sup- 
port the needs of the newborn, suggesting that maturation of 
contractility provides mechanical inputs for cadherin move- 
ment to the longitudinal border (65). 

Unlike adherens junctions, gap junctions exhibit a distinct 
pattern of localization and are not restricted to the interca- 
lated disc until 4 weeks after birth (84). Indeed, there is some 
evidence that the adherens junction complex may “prime” gap 
junction formation either by bringing adjacent cell membranes 
in close apposition or through cadherin-catenin-mediated 
changes in gene expression (85). 

Several cardiac disorders have recently been identified in 
which defective electromechanical coupling between cardiac 
myocytes leads to degenerative cardiomyopathies characterized 
by contractile impairment and electrical disorders. Mutations 
in the desmosomal complex result in arrhythmogenic right ven- 
tricular cardiomyopathy such as those observed in Naxos dis- 
ease (76,86). Mutations in proteins in the adherens junctions are 
associated with heart failure and dilated cardiomyopathy (75). 


CORONARY VASCULATURE 


The functional and metabolic demands of the developing heart 
require a tightly coupled growth of the coronary vasculature. As 
the myocardium grows and the walls thicken, passive oxygen 


and nutrient diffusion is replaced by the vascular plexus that 
remodels to form the mature coronary circulation (87). The 
initiation of blood flow requires several events including the 
formation of the initial vascular plexus, lumen formation, ini- 
tiation of heart contraction, and the entry of erythrocytes into 
circulation. The coordinate development of myocardium with 
formation of the coronary vasculature depends upon complex 
molecular communication between the epicardium, the sub- 
epicardial mesenchyme, and the myocardium (88). Finally, 
mechanical (stretch), hemodynamic (flow), and metabolic 
(hypoxia) signals provide additional developmental cues. 

Blood vessel formation in the heart occurs by a combination 
of vasculogenesis and angiogenesis. Vasculogenesis is the de 
novo formation of blind-ended, tubular structures that result 
from the migration and incorporation of endothelial precur- 
sor cells. The origin of the endothelial cells is still somewhat 
controversial. Originally thought to be derived from the neural 
crest (89), it is now generally accepted that these cells origi- 
nate from the proepicardial organ. The proepicardial organ is 
a transient extracardiac cell population located on the septum 
transversum; cells from this region migrate to the surface of the 
developing heart to form the epicardium. A subpopulation of 
these epicardium-derived progenitor cells undergoes epithelial- 
to-mesenchymal transition (EMT) to generate a population of 
cells that migrate into the underlying myocardium to give rise 
to endothelial cells, vascular smooth muscle cells, pericytes, 
and cardiac fibroblasts (87,88). Vascular smooth muscle cells 
of the main coronary arteries also originate from the neural 
crest, while coronary vein smooth muscle is derived from atrial 
cardiac myocytes (90,91). More recent data suggest that new 
coronary vessels arise from angiogenic sprouts from the sinus 
venosus, the major vessel that returns circulating blood to the 
developing heart. In this scenario, sprouting venous endothe- 
lial cells dedifferentiate as they migrate through the myocar- 
dium to form the coronary plexus and then redifferentiate and 
remodel into capillaries, arteries, and veins (92). 

The signals that regulate coronary development are 
derived from both the epicardium and cardiac myocytes. Both 
metabolic (hypoxia) and mechanical factors stimulate growth 
factors that promote angiogenesis (93). The epicardium 
initially acts as a signaling center by secreting a variety of 
growth factors such as basic fibroblast growth factor (FGF), 
retinoic acid, TGF-/2, and erythropoietin to promote cardiac 
myocyte proliferation and prepare the epicardium for EMT 
(88). EMT is promoted by growth factors secreted by both 
the epicardium and myocytes. Platelet-derived growth factor, 
FGF family members, angiopoietins, and bone morphogenetic 
proteins promote EMT and endothelial tube formation. Vas- 
cular endothelial growth factor (VEGF) plays multiple roles 
in coronary vessel development including EMT, coronary 
endothelial cell proliferation, migration, and tube formation 
and also promotes connection of the coronary plexus to the 
aortic root (88,89). VEGF is also the molecular link between 
hypoxia and angiogenesis. As the growing myocardium 
increases its oxygen consumption, localized hypoxia triggers 
hypoxia-inducible factor la, which in turn drives the expres- 
sion of VEGF. 

Physiologic feedback between the myocardium and coro- 
nary vessels also occurs via mechanical stimuli. Mechanical 
stretch of the myocardium potently induces VEGF secretion. 
For example, experimentally induced increases in diastolic 
filling (e.g., bradycardia, volume overload) cause increased 
myocardial angiogenesis (94) through a VEGF-dependent 
pathway (93,95). This effect appears to be due to increased 
cyclic stretch of cardiac myocytes, since cultured cells secrete 
VEGF in response to mechanical stretch (96). 

As the heart begins to contract, the network of blood ves- 
sels initially contains only plasma followed by erythrocytes as 
they dislodge from blood islands (97). As blood flows through 
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the developing vessels, endothelial cells become exposed to 
shear stress, which is a function of fluid flow velocity and 
viscosity. Endothelial cells are equipped with a variety of 
“mechanosensors” that respond to shear stress and stimulate 
the expression of a variety of genes required for endothelial 
function and differentiation of arteries and veins (98). The 
coronary vasculature continues to grow postnatally to keep 
pace with increasing mass of the myocardium. In humans, the 
number of arterioles and capillaries steadily increases during 
the first postnatal year (99). Blood flow continues to drive the 
remodeling of the large arteries, while FGF and VEGF signal- 
ing modulate arteriolar and capillary growth (87,100). 


MYOCARDIAL GROWTH AND REMODELING 

Cardiac myocytes display two developmentally regulated 
types of growth. During fetal and early neonatal life in rats, 
cardiac myocytes actively proliferate (101). In the neonatal 
mouse heart, the ability to regenerate after injury is lost by 7 
days of age, a time point that coincides with the loss of car- 
diac myocyte proliferative capacity (102,103). After this time 
point, increased cardiac myocyte growth is largely limited to 
hypertrophy of existing myocytes (104). Numerous signal- 
ing pathways have been shown to regulate cardiac myocyte 
growth. One common target of these pathways are microR- 
NAs (miRs), small noncoding RNAs that cause coordinated 
posttranscriptional repression of genes by binding to distinct 
sequences usually located within the 3'-untranslated region of 
target mRNAs. It is becoming increasingly evident that miRs 
are important regulators of cardiac growth and function (105). 
For example, pioneering work by Olson’s group has identified 
miR-15 family members as potent inhibitors of cardiac myo- 
cyte proliferation by repressing the expression of multiple cell 
cycle genes (102). 

TH elicits pleiotropic actions on the cardiovascular system 
throughout development, postnatal maturation, and adult 
life. In rodent cardiac myocytes, triiodothyronine (T 3 ) is the 
biologically active TH as the heart lacks tissue deiodinases 
required for the conversion of T 3 to thyroxine (T 4 ) (106). The 
majority of TH effects are elicited through classical nuclear TH 
receptors (TH-aand TH-/?) that are members of a superfamily 
of nuclear hormone receptors that regulate gene transcription 
(107). TH-a receptors have distinct actions depending upon 
their hormone-binding state. At early embryonic stages when 
hormone levels are low, unliganded TH-a receptors repress 
expression of TH-dependent genes (108). During later stages 
of development, TH levels trigger the conversion of TH-a to a 
ligand-bound state and induce myoblasts to differentiate and 
express a cardiac-specific phenotype. Studies in neonatal rat 
myocytes indicate that TH also promotes the postnatal myo- 
sin isoform switch from the fetal /3-MHC isoform to the adult 
a-MHC form and similar isoform shifts in troponins, MLCs, 
and titin (48,106,109). Additional functions of TH in cardiac 
innervation are discussed below. 


APOPTOSIS 

Cells of the heart can die by either necrosis, apoptosis (pro- 
grammed cell death), or autophagy (110). Apoptosis, or pro- 
grammed cell death, is a key mechanism of cardiomyocyte 
loss in adult heart failure. Only recently, however, has apo- 
ptosis been recognized as a key regulator of normal cardiac 
development (111). Both intrinsic (controlled by mitochon- 
drial activity) and extrinsic (receptor- mediated) apoptotic 
pathways regulate this process (112). Several proteins in the 


mitochondrial pathway include caspases (3, 6, and 9) as well 
as proteins encoded by the mammalian Bcl-2 family of antia- 
poptotic genes (110). The extrinsic pathway involves tumor 
necrosis factor- a or the Fas-ligand binding to their respective 
cell surface receptors (113). 

During development, precursor cells are recruited to the 
heart where they proliferate and differentiate into cardiomyo- 
cytes, fibroblasts, smooth muscle cells, as well as endocardial 
and endothelial cells. Proper cardiovascular remodeling dur- 
ing development requires strict coordination between this pro- 
liferation/differentiation and temporal activation of apoptotic 
events. 

Myocyte proliferation and apoptosis are highest during the 
early stages of cardiac development. Fiorina et al. (1 1 1) showed 
that the number of apoptotic myocyte nuclei decreases in the 
third trimester (as compared to the second trimester) in human 
fetal heart samples. They concluded that there is a delicate bal- 
ance between myocyte proliferation and death, and that this is 
a key mechanism in maintaining a proper heart weight/body 
weight ratio. Indeed, myocyte apoptosis remains relatively high 
up to 6 months postnatal prior to declining into adulthood. 

During development, the right ventricle and left ventricle 
are exposed to similar volume loads. After birth, however, 
as the foramen ovale and ductus arteriosus close, the LV is 
exposed to a greater peripheral resistance than the right ven- 
tricle. Myocyte apoptosis in the right ventricle is four times 
higher than in the LV24 hours postnatally, and this apoptosis 
decreases over time (114). Overall, it is clear that apoptosis 
plays a key role in the transition from fetal to postnatal life; 
thus, it may be a target for the design of pharmacologic agents 
to enhance fetal heart development. 


MYOCARDIAL FUNCTION 


Excitation-Contraction Coupling 

E-C coupling refers to the process that couples an action 
potential (excitation) with an intracellular Ca 2+ transient and 
subsequent cross-bridge cycling and contraction. Although 
much attention has been paid to the mechanisms that couple 
surface membrane depolarization to Ca 2+ release from the 
SR (Ca 2+ -induced Ca 2+ release), it is important to remember 
that changes in thick- and thin-filament expression and Ca 2+ 
sensitivity also modulate the contractile response to the Ca 2+ 
transient. In this section, we first provide an overview of E-C 
coupling in the mature myocardium, and then discuss how this 
process changes during development. 

The “excitation” component of E-C coupling depends 
upon the macromolecular complex termed the Ca 2+ release 
unit. Structurally, this unit is located at the T-tubule-SR junc- 
tion or “triad junction” composed of a single T-tubule flanked 
on either side by a terminal cisternae of the SR (115). Plasma 
membrane L-type Ca 2+ channels act as the voltage sensor of the 
complex. In response to the action potential, Ca 2+ enters the 
local microenvironment through these channels to elicit Ca 2+ 
release from the SR through ryanodine receptors. Ryanodine 
receptors bind to numerous regulatory proteins that modulate 
its Ca 2+ binding (calmodulin), gating properties (FKBP 12.6), 
and its Ca 2+ release (triadin, junction) or proteins that buffer 
SR Ca 2+ stores (calsequestrin) (116). In this way, the ryano- 
dine receptor is able to respond to surface depolarization in 
a manner that depends on the Ca 2+ load within the SR (117). 
This junctional arrangement also serves as the “local control” 
model that describes the summation of spontaneous Ca 2+ 
release or Ca 2+ sparks from the ryanodine receptor. Ca 2+ sparks 
are the fundamental units of SR Ca 2+ release at rest (where they 
occur as random, stochastic events) and during E-C coupling 
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(116,118). During E-C coupling, thousands of Ca 2+ sparks are 
synchronized by the action potential, such that the local rises 
in [Ca 2+ ], completely overlap in time and space, making the 
Ca 2+ transient appear uniform (116). 

As discussed in previous sections, the “contraction” por- 
tion of E-C coupling results from Ca 2+ binding to TnC, the 
binding of TnC to Tnl, and the resultant dissociation of Tnl 
from actin that increases the number of cross-bridges for force 
generation. The amount of force developed depends on the 
amplitude and duration of the Ca 2+ transients and the Ca 2+ 
sensitivity of the myofilaments. While theCa 2+ -induced Ca 2+ 
release mechanism largely dictates the Ca 2+ transient ampli- 
tude (with a minor component from reverse mode NCX1 
exchange), SR Ca 2+ reuptake by SERCA2a (-70%) and Ca 2+ 
extrusion via the NCX1 exchanger (-30%) are the major 
determinants of Ca 2+ transient duration (116). 

Myofilament Ca 2+ sensitivity is largely determined by the 
type of troponin isoform present. For instance, the presence 
of slow skeletal Tnl in embryonic and early postnatal hearts 
is associated with an increased Ca 2+ affinity and a decreased 
rate of Ca 2+ dissociation from TnC (119). In the mature myo- 
cardium, phosphorylation of Tnl by PKA (in response to 
/Tadrenergic stimulation) decreases the Ca 2+ affinity of the 
troponin complex and increases the rate of Ca 2+ dissociation. 
Myofilament Ca 2+ sensitivity is reduced by acidosis (116) and 
increased in response to a new class of inotropic drugs includ- 
ing levosimendan (120). 

Changes in E-C coupling occur throughout development. 
Embryonic myocytes have a poorly developed T-tubule sys- 
tem and SR, making the fetal heart more dependent upon 
L-type Ca 2+ channels and Ca 2+ influx across the plasma mem- 
brane (121). Ryanodine receptors are expressed in neonatal 
myocytes, but are not involved in Ca 2+ -induced Ca 2+ release 
until the T-tubule system matures 2 weeks following birth 
(122). Interestingly, fetal and neonatal myocytes from early 
stages of cardiac development display spontaneous Ca 2+ oscil- 
lations that are independent of membrane depolarization or 
Ca 2+ influx but seem to originate from inositol trisphosphate 
receptor-gated channels (123). These oscillations may lead to 
subsarcolemmal release of Ca 2+ from ryanodine receptors to 
elicit spontaneous contractions (124). 


REGULATION OF E-C COUPLING 


As the heart continues to mature following birth, there are 
considerable changes in myocardial performance. The myocar- 
dium increases contractility, diastolic relaxation, volume, and 
cardiac output. These postnatal changes in cardiac function 
reflect the developmental regulation of ion channels, receptors 
for neurotransmitters, and alterations in cell signaling cas- 
cades. Multiple mechanisms underlie these phenotypic changes 
and are classified as intrinsic (e.g., mechanical load), extrinsic 
(autonomic innervation, TH status), or structural (125). 

Intrinsic Regulation 

Changes in heart rate increase myocardial contractile force 
according to the cardiac force-frequency relationship, initially 
described by Bowditch more than a century ago (126). The 
force-frequency relationship is an important intrinsic regula- 
tory mechanism of cardiac contractility and describes the rela- 
tionship between force and velocity, where shortening velocity 
increases in a hyperbolic manner as force is reduced (127). The 
underlying cellular mechanisms are related to rate-dependent 
changes in Ca 2+ availability (13) and myofilament Ca 2+ sensi- 
tivity (128). 


The length-dependent Ca 2+ activation of the thin filament 
plays a critical role in the steep force-length relationship of 
cardiac muscle (Frank-Starling relationship). Quite simply, 
this relationship describes the observation that when cardiac 
myocytes are stretched longitudinally, they develop propor- 
tionally more force at a given submaximal Ca 2+ concentra- 
tion than they do at shorter myofilament lengths (129). The 
molecular mechanisms that underlie this intrinsic regulatory 
mechanism are unclear, but have been proposed to involve 
myofilament lattice spacing (increase in the local concentra- 
tion of myosin heads due to longitudinal stretch), titin (exer- 
tion of radial force at long sarcomere lengths to pull thick 
and thin filaments together), or increased Ca 2+ sensitivity of 
the thin filament (130). This relationship underlies the Frank- 
Starling mechanism that is discussed in a subsequent section 
of this chapter. 

Sympathetic Innervation 

The development of the autonomic nervous system depends 
upon the secretion of local trophic growth factors. The most 
important are the neurotrophin family members of nerve 
growth factor (NGF) and neurotrophins 3 and 4. Cardiac 
myocytes secrete NGF to promote sympathetic nerve sprout- 
ing, survival, and maintenance (131,132). Interestingly, 
innervation is also modulated by “neurorepellants” such as 
semaphorin 3a (Serna 3a) that inhibit neuronal growth. In 
fact, Serna 3a may be partly responsible for patterning of sym- 
pathetic innervation in an epicardial to endocardial gradient 
since Sem3a-deficient mice exhibit disrupted spatial pattern- 
ing (133,134). These results suggest that the overall balance 
between NGF and Serna 3a dictates sympathetic nerve devel- 
opment in the heart. 

The main neurotransmitters of the sympathetic nervous sys- 
tem are norepinephrine in presynaptic nerves and acetylcholine 
in postsynaptic ganglia (132). Norepinephrine stimulates both 
alpha (a : ) and beta (p l and /3 2 ) adrenergic receptors (ARs) in 
cardiac tissue. Similar to humans, the rodent heart expresses 
predominantly /3 r ARs with a small fraction (15 %— 25 % ) of 
/^-receptors (135). Following /^-adrenergic stimulation, the 
G s -dependent activation of adenylate cyclase causes an increase 
in cAMP and activation of PKA. PKA phosphorylates a num- 
ber of proteins involved in E-C coupling that increase the peak 
Ca 2+ transient amplitude (L-type Ca 2+ channels, ryanodine 
receptors) and contractility coupled with an increase in the 
kinetics of cell shortening (Tnl, phospholamban). The cAMP- 
PKA system also alters gene expression and cardiac growth. 
/3 2 -Receptors elicit similar effects but display developmen- 
tally regulated responses to catecholamines. For example, 
/3 2 -receptors have higher affinity for epinephrine than norepi- 
nephrine and neonatal receptors are more sensitive to physi- 
ologic concentrations of these neurohormones compared to 
/3 2 -receptors in adult hearts (134). 

Sympathetic innervation appears to be delayed in the rat 
ventricle since sympathetic nerve terminals are not observed 
until the third week after birth and do not fully mature to the 
adult pattern until 5 weeks postnatally (135), and both chronic 
and inotropic responses to /3-adrenergic agonists are signifi- 
cantly weaker in 2-week-old mice compared to adult mice 
(136). The onset of sympathetic innervation of the mammalian 
ventricle is associated with functional alterations in several ion 
channels, including the inward Na + current, the L-type Ca 2+ 
channel, the inward rectifier K + current, and delayed rectifier 
K + currents (125). These changes are likely due to a combina- 
tion of altered gene expression, membrane compartmentaliza- 
tion, and posttranslational modifications. 

In humans, parasympathetic activity in the heart is con- 
trolled by superior, inferior, and thoracic branches of the 
vagal nerve (132,137). The parasympathetic nervous system 
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uses acetylcholine as its main neurotransmitter. Acetylcholine 
exerts its actions predominately through M 2 cholinergic recep- 
tors although a perinatal involvement of Mj receptors has 
been reported (138,139). Parasympathetic innervation of the 
rat heart is first detected a few days before birth, although 
maturation of atrial innervation is not completed until 30 to 
60 days after birth (135,140). The most significant effects of 
parasympathetic innervation occur in the atrium, where ace- 
tylcholine interacts with M 2 receptors in the sinoatrial node 
and conductive tissue to increase K + channel activation and 
inhibits the pacemaker current. Both of these effects contrib- 
ute to the well-known negative chronotropic actions of vagal 
stimulation. Inotropic effects of the parasympathetic nerves in 
the ventricular myocardium are primarily through antagonism 
of /3-adrenergic stimulation largely through M 2 receptor-G,- 
mediated inhibition of adenylyl cyclase. 

Overall, the functional interactions of the autonomic nerv- 
ous system on the neonatal heart seem to favor a net excitatory 
state (135). Prior to the onset of sympathetic innervation, both 
the /3 r AR and /3 2 -AR are functionally active and contribute to 
the positive chronotropic and inotropic effects of circulating 
catecholamines in the neonate. The cardiac ARs are responsive 
to adrenal catecholamines. Since /3 2 -ARs have higher affinity 
for epinephrine versus norepinephrine, the excitatory /^-adr- 
energic signaling cascade may be more responsive to circulat- 
ing rather than neuronally derived catecholamines (134). With 
the onset of sympathetic innervation, the resultant changes 
in AR density, increases in G s /G, ratios, and changes in ion 
channel expression and activation allow the maturing heart to 
become more responsive to norepinephrine release from local 
nerve terminals. 

Thyroid Hormone 

It is well recognized that TH regulates the expression of ARs 
and levels of adenylyl cyclase in the developing and adult 
heart. This is crucial in the neonate to ensure the transition 
to extrauterine life and postnatal cardiac growth and to 
facilitate /3-adrenergic signaling prior to the arrival of sym- 
pathetic nerve terminals (141). TH also regulates the expres- 
sion of several proteins involved in E-C coupling including 
a-MHC, titin, SERCA2a, the NaVK + -ATPase, and the NCX1 
exchanger (49,142) and promotes mitochondrial biogenesis 
and oxidative phosphorylation (143). The observed changes 
in heart rate, cardiac output, and systemic vascular resistance 
in animal models and in patients with altered thyroid status 
underscore the importance of TH in normal cardiovascular 
function. In general, hyperthyroidism is associated with tachy- 
cardia, increased cardiac output, and systemic vasodilation. 
Conversely, hypothyroidism correlates with bradycardia and 
mild hypertension (144). Of note, plasma TH levels drop 
as much as 60% in infants and children undergoing cardiac 
bypass surgery. Promising results have been obtained in sev- 
eral small-scale clinical studies using T 3 therapy in infants 
and children undergoing cardiopulmonary bypass, showing 
that this therapy improves postoperative cardiac function 
(145,146). Early results from a larger multicenter placebo- 
controlled randomized trial (T 3 supplementation in infants 
and children undergoing cardiopulmonary bypass, TRICC) 
suggest that T 3 supplementation improves cardiac function in 
patients younger than 5 months of age and decreases the need 
for inotropic support (147). 

Structural Changes 

At the level of the cytoskeleton, changes in the relative content, 
posttranslational modification, arrangement, and isoform 
expression of various proteins can alter diastolic performance 


and lead to dysfunction. Multiple studies have examined the 
contribution of microtubules (tubulin) (121) and intermediate 
filaments (desmin) (148) to relaxation, where aberrant changes 
can lead to increased stiffness. Early work by Tagawa et al. 
(149) examined cardiomyocytes using a method of single-cell 
mechanical loading of myocytes. They found that cytoskeletal 
stiffness and viscosity increased significantly in cats exposed 
to pressure overload hypertrophy. This apparent stiffness 
and viscosity was reversed and cardiomyocyte function was 
restored upon the addition of the microtubule depolymeriza- 
tion drug colchicine. 

The intermediate filament desmin reinforces myocyte sar- 
comeres and contributes to the overall diastolic tone. Dynamic 
increases in desmin have been noted in models of diastolic 
dysfunction including microembolization (leading to global 
ischemia) in sheep (150) and ventricular septal defects in pigs 
(151). In addition to changes in relative abundance, reports 
have suggested that posttranslational modification (nitration) 
of this protein is associated with oxidative stress-induced sys- 
tolic and diastolic dysfunction (152). 

Sarcomeric titin is attributed with providing much of the 
passive elastic properties of the cardiac muscle. Over the normal 
operating range of sarcomere lengths (<2.2 /xm), titin contrib- 
utes to sarcomeric stiffness more than the microfilaments and 
intermediate filaments that provide <10% of the elastic force 
(153). Shifts in the relative content of the larger more compliant 
N2BA isoform versus the smaller and stiffer N2B isoform are 
implicated in multiple forms of diastolic dysfunction, including 
aortic stenosis (154), hypothyroidism-induced LV dysfunction 
(53), and pacing-induced cardiac failure (155,156). 

In summary, the combination of neurohormonal program- 
ming, autonomic innervation, and mechanical forces coordi- 
nate postnatal cardiac growth and E-C coupling in order to 
increase cardiac output to meet the metabolic demands of the 
rapidly growing organism. 

LV CHAMBER FUNCTION 

Systole 

Cardiac output is tightly matched to meet the metabolic needs 
of the body via feedback mechanisms that prevent a mismatch 
between supply and demand. Systole refers to the process of 
force generation and shortening in the LV, where blood is 
ejected into the systemic circulation, a process that is initiated 
by the coordinated propagation of the action potential. Sys- 
tolic ejection is regulated by three phenomena: end-diastolic 
fiber length (the Frank-Starling mechanism), afterload, and 
intrinsic myocardial contractility. 

Pioneering work in the late 19th century by Otto Frank 
(157) and in the early 20th century by Ernest Starling and col- 
leagues (158,159) determined that the cardiac ejection volume 
(stroke volume) of the heart increases in response to increased 
preload (diastolic filling of the heart). As described earlier, 
this response is mediated by an increased responsiveness of 
the myofilament apparatus to Ca 2+ at longer sarcomere lengths 
(160). The Frank-Starling mechanism ensures that over a 
physiologic range, on average, the same amount of blood is 
pumped out of the left and right ventricles. 

Afterload (also referred to as aortic resistance/impedance) 
is the work that the LV must overcome to eject a given volume 
of blood (stroke volume). Afterload has an inverse relationship 
with stroke volume. This relationship is most notably evident 
in cases of arterial hypertension, where the increased afterload 
results in a decreased stroke volume in the LV. To alleviate the 
effects of afterload, it is common to administer vasodilators in 
order to increase forward ejection fraction. 
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Ventricular Filling Ventricular Ejection 

Isovolumetric Contraction Isovolumetric Relaxation 


Figure 3.9. A: Schematic of a PV loop generated by a normal human LV. The loop is constrained by the end- 
diastolic pressure-volume relationship (ED PVR) and by the end-systolic pressure-volume relationship (ESPVR). 
See text for further details. B: A series of pressure-volume loops were obtained in a rat heart by occluding the 
inferior vena cava, in order to obtain load-independent measures of contractility (slope of ESPVR or Ees) and 
LV compliance (slope of ED PVR). 


Diastolic Relaxation 

Diastole occurs at the beginning of isovolumic relaxation (see 
Fig. 3.9) and ends with mitral valve closure. This allows ven- 
tricular filling and involves the interaction between active, 
energy-dependent processes (myocardial relaxation) that 
primarily influence early ventricular filling and passive pro- 
cesses, such as loading conditions and myocardial compliance. 
Active LV relaxation is dependent upon the rate of myocyte 
SR Ca 2+ reuptake by SERCA2a and by titin. The rate of global 
LV myocardial relaxation is reflected by the monoexponential 
course of LV pressure fall. Tau is a widely accepted invasive 
measure of the rate of LV relaxation. 

The role of the ECM is also paramount in regulating dias- 
tolic function in the context of normal function and disease. 
As discussed in preceding sections, the ECM forms the scaffold 
that tethers and signals to the cardiac myocyte, and changes 
in the makeup or content of the ECM can be detrimental to 
diastolic filling. The ECM forms a scaffold that is composed 
primarily of collagen fibers, which allow for the transmission 
of mechanical force generated by cardiomyocytes. A multitude 
of evidence reveals that collagen can also regulate myocardial 
stiffness and diastolic and systolic function via contribution 
from changes in collagen volume fraction, collagen isoform 
composition (collagen I/III ratio), and collagen cross-linking 
contribution (161). 


PRESSURE-VOLUME LOOP ANALYSES OF 
CONTRACTILE FUNCTION 


Although currently limited in clinical use, pressure-volume 
(PV) analysis is potentially a powerful tool that could be applied 
for use in assessment of pediatric diseases. The procedure 


requires the introduction of a catheter (commonly through 
the femoral artery) into the LV that reads simultaneous 
pressure and volume during the cardiac cycle. These val- 
ues are then displayed by plotting instantaneous ventricu- 
lar pressure versus volume. A typical trace is shown in 
Figure 3.9A. At point a , filling of the LV chamber begins dur- 
ing diastole after the mitral valve opens and continues to point 
b. The pressure does not change substantially due to progres- 
sive LV relaxation and passive compliance. The small increase 
in pressure just prior to point b reflects the contribution of 
atrial contraction to LV filling. With the onset of LV isovolu- 
metric contraction (line b-c), the pressure rises steeply but vol- 
ume does not change since both the mitral and aortic valves 
are closed. When the rise in ventricular pressure exceeds the 
diastolic pressure in the aorta ( point c), the aortic valve opens, 
and during the first phase of ejection (rapid ejection, line c-d), 
the large reduction in volume is associated with increased LV 
pressure. This is followed by a period of reduced ejection and 
a decrease in LV pressure. This phase corresponds to the onset 
of cardiac myocyte relaxation. Once the pressure falls below 
systolic aortic pressure, the aortic valve closes (point e). As the 
ventricle continues to relax, the pressure decreases but volume 
remains constant since the mitral valve has not yet opened. 
This phase is referred to as isovolumetric relaxation. When the 
LV pressure falls below that in the left atrium, the mitral valve 
opens again and the cycle repeats. 

This method can be used to determine load-dependent 
indices of systolic function, including, but not limited to, 
the following systolic parameters: ejection fraction, the first 
derivative (+dp/dt) of the rate of developed pressure, stroke 
work (area within the PV loop), and stroke volume. Load- 
dependent parameters used for analysis of diastolic function 
include end-diastolic pressure, tau, and - dp/dt . Furthermore, 
load-independent function can be evaluated using PV analy- 
sis, which is accomplished by occluding either the inferior 
vena cava or the descending thoracic aorta using a balloon 
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catheter (Fig. 3. 9B). This generates a series of PV curves that 
allow for the measurement of indices of load-independent 
contractility including end-systolic elastance (Ees; slope of the 
end-systolic PV relationship curve) and preload-recruitable 
stroke work. The relationship generated from the end-systolic 
elastance has been shown to have a high correlation with the 
Frank-Starling relationship of the heart, with steeper slopes 
indicating increased contractility. Although this systolic rela- 
tionship is generally considered nonlinear, a line can be fit to 
this curve as long as the volume axis intercept is also exam- 
ined. For instance, a shift in the Ees line to the left (such as 
that occurring following administration of a /3-adrenergic ago- 
nist) accompanied by little change in slope would indicate an 
increase in contractility since there is increased end-systolic 
pressure generation at a common volume. Afterload can also 
be assessed using PV analysis by comparing the stroke vol- 
ume of the ventricular contraction to the end-systolic pressure 
required to eject (higher end-systolic pressure with common 
stroke volumes would indicate a higher afterload). 

Furthermore, left ventricular chamber stiffness can be 
assessed using this series of PV curves. This relationship, 
which is based on the points in the end-diastolic pressure vol- 
ume relationship (EDPVR), provides an accurate assessment 
of compliance, with shift to the right and down indicating 
increased compliance. Several extrinsic and intrinsic factors 
determine these end-diastolic properties. Extrinsic factors are 
pericardial restraint and ventricular interaction. Intrinsic fac- 
tors include myocardial stiffness (cardiomyocytes and ECM), 
myocardial tone, chamber geometry, and wall thickness (162). 


EMERGING CONCEPTS AND CONCLUSION 

Research into the developing myocardium is still in its infancy, 
with numerous studies emerging within the last 5 years. 
Recently, the role of cardiac-resident stem cells in the prena- 
tal and postnatal heart has become a popular area of study, 
with suggestions that the heart can regulate its own internal 
environment by recruitment of stem cells to areas within the 
heart for growth and maturation (163-166). Gene therapy is 
also increasingly popular in the developing heart, with studies 
suggesting that genes can be delivered to the myocardium to 
regulate expression and control growth (167-169). These 
areas of research will likely continue to increase our under- 
standing of the developing heart and how it functions, and 
assist in developing novel therapeutic approaches for the treat- 
ment of pediatric cardiovascular diseases. 
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T he circulation can be divided into its central components, 
consisting of the central arteries, veins, and, in the fetus, 
central shunts, and its peripheral components, consisting of the 
various regional vascular beds. Each component undergoes sig- 
nificant changes throughout fetal and postnatal development. 
General physiologic principles of blood flow will be presented 
first, followed by specific considerations pertaining to blood 
flow through the central and peripheral circulations, including 
developmental changes. 


PHYSIOLOGY 


General Physiology 
Physical Determinants of Flow 

Physical factors that regulate flow through a vascular bed 
exert their effects through the hydraulic equivalent of Ohm’s 
law (resistance equation) and the Poiseuille-Hagen relation- 
ship. In vascular terms, Ohm’s law states that resistance to 
flow between two points along a tube equals the pressure dif- 
ference between the two points divided by flow. With vascular 
resistance R and blood flow Q, the mean pressure decrease 
that occurs from the artery (P a ) to the vein (P v ) can be derived 
from the formula 


where / is the length of the tube, r is its internal radius, and 
77 is the fluid viscosity. Blood is not Newtonian. The walls of 
the small arteries are not smooth, and the arteries branch, 
curve, and taper. Blood flow is pulsatile, so that additional 
energy (and therefore a higher pressure) is needed to overcome 
inertia and to accelerate the blood at each ejection. Because of 
short distances between arterial branch points, laminar flow 
is unlikely in peripheral vascular beds, and viscous pressure 
losses are greater than in a classical physical model. Arteries 
are also distensible, and the continuously changing transvas- 
cular pressure alters their radii. Lastly, vascular beds are com- 
posed of many blood vessels in parallel. These vessels are not 
all open all the time, and they may differ in radii in different 
zones. For all of these reasons, pressure-flow relationships are 
not linear. 

Despite these complicating factors, the general principles 
of changes in physical factors such as viscosity and radius 
apply. Vascular resistance is directly related to the viscosity 
of blood perfusing the vascular bed and inversely related to 
its cross-sectional area (r 4 ). Increasing viscosity or decreasing 
vessel radius therefore leads to an elevation of both arterial 
pressure and vascular resistance when blood flow remains 
constant ( 1 ). 


CENTRAL CIRCULATION 


Q 


To assess changes in arterial blood pressure in response to 
changes in flow and resistance, the formula can be rearranged as 

P a = QxR + P u 

Thus, elevation of arterial blood pressure may occur in 
response to an increase in either vascular resistance or blood 
flow. However, these factors are not independent; for exam- 
ple, arterial blood pressure may remain constant when blood 
flow increases if the increased flow causes vascular resistance 
to decrease. This can occur by the recruitment of partially or 
fully closed arterioles — if the product QxR does not increase, 
arterial pressure does not. 

Further factors that affect the resistance to flow can be 
approximated by the Poiseuille-Hagen relationship, which 
describes the relationship of pressure and flow of a Newtonian 
fluid flowing through a straight, round glass tube: 



The central circulation is structured very differently in the 
fetus, primarily to accommodate the different site of oxygen 
uptake. In the postnatal state, oxygen uptake occurs in the 
pulmonary vascular bed, which is perfused independently by 
the right ventricle; the left ventricle separately supplies the 
regional systemic vascular beds with fully oxygenated blood. 
In the fetal state, oxygen uptake occurs in the placenta, which 
is perfused in parallel with the systemic vascular beds. To 
deliver relatively highly oxygenated blood to the metabolically 
active tissues (such as the heart and brain) and to deliver less 
oxygenated blood to the placenta for oxygen uptake, central 
shunts and preferential blood flow patterns exist. Shunts are 
present in the venous system (ductus venosus), the heart (fora- 
men ovale), and the arterial system (ductus arteriosus) and 
are remarkably efficient at achieving this goal. At birth, these 
shunts are abolished over a very short period of time, and the 
mature postnatal central circulation is established within the 
first few days of life. 


Fetal Circulation 

The presence of central shunts allows the fetal circulation 
to be remarkably efficient at distributing oxygen and sub- 
strate. Figure 4.1 demonstrates that the fetal ventricles pri- 
marily perform their postnatal functions: The fetal right 
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Figure 4.1. Preferential pattern of ventricular 
output. The left ventricle (LV) directs most of 
its highly saturated blood (red arrow) via the 
ascending aorta (AAo) to the highly metabolic 
heart and upper body. The right ventricle (RV) 
primarily ejects less oxygenated blood (purple 
arrow) via the main pulmonary artery (MPA) 
primarily down the ductus arteriosus (PDA) and 
via the descending aorta (DAo) to the placenta 
for oxygen uptake. RA, right atrium; LA, left 
atrium. 



ventricle supplies most of its blood via the ductus arteriosus 
and descending aorta to the placenta for oxygen uptake, and 
the left ventricle supplies most of its blood via the ascending 
aorta to the heart and brain for oxygen delivery. For the cen- 
tral venous circulation to facilitate the efficient performance 
of these tasks, the least saturated venous blood should be 
directed to the right ventricle and the most saturated should 
be directed to the left. To appreciate how this is achieved, it 
is best to consider the five components of the central venous 
circulation in turn. These components are the venous returns 
from the upper body, the myocardium, the lungs, the lower 
body, and the placenta. 

The least saturated blood returns from the upper body, via 
the superior vena cava, and from the myocardium, via the cor- 
onary sinus. This blood is directed appropriately, through the 
tricuspid valve to the right ventricle. The leftward and supe- 
rior course of the eustachian valve directs >95% of the blood 
flowing caudally from the superior vena cava away from the 
foramen ovale and toward the tricuspid valve. In addition, the 
location of the coronary sinus caudad to the foramen ovale 
causes venous blood from the myocardium to flow through 
the tricuspid valve to the right ventricle (Fig. 4.1). Blood 
returning from the lungs has an intermediate saturation, but 
by the nature of the normal drainage of the pulmonary veins 
to the left atrium, preferential flow to the right ventricle is not 
possible. However, pulmonary blood flow is a relatively small 
portion of combined venous return. It represents no more than 
8% of combined ventricular output in the sheep fetus (2), and 
about twice that in the human, at most being 25% (3), so that 
it does not have a significant effect on oxygen delivery. 

Inferior vena caval return comes from the remaining two 
sources, the lower body and the placenta. Most lower body 
flow, except that from the liver, ascends the distal inferior 
vena cava. This stream of relatively desaturated blood enters 
the lateral margin of the right atrium and is directed primar- 
ily through the tricuspid valve. Placental (umbilical venous) 
and liver venous return is more complicated (Fig. 4.2). Under 


normal conditions in the fetal sheep, about 55% of the highly 
saturated umbilical venous return ascends via the ductus veno- 
sus to the inferior vena cava-right atrium junction, where it 
preferentially crosses the foramen ovale (2). Slightly less than 
half of the remaining umbilical venous return enters the left 
lobe of the liver, from which it reaches the left hepatic vein (4). 
The left hepatic vein joins the ductus venosus near the inferior 
vena cava, so that this highly saturated blood is also directed 
toward the foramen ovale. The limbus of the foramen ovale 
helps to direct this blood into the left atrium. The remain- 
der of the umbilical venous blood, along with >95% of the 
poorly saturated portal venous blood, is directed to the right 
lobe of the liver. From the right lobe, this much less saturated 
blood enters the right hepatic vein and tends to stream with 
the blood of the distal inferior vena cava to the tricuspid valve. 
The hepatic artery, which carries blood that is moderately 
well saturated, constitutes <10% of hepatic blood flow in the 
fetus, so it does not significantly contribute to oxygen supply. 
Hepatic arterial blood is distributed to both lobes of the liver, 
with the right lobe receiving somewhat more (4). 

Thus, preferential streaming patterns among the different 
sources of venous return allow most of the poorly saturated 
blood from the upper body, myocardium, and lower body to 
reach the right ventricle, and the more highly saturated umbili- 
cal venous return to reach the left ventricle. Although the sepa- 
ration of fetal venous return and ventricular output according 
to its level of blood oxygenation is not as efficient as the post- 
natal separation, it is quite remarkable in its ability to allow 
the right and left ventricles to perform their normal postnatal 
functions of delivery of blood for oxygen uptake and oxygen 
supply, respectively. 

Postnatal Circulation 

The changes in the central circulation at birth are primarily 
caused by external events rather than by primary changes in 
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Figure 4.2. Preferential pattern of venous return to the right 
(RV) and left (LV) ventricles. More highly saturated blood 
(red arrow) from the umbilical vein (UV) passes via the ductus 
venosus (DV) and left hepatic vein (LHV) to the left atrium 
(LA) and LV. Less saturated blood (blue arrows) from the 
lower body via the inferior vena cava (IVC, not shown), from 
the main and right portal veins (MPV and RPV) via the right 
hepatic vein (RHV), from the coronary sinus (CS), and from 
the superior vena cava (SVC) passes to the right atrium (RA) 
and RV. 


the circulation itself. Most important of these external events 
are the rapid and large decrease in pulmonary vascular resist- 
ance and the disruption of the umbilical-placental circulation. 
The various mechanisms responsible for the decrease in pul- 
monary vascular resistance are discussed later in this chapter. 
This decrease has profound effects on the central shunts in the 
systemic circulation. Abruptly at birth, the ductus arteriosus 
changes from a right-to-left conduit of blood to the descending 
aorta, to a left-to-right conduit of blood to the lungs, until it 
closes in the first hours or days of life. This shunt may be pro- 
longed in the premature infant, causing a steal of blood from 
the regional systemic vascular beds of greatest resistance. The 
physiologic basis of normal closure of the ductus arteriosus 
and problems associated with delayed closure are discussed 
elsewhere (see Chapter 19). 

As previously mentioned, the ductus venosus carries umbil- 
ical venous return primarily to the left heart. Although the 
amount of umbilical venous blood that enters the ductus veno- 
sus is variable and is greatly affected by stresses such as hypox- 
emia, changes in flow do not appear to be caused by active 
vasoconstriction of the ductus venosus, but rather, occur pas- 
sively in accordance with changes in umbilical blood flow. At 
birth, the umbilical-placental circulation is abolished, causing 
a marked reduction in ductus venosus flow and in flow to the 
left lobe of the liver. However, portal venous flow through the 
ductus venosus increases from <5% to >50% by 1 hour of 
age so that, despite an increase in portal venous flow at birth, 
blood flow to the liver itself actually decreases substantially 
(5). This shunt of portal venous blood through the ductus 


venosus is transient, generally lasting for 1 day to 2 weeks. 
The functional closure of the ductus venosus is probably a 
passive phenomenon, although it has been demonstrated that 
the isolated ductus venosus can respond to adrenergic stimula- 
tion and prostanoids. In the intact newborn lamb, it can dilate 
in response to prostaglandin E x (6). Thus, its closure may be 
partly induced by the same hormonal changes that are impli- 
cated in the closure of the ductus arteriosus. 

Although vasoactive processes are involved in the closure 
of the ductus arteriosus, and may be involved in closure of 
the ductus venosus, closure of the foramen ovale at birth is 
entirely passive, secondary to alterations in the relative return 
of blood to the right and left atria. Prior to birth, direct left 
atrial return via the pulmonary veins is only modest, <25% 
of combined venous return. Thus, the pressure gradient from 
the right atrium to the left maintains a large flow of blood 
through the foramen ovale, which appears as a wind sock 
bulging into the left atrium. With the onset of oxygen ventila- 
tion, the proportion of combined venous return that directly 
enters the left atrium via the pulmonary veins increases dra- 
matically, to >50% (2). This is because of the marked increase 
in pulmonary blood flow, which includes a transient left-to- 
right shunt* through the ductus arteriosus. Left atrial pressure 
thus exceeds right, and the redundant flap of tissue of the fora- 
men ovale that previously bowed into the left atrium is now 
pressed against the septum. Small left-to-right shunts may 
be visualized in the newborn by color Doppler ultrasonog- 
raphy, but these shunts are not hemodynamically significant. 
Although patency of the foramen ovale may be present for 
several years, shunts of any significance occur only when the 
primum septum is deficient, thus forming a secundum atrial 
septal defect (see Chapter 28). 


PULMONARY CIRCULATION 


Although considerable information is available regarding the 
complex physiologic regulation of pulmonary vascular resist- 
ance, the exact mechanisms involved in intrinsic relaxation 
and constriction of the pulmonary vascular smooth muscle 
are not completely understood. The important functional role 
of the vascular endothelium and its interactions with smooth 
muscle are only now being brought to light. The pulmonary 
vessels not only produce many vasoactive substances, but also 
actively metabolize many. Changes in pulmonary vascular 
resistance can occur at different levels within the circulation, 
and vasoactive substances and their properties may change 
during passage through the pulmonary vascular bed. Accurate 
physiologic characterization of the pulmonary circulation var- 
ies with the gender, age, and species of the model used and 
the exact compartment of the pulmonary circulation evalu- 
ated. Whether all the principles that apply to systemic vascular 
smooth muscle also apply to the pulmonary circulation is not 
yet clear. However, the final common pathway by which vascu- 
lar smooth muscle constricts is by Ca 2+ -mediated stimulation 
of excitation-contraction coupling. Relaxation occurs mainly 
either through a cyclic guanosine monophosphate (cGMP)- or 
cyclic adenosine monophosphate (cAMP)-mediated mecha- 
nism. Many interacting factors are responsible for the physi- 
ologic and physical control of pulmonary vascular resistance 
in the fetus and for its normal decrease after birth. 


MORPHOLOGIC DEVELOPMENT 


The stage of morphologic development of the pulmonary cir- 
culation affects the vascular responses in the perinatal period. 
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In the fetus and newborn, all small pulmonary arteries have 
a thicker medial smooth muscle layer in relation to diame- 
ter than similar arteries in adults. This increased muscular- 
ity is partly responsible for the increased vasoreactivity and 
pulmonary vascular resistance in the fetus, particularly near 
term. In fetal lamb lungs, when perfusion is fixed at pressures 
equivalent to those in utero , the muscle is most prominent in 
the smallest resistance arteries (identified as fifth- and sixth- 
generation arteries; external diameter 20 to 50 mm), and over 
the latter half of gestation, the thickness remains constant in 
relation to diameter. 

Similar observations using slightly different techniques 
have been made in human lungs. In these, the small pulmo- 
nary arteries are identified by their relationship to airways. 
Preacinar arteries course proximal to or along with terminal 
bronchioli; intra-acinar arteries course along with respiratory 
bronchioli or alveolar ducts, or within the alveolar walls. In 
arteries traced along the airways toward the alveoli, a point 
is reached at which the completely encircling medial smooth 
muscle coat gives way to a region of incomplete musculari- 
zation. In these partially muscularized arteries, the smooth 
muscle is arranged in a spiral or helix. The muscle then dis- 
appears from the arteries that are still larger than capillaries 
(nonmuscularized small pulmonary arteries). In these arter- 
ies, an incomplete pericyte layer is found within the endothe- 
lial basement membrane; in the nonmuscular portions of the 
partially muscular small pulmonary arteries are intermediate 
cells (i.e., cells intermediate in position and structure between 
pericytes and mature smooth muscle cells). These cells are pre- 
cursor smooth muscle cells. Under certain conditions, such as 
hypoxia, they may rapidly differentiate into mature smooth 
muscle cells. 

In the near-term fetus, only about half the precapillary 
arteries (those associated with respiratory bronchioli) are mus- 
cularized or partially muscularized, and the alveoli are free of 
muscular arteries. In the first 4 to 6 weeks after birth, there is 
progressive involution of the circumferential medial smooth 
muscle with overall reduction in medial muscular thickness 
of the walls of the small pulmonary arteries. In adults, cir- 
cumferential muscularization extends peripherally along the 
intraacinar arteries so that most are completely muscularized, 
although with only a very thin layer of smooth muscle; this 
adult-like pattern is reached at about puberty. 

During fetal growth, the number of small arteries increases 
greatly. In humans the main preacinar pulmonary arterial 
branches that accompany the larger airways are developed by 
16 weeks’ gestation. However, the intraacinar circulation fol- 
lows alveolar development late in gestation and after birth, 
and arteries multiply as alveoli develop, a process generally 
complete by about 10 years of age (7,8). 

There is an important new appreciation of the co-development 
and regulation of vascular and alveolar growth. These interac- 
tions likely have significant clinical implications particularly 
in conditions of lung hypoplasia, where vascular hypoplasia is 
emerging as an important clinical problem (9). 

Fetal Circulation 

In the fetus, gas exchange occurs in the placenta and pulmo- 
nary blood flow is low, supplying nutritional requirements 
for lung growth and allowing the lung to serve a metabolic 
or paraendocrine function. Pulmonary blood flow in near- 
term fetal lambs (term being 145 days of gestation) is about 
100 mL/100 g wet lung weight (8% to 10% of combined ven- 
tricular output). Pulmonary blood flow is low despite the dom- 
inance of the right ventricle, which in the fetus ejects 55% to 
60% of total cardiac output. Most of the right ventricular out- 
put is diverted away from the lungs through the widely patent 


ductus arteriosus to the descending thoracic aorta and the 
placenta for oxygenation (Fig. 4.1). In young fetuses at about 
0.5 gestation, 3% to 4% of total cardiac output perfuses the 
lungs; this increases to about 6% at 0.8 gestation, correspond- 
ing temporally with the onset of the release of surface active 
material into lung fluid. There is a further progressive slow 
increase thereafter to 8% to 10% near term. Fetal pulmonary 
arterial mean blood pressure increases progressively with ges- 
tation and at term is about 50 mm Hg, exceeding mean aortic 
blood pressure by 1 to 2 mm Hg. Total pulmonary vascular 
resistance early in gestation is extremely high relative to that 
in the infant or adult, probably owing to the small number 
of small arteries present. Total pulmonary vascular resistance 
decreases progressively over the last half of gestation, with 
growth of new arteries and an overall increase in cross section. 
However, when lung growth is accounted for, the pulmonary 
vascular resistance per unit of lung tends to increase over late 
gestation (10,11). 

Transitional Circulation 

At birth, with initiation of pulmonary ventilation, pulmonary 
vascular resistance decreases rapidly and is associated with 
an eightfold to tenfold increase in pulmonary blood flow. In 
normal full-term lambs, pulmonary arterial blood pressure 
decreases to near-adult levels within 2 to 3 hours. In humans 
this takes longer, and by 24 hours of age, mean pulmonary 
arterial blood pressure may be half systemic. After the ini- 
tial rapid decrease in pulmonary vascular resistance and pul- 
monary arterial blood pressure, there is a slow, progressive 
decrease, with adult levels reached after 2 to 6 weeks (Fig. 4.3). 
This is due to vascular remodeling, muscular involution, and 
rheologic changes. 

Physiologic Regulation of Pulmonary 
Vascular Resistance 

As previously discussed, pulmonary vascular resistance in the 
fetal lung is initially high and decreases slightly throughout 
the final third of gestation. Many factors, including mechani- 
cal effects, state of oxygenation, and the production of 
vasoactive substances, regulate the tone of the fetal pulmo- 
nary circulation. The most prominent factor associated with 
high fetal pulmonary vascular resistance is the normally low 
blood and alveolar 0 2 tension. In the fetal lamb, resistance 
is further increased by hypoxemia and lowered by increas- 
ing oxygen tension, a vasoactive response that becomes 
active in the latter third of gestation. The exact mechanism 
and site of hypoxic pulmonary vasoconstriction in the fetal 
pulmonary circulation remains unclear. In isolated fetal pul- 
monary arteries, oxygen modulates the production of both 
prostacyclin and endothelium-derived nitric oxide (EDNO): 
two potent vasoactive substances that may in part underlie 
the responses of the developing pulmonary circulation to 
changes in oxygenation. In addition to the low oxygen envi- 
ronment, many substances constrict the pulmonary circula- 
tion of the fetus, such as a agonists, thromboxane, and the 
leukotrienes. However, their role, if any, in the maintenance 
of the high fetal pulmonary vascular resistance does not 
appear prominent (12-14). In addition to the production of 
vasoconstrictors, the fetal pulmonary circulation actively and 
continuously produces vasodilating substances that modulate 
the degree of vasoconstriction under normal conditions and 
may play a more active role during periods of fetal stress. 
These substances are mainly endothelially derived and include 
EDNO and prostacyclin (PGI 2 ). EDNO is synthesized by the 
oxidation of the guanidino nitrogen moiety of L-arginine. 
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Figure 4.3. The changes in pulmonary arterial pressure, blood 
flow, and vascular resistance that occur around birth. (Data 
from Morin FC III, Egan E. Pulmonary hemodynamics in 
fetal lambs during development at normal and increased oxy- 
gen tension. J Appl Physiol 1992;73:213-218; and Soifer SJ, 
Morin FC III, Kaslow DC, et al. The developmental effects of 
prostaglandin D2 on the pulmonary and systemic circulation 
in the newborn lamb. } Dev Physiol 1983;5:237-250.) 


After certain stimuli, such as shear stress or the receptor bind- 
ing of specific vasodilators (endothelium-dependent vasodi- 
lators), nitric oxide (NO) is synthesized by the activation of 
NO synthase, and NO is then released from the endothelial 
cells. Once released from endothelial cells, NO diffuses into 
vascular smooth muscle cells and activates soluble guanylate 
cyclase, the enzyme that catalyzes the production of guanosine- 
3'-5'-cyclic monophosphate (cGMP) from guanosine-5'- 
triphosphate. Activation of guanylate cyclase increases the 
concentrations of cGMP, thus initiating a cascade that results 
in smooth muscle relaxation (Fig. 4.4). Endothelial produc- 
tion of NO and cGMP has been demonstrated in the fetal, 
newborn, and adult pulmonary vasculature. In fetal lambs, 
inhibition of EDNO synthesis produces marked increases in 
resting fetal pulmonary vascular resistance and inhibits the 
oxygen-induced decrease in pulmonary vascular resistance. In 
addition, studies of intrapulmonary arteries and isolated lung 
preparations of the sheep show maturational increases in NO- 
mediated relaxation during the late fetal and early postnatal 
period. These data suggest that basal EDNO production is an 
important mediator of both normal fetal pulmonary vascular 
tone and the dramatic decrease in resistance that occurs with 
the onset of oxygen ventilation at birth (15-17). Prostacyclin 
is synthesized primarily in vascular endothelial cells and pro- 
duces vasodilation by activating adenylate cyclase via recep- 
tor G protein-coupled mechanisms. Activation of adenylate 
cyclase results in increased adenosine 3',5'-cyclic monophos- 
phate (cAMP) concentrations, thus initiating a cascade that 
results in smooth muscle relaxation. Although there is a mat- 
urational increase in PGI 2 production throughout gestation, 
basal PGI 2 activity does not appear to be an important media- 
tor of resting fetal pulmonary vascular tone. Interestingly, 
endothelin-1 (ET-1) is another potent endothelially derived 
vasoactive factor with both vasodilating and vasoconstrict- 
ing effects. The hemodynamic effects of ET-1 are mediated 
by at least two distinct receptor populations, ET A and ET B . 
ET a receptors are located on vascular smooth muscle cells and 
are likely responsible for the vasoconstricting effects of ET-1, 
whereas most ET B receptors are located on endothelial cells 
and are likely responsible for the vasodilating effects of ET-1. 
The predominant effect of exogenous ET-1 in the fetal and 
newborn pulmonary circulation is vasodilation, mediated via 
ET b receptor activation and EDNO release. However, the pre- 
dominant effect in the juvenile and adult pulmonary circula- 
tion is vasoconstriction, mediated via ET A receptor activation. 
In fetal lambs, selective ET A receptor blockade produces small 
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Figure 4.4. Schematic of the nitric oxide (NO)- 
cGMP pathway. Endogenous NO is produced 
from L-arginine within the pulmonary vascular 
endothelial cell. After diffusing into the smooth 
muscle cell, NO activates guanylate cyclase. 
The resulting increase in cGMP concentration 
induces relaxation. Exogenous NO (inhaled 
NO) diffuses from the airspace into the smooth 
muscle cell, where it activates guanylate cyclase. 
When it diffuses into the bloodstream, NO binds 
to hemoglobin to form methemoglobin and is 
inactivated. 
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decreases in resting fetal pulmonary resistance, suggesting a 
potential, minor role for basal ET-1— induced vasoconstric- 
tion in maintaining the high fetal pulmonary vascular resist- 
ance. Although plasma concentrations of ET-1 are increased 
at birth, animal data suggest that basal ET-1 activity does not 
play an important role in mediating the transitional or resting 
postnatal pulmonary circulation (18). 

The decrease in pulmonary vascular resistance and increase 
in pulmonary blood flow with ventilation were, for a long 
time, thought mainly to be due to the increase in alveolar oxy- 
gen tension with a contribution from the physical expansion 
of the lung. The role of oxygen was supported by increased 
pulmonary flow with hyperbaric oxygenation without venti- 
lation. Some pulmonary vasodilation occurs by inflating the 
lungs with a low oxygen-containing gas mixture that does 
not change arterial blood gas composition. Adding oxygen 
completes the vasodilator process. The exact mechanisms 
of oxygen-induced pulmonary vasodilation during the tran- 
sitional circulation remain unclear. The increase in alveolar 
or arterial oxygen tension may decrease pulmonary vascular 
resistance either directly via potassium channel activation 
or indirectly by stimulating the production of vasodilator 
substances such as PGI 2 , bradykinin, adenosine, adenosine- 
5'-triphosphate, or EDNO. Inflating the lung with a low- 
oxygen gas mixture may lower pulmonary vascular resistance 
by either physical or chemical mechanisms. One mechanism 
operates through changes in alveolar surface tension. Another 
more important mechanism is the production and release of 
prostaglandins (predominantly PGI 2 ), which occurs either 
with mechanical stimulation of the lung or with rhythmic lung 
expansion (19,20). 

Exogenous prostaglandins, particularly PGI 2 , lower pulmo- 
nary vascular resistance in the fetus. In addition, inhibiting 
prostaglandin production with indomethacin before fetal lung 
ventilation attenuates the subsequent decrease in pulmonary 
vascular resistance that occurs after the initial (-first 30 sec- 
onds) rapid decrease in resistance. However, exogenous PGE 2 
and PGI 2 also produce systemic vasodilation in fetal animals, 
whereas systemic vascular resistance normally rises when ven- 
tilation begins. Therefore, other prostaglandins, such as PGD 2 , 
could be involved in pulmonary vasodilation. In newborn ani- 
mals, PGD 2 produces greater pulmonary than systemic vasodi- 
lation; this differential effect is lost by about 12 to 15 days of 
age, when PGD 2 produces pulmonary vasoconstriction. This is 
similar to the effects of histamine, a modest pulmonary vasodi- 
lator in the immediate perinatal period and later a pulmonary 
vasoconstrictor. Both PGD 2 and histamine are released from 
mast cells, which increase in number in the lungs over the last 
portion of gestation; after birth, they decrease markedly. Thus, 
the stimulus of lung expansion may cause mast cells to degran- 
ulate, release PGD 2 and histamine, and contribute to the initial 
postnatal pulmonary vasodilation. 

Adenosine and adenosine triphosphate also produce potent 
pulmonary vasodilation in the fetus via purine receptor acti- 
vation. Animal studies suggest that their release at birth has 
a significant role in oxygen-induced pulmonary vasodila- 
tion. Bradykinin, another vasoactive agent, also is a potent 
pulmonary vasodilator in the fetus. However, bradykinin 
receptor blockade does not attenuate the decrease in pulmo- 
nary vascular resistance at birth in the lamb, casting doubt 
over the importance of bradykinin in postnatal pulmonary 
vasodilation. 

Endothelium-derived NO has been implicated as an 
important mediator of the decrease in pulmonary vascular 
resistance at birth associated with increased oxygenation. For 
example, inhibition of NO synthesis attenuates the increase 
in pulmonary blood flow owing to oxygenation of fetal 
lambs induced by either maternal hyperbaric oxygen expo- 
sure or in utero ventilation with oxygen. In utero ventilation 


without changing fetal blood gases increases epithelial nitric 
oxide synthase (eNOS) gene expression in lung parenchyma 
of fetal lambs; this is further increased by ventilation with 
100% oxygen. In vitro data reveal a maturational increase in 
EDNO production from late gestation to the early postnatal 
period that is modulated, in part, by oxygen. Moreover, both 
acute and chronic inhibition of NO synthesis prior to deliv- 
ery significantly attenuate the normal increase in pulmonary 
blood flow at birth. These data suggest an important role 
for EDNO activity during the transitional circulation. How- 
ever, the immediate decrease in pulmonary vascular resist- 
ance minutes after birth is not attenuated by NO inhibition. 
Therefore, there appear to be at least two components to the 
decrease in pulmonary vascular resistance with the initiation 
of ventilation and oxygenation. First, pulmonary vasodi- 
lation is caused by physical expansion of the lung and the 
production of prostaglandins (PGI 2 and PGD 2 ). This prob- 
ably is independent of fetal oxygenation and results in an 
increase in pulmonary blood flow and decrease in pulmonary 
vascular resistance. Second, there is a further maximal pul- 
monary vasodilation associated with fetal oxygenation that 
is independent of prostaglandin production; it is most likely 
caused by the synthesis of EDNO, although the exact stimuli 
for EDNO production have not yet been defined. Both com- 
ponents are necessary for the successful transition to extrau- 
terine life. 

Control of the perinatal pulmonary circulation, there- 
fore, probably reflects a balance between factors producing 
active pulmonary vasoconstriction (leukotrienes, low oxygen, 
and possibly even ET-1 acting through the ET A receptor) and 
those leading to pulmonary vasodilation (EDNO, ET-1 act- 
ing through the ET B receptor, bradykinin, and prostaglandins). 
The dramatic increase in pulmonary blood flow after birth 
most likely reflects a shift from active pulmonary vasoconstric- 
tion to active pulmonary vasodilation. It is possible that ara- 
chidonic acid metabolism shifts from lipoxygenase products 
in the fetus toward cyclo-oxygenase products owing either to 
mechanical stimulation with lung expansion or to the higher 
oxygen environment after birth. 

After the immediate postnatal period, the more impor- 
tant factors affecting pulmonary vascular tone and resist- 
ance are oxygen concentration, pH, the basal production of 
EDNO, the effects of alveolar distention, and perhaps the 
production of other vasoactive agents such as histamine, 
5-hydroxytryptamine, ET-1, prostanoids, thromboxanes, 
and the leukotrienes. The interaction of oxygen and pH is 
particularly important. Decreasing oxygen tension and 
decreases in pH elicit vasoconstriction of the resting pulmo- 
nary circulation. The mechanisms of acute hypoxic pulmo- 
nary vasoconstriction remain unclear and are the subject of 
several extensive reviews. Acidosis potentiates hypoxic pul- 
monary vasoconstriction, and alkalosis reduces it. The exact 
mechanism of pH-mediated pulmonary vasoactive responses 
also remains incompletely understood, but appears to be 
independent of paC0 2 (7,17). More recent data suggest that 
potassium channels play an important role in mediating these 
responses (21,22). 


POSTNATAL PERIPHERAL CIRCULATION 


The peripheral circulation is composed of a wide variety of 
regional vascular beds, each with its own characteristics. Sev- 
eral mechanisms regulate blood flow to these beds and affect 
each bed to a varying degree. These include central regula- 
tory mechanisms such as neural activity and hormonal levels, 
and local mechanisms including local metabolic and pressure- 
flow (autoregulation) control. These mechanisms are first 
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presented, and then the individual vascular beds are discussed, 
according to their primary control mechanisms. 


Controls Over the Peripheral Circulation 
Neural Control 

Neural control of the systemic circulation allows rapid regula- 
tion of the circulation and provides simultaneous control of 
different parts of the peripheral circulation. It is the primary 
mechanism responsible for the minute-to-minute control of 
blood pressure and regional blood flow distribution in the 
resting state and in response to acute stresses. Neural regula- 
tion consists of feedback information (afferent limb) provided 
by various mechanoreceptors and chemoreceptors, central 
integration of that information in the medulla oblongata, and 
effector mechanisms (efferent limb) within the autonomic 
nervous system, composed primarily of sympathetic nerves. 
Nearly all blood vessels in the body are innervated by the 
sympathetic vasoconstrictor nerves; some are also innervated 
by sympathetic and parasympathetic vasodilator nerves. The 
extent and type of innervation vary from one vascular bed to 
another. 

The primary afferent limb of the neural control mechanisms 
consists of mechanoreceptors in the carotid sinuses and aortic 
arch, which respond to changes in pressure (baroreceptors). 
Two types of baroreceptors have been identified. Type 1 recep- 
tors control dynamic changes in blood pressure; type 2 recep- 
tors are responsible for control of resting blood pressure (23). 
These receptors respond to mechanical stretch of the arterial 
wall and send nerve impulses to the cardioinhibitory and vaso- 
motor centers of the medulla oblongata. Stimulation of carotid 
sinus receptors results in slowing of heart rate, vasodilation, 
and a decrease in arterial blood pressure. Smooth muscle in 
the walls of these baroreceptor regions is innervated by vaso- 
constrictor efferent fibers, suggesting that sympathetic activity 
may modify baroreceptor responses. 

Mechanoreceptors are also found in the walls of the atria 
and ventricles. These receptors are located in the walls of 
both atria at the venoatrial junctions (24), and are scattered 
throughout the left ventricle and interventricular septum. Two 
kinds of atrial receptors have been described. Type A receptors 
fire during atrial contraction and respond to changes in atrial 
pressure, and type B receptors fire during ventricular systole 
and respond to changes in atrial volume (25). Type A recep- 
tors stimulate and type B receptors inhibit sympathetic vaso- 
constrictor activity. These receptors provide feedback to the 
hypothalamus and inhibit secretion of antidiuretic hormone 
(vasopressin) (25). Atrial stretch causes secretion of atrial 
natriuretic peptide (ANP), which is discussed in more detail 
later. Atrial receptors also alter sympathetic stimulation of 
the renal circulation (23). By these mechanisms, atrial stretch 
receptors play an important role in regulation of intravascular 
volume. They are also responsible for the increase in heart rate 
caused by the Bainbridge reflex (24). 

Two different types of mechanoreceptors are found in 
ventricular myocardium. The first fire in a pulsatile manner 
in time with cardiac rhythm and are small in number. The 
second respond to mechanical stimulation and to various 
drugs and chemicals through nonmyelinated afferent nerves 
known as C fibers (24). Stimulation of C fibers, primarily 
located in the left ventricle, causes hypotension and brady- 
cardia by parasympathetic stimulation and sympathetic 
inhibition (24). There is evidence to suggest that carotid 
baroreceptors are more important for control of sympathetic 
regulation of muscle blood flow, whereas cardiac receptors 
are more important for control of sympathetic regulation of 
kidney blood flow. 


Chemoreceptors also play a significant role in the central 
control of the circulation, particularly during acute stresses. 
Under normoxemic and normocapneic conditions, they exert 
little effect, but hypoxemia and hypercapnia increase sym- 
pathetic vasoconstrictor activity in addition to stimulating 
respiratory rate and effort. The primary locations of these 
chemoreceptors are in the carotid body, aortic arch, and brain 
(the latter is likely the mechanism of the Cushing reflex), but 
they also exist in coronary vessels, muscle, and lung. 

Central integration of neural control of the circulation 
occurs primarily in the medullary cardiovascular centers, 
which also control respiration. Higher centers, such as the 
hypothalamus, modulate the medullary activity. The only 
afferent component that appears to have continuous input to 
the central control is the arterial baroreceptors. 

Central mechanisms in the medulla control the efferent out- 
put of the sympathetic and parasympathetic neural systems, 
the efferent limb of neural control of the circulation. The pri- 
mary efferent effectors are the sympathetic vasoconstrictor 
fibers. Their nerve endings contain the vasoconstrictor norepi- 
nephrine, which is released on nerve stimulation. They inner- 
vate the “resistance vessels,” which are systemic arterioles that 
constrict upon this sympathetic stimulation. Other substances 
are present at the neurovascular junction, including monoam- 
ines, polypeptides, purines, and amino acids, all of which can 
influence the release and the effects of norepinephrine (23). 
Impulses carried through vasoconstrictor fibers contribute the 
normal vascular tone or baseline constriction that is present at 
rest in most vascular beds and thus are the main mechanism 
for regulating blood pressure in the unstressed state. These 
vasoconstrictor fibers are more prevalent in skeletal muscles, 
where intrinsic tone is fairly high under resting conditions. 
They are much less prevalent in the cerebral and coronary 
beds. Sympathetic vasoconstriction of larger arteries and of 
veins changes their volume and therefore changes the circulat- 
ing volume; these vessels are known as capacitance vessels. 

Sympathetic stimulation by vasodilator fibers increases 
blood flow to a vascular bed. These fibers are primarily found 
in the vascular beds of skeletal muscle. The transmitter in 
vasodilator fibers is thought to be acetylcholine, although in 
primates it may be epinephrine. These vasodilator fibers may 
cause a small anticipatory increase of blood flow to the skel- 
etal muscle. However, once muscle exercise begins, local vaso- 
dilation probably plays a more important role. 

The parasympathetic system primarily controls heart func- 
tion and rate and has a very limited role in control of the 
peripheral circulation. The transmitter stored in nerve endings 
of the parasympathetic system is acetylcholine. Parasympa- 
thetic vasodilator fibers are found in the cerebral and myo- 
cardial circulations and in the bladder, rectum, and external 
genitalia. Their effects are important for local vasodilation in 
the latter group, but have very little role in vascular tone in the 
brain and the heart. 

Hormonal Control 

Hormonal control of the peripheral circulation can best be 
described as vascular constriction or dilation in response to 
circulating hormones. The vasculature in the peripheral circu- 
lation is responsive to various hormones, including catecho- 
lamines, angiotensin II, vasopressin, eicosanoids, NO, and 
peptide hormones. 

Catecholamines are the hormones of the adrenergic sys- 
tem. Adrenergic receptors to catecholamines are present in 
the smooth muscle throughout the peripheral vascular system 
and can be categorized as a and p receptors. Stimulation of a 
receptors causes vascular smooth muscle to contract, causing 
vasoconstriction; stimulation of receptors causes vascular 
smooth muscle to relax, causing vasodilation. These receptors 
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are responsive to both endogenous catecholamines and 
sympathomimetic drugs. Norepinephrine, an a-adrenergic 
agonist, is secreted by the adrenal medulla and is carried by 
the bloodstream to receptors in the peripheral vasculature. 
Preganglionic sympathetic fibers innervate the adrenal medulla 
and stimulate norepinephrine secretion. There is, therefore, 
central control of this hormonal regulation. Epinephrine is 
also secreted by the adrenal medulla, but it is a much weaker 
vascular stimulant and tends to exert a /3-agonistic effect at 
physiologic concentrations. 

Angiotensin II, a powerful vasoconstrictor, is produced 
by activation of the renin-angiotensin-aldosterone system. 
The juxtaglomerular apparatus in the kidney secretes renin 
in response to decreased renal arterial pressure or a decrease 
in extracellular fluid volume. Renin, in turn, cleaves angio- 
tensinogen to angiotensin I, which is then converted to angio- 
tensin II by a converting enzyme found in lung and vascular 
endothelium. Angiotensin II has direct vasoconstrictor proper- 
ties, acts centrally to stimulate the vasoconstrictor centers of 
the brain, and stimulates the secretion of antidiuretic hormone 
(vasopressin). Antidiuretic hormone is synthesized in the hypo- 
thalamus and secreted by the posterior pituitary. It is a very 
potent vasoconstrictor but plays a minimal role in regulation 
of the circulation under resting conditions. 

Prostaglandins and other eicosanoids play a small role 
in regulation of flow in the systemic circulation and have 
been discussed in detail above. Another group of hormones 
that participate in regulation of the systemic circulation are 
the natriuretic peptides. At the present time, the three main 
natriuretic peptides are ANP (atrial natriuretic peptide), BNP 
(brain natriuretic peptide), and CNP (C-type natriuretic pep- 
tide), although new members of this family are continually 
being discovered. ANP is released from atrial myocytes of 
both atria and in smaller amounts from the ventricular myo- 
cytes. Ventricular production of ANP decreases with matura- 
tion; large amounts of ANP are produced in fetal ventricular 
myocardium, and only small amounts are produced by adult 
ventricles (26). ANP is released in response to stretch of either 
atrium. Increased circulating levels of ANP are detected when 
left atrial pressure is elevated even when the right atrial pres- 
sure is normal. In the kidney, ANP decreases tubular reabsorp- 
tion of sodium. In the circulatory system, ANP has vasodilator 
and cardioinhibitory effects (26). Circulating levels of ANP 
are increased in certain pathophysiologic conditions, such as 
congenital heart disease associated with elevated atrial pres- 
sures, congestive heart failure, valve disease, hypertension, 
coronary artery occlusion, and atrial arrhythmias (26). BNP 
is secreted from the ventricles, responding to volume expan- 
sion and pressure overload similarly to ANP. Its mechanism of 
action is also similar, binding to BNP receptors which subse- 
quently causes an increase in intracellular cGMP levels. BNP 
is important because it has been found to be one of the most 
specific and sensitive biomarkers for heart failure. CNP is 
quite different than ANP and BNP. It is thought to be stored 
locally, in endothelial cells, particularly in the coronary and 
mesenteric circulations. It acts via G t proteins to inhibit ade- 
nylyl cyclase and activate phospholipase-C. It hyperpolarizes 
smooth muscle cells, leading to vasodilation, and is thought by 
some investigators to be the endothelium-derived hyperpolar- 
izing factor (EDHF) discussed below (27). 

Endothelial Function 

The vascular endothelium plays an important role in regulat- 
ing vascular tone, platelet adhesion, and inflammation. Recep- 
tors are present on the endothelial cell membrane for a number 
of locally produced and remotely secreted hormones and other 
substances, including peptides, kinins, amines, nucleotides, 
and eicosanoids. The endothelium responds to changes in 


blood flow and stretch and generally promotes vasodilation 
(28). The endothelium produces vasoactive substances in 
response to different stimuli to mediate this effect. 

Vasodilator substances produced by the endothelium include 
PGI 2 , EDNO, adenosine, and EDHF (28). PGI 2 and EDNO 
have been discussed above. The identity of EDHF has yet to 
be determined but many investigators think that it is CNP. It 
produces hyperpolarization of vascular smooth muscle cells 
(28) by activating K + channels, thereby inhibiting voltage-gated 
calcium channels, lowering cytosolic calcium, and promoting 
relaxation (29). Vasoconstrictor substances produced by the 
endothelium include ET-1, a locally acting peptide hormone 
also discussed earlier in this chapter. Angiotensin II is also pro- 
duced in the endothelium by angiotensin-converting enzyme, 
found in vascular endothelial cells. Other vasoconstrictor fac- 
tors are postulated to be produced by the endothelium, but are 
yet to be identified (28). 

Local Metabolic Control 

In addition to local endothelial release of vasoactive hormones 
described above, tissues have the ability to regulate their own 
blood flow in response to changes in metabolic demands by 
changes in their chemical milieu. The local chemical environ- 
ment of arterioles can cause vasodilation or, to a lesser extent, 
vasoconstriction. For example, a decrease in p0 2 , an increase 
in pC0 2 , or an increase in H + or K + concentration each causes 
arteriolar vasodilation independent of endothelial function. 
Many cells other than endothelial cells will release adenosine, 
a potent vasodilator, in response to increased metabolism or 
decreased oxygen tension. 

Red Blood Cell Control 

Recently, red blood cells have been postulated to be a major 
factor in the regulation of local blood flow (30). It has been 
proposed that the sensor is deoxygenated hemoglobin. By a 
variety of mechanisms, deoxygenation may cause the release of 
vasodilatory compounds from the red blood cell, or may cause 
the red blood cell to release factors that stimulate endothelial 
release of vasodilatory compounds. Three possible mecha- 
nisms of this action have been proposed. First, red blood cells 
have been shown to be able to release ATP in a deoxygenation- 
dependent manner; this, in turn, is capable of promoting the 
endothelial production of NO and other local vasodilators. 
An important finding is that ATP can be propagated upstream, 
which is necessary if deoxygenated red blood cells in capil- 
laries are to be capable of inducing arteriolar dilation. Sec- 
ond, there is evidence of direct red blood cell release of NO 
from S-nitrosohemoglobin on deoxygenation. NO is rapidly 
inactivated in red blood cells by interacting with oxygenated 
hemoglobin to form methemoglobin and nitrate, and it binds 
to deoxygenated hemoglobin to form nitrosylhemoglobin. It is 
thought that the latter compound contains some vasodilatory 
potential, carried in red blood cells in the S-nitrosohemoglobin 
form. Lastly, it has been proposed that small amounts of local 
nitrite produced by NO oxidation can react with deoxygen- 
ated hemoglobin, when taken up in the red blood cell, to pro- 
duce NO, which then escapes from the cell. 

Autoregulation 

Blood flow to tissues remains relatively constant over a wide 
range of arterial blood pressure owing to autoregulation. The 
mechanisms of this phenomenon are largely unknown. Sev- 
eral hypothetical mechanisms exist, including local metabolic 
control, myogenic activity of vascular smooth muscle, tubulo- 
glomerular feedback in the kidney, and tissue pressure. These 
mechanisms may act alone or in combination. The metabolic 
hypothesis suggests that blood flow is closely linked to tissue 
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metabolism. Reduction of inflow of blood would cause an 
accumulation of vasodilator substances such as those discussed 
above, which would in turn cause vasodilation and increased 
blood flow. In organs with high oxygen consumption, autoreg- 
ulation of blood flow is dependent on tissue oxygenation. A 
second proposed mechanism of autoregulation is myogenic 
control (31). According to this theory, increased intravascu- 
lar pressure stimulates vasoconstriction of vascular smooth 
muscle. A venous-arterial reflex has been described in which 
an increase in venous pressure causes arteriolar constriction, 
probably by a neurally mediated mechanism (31). A tubu- 
loglomerular feedback mechanism may help to autoregulate 
renal blood flow. According to this hypothesis, increased renal 
blood pressure and flow increase the concentration of solutes 
in the tubular fluid; this increase is sensed in the macula densa, 
causing vasoconstriction by an unknown mechanism. Tissue 
pressure is another possible mechanism for autoregulation. By 
this proposed mechanism, increased tissue pressure in areas in 
encapsulated organs or in the brain leads to decreased blood 
flow to those areas. Autoregulation seems to play a more sig- 
nificant role in control of resting blood flow in vital organs 
such as the brain and heart and becomes significant in other 
areas during times of increased metabolic demand. 

Specific Regional Vascular Beds 

The different regional vascular beds in the fetus and child 
are controlled to varying extents by the different mechanisms 
discussed above. Generally, the highly metabolically active 
organs such as the brain and heart are primarily regulated 
by local mechanisms, whereas the less active beds are under 
central neural and hormonal controls. Specialized beds such 
as the renal and hepatic circulations, which receive blood for 
unique activities such as metabolic degradation and excre- 
tion, hematopoiesis, and blood pressure control, have unique 
combinations of control mechanisms. The myocardium is not 
discussed in this section because it is considered elsewhere (see 
Chapter 3). 

Cerebral Circulation 

The cerebral circulation of the fetus and neonate has been the 
most extensively studied and characterized. It is unique in four 
main respects. First, there is a blood-brain barrier created by 
a continuous lining of endothelial cells linked by tight junc- 
tions and by degradative enzymes; thus, changes in circulating 
concentrations of various constituents such as H + and catecho- 
lamines may have a limited effect. Second, the large arteries 
form a significant component of the resistance circuit, having 
been shown to respond in a similar fashion to the arterioles in 
response to stresses such as hypoxia (32). Third, the cerebral 
circulation is encased in a closed box, the skull, so that perfu- 
sion pressure is particularly important to blood flow charac- 
teristics. And fourth, there is great heterogeneity in blood flow 
patterns to the different regions of the brain. They have very 
different resting blood flows and are controlled to different 
extents by different mechanisms. For example, in the fetus, the 
greatest blood flow occurs in the oldest regions phylogeneti- 
cally: The brain stem receives the most, then the cerebellum, 
and last, the cortex. In the newborn, the pattern is immediately 
reversed, with the cortex receiving the greatest blood flow, 
then the cerebellum, and last, the brain stem (33). These differ- 
ences are thought to exist because of differences in sensitivity 
to hypoxia and hyperoxia. 

Autoregulation is an essential component in the control of 
cerebral blood flow. To limit the risk of hemorrhage and inad- 
equate blood supply to the brain in the face of acute increases 
and decreases in blood pressure, it is important that flow 
remains constant over a wide range of perfusion pressures 
in the range of 60 to 160 mm Hg. At higher blood pressure, 


autoregulation is lost, and blood flow becomes dependent on 
mean arterial pressure. At pressures below the autoregulation 
range, cerebral blood flow falls resulting in ischemia (34). 

In the brain, several mediators of autoregulation have been 
found. It appears that alterations in local adenosine concentra- 
tions mediate the autoregulatory response. Interstitial levels of 
adenosine increase during hypotension, an adenosine analogue 
increases blood flow in the autoregulatory range, and autoreg- 
ulation is abolished by blocking the adenosine receptor (35). 
Prostanoids are another group of vasoactive substances that 
have been implicated in the control of autoregulation. Dila- 
tor prostanoids such as prostacyclin increase in response to 
hemorrhage, and cyclooxygenase inhibition decreases cerebral 
blood flow and the response to hypotension. There is evidence 
that neuronally derived NO participates in vasodilation during 
hypertension (36). Whether or not NO plays a role in autoreg- 
ulation of cerebral blood flow is still controversial (37). 

Autoregulation has been demonstrated in young fetal sheep 
as early as 93 days’ gestation (-0.67 gestation) and exists 
over a wide range of mean cerebral arterial pressures (35). 
However, the lower limit of this range is close to the normal 
mean perfusion pressure, putting the fetus at relatively high 
risk for hypotension-associated problems. This is particularly 
important in the subependymal germinal matrix, which exists 
until about 36 weeks’ gestation in the human fetus, and in the 
choroid plexus, which are the primary sites of intraventricu- 
lar hemorrhage in the premature infant. In the sick preterm 
and term infant, autoregulation has been shown to be absent 
(38), a circumstance that may predispose these infants to brain 
injury such as intracranial hemorrhage. At birth, studies are 
conflicting as to whether the autoregulatory range increases 
significantly. However, the lower limit of the autoregulatory 
range is much further below the normal mean perfusion pres- 
sure than it is in the premature infant. 

Another major regulating factor of cerebral blood flow is 
blood oxygen concentration. Because of the critical impor- 
tance of oxygen delivery to the brain, this is not surprising. 
However, although it had been assumed that pC0 2 is a more 
important determinant of cerebral blood flow, studies have 
shown that the fetus and newborn are relatively insensi- 
tive to pC0 2 changes but can change blood flow twofold to 
threefold in response to changes in arterial p0 2 (35). In the 
immature brain, oxygen sensitivity follows the same hierar- 
chy as flow patterns. The brain stem is most sensitive and the 
cortex is least sensitive to changes in p0 2 . This is perhaps 
a protective mechanism to permit the maintenance of basic 
autonomic function during profound hypoxia. The mecha- 
nisms behind oxygen sensitivity are not certain, although 
local factors produced by the endothelium probably play a 
considerable role. In addition to vasoactive substances, oxy- 
gen may have a direct effect on various ATP-mediated reac- 
tions (32). 

Carbon dioxide also has a significant effect on cerebral 
blood flow, although less than in the mature brain, and, like 
oxygen, has its greatest effects on the brain stem (33). Moreo- 
ver, this effect has been demonstrated in all regions of the brain 
as early as 0.4 gestation in the fetal sheep (39). Because of the 
blood-brain barrier, this effect is specific to a change in pC0 2 ; 
cerebral blood flow does not change in the face of metabolic 
acidosis or alkalosis. The effect of pC0 2 appears to be exerted 
by changing extracellular brain H + , but how this change in H + 
then affects the production or release of endothelium-derived 
vasoactive substances is not known. It is apparent, however, 
that prostanoids are significantly involved in this response 
(40). Recent evidence has demonstrated that hypoxia disrupts 
cerebral autoregulation, but hypocapnia augments the cere- 
bral autoregulation response (41). 

Other factors also can modulate cerebral blood flow, 
including sympathetic innervation, circulating hormones such 
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as vasopressin and catecholamines, and blood hematocrit 
level, but it is clear that this highly metabolically active organ 
is under exquisite control from very early in gestation by a 
host of local regulatory mechanisms. 

Peripheral Tissues 

In contrast to the cerebral circulation, the peripheral circula- 
tion (skin, muscle, and bone) is primarily under central control. 
The vasoactivity of each component of the peripheral tissues 
is controlled somewhat differently. For example, the skin is 
predominantly under a-adrenergic tone with no significant 
autoreguiation, whereas the muscle has a higher proportion 
of /3-adrenergic control and has intact autoreguiation. This 
group of vascular beds is presented together because the pri- 
mary control of vascular tone of these beds and the responses 
to major stresses such as hypotension and hypoxemia are 
similar and are predominantly mediated by the autonomic 
nervous system and circulating hormones. Because peripheral 
blood flow is needed primarily for growth and thermoregula- 
tion in the developing organism and essential oxygen demands 
are small, central controls that limit flow during stress can be 
invoked with few sequelae. Thus, from early fetal life, a large 
variety of vascular receptors develop, including a-adrenergic, 
/3 r and /3 2 -adrenergic, dopaminergic A1 and A2, vasopressin- 
ergic VI, Endothelin A and B, muscarinic, etc. They transduce 
alterations in levels of circulating and synaptic compounds via 
various intracellular second messengers, into alterations of 
peripheral vascular smooth muscle tone. 

Early in gestation, the peripheral circulation is predomi- 
nantly under a-adrenergic influences, with little cholinergic 
tone. Changes in basal tone can be demonstrated with the 
administration of a-adrenergic agonists and not by /3-agonists 
or cholinergic agents. Similarly, blocking of a-adrenergic activ- 
ity invokes a large decrease in peripheral vascular resistance, 
whereas the dominant effect of /3-adrenergic blockade is to slow 
heart rate. Although parasympathetic tone is limited in early 
gestation, receptors are present and can be stimulated. Late in 
gestation, resting activity increases rapidly toward the high lev- 
els normally seen after birth. Very early in fetal life, response of 
autonomic receptors requires that circulating catecholamines 
be secreted by the adrenal medulla and nonadrenal chromaffin 
tissue; innervation is a significantly later event than receptor 
development. As innervation proceeds rapidly in early fetal life, 
neural mechanisms can be invoked to alter peripheral blood 
flow. The primary neural mechanisms invoked are the central 
vasomotor controls, which are primarily medullary, peripheral 
baroreceptors located in the carotid sinus and peripheral chem- 
oreceptors located in the carotid and aortic bodies. Activity 
of both the baroreceptor and chemoreceptor mechanisms has 
been documented early in gestation, and although the manifes- 
tations may be blunted by the existence of central shunts and 
the umbilical-placental circulation, peripheral vasoconstriction 
is evident. The critical importance of baroreceptor control of 
the peripheral circulation is demonstrated by the marked fluc- 
tuations in arterial blood pressure induced by sinoaortic dener- 
vation in immature fetal sheep (42). 

In addition to circulating catecholamines and the auto- 
nomic nervous system, other circulating hormones exert 
significant effects on the peripheral circulation throughout 
fetal and postnatal life. The renin-angiotensin system prob- 
ably plays a major role in controlling peripheral vascular tone 
even in the young fetus; infusion of angiotensin II significantly 
increases peripheral vascular resistance (43). Plasma vaso- 
pressin increases during hypotension in the fetus and the new- 
born (44). Although ANP has been demonstrated as early as 
21 weeks in the human fetus and does appear to have a small 
effect on blood volume, there is no evidence of a peripheral 
vascular effect (45). 


NO plays a role in vasodilation of the skin and muscle, 
but its role is limited. In response to whole-body heating, NO 
contributes about 30% of the vasodilation of the skin (46). In 
contrast, with local heating, NO is primarily responsible for 
vasodilation. During exercise, NO also plays a modest role in 
increasing peripheral blood flow for local homeostasis. There 
is a balance achieved between local vasodilation, sympathetic 
vasoconstriction, and whole-body blood pressure control (46) 
to allow maintenance of local homeostasis and central blood 
pressure. NO plays no significant role in blood pressure con- 
trol during exercise. 

Last, circulating hormones can affect the peripheral circu- 
lation indirectly via their effects on the central nervous system 
as well as in peripheral autonomic ganglia and the adrenal 
medulla. The roles of vasopressin and angiotensin II in the 
central control of the peripheral circulation are not clear, but 
these agents, along with various neurotransmitters, appar- 
ently exert significant controls via stimulation and inhibition 
of various central regions. Endogenous opioids are intimately 
involved in the cardiovascular response to shock by exerting 
both central and adrenal medullary effects in the adult. Endog- 
enous opioids at concentrations higher than those seen in the 
mother have been demonstrated throughout gestation, and 
fetal plasma /3-endorphin levels have been shown to increase 
in response to maternal hypoxemia (47). 

Renal Circulation 

Aspects unique to the renal circulation are its exceptionally 
high blood flow because of the requirements of glomeru- 
lar ultrafiltration, the presence of two distinct capillary beds 
to allow filtration and reabsorption, and the delayed matu- 
rational processes in regional blood flow and its controls as 
compared with other systemic vascular beds. 

Blood flow to the adult kidney represents up to 25% of 
cardiac output. Most of this flow courses via the afferent arte- 
rioles in the renal cortex to the glomerular capillary bed. This 
capillary bed is under relatively high pressure to allow for a 
large production of ultrafiltrate into the renal collecting sys- 
tem. Distal to an efferent arteriolar system that significantly 
decreases hydrostatic pressure, significantly less blood passes 
to the medullary capillary bed. This low pressure in addition 
to osmotic forces favors the reuptake of the filtrate. Within the 
two regions, the cortex and medulla, there is preferential distri- 
bution of blood as well. The outer cortex receives a relatively 
small proportion of cortical blood and is composed of small 
glomeruli with low single-nephron glomerular filtration. The 
inner or juxtaglomerular cortex receives far more blood flow 
per weight and is composed of very large glomeruli with high 
filtration rates. The medulla is composed of the outer medulla 
(the descending and thick ascending limbs of the loops of Henle 
and collecting duct segments) and the inner medulla (thin seg- 
ments of the loops of Henle and the terminal portions of the 
collecting system). The inner medulla is perfused by the vasa 
recta and receives the least blood per weight and at very slow 
transit times. This is critical to the reuptake of ultrafiltrate and 
thus concentration of urine: There is an inverse relationship 
between inner medullary blood flow and urine osmolality. 

Under normal conditions, the primary mechanism for 
control of renal cortical blood flow is autoreguiation, which 
matures quite late. Autoreguiation in the kidney consists of two 
mechanisms, tubuloglomerular feedback and renal myogenic 
response (48). Tubuloglomerular feedback involves sensing 
flow in the region of the macula densa that results in alteration 
in vascular tone in adjacent arterioles, likely involving adeno- 
sine or ATP. Myogenic response refers to vasoconstriction of 
afferent renal arterioles in response to increased transmural 
pressure. Both mechanisms participate in regulation of renal 
flow and protection from renal injury from hypertension (48). 
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Autoregulation is present in the newborn of most species 
but is of reduced efficiency. Because the immature kidney 
excretes far more prostanoids than the mature kidney, it is 
possible that impaired autoregulation is caused not so much 
by an immaturity of the mechanisms controlling autoregula- 
tion as by an overabundance of prostanoid production. In 
normal conditions, however, there is no evidence that pros- 
tanoids play a role in the control of renal blood flow. A mecha- 
nism unique to the kidney that contributes to autoregulatory 
control of renal blood flow is tubuloglomerular feedback. This 
mechanism is a single-nephron phenomenon and is initiated 
by alterations in filtrate and solute flow from the proximal to 
distal tubule. An alteration in either distal tubule reabsorp- 
tion or fluid delivery alters the blood flow and glomerular 
filtration, probably by constriction or dilation of the affer- 
ent arteriole. The renin-angiotensin system mediates afferent 
arteriolar vasoconstriction so that glomerulotubular feedback 
depends on an intact and mature juxtaglomerular apparatus 
and renin-angiotensin system. The immature kidney does not 
show tubuloglomerular feedback until after birth, probably 
because of an immature renin-angiotensin system. In addi- 
tion to the elevated renal prostanoids already discussed, basal 
levels of angiotensin II are elevated so that the ability of the 
juxtaglomerular apparatus to further activate the system is 
greatly limited; moreover, the immature renal vasculature is 
relatively insensitive to the constrictor effects of angiotensin 
II. Thus, unlike in the cerebral circulation, fine control of renal 
blood flow in resting conditions is significantly impaired in the 
fetus and newborn. 

During stress, however, autonomic rather than autoregula- 
tory mechanisms predominate and act primarily to limit renal 
blood flow. Both a x - and c^-adrenergic receptors are present 
in the kidney throughout fetal and postnatal life, and stimula- 
tion of both by neural discharge or circulating catecholamines 
causes renal vasoconstriction, redistributing blood away from 
the kidney as blood is distributed away from the peripheral 
circulation. Dopaminergic and ^-adrenergic receptors are also 
present across development, although dopamine-2 receptor 
density decreases with age (49). Stimulation of both causes vas- 
odilation but their physiologic significance is uncertain in the 
immature kidney. There is no evidence of resting fi - adrenergic 
tone, and /3-adrenergic blockade does not enhance a-adrener- 
gically mediated vasoconstriction in the fetal sheep. However, 
the adult is more sensitive to stimulation of both /3-adrenergic 
and dopaminergic receptors, developing significantly more 
vasodilation. 

The role of other circulating factors in the control of cortical 
blood flow in the young is less significant and often less clear. 
The renin-angiotensin system has been discussed in regard to 
autoregulation. Although it is very important to the autoregu- 
latory ability of the adult kidney, the renin-angiotensin sys- 
tem has significantly limited effects on autoregulation in the 
very young. Although captopril increases renal blood flow in 
the newborn lamb (50), this may be caused by its inhibition 
of kininase II in the kallikrein-kinin system, rather than by 
inhibition of angiotensin-converting enzyme. Similar to angi- 
otensin, vasopressin is not known to have effects on resting 
renal blood flow in the young (51), despite the presence of VI 
receptors. 

Control over medullary flow in the adult kidney is primar- 
ily by vasopressin, with no evidence of autoregulation. As 
medullary flow decreases in response to release of vasopres- 
sin, the osmotic gradient increases and uptake of the resorbate 
increases. As mentioned, the medulla consists of two distinct 
zones with complex vasculature to allow the countercurrent 
multiplication and exchange critical to the reuptake of the vast 
majority of the ultrafiltrate. It is in the inner medulla that the 
extreme concentration of the urine occurs and the greatest sen- 
sitivity to vasopressin exists. 


In addition to regional and developmental differences in 
the control of cortical and medullary blood flow, there are sig- 
nificant developmental differences in intrarenal regional blood 
flows and flow distribution, as suggested above. Up to 25% of 
cardiac output is distributed to the kidney in the adult, with 
about 90% of that flow being cortical. Most of that cortical 
flow is distributed to the larger juxtamedullary nephrons, 
yielding a very high glomerular filtration rate. Conversely, the 
immature kidney receives far less blood, and the distribution 
of that blood is less specific. The very low cortical flow is asso- 
ciated with a markedly reduced glomerular filtration rate in 
the fetus and newborn, and the relatively high medullary flow 
with limited vasopressin sensitivity is associated with poor con- 
centrating ability. The lesser renal blood flow is caused only in 
small part by fewer nephrons. Glomerulogenesis is complete in 
the human by 36 weeks’ gestation, yet the kidneys still account 
for only about 5% of cardiac output at birth. Over the first 
weeks of life, both renal blood flow and glomerular filtration 
rate double as afferent arteriolar resistance decreases. The ulti- 
mate increase in renal blood flow and ultrafiltration is related 
to further alterations in the renal vasculature, particularly in 
conjunction with the large increase in the size of glomeruli, 
which is not complete until late adolescence. 

In summary, the renal vascular and glomerular beds are 
very immature at birth, so that renal function and control over 
renal blood flow and its distribution are limited. Through- 
out much of childhood, maturation proceeds, although most 
is accomplished in the first few months of life. The control 
mechanisms of renal flow are centered on three requirements: 
maintenance of adequate ultrafiltration in the cortex, mainte- 
nance of filtrate concentration in the medulla, and redistribu- 
tion of blood away from the kidney in periods of stress. The 
three functions are primarily controlled by different mecha- 
nisms that mature at different rates. 

Splanchnic Circulation 

The splanchnic circulation consists of the vascular beds of the 
spleen, gastrointestinal tract, and liver. Similar to the renal 
circulation, the splanchnic circulation receives about 25% of 
cardiac output in the adult, but it is also a large reservoir of 
blood, containing about 20% to 25% of total blood volume. 
Thus, response to stresses such as hemorrhage leads not only 
to redistribution of blood flow away from the splanchnic cir- 
culation but also to mobilization of blood volume from that 
vascular bed to the central vessels and other organs. Con- 
trol over the splanchnic bed in response to stress is primarily 
central rather than local, with neurohumoral catecholamine 
stimulation being the major mechanism controlling vasocon- 
striction. Stimulation of both carotid and aortic baroreceptors 
causes sympathetic neural stimulation of splanchnic resist- 
ance and capacitance vessels and large decreases in splanchnic 
blood flow and volume. Also, secondary to the active vasocon- 
striction of the resistance (arterial) component of the splanch- 
nic circulation are decreases in the venous capacitance size. 
It appears that approximately half the decrease in splanchnic 
blood volume is secondary to active vasoconstriction of the 
capacitance (venous) system and half secondary to its pas- 
sive decrease in volume. Specific to the splanchnic bed is the 
property that exercise and thermal stresses also induce large 
decreases in flow and volume with redistribution to the skel- 
etal muscle and skin, respectively. The afferent limbs of these 
responses are uncertain because, unlike with hemorrhage, 
stimulation of baroreceptors does not occur. Responses spe- 
cific to the individual components of the splanchnic vascular 
bed are discussed next. 

The spleen has significant sympathetic adrenergic inner- 
vation and responds to stimulation with vasoconstric- 
tion. Although there are /3-adrenergic receptors as well as 
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oadrenergic receptors, the former are less active. In addition 
to sensitivity to adrenergic stimulation, human splenic arte- 
rioles respond to vasopressin and angiotensin with vasocon- 
striction. There is no evidence of autoregulatory or other local 
controls over splenic blood flow. Thus, in response to stress, 
central mechanisms direct blood flow away from the spleen. 
Unlike other mammals, humans do not show significant reduc- 
tion in splenic venous capacitance with stimulation, so it does 
not contribute significantly to the blood reservoir when mobi- 
lized with stress. It is the other components of the splanchnic 
circulation that contribute to increasing blood volume during 
hypovolemic stresses. 

The gastrointestinal tract has a more complex vascular 
bed, controlled by a greater variety of mechanisms. Like 
the splenic vessels, the mesenteric vessels are richly inner- 
vated with sympathetic nerves, which respond to stimulation 
with vasoconstriction, although there are some vasodilatory 
/3-adrenergic receptors as well. Constriction of the venous 
effluent vessels in addition to the passive decrease in venous 
capacitance causes mobilization of blood volume from this 
large reservoir. The intestinal circulation also responds simi- 
larly to the splenic circulation during hemorrhage, with 
marked vasoconstriction in response to increases in angioten- 
sin II and vasopressin. However, unlike the splenic circula- 
tion, the intestinal circulation escapes from vasoconstriction 
as vascular resistance decreases and flow increases secondary 
to autoregulatory escape. This escape phenomenon is not 
well defined, but it is probably secondary to sensitivity of the 
arteriolar bed to vasodilator metabolites such as adenosine, 
in much the same way that adenosine is involved in local reg- 
ulation of other vascular beds, such as the cerebral and myo- 
cardial circulations. This metabolic mechanism may explain 
why the fed adult dog, which has a greater oxygen extraction 
under normal pressure, exhibits better autoregulation than 
the fasted dog. This greater local regulatory response during 
conditions of greater oxygen extraction is also evident in the 
young (35 days) pig during hypoxic and ischemic stresses 
(52). However, similar to but not as pronounced as the case 
in the renal vascular bed, autoregulatory mechanisms are 
immature in the newborn, both at rest and in hypoxic and 
ischemic conditions. 

The response of the intestinal circulation to feeding is also 
of interest. In anticipation of food, the response is central 
in origin and largely sympathetic, causing vasoconstriction. 
Once food has been ingested, there are major local vascular 
responses related to the type of food, the products of diges- 
tion in different parts of the intestine, and the secondary 
effects of various gastrointestinal hormones. The hydrolytic 
products of carbohydrates and fat are particularly potent 
local vasodilators and appear to act on a metabolic basis 
similar to that of autoregulation by increasing local oxygen 
consumption. Local hormones that may play a role in vaso- 
dilation include cholecystokinin, secretin, gastrin, glucagon, 
and vasoactive intestinal polypeptide. The overall response to 
feeding yields increases in local blood flow of <300% within 
60 to 90 minutes (53). Because of the large increase in oxy- 
gen consumption, however, these increases are not enough to 
meet the increased metabolic demand, so that oxygen extrac- 
tion also increases. 

The hepatic circulation is even more complex, receiving 
both highly oxygenated blood from the hepatic arteries and 
blood of lesser saturation but greater substrate concentrations 
from the portal vein. The incorporation of umbilical venous 
blood in the fetal circulation was discussed earlier. A review by 
Lautt and Greenway (54) clearly describes the hepatic circula- 
tion and its control. The portal vein terminates in the hepatic 
sinusoids, and the hepatic arterioles split into a complex capil- 
lary network that also drains into the sinusoids. These vessels, 
along with the biliary ductules and lymph vessels and nerves, 


occupy the portal triad. In these sinusoids, which allow free 
contact with the hepatic cells, the blood passes radially away 
from the center of the hepatic glomus to the periphery, where 
it passes into the hepatic venules on its way to the hepatic 
veins and inferior vena cava. As the blood passes from the 
center (zone 1) to the periphery (zone 3), near the hepatic ven- 
ules, different metabolic activities predominate. 

As with the kidney, blood flow to the liver is large (about 
25% of cardiac output in the adult) and far exceeds its meta- 
bolic demand for oxygen. As with the intestinal circulation, 
hepatic blood volume is large (about 10% of total blood vol- 
ume) and is mobilized during periods of stress. Conversely, 
as hepatic venous pressure increases, hepatic blood volume 
increases greatly because of the large compliance of these 
capacitance vessels. There are also sphincters described in the 
hepatic venules that may regulate hepatic blood volume by 
varying sinusoidal volume and portal resistance. These sphinc- 
ters respond to norepinephrine and angiotensin. 

Portal venous blood contributes about 75% of hepatic 
blood flow, and this flow is determined primarily by mecha- 
nisms that regulate splenic and intestinal flow, although presi- 
nusoidal sphincters exist as well. Alterations in hepatic venous 
pressure affect neither portal flow nor its intrahepatic distribu- 
tion. The hepatic arterial circulation is innervated in a simi- 
lar fashion as the mesenteric arterial circulation and responds 
prominently to a-adrenergic stimulation during stress, as 
well as to other stress hormones such as angiotensin II and 
vasopressin. Similarly, there are vasodilatory /3 2 -adrenergic 
receptors and there is some responsiveness to vasodilatory 
gastrointestinal hormones such as glucagon, secretin, and 
pentagastrin. An additional regulatory mechanism of hepatic 
arterial flow exists that is somewhat analogous to intestinal 
autoregulation. Although there is no autoregulation within the 
arterial circulation, as portal venous flow decreases, there is a 
reciprocal increase in hepatic arterial flow. The mechanism is 
thought to be adenosine regulated. Adenosine is released into 
the central sinusoids and comes in contact with the hepatic 
arterioles; as portal flow decreases, the washout of adenosine 
from this region is decreased, and thus more is present to dilate 
the hepatic arterioles (53). 

Perhaps the largest changes in regional blood flow in the 
perinatal period occur in the liver, but this is not because of 
maturation of the hepatic circulation but rather because of 
loss of the umbilical-placental circulation. Prior to birth, the 
primary source of hepatic blood flow is the umbilical vein, 
which joins the portal venous blood in the portal sinus. About 
45% of umbilical venous return passes to the liver, with the 
right lobe receiving somewhat more than the left (4). Portal 
venous blood is distributed much more unequally, with almost 
all of it passing to the right lobe, which therefore is perfused 
with blood of much lower hemoglobin oxygen saturation 
compared with the left. Hepatic arterial blood flow is very 
limited in the fetus and is distributed approximately equally to 
the two lobes. At birth, the loss of the umbilical-placental cir- 
culation is not associated with immediate closure of the duc- 
tus venosus, which can remain patent for several days (25). 
Some portal venous blood is shunted away from the liver to 
the inferior vena cava via the ductus venosus. This, along with 
the absence of an immediate increase in hepatic arterial flow 
causes a marked reduction in hepatic blood flow at birth and a 
halving of oxygen consumption (2). By 1 week of age, hepatic 
blood flow increases and oxygen consumption returns to fetal 
levels, although hepatic arterial blood flow remains at the very 
low fetal levels, contributing only 5% of total hepatic blood 
flow. The mechanisms that underlie the increase in hepatic 
flow and oxygen consumption in early postnatal life and the 
subsequent increase in hepatic arterial flow are uncertain, as 
are the implications of these changes on liver function and 
maturation. 
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D espite the availability of advanced imaging technologies, 
a thorough history and physical examination is the core 
of evaluating children with suspected heart disease. Although 
the basics of obtaining a history and physical examination are 
similar in all patients, this chapter emphasizes specific issues 
when evaluating a child with possible cardiac pathology. 


HISTORY 

To obtain an accurate history, it is important to establish 
rapport with the patient and parents. Meetings are often short 
and first impressions are lasting, so the first encounter is criti- 
cal. The examiner should sit and carefully listen to the details 
provided by the patient and parents. The history is the pre- 
dominant vehicle that defines the first encounter. Many aspects 
of the history are age specific. Therefore , historical informa- 
tion should be elicited from the patient , as age and maturity 
allow \ and from the parents as observers 

Parents often research their child’s illnesses on the Internet 
or through the media and may come to a visit with precon- 
ceived notions and, perhaps, opinionated or anecdotal infor- 
mation. The examiner must be prepared for this and discuss 
the patient’s condition in a nonconfrontational and open 
manner. In that way, an honest and positive patient-physician 
relationship will be established. 

Newborns and Infants 

Congenital heart disease often presents in early infancy because 
of observed abnormalities in the appearance or behavior of the 
infant. Because an infant’s primary physical exertion is eating, a 
thorough feeding history should be obtained. If the mother has 
had previous children, she may offer insight into differences in 
feeding habits between the patient and her other children. The 
feeding history should be as quantitative as possible. Frequency 
of feeding, volume of milk or formula (and type of formula, 


especially regarding kcal/oz information) consumed, and the 
length of time to finish a feeding should be obtained for both 
bottle- and breast-fed infants. Most newborns feed 2 to 3 oz 
every 2 to 3 hours. It is common for children with conges- 
tive heart failure to take breaks during a feeding because of 
rapid breathing or to fall asleep during feeding only to awaken 
after a few minutes and feed a small amount again. Gener- 
ally, normal infants should be able to complete their feeding in 
<30 minutes. A longer time to finish each feeding, low vol- 
ume consumed, excessive diaphoresis, and increased work of 
breathing during feeding are signs of heart failure or poor car- 
diac output. As pulmonary vascular resistance declines over 
the first 4 to 6 weeks of life, irritability and fussiness with 
feeding may indicate angina and ischemia in a child with an 
anomalous left coronary artery from the pulmonary artery. 
This is often confused with colic or reflux. 

The presence of cyanosis should be determined. Cyanosis 
may be central or peripheral. Central cyanosis, which reflects 
true arterial desaturation, is characterized by blueness of 
the tongue and oral mucosa. Central cyanosis is most likely 
related to cardiac or respiratory disease. Children in shock 
also may appear cyanotic owing to venous stasis, right-to-left 
intrapulmonary shunting, or increased peripheral oxygen 
extraction. Acrocyanosis, or blueness of the hands and feet 
related to skin temperature, is normal. Similarly, blueness of 
the skin around the mouth or other parts of the face can often 
be attributed to alterations in skin blood flow or vasomotor 
instability, and should be considered to be a normal variant. 
Cyanosis may be more difficult to recognize in 'the anemic 
patient, because with decreased hemoglobin, similar levels of 
desaturation may not produce sufficient quantities of reduced 
hemoglobin (>5 g /%) to be clinically apparent. 

If there has been observed cyanosis, it is important to dis- 
tinguish between constant cyanosis and episodic cyanosis. 
In most forms of cyanotic congenital heart disease, cyanosis 
is constant. Constant cyanosis should suggest the presence of 
congenital heart disease with hypoxemia related to transposi- 
tion physiology, inadequate pulmonary blood flow, or intra- 
cardiac mixing. Episodic cyanosis may be due to hypoxemia 
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related to hypercyanotic episodes from tetralogy of Fallot 
physiology (see Chapter 43). This can occur in tetralogy of 
Fallot, in some patients with double-outlet right ventricle, or 
in patients who have subpulmonic stenosis associated with a 
univentricular circulation. 

Differential cyanosis of the upper and lower body in a 
newborn, although much less common, can also be an impor- 
tant finding. Lower body cyanosis with a pink upper body sug- 
gests right-to-left shunting at the level of the ductus arteriosus, 
seen in patients with persistent pulmonary hypertension of the 
newborn. Upper body cyanosis with pink lower extremities 
may indicate transposition of the great arteries with an aortic 
arch obstruction. In this circumstance, the lower body is per- 
fused by the reversing ductus arteriosus that carries pulmonary 
venous blood via the left ventricle to the pulmonary artery. 

The parent or caregiver’s observation of the infant’s breath- 
ing patterns should be documented. Unlabored (“happy”) 
tachypnea often accompanies cyanotic heart disease, whereas 
increased work of breathing and sometimes grunting are 
associated with left-sided obstructive lesions or respiratory 
illness. Grunting with closure of the glottis provides positive 
end-expiratory pressure and is seen in infants who have pul- 
monary edema. Parents may also observe intercostal or sub- 
costal retractions when the child is undressed. If the infant has 
been symptomatic from birth, some first-time parents may not 
recognize mild respiratory symptoms such as tachypnea. 

Finally, newborns and infants who have heart diseases 
may have diaphoresis. This can occur during feedings or dur- 
ing sleep. Diaphoresis in this circumstance generally indicates 
activation of the sympathetic nervous system in patients who 
have low cardiac output. 

The time at which signs and symptoms of heart disease begin 
may be a clue to the type of cardiac lesion. Commonly, murmurs 
detected early in the neonatal period originate from atrioven- 
tricular valve regurgitation or semilunar valve stenosis. Most 
newborns with acyanotic congenital heart disease are asympto- 
matic at birth. As the transition from fetal to postnatal circula- 
tion is completed, symptoms specific to the physiology of the 
defect become evident. For example, ductal-dependent left-sided 
obstructive lesions usually present in the first week of life as the 
ductus arteriosus closes, resulting in markedly decreased cardiac 
output and signs of shock. On the other hand, children with 
significant left-to-right shunt lesions typically are asymptomatic 
until 4 weeks of age or later, when pulmonary vascular resist- 
ance decreases to near adult levels and pulmonary overcircula- 
tion ensues. This may also be the first time a murmur is heard. 

Toddlers and Preschoolers 

Toddlers and preschoolers, like infants, are generally unable 
to give the examiner a true subjective history, so again, his- 
tory in this age group is largely observational. Symptoms may 
be somewhat nonspecific. Again, feeding and breathing symp- 
toms should be sought. As children become more physically 
active, parents may observe inability of children in this age 
group to sustain physical activity. Parents can be questioned 
regarding comparisons of these patients to siblings and age- 
mates about sustaining play or physical activity. Growth and 
developmental history is also important at this age. As they 
approach school age, children can sometimes voice subjective 
complaints, but often this is simplified to what the parent con- 
cludes is chest discomfort. 

Older Children and Adolescents 

As childhood progresses through school age and adolescence, 
the primary historian should be the patient. The parents should 
be asked additional pertinent historical and observational 


information. Adolescents should have the right to speak pri- 
vately, especially about drug use, sexual behavior, and other 
personal matters. A clinician should not betray their confi- 
dentiality and should not divulge to others the information 
revealed in confidence. 

Older children and adolescents can be questioned much 
like adults regarding cardiovascular symptoms. Recognize 
that children with congenital heart disease may be sympto- 
matic from birth and therefore may not experience a change in 
symptoms, as would a previously healthy adult with acquired 
heart disease. Older children and adolescents should be spe- 
cifically questioned about their ability to tolerate exercise and 
physical activity. This may include the ability to participate in 
recreational activity and sports, but should also include activi- 
ties of daily living such as walking or stair climbing. Shortness 
of breath with activity should be noted. Cyanosis with physi- 
cal activity may indicate persistence or new appearance of a 
cardiac right-to-left shunt. 

In older patients, a sleep history should be sought. Older 
patients may have paroxysmal nocturnal dyspnea or ortho- 
pnea with congestive heart failure. One should inquire about 
the patient’s comfort when lying supine in bed, and if they 
require sleeping with elevation of the head by more than one 
pillow. Nocturnal awakening and shortness of breath can 
occur in heart failure with postural redistribution of edema 
fluid, particularly if there is pulmonary vein or mitral stenosis. 

Palpitations are a common complaint in older children, and 
it is most helpful to have the subjective description of the events 
by the patient. The patient may describe transient or sustained 
sensation of an abnormal heartbeat, ranging from the sensations 
of the heart “skipping a beat” to the sensation of the heart beat- 
ing hard or fast. The details of the symptoms should be care- 
fully teased out to determine the circumstances in which they 
occur (e.g., rest vs. exercise), the frequency and duration of the 
complaint, and any associated symptoms such as fatigue, short- 
ness of breath, or chest pain. It is often helpful to ask the par- 
ent about the appearance of the patient during these symptoms, 
specifically asking about pallor, breathing, and diaphoresis. 

Chest pain at rest is a common complaint in adolescents 
and is generally noncardiac in nature. Again, in this circum- 
stance, a subjective history is most helpful. The examiner 
should inquire about the nature of the pain, as well as its 
location, and duration. The examiner should ask the patient 
whether the pain is affected by breathing movements, cough, 
or arm and shoulder movements. Any other exacerbating 
or alleviating maneuvers should be sought. Chest pain with 
exercise should be questioned. Although chest pain with 
exercise is commonly associated with adult coronary disease, 
it is uncommonly associated with congenital heart disease. 
Exercise-induced chest pain may be found in patients with 
diseases resulting in significant left ventricular hypertrophy, 
congenital coronary artery abnormalities, or coronary abnor- 
malities associated with Kawasaki syndrome, or can be due to 
noncardiac conditions such as exercise-induced bronchospasm. 

Syncope is another symptom that is a frequent reason for 
Cardiology referral and may be due to a cardiac cause. When 
a patient presents with syncope as a complaint, the circum- 
stances of the event and presyncopal symptoms are of greatest 
importance. Patients should be asked to describe where they 
were, what they were doing, and how they felt at the time of 
the event. Most postural syncope will occur when the patient 
is upright, generally standing. Often it occurs in a warm envi- 
ronment after a period of prolonged standing, but may also 
occur in some upon standing quickly from a sitting or supine 
position or while standing after a period of intense exercise. 
Dizziness or light-headedness, visual changes, feeling hot, or 
nausea often precede postural syncope. The examiner should 
inquire about presence of these presyncopal symptoms at other 
times when the patient has not lost consciousness. Additional 
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information that may be helpful includes the patient’s daily 
intake of fluids and caffeine. Syncope without prodrome 
should be considered more significant for the possibility of a 
sudden severe arrhythmia. 

Some patients may complain about edema, or swelling, 
although it is less commonly related to congenital heart dis- 
ease in children and adolescents. The location of this edema 
is dependent upon the predominant posture of the individual. 
Patients who are upright much of the time may complain of 
swelling of their feet and ankles or of shoes that are tight at the 
end of the day. Younger patients who are supine much of the 
time may have sacral edema or puffiness of the face and eyelids. 

Past Medical and Surgical History 

The past medical history should include documentation of 
significant illnesses, previous hospitalization, previous opera- 
tions, immunization status, and symptoms of poor growth as 
an infant. A detailed catalogue of previous cardiac and car- 
diothoracic procedures should be documented, including cath- 
eterizations, catheter interventions, and cardiac surgeries. The 
examiner should ask about the presence of other congenital 
anomalies and syndromes that may be associated with heart 
disease. Other illnesses and chronic conditions, immunization 
history, and allergies should be queried and documented. 

Prenatal and Birth History 

When evaluating a newborn for the first time, it is important 
to obtain details about the pregnancy. Details of the maternal 
health during pregnancy should be obtained, including mater- 
nal illnesses, medications, toxic exposures, and pregnancy- 
related complications. The infant of a mother with gestational 
diabetes, for example, has an increased risk of cardiac defects. 
Similarly, the relationship between maternal lupus and congen- 
ital heart block is well recognized. Maternal exposure to tera- 
togens associated with cardiac defects (Table 5.1) should be 
part of the prenatal history (see Chapters 25 and 27). Smoking 
during pregnancy has been linked to small-for-gestational-age 
newborns but not specific cardiac defects. Congenital infec- 
tions may lead to specific types of cardiac diseases. One exam- 
ple is rubella, which has been associated with patent ductus 
arteriosus and pathologic peripheral pulmonary stenosis. The 
use of illicit drugs may indicate an increased risk for human 
immunodeficiency virus infection, which has been associ- 
ated with infantile cardiomyopathy. The age of the mother is 
important to determine her risk for offspring with chromo- 
somal abnormalities such as trisomy 21. Complications such 
as toxemia, birth asphyxia, fetal distress, and low birth weight 


im 

Common Teratogens and Their 
| Associated Cardiac Defects 

Teratogen 

Cardiac Defect 

Alcohol 

ASD, VSD 

Lithium 

Ebstein's anomaly 

Retinoic acid 

Conotruncal abnormalities 

Valproic acid 

ASD, VSD, AS, PA/IVS, CoA 


AS, aortic valve stenosis; ASD, atrial septal defect; CoA, coarctation of the aorta; 
PA/IVS, pulmonary atresia with intact ventricular septum; VSD, ventricular septal 
defect. 


may result in perinatal insult to the myocardium, leading to a 
generalized cardiomyopathy. The gestational age and birth his- 
tory, including perinatal monitoring, method of delivery, and 
infant’s Apgar scores, should be noted, and cyanosis, color, 
and perfusion status should be assessed. 

Family History 

A family history of relatives, especially siblings, born with heart 
defects indicates a higher than normal risk of congenital heart 
defects. For a couple that has already had a child with a left- 
sided obstructive lesion (i.e., hypoplastic left heart syndrome), 
the risk of congenital heart defects in subsequent children is 
increased. In most centers, a history of siblings with significant 
congenital heart lesions would prompt a referral to a pediatric 
cardiologist for a detailed fetal echocardiogram. A complete 
family history also should include the presence or absence of 
syndromes associated with congenital heart disease such as 
Marfan syndrome, Holt-Oram syndrome, long QT syndrome, 
and idiopathic sudden death. A positive family history for 
these diseases may warrant screening of other family members. 

In the family history, one should identify the presence of 
premature myocardial infarction and hypercholesterolemia 
that may prompt cholesterol screening. The presence of con- 
genital heart diseases in family members, and valve abnor- 
malities such as bicuspid aortic valve should be determined. 
Heritable conditions such as hypertrophic cardiomyopathy 
should be specifically questioned. As in the infant, a family 
history of idiopathic sudden death in a close relative should 
prompt careful evaluation of the patient’s QTc interval on a 
surface electrocardiogram. 

Review of Systems, Social History 

A review of systems and social history should include specific 
information regarding the patient’s eating and exercise habits. 
School performance and sports participation should be assessed. 
A careful respiratory review of systems should be obtained. The 
clinician should make a private interview available to the ado- 
lescent. A history of tobacco and illicit drug use can then be 
determined. A discussion of personal habits gives the examiner 
an opportunity to advise about risk factors for coronary artery 
disease. This information is pertinent to the cardiac evaluation 
and aids in building the patient-physician relationship. 

PHYSICAL EXAMINATION 
Preparation and Strategy 

We will now discuss the parts of the cardiac physical examina- 
tion, including assessment of vital signs, inspection, palpation, 
percussion, and auscultation. Before the clinician proceeds 
with the examination, the patient should undress. The child 
may be covered with a blanket or wear a medical examination 
gown. The privacy and modesty of older children and adoles- 
cents must be respected. A staff member chaperone should be 
present during the examination of a patient of the opposite 
sex. Every child is different, so each examination must be indi- 
vidualized to be successful. The examiner must wash his or her 
hands or use sanitizing hand gel while being observed by the 
patient and parents doing so. 

For the physician to perform a successful examination, 
the patient must be quiet and cooperative. This requires tact, 
patience, and innovation on the part of the examiner. If the 
infant is happiest in the mother’s lap, then he or she should 
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be allowed to stay there. The mother should feed or play with 
the child during inspection or palpation. The order of the 
examination can be adjusted based on cooperation to obtain 
the most information. For example, if the child is asleep, aus- 
cultation should be performed before palpation. In anxious 
toddlers and infants, often it is useful to auscultate before pal- 
pating, and any supine examination should be left for last. 
Toddlers can be examined through a combination of distrac- 
tion and play. Older children can be approached in a more 
traditional “head-to-toe” approach used in adult patients. 

The clinician should develop a routine (and stay with it) for 
listening to heart sounds so that each portion of the cardiac 
cycle is examined at several locations. At each location, it is 
important to focus on one sound or one interval at a time, in 
a systematic and consistent way. Most examiners start at the 
apex and work to the left lower and left upper sternal borders, 
then right upper sternal border. The clinician should be sure 
to auscultate the left subclavicular area, both axillae, the liver, 
the head, and the back. At each location, one must listen to the 
first heart sound, throughout systole, the second heart sound, 
and throughout diastole. 

Equipment 

There are several choices in stethoscope design, and choice of 
the best stethoscope is personal. Some advocate single tub- 
ing, whereas others prefer double-tubed devices. Some of the 
newer digital stethoscopes are quite useful, but may not accu- 
rately reproduce heart sounds as heard with an unamplified 
stethoscope. Whichever the instrument, the tubing must be 
intact, relatively short, and of sufficient bore. The earpieces 
must fit comfortably into the examiner’s ears, and should be 
chosen to completely seal in the examiner’s ears to reduce 
interference from ambient noise. Chest pieces vary in size. 
Larger diaphragms on adult stethoscopes may make localiza- 
tion of heart sounds more difficult, but is it possible to use a 
larger diaphragm by placing only a portion of the diaphragm 
on the chest wall. Chest pieces with a diaphragm and bell are 
essential to evaluate both high- and low-frequency sounds, 
respectively. In infants and small children, it is possible to hear 
high-frequency sounds by pressing on the bell, thereby creat- 
ing a diaphragm with the skin. The examiner should become 
accustomed to his or her personal stethoscope and how it 
transmits heart and lung sounds. 

Different types of manometers have been developed for 
blood pressure measurement. Although many hospitals are 
phasing out mercury manometers, they have been the most 
accurate tools for blood pressure measurement. Aneroid 
sphygmomanometers are the next most reliable, and are more 
commonly available. Although automated instrument (such as 
Dinamap) pressures are easy to obtain, these measurements 
are reliable only in quiet cooperative patients, and diastolic 
pressures are often unreliable. It is best to develop the skill 
of obtaining manual blood pressure for greatest reliability. 
A range of blood pressure cuffs of different sizes should be 
available so that infants through adults can be assessed. 

A pulse oximeter has become a standard piece of equipment 
for noninvasive screening of a patient’s oxygen saturation 
using photoplethysmography. There are several varieties of 
these devices from larger units to portable devices that clip on 
a fingertip. These devices should be kept in a well-maintained 
state and calibrated per manufacturer’s recommendations. 

Vital Sign Assessment 

Heart rate, respiratory rate, and blood pressure are vital to 
a complete cardiac examination. They should be assessed at 
each visit. 


Heart Rate and Respiratory Rate 

The importance of changes in heart rate and respiratory rate 
are noted throughout this chapter. Often, changes in heart rate 
and respiratory rate are the first harbingers of myocardial dys- 
function, pulmonary congestion, or arrhythmia, even before 
changes in blood pressure occur. Respiratory rate should be 
counted with the patient unaware that it is being done, and 
preferably while sleeping in infants. Postural changes in heart 
rate and blood pressure should be determined in patients with 
postural dizziness or syncope. 

Blood Pressure Measurement 

On the initial visit, blood pressures should be measured in 
both upper extremities and at least one lower extremity. The 
standard technique for measuring blood pressure should be 
used. First, the length of the bladder of the cuff should be 80% 
of the circumference of the limb, and the width of the cuff 
should cover at least two-thirds of the length of the extrem- 
ity. If only the arm pressure is to be measured, the patient 
should be sitting. Finally, to obtain an accurate measurement, 
the cuff should be deflated slowly. Care should be taken to not 
compress the artery with the head of the stethoscope. Listen- 
ing to the brachial or popliteal arteries yields the Korotkoff 
sounds that are used; first and fifth are now the standard. For 
comparison between upper and lower extremities, it is best 
to obtain both while the patient is supine. If the sounds can- 
not be heard, systolic pressure can be obtained by palpating 
the first pulsation of an artery distal to the cuff or by using 
a handheld Doppler probe over the distal artery as the cuff 
is deflated. Another alternative, especially helpful in uncoop- 
erative infants, is using the flush technique. This is done by 
manually blanching the hand or foot, inflating the blood pres- 
sure cuff, releasing the hand or foot, and slowly deflating the 
cuff until intense redness is seen in the previously pale extrem- 
ity, estimating mean arterial pressure. Serial upper and lower 
body blood pressure measurements are important for follow- 
ing patients with coarctation of the aorta and other aortic arch 
anomalies. 

Pulse Oximetry Screening 

Pulse oximeter saturation measurement has become com- 
monplace and has often become considered to be a fifth vital 
sign. It has been suggested that in newborn infants, early 
mild desaturation detected by screening pulse oximetry 
may allow earlier detection of congenital heart diseases (1), 
potentially leading to earlier treatment and decreased mor- 
bidity and mortality from significant congenital heart dis- 
ease. It has been suggested that spot check of pulse oximeter 
saturation be performed in every newborn after 24 hours 
of life prior to hospital discharge, with 95% accepted as 
lower limit of normal. If a newborn fails to maintain oxy- 
gen saturation >95%, further screening would be planned. 
Currently, insufficient data are available to determine if this 
is cost-effective or if it should become standard of care in 
newborns. Despite the lack of such evidence, at least one 
state has passed legislation mandating newborn screening by 
pulse oximetry at the time of this writing, and several other 
states are considering mandating this screening. There has 
been a recent statement by the American Heart Association 
and American Academy of Pediatucs calling for future stud- 
ies about screening by pulse oximeter saturation (1). Pulse 
oximetry is also used as a tool to follow the degree of cya- 
nosis in patients known to have cyanotic heart diseases, and 
is followed serially at visits. Serial measurement of oxygen 
saturation in patients with acyanotic heart diseases is not 
necessary. 
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Growth Parameters 

Height, weight, and head circumference should be measured in 
all patients, and serially tracked and plotted on growth charts 
at subsequent visits. Patients who have heart disease may have 
difficulty with weight gain or linear growth. Generally, head 
circumference is spared in all but the sickest patients. New- 
borns and young infants should establish which percentile 
curve that their growth parameters will follow. Falling consist- 
ently through percentiles or a plateau in growth of any of the 
parameters should be considered significant. After repair of a 
hemodynamically significant heart problem, infants often have 
a reassuring period of “catch-up” growth. 

General Appearance 

The physical examination actually starts at first contact, as 
soon as the room is entered. The examiner should take advan- 
tage of the time while interviewing the parent to observe the 
child. Each patient should be inspected for general appearance, 
nutritional status, dysmorphic features, color, and comfort. 
A thorough inspection often will clue the examiner to the cause 
and severity of an illness. The child’s general appearance and 
comfort should be noted. Is the child fussy or playful? Is he or 
she well nourished? Are dysmorphic features or chromosomal 
abnormalities present? As discussed elsewhere in the text, spe- 
cific cardiac lesions will accompany specific syndromes. The 
child’s breathing pattern should be observed. Patients with 
severe heart failure, pulmonary edema, or pericardial restric- 
tion (tamponade, constrictive pericarditis) are more comfort- 
able sitting up. Forcing such a patient into the supine position 
may result in respiratory failure. Patients should be allowed 
to determine the position in which they are most comfort- 
able. The child’s activity level, including feeding in infants, 
may be observed. In the infant, feeding constitutes exercise, 
which may elicit increased work of breathing, tachypnea, or 
diaphoresis. 

Cyanosis and Clubbing 

The child’s color (i.e., pink, cyanotic, pale) should be noted. 
True cyanosis requires desaturation of 5 g% of hemoglobin 
and is difficult to detect unless the arterial saturation is <85% 
in a child with normal hemoglobin levels. The best indica- 
tor of arterial desaturation is central cyanosis of the gums 
and tongue. The oral mucosa has a rich vascular supply and 
is free of pigmentation. Acrocyanosis that occurs in a cold 
environment or after bathing nearly always is a normal find- 
ing and is not true cyanosis. In the older child, long-standing 
cyanosis is usually accompanied by digital clubbing. The loss 
of the angle between the nail and the cuticle area is consistent 
and is often the earliest finding of clubbing. Cyanosis also 
results from respiratory disease or central nervous system dis- 
orders. During initial screening of infants, or if cyanosis is 
suspected, pulse oximetry should be obtained. In newborns 
with severe desaturation on oximetry, obtaining arterial 
blood gas analysis provides additional information about the 
degree of hypoxemia and if there is evidence of hypercarbia 
or academia. 

Breathing Pattern 

Resting breathing patterns can offer information regarding 
the patient’s hemodynamic state. If the infant has central cya- 
nosis, it is usually accompanied by a nonlabored tachypnea 
that results from hypoxic respiratory drive. Grunting is a 
physiologic means of producing positive end-expiratory pres- 
sure and often accompanies pulmonary edema. Nasal flar- 
ing and intercostal and subcostal retractions may be present. 


If the infant is severely distressed, the head will bob with res- 
piratory effort. 

Neck Veins 

Neck vein distention suggests impaired right ventricular fill- 
ing. It may not be apparent in infants and toddlers because 
of their relatively short neck and relatively increased subcu- 
taneous tissue. Neck vein distension is best observed with 
the patient positioned 30 degrees upright. Measurement of 
the height of neck vein distension above the manubrium 
can be used to quantify central venous pressure. Cannon 
A waves may be seen in patients with atrial contraction 
against a closed tricuspid valve. Regular cannon A waves 
can be found in patients with supraventricular tachycardia 
or atrial flutter. Irregular cannon A waves can indicate com- 
plete heart block. 

Bobbing of the head may be seen in patients with signifi- 
cant aortic regurgitation. This is caused by increased carotid 
arterial pulsations striking the angles of the mandibles. The 
patient appears to be nodding “yes.” Patients with significant 
tricuspid regurgitation will exhibit lateral head movement. 
This occurs when regurgitant blood in the superior vena cava 
strikes the right mandibular angle. The patient appears to be 
nodding “no.” 

Respiratory Examination 

A careful respiratory system examination is important in 
assessing the cardiovascular system, as many heart diseases 
cause abnormalities in lung findings. This should include 
observation, percussion of the lung fields over the back while 
upright, and auscultation. Observation should include the 
presence of retractions, use of accessory muscles of respira- 
tion, and symmetry of chest wall motion with breathing, as 
discussed above. Patients who have asymmetric chest wall 
motion in the postoperative period should be evaluated for 
diaphragmatic paralysis from phrenic nerve injury. Percussion 
is a sensitive method for detecting pleural effusions postop- 
eratively or in patients with heart failure. Auscultation of the 
breath sounds may reveal rales or crackles, wheezing, or rhon- 
chi. Wheezing is of particular interest, as it is the most com- 
mon pulmonary auscultatory finding in infants and toddlers 
with congestive heart failure due to either overcirculation or 
cardiomyopathy. In patients who present with a first episode 
of wheezing, heart disease should be considered as a potential 
cause. Stridor may be present in patients who have vascular 
rings or slings causing airway compression, or in patients who 
have absent pulmonary valve with associated severe pulmo- 
nary artery dilation. 

Unexpected changes in the respiratory examination after 
surgery may be of significant importance. Most infants with 
appropriate palliation or surgical treatment of their heart dis- 
ease will have fewer symptoms and findings on a respiratory 
examination. Raspy breathing or stridor in a postoperative 
patient should trigger investigation of the vocal cords that 
may be injured from direct trauma from endotracheal intu- 
bation, or paralyzed from injury to the recurrent pharyngeal 
nerve. Asymmetric chest wall movement again may indicate 
diaphragmatic hemiparesis due to phrenic nerve injury. 

Cardiovascular Examination 

There are three parts to a complete cardiovascular system 
examination. These include observation/inspection, palpation, 
and auscultation. Percussion is of little value for assessment 
of heart size and is not commonly performed to evaluate the 
heart. 
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OBSERVATION/INSPECTION 


In addition to the general inspection described above, there 
can be observed findings that are specific to the cardiovascular 
system. Inspection of the chest wall may reveal chest wall sur- 
gical scars that suggest particular lesions. A right thoracotomy 
is used for placement of a right Blalock-Thomas-Taussig shunt, 
atrial septal defect repair, or mitral valve surgery. A midline 
sternotomy is used for most heart operations, especially if car- 
diopulmonary bypass is used. A left thoracotomy is used for 
patent ductus ligation, coarctation repair, or placement of a 
left Blalock-Thomas-Taussig shunt. 

The clinician should inspect the chest for asymmetry or 
pulsatility. The transverse aorta sits under the suprasternal 
notch. Pulsations of the suprasternal notch may be visible in 
the presence of significant aortic runoff lesions such as aor- 
tic regurgitation. A left parasternal precordial bulge often is 
noted in patients with right ventricular volume overload (i.e., 
atrial septal defect). Examining a patient for a precordial bulge 
is best done with the patient supine, shoulders square on the 
examination table, with the examiner bending and looking 
tangentially across the chest. Because the dilated right ventri- 
cle is below the left precordium, the developing cartilaginous 
rib cage will expand to accommodate the structure. As the 
ribs ossify, the left precordial bulge remains. With the patient 
supine and the examiner at the feet of the patient, the point 
of maximal impulse can sometimes be observed. It is usually 
located in the left fourth intercostal space in the midclavicular 
line. In dextrocardia, it is on the right. It is displaced down- 
ward and laterally with left ventricular volume overload. Left 
ventricular hypertrophy does not usually alter the location of 
the point of maximal impulse. 


PALPATION 


Palpation of peripheral pulses, the chest, the abdomen, and the 
back should be included in each cardiac examination. Palpa- 
tion of the extremities (peripheral) to assess pulses and per- 
fusion and of the precordium (central) to assess activity and 
thrills should be performed. 

Peripheral Palpation, Pulses 

Pulses should be assessed, noting regularity and quality of 
the pulsations. Pulse rate changes with the age of the patient. 
A fast pulse rate for age may indicate arrhythmia or conges- 
tive heart failure. A slow pulse rate usually reflects athletic 
conditioning; however, atrioventricular block or drug effect 
should be considered. Irregularity of pulse rate may indicate 
an arrhythmia. However, a change in pulse rate with respira- 
tion is normal (sinus arrhythmia). 

It is important to palpate pulses simultaneously in the upper 
and lower extremities, specifically right brachial or radial and 
right femoral pulses. Bilateral brachial pulses should be pal- 
pated simultaneously as well. If there is a delay between the 
upper and lower extremity pulses or absence of femoral pulsa- 
tions, coarctation of the aorta should be considered. Dimin- 
ished pulses are ominous in children and may suggest cardiac 
failure or shock. Absent or weak pulses in the left arm may 
result from previous subclavian flap repair of a coarctation 
of the aorta or in the right arm from systemic-to-pulmonary 
artery shunts (i.e., classic Blalock-Thomas-Taussig shunt). 
Bounding pulses reflect aortic runoff as in aortic regurgitation, 
patent ductus arteriosus, or arteriovenous malformations. 

Assessment of tissue perfusion includes determining the 
quality of the peripheral pulses, as well as skin temperature 


and capillary refill. Peripheral pulses should be full and easily 
palpable, not thready. Skin temperature should be determined, 
as should transition of central to peripheral cutaneous temper- 
ature. Temperature is best assessed using the dorsal aspect of 
the fingers. Change in temperature from central to peripheral 
can be determined by running the backs of the fingers from 
proximal to distal on the upper or lower extremities. Patients 
who have cool peripheral extremities who are warm centrally 
may be volume depleted or have low cardiac output. Capillary 
refill time is the time required for blanching to disappear after 
manually pressing on an extremity, and should be 3 seconds or 
less. While testing capillary refill, the clinician should examine 
the extremities for abnormalities associated with congenital 
heart disease, such as clubbing, finger-like thumbs (Holt-Oram 
syndrome), webbing of the digits, or polydactyly. 

Central Palpation, Chest Wall 

The chest should be palpated for the point of maximal 
impulse, precordial activity, and thrills. The location of the 
point of maximal impulse suggests the ventricular dominance. 
The chest should be palpated with a fingertip to confirm its 
location. With left ventricular dominance, the point of maxi- 
mal impulse is palpated at the left midclavicular line or apex. 
A point of maximal impulse located at the lower left sternal 
border or xiphoid process suggests right ventricular domi- 
nance. Patients with dextrocardia will have a point of maxi- 
mal impulse on the right side of the chest. Occasionally, an 
impulse will have a double contour or heave in the presence 
of volume overload (i.e., mitral regurgitation). In the face of 
pressure overload, a well-localized, sharp rising impulse or tap 
may be detected. 

Precordial activity should be assessed. A hyperactive 
precordium suggests heart disease with volume overload. 
Volume overload may result from a large left-to-right shunt 
(i.e., a large ventricular septal defect or patent ductus arterio- 
sus) or severe valve regurgitation (i.e., aortic and mitral insuf- 
ficiency). In addition, left precordial bulging often is noted in 
patients with significant right ventricular volume overload. 

Thrills are vibrations detected distal to jet lesions that are 
transmitted to the chest wall. Left precordial thrills are best 
felt with the metacarpal heads of the hand while the examiner 
is positioned to the right of the supine patient. Gently plac- 
ing a fingertip in the suprasternal notch in supine patients will 
allow detection of aortic pulsations and thrills in patients with 
aortic valve disease. A thrill also may be palpable over the 
carotid arteries. Thrills located over the right upper sternal 
border are aortic in origin and are felt in patients with aortic 
valve stenosis. Left upper sternal border thrills are pulmonic 
in origin and generally indicate pulmonary valve stenosis, or 
occasionally, patent ductus arteriosus. A thrill may be felt over 
the left lower sternal border due to the jet of a restrictive ven- 
tricular septal defect as it strikes the endocardial surface of the 
right ventricle and transmits to the chest wall. Stenotic right 
ventricle-to-pulmonary artery conduits may produce a thrill. 
These are usually felt along the left sternal border. 

In patients with pulmonary hypertension and elevated pul- 
monary arterial diastolic pressure, the pulmonic valve closure 
(P2) is often palpable at the left upper sternal border. 

Palpation of the chest wall is also an important assessment 
in patients who present with the complaint of chest pain. Pal- 
pation of the costal-chondral joints should be performed to 
elicit tenderness. The pectoralis muscles should be palpated 
to determine if they are tender from injury. Placing the hands 
on the sides and performing gentle pressure with the palms 
will flex the costal-chondral joints to determine if there is 
pain with movement. It may be of additional benefit to have 
the patient perform some pectoralis muscle exercise to try to 
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reproduce chest pain. This could include “bench press” of the 
examiner’s hands, or having the patient try to bring elbows 
together in front of the chest against resistance to try to repro- 
duce the patient’s symptoms. 


AUSCULTATION 

“Sound is the organized movement of molecules caused by 
a vibrating body in some medium” (2). In the case of heart 
sounds and murmurs, the medium is blood. Vibrations are 
produced by the cessation or propulsion of blood within the 
heart that, in turn, create sound that then radiates through 
the thorax, across the skin, and ultimately to the examiner 
through a stethoscope. The ability to identify heart sounds and 
murmurs and relate them to other clinical findings is an essen- 
tial step in the evaluation of heart disease. 

Classical teaching of cardiac auscultation suggests listening 
to the four valve areas and left sternal border (3). However, 
many of the cardiac sounds associated with congenital heart 
disease are heard in places other than the classic valve areas or 
left precordium. Listening between the valve areas will yield 
findings of subtle cardiac abnormalities that may not be even 
audible in the classic auscultation areas. For example, mur- 
murs from some small muscular ventricular septal defects can 
be very localized, and are often heard midway between the 
tricuspid and pulmonary areas, at the mid left sternal border. 
Murmurs caused by coronary fistulae may be best heard at 
the lower right sternal border. And in patients who have dex- 
trocardia, the cardiac sounds may best be auscultated entirely 
over the right precordium. A careful survey of where sounds 
are best heard is prudent. In patients with normal cardiac posi- 
tion, the pattern of auscultation might best be a large figure 
of eight, with the lower portion at the cardiac apex, and the 
upper portion being at the right sternal border, encompass- 
ing all of the left sternal border and much of the right sternal 
border. 

Heart Sounds 

Vibration of the valve apparatus, myocardium, pericardium, 
blood, or chest wall have all been implicated in the production 
of heart sounds (4-7). The timing of the first heart sound cor- 
responds to the closure of the tricuspid and mitral valves. The 
second heart sound corresponds to the closure of the aortic 
and pulmonary valves. It has been shown that these sounds 
are not produced by coaptation of the valve leaflets, but rather 
the sudden deceleration of blood flow following closure of the 
valves. In turn, deceleration and cessation of blood flow cause 
surrounding cardiac structures and tissue to vibrate, produc- 
ing audible sound (8,9). 

The first heart sound (SI) occurs with closure of the mitral 
and tricuspid valves. There are four components to the first 
heart sound, but only the second and third are audible to the 
human ear. The first heart sound is typically a discrete, sin- 
gle low-frequency sound heard best at the left lower sternal 
border. The first heart sound is usually single in infancy. With 
aging, splitting of the first heart sound often becomes appar- 
ent. As with the second sound, splitting of the first heart sound 
varies with respiration. The timing of a split first heart sound 
can be confused with an early systolic ejection click. Typically, 
heart sounds are low in frequency, and clicks higher in fre- 
quency, but occasionally the distinction is difficult. 

The second heart sound (S2) has two components that 
coincide with aortic and pulmonary valve closure. The aor- 
tic component (A2) precedes the pulmonary component (P2) 
because left ventricular contraction ends slightly before right 
ventricular contraction. Ordinarily, P2 is softer than A2. 


Elevated pulmonary arterial diastolic pressure, as seen with 
pulmonary vascular obstructive disease, will cause the pulmo- 
nic valve to close crisply and accentuate P2. 

The second heart sound is best heard at the mid and upper 
left sternal border. In the immediate newborn period, the sec- 
ond sound may sound single. Beyond the first 1 to 2 days of life, 
splitting of the second heart sound with respiration is expected, 
with splitting during inspiration and superimposition of the 
aortic and pulmonary closure sounds during expiration. 

Abnormal splitting of S2 is an important finding when 
diagnosing heart disease. The interval of the split can increase 
in circumstances that prolong right ventricular ejection, such 
as atrial septal defects, total anomalous pulmonary venous 
connection, pulmonary valve stenosis, and right bundle 
branch block. Narrow splitting of S2 occurs with early clo- 
sure of the pulmonary valve (i.e., pulmonary hypertension) or 
delayed aortic valve closure (i.e., severe aortic valve stenosis). 
Paradoxical splitting can occur in severe aortic valve stenosis, 
where left ventricular ejection is prolonged. A single second 
heart sound is not normal, and may represent atresia of an 
arterial valve, transposition, or pulmonary hypertension. Any 
heart disease that shifts the pulmonary valve away from the 
chest wall, such as D-transposition of the great arteries, will 
cause the second heart sound to be single. When the pulmo- 
nary artery is not adjacent to the chest wall, the softer pul- 
monary closure often becomes inaudible to the stethoscope. 
The second heart sound often becomes single and loud during 
pulmonary hypertension, as the timing of pulmonary closure 
becomes earlier. 

The third heart sound (S3) may be heard early in diastole 
with rapid filling. It is a low-frequency sound, best appreciated 
with the bell of the stethoscope at the apex or left lower sternal 
border. Early in diastole, rapid ventricular filling causes vibra- 
tion of the cardiac structures, producing a third heart sound. 
Many older children will have a normal soft third heart sound 
heard as a dull, low-frequency, middiastolic thud at the apex. 
An apical S3 is frequently heard in normal children and com- 
petitive athletes. Third heart sounds in older children should 
be considered to be normal. If a third heart sound is heard in 
the context of tachycardia, it is more likely to be a pathologic 
gallop than a normal sound. Later in diastole, atrial contrac- 
tion augments ventricular filling. 

If the ventricle is resistant to further distention, as in car- 
diomyopathy, the poorly compliant myocardium will vibrate, 
producing a fourth heart sound. Audible fourth heart sounds 
(S4) are almost always pathologic and are often found in 
patients with congestive heart failure. It is a low-frequency 
sound heard at the end of diastole just before SI. It is associ- 
ated with rapid filling of the ventricle during atrial contrac- 
tion and is heard in congestive heart failure and conditions 
of decreased ventricular compliance (i.e., cardiomyopathy). Its 
presence, often in the context of tachycardia, may sound like 
a gallop. When a gallop rhythm is heard, it is often difficult to 
distinguish whether a third or fourth heart sound is present. 
This is often called a “summation gallop” as it may represent 
one or both of these sounds, S3 and S4. 


Clicks 

Ejection clicks occur soon after SI and are associated with 
semilunar valve stenosis (i.e., aortic or pulmonary valve ste- 
nosis) or with dilated great arteries. Aortic valve clicks are 
heard at the apex or right upper sternal border, and do not 
vary with respiration. Pulmonary valve clicks are heard along 
the left sternal border and are louder with expiration. Clicks 
associated with dilation of the aorta or pulmonary arteries are 
best heard over the vessel, at the right and left upper sternal 
borders, respectively. 
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A midsystolic, apical click is heard in the diagnostic finding 
of mitral valve prolapse. A midsystolic click may be accom- 
panied by a late systolic murmur. Standing after squatting 
may accentuate a mitral valve click or regurgitant murmur in 
patients with mitral valve prolapse. 

Friction Rubs 

Friction rubs are pericardial sounds caused by movement of 
pericardial surfaces against one another. Friction rubs sound 
like the sound made by squeezing a paper bag or plastic wrap, 
occur in sync with heart rate, and are most often heard over 
the cardiac apex. Friction rubs are frequently heard in the 
24 to 48 hours after cardiac surgery, especially when indwell- 
ing mediastinal chest tubes are in place. Pericarditis or other 
pericardial disease can cause a friction rub, although with 
large pericardial effusions, friction rubs can disappear. 

Other Heart Sounds 

Bruits are murmur-like sounds that can be heard in places 
other than the precordium as the case with arteriovenous mal- 
formations. Arteriovenous malformations may be responsible 
for unexplained cardiomegaly. In those instances, the clinician 
should listen for a bruit over the fontanelle or liver. In severe 
aortic regurgitation, one should listen over the femoral arteries 
for “pistol shot” sounds. The lungs should be examined for 
wheezing, rales, or abnormal breath sounds. 

Heart Murmurs 

Heart murmurs are thought to be the auditory representations 
of turbulent flow within the heart or blood vessels that is trans- 
mitted through the vessels, mediastinum, and the chest wall to 
the skin. Turbulence is described as highly disturbed flow that 
produces random fluctuations of velocity and pressure within 
the blood and vibration of the surrounding tissue. Turbulence 
can be described by the physical characteristic of Reynolds 
number. “The Reynolds number is a dimensionless quantity 
often used to describe the characteristics of steady flow through 
straight tubes at which transition from laminar to turbulent 
flow would occur” (10). The Reynolds number is defined as 

Re = [(density of fluid) (velocity) 

(tube diameter)]/viscosity of fluid 

Although the cardiovascular system varies from the steady 
state conditions noted above, the transition to turbulent 
blood flow is thought to typically occur at a Reynolds number 
>2,000. There is debate whether murmurs are a direct result of 
turbulence or a consequence of turbulence. 

Turbulent blood flow produces vibrations of the surround- 
ing vessel in several ways. Direct impact of a jet against car- 
diac structures is the easiest to comprehend. However, several 
other mechanisms of creating vibration have been suggested 
(10). Eddy currents, for example, are produced adjacent to 
high-velocity jets. Like ripples in a pond, they produce vibra- 
tions as they strike the vessel wall. Second, pressure is lower 
in a moving fluid compared with stationary fluid. Therefore, 
the higher pressure outside of the moving fluid pushes the 
vessel wall toward the lower pressure fluid. This is called the 
Bernoulli effect. Fluctuations in the intensity of the Bernoulli 
effect may cause vibration of the vessel wall. Last, high tur- 
bulent flow can cause cavitation or the forming of bubbles of 
vapor in a liquid. Theoretically, these bubbles cause vibrations 
as they strike the vessel wall. 


Heart murmurs should be evaluated in terms of intensity, 
timing, location, transmission, and quality (i.e., harsh, vibra- 
tory, etc.). 

Intensity 

The intensity of a murmur is relatively easy to determine, but 
is somewhat subjective. The intensity of a murmur is graded 
from I to VI where 

Grade I. Barely audible and may require several cycles to detect 
Grade II. Soft, but easily audible 
Grade III. Moderately loud murmur without a thrill 
Grade IV. Loud murmur with a thrill 

Grade V. Loud murmur heard with the stethoscope barely off 
the chest 

Grade VI. Loud murmur heard without the stethoscope touch- 
ing the chest 

The intensity of a murmur may reflect the pressure differ- 
ence between the heart chambers or vessels where the abnor- 
mality exists causing the murmur. For example, as the severity 
of the aortic or pulmonary valve stenosis progresses, the associ- 
ated murmur may increase in intensity reflecting a larger valve 
gradient. As ventricular septal defects become more restrictive, 
the associated murmur may become louder, reflecting a greater 
pressure difference between the ventricles. Murmur intensity 
when grade III or less does not help to distinguish innocent 
from pathologic murmurs. Any murmur that is grade IV or 
louder should be considered to be abnormal. 

Timing 

Heart murmurs should be described based on their timing dur- 
ing the cardiac cycle (Fig. 5.1). The timing of heart murmurs 
can be broken down into systolic murmurs (ejection and SI 
coincident), diastolic murmurs (early diastolic, middiastolic, 
and late diastolic/presystolic), and continuous murmurs. 

Systolic Murmurs 

Systolic murmurs can be classified further as ejection or SI 
coincident, based on the onset of the murmur relative to SI. 


SI S2 SI 



Figure 5.1. Diagram outlining timing of heart murmurs. This 
figure demonstrates the classification of heart murmurs based 
on their timing during the cardiac cycle. (A) represents the tim- 
ing of systolic ejection mumurs, (B) SI coincident murmurs, 
(C) late systolic murmurs, (D) continuous murmurs of vascular 
origin, (E) continuous venous hum, (F) early diastolic mur- 
murs, and (G) mid and late diastolic murmurs. 
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Ejection Murmurs 

The onset of systolic ejection murmurs occurs a short time 
after SI. Murmurs of this timing are separated from SI by the 
period of isovolumic contraction and occur during the ejection 
phase of systole, while the aortic and pulmonary valves are 
open (Fig. 5.1A). They may be long or short and usually have 
a crescendo-decrescendo quality. They should end prior to S2. 
Ejection murmurs are the result of either obstructed blood flow 
through a stenotic semilunar valve or excessive volume through 
a normal semilunar valve. They are heard best over the site of 
altered flow (i.e., aortic, right upper sternal border; pulmonary, 
left upper sternal border) and radiate in the direction of flow. 

Ejection murmurs associated with obstructed blood flow 
are heard with semilunar valve stenosis, subvalvular or sup- 
ravalvular aortic or pulmonary stenosis, branch pulmonary 
artery stenosis, and hypertrophic obstructive cardiomyopathy. 
Ejection murmurs caused by excessive volume through the 
pulmonary valve are heard in atrial septal defects, pulmonary 
valve regurgitation, and anomalous pulmonary venous drain- 
age. Commonly, an ejection murmur through the pulmonary 
valve is detected during pregnancy because of increased circu- 
lating volume. Ejection murmurs caused by excessive volume 
through the aortic valve are heard with aortic regurgitation, 
patent ductus arteriosus, and systemic arteriovenous malfor- 
mations. Ejection murmurs are also heard when viscosity is 
decreased, such as with anemia. 

Si-Coincident Murmurs 

SI -coincident murmurs start with SI, and often obscure SI as 
a separate sound (Fig. 5. IB). They may last through much of 
systole and are sometimes referred to as holosystolic or pan- 
systolic murmurs (Figs. 5. IB and 5.2). SI -coincident murmurs 
occur when blood flows from a high-pressure chamber to a 
low-pressure chamber during what should be an isovolumic 
period in early systole. They are associated with ventricular 
septal defect and mitral or tricuspid valve regurgitation. When 
associated with valve regurgitation, their location corresponds 
with the tricuspid (left lower sternal border) and mitral (apex) 
valves. In the case of a ventricular septal defect, an SI -coin- 
cident murmur is heard along the left sternal border and may 
radiate to the right. The frequency or pitch of a ventricular 
septal defect murmur is directly proportional to the pressure 
drop through the defect; the higher the frequency, the smaller 
the ventricular septal defect (11). Mitral and tricuspid regurgi- 
tation murmurs are typically higher frequency and “blowing” 
in quality, being best heard in their respective valve areas. 


Late Systolic Murmurs 

Murmurs from mitral valve regurgitation due to mitral valve 
prolapse can occur in late systole (Fig. 5. 1C). Often these mur- 
murs are preceded by a midsystolic click. Typically, these mur- 
murs are heard at the cardiac apex in the mitral valve area and 
are blowing in quality. 

Diastolic Murmurs 

Diastolic murmurs are differentiated based on the timing of 
their onset during diastole: early diastolic, middiastolic, and 
late systolic/presystolic. 

Early Diastolic Murmurs 

Early diastolic murmurs begin immediately after S2 and are 
decrescendo in intensity as the pressure difference between 
artery and ventricle decreases during diastole (Fig. 5. IF). They 
are the result of early diastolic backflow from the great artery 
into the heart through an incompetent semilunar valve. 

Aortic regurgitation murmurs arise from the higher dias- 
tolic pressure in the aorta and are therefore high pitched. They 
are heard best with the diaphragm of the stethoscope at the 
left mid-sternal border and radiate toward the apex. As the 
diastolic pressure gradient decreases, the murmur decreases in 
intensity. Listening while the patient leans forward and exhales 
accentuates the aortic regurgitation murmur. 

Pulmonary regurgitation murmurs are also heard in early 
diastole. They are medium-low pitched murmurs unless there 
is diastolic pulmonary hypertension, in which case they are 
higher pitched. They are heard from the left upper to midster- 
nal border and radiate down the left sternal border. 

Middiastolic Murmurs 

Middiastolic murmurs occur during the rapid filling phase 
of diastole when blood crosses the atrioventricular valves 
(Fig. 5.1G). They are low-pitched, often rumbling noises and 
best heard with the bell of the stethoscope. Pathologic nar- 
rowing or thickening of the mitral or tricuspid valves (i.e., 
mitral and tricuspid stenosis) causes a middiastolic murmur. 
Excessive flow through a normal-sized atrioventricular valve is 
heard as a middiastolic rumble and is erroneously referred to 
as “relative stenosis.” If the valve is held partially closed by an 
aortic regurgitation jet, a middiastolic murmur results, called 
the Austin-Flint murmur. 

Mitral valve stenosis, ventricular septal defect, patent duc- 
tus arteriosus, and mitral regurgitation cause mitral valve 
middiastolic murmurs that are heard at the apex. Tricuspid 


Figure 5.2. Digital phonocardio- 
graphic image demonstrating the 
SI -coincident murmur of a ventricu- 
lar septal defect. The scale on the 
left denotes frequency of sound. The 
color scale on the right depicts inten- 
sity of sound. The corresponding 
electrocardiogram is plotted below. 
Arrows correspond to SI and S2. The 
color display between SI and S2 rep- 
resents the various frequencies and 
intensities of the murmur. (From Bal- 
ster DA, Chan DP, Rowland DG, et 
al. Digital acoustic analysis of precor- 
dial innocent versus ventricular sep- 
tal defect murmurs in children. Am 
J Cardiol 1997;79:1552-1555, with 
permission from Elsevier.) 




CHAPTER 5 ■ History and Physical Examination 


91 


valve stenosis, atrial septal defect, and anomalous pulmonary 
venous return cause tricuspid valve middiastolic murmurs that 
are heard along the left lower sternal border. 

Late Diastolic Murmurs 

Presystolic murmurs also are caused by flow through nar- 
rowed atrioventricular valves (Fig. 5.1G). They occur late in 
diastole as a result of atrial contraction pushing blood through 
the narrowed valve into the ventricle. The murmur will accen- 
tuate with atrial contraction and will be absent if the patient 
is in atrial fibrillation. They are low-frequency murmurs heard 
in true mitral and tricuspid valve stenosis. They are rare in 
children, due to the low prevalence of children with true atrio- 
ventricular valve stenosis. 

Continuous Murmurs 

Continuous murmurs begin in systole and continue into, and 
often, through diastole (Fig. 5.1D,E). These murmurs almost 
always are vascular in origin. They are caused by aortopulmo- 
nary (dependent) (i.e., patent ductus arteriosus, surgical aor- 
topulmonary) shunts or arteriovenous (obligate) connections 
(atrioventricular fistula, coronary-cameral fistula), turbulent 
flow in arteries (coarctation, severe branch pulmonary artery 
stenosis), or turbulent flow through veins (venous hum). 

The most common pathologic aortopulmonary continu- 
ous murmur is heard in patent ductus arteriosus. It is loudest 
in systole and softest during diastole, giving it a “machinery” 
characteristic. It is continuous because of the constant pres- 
sure gradient between the aorta and pulmonary arteries and 
increases during systole because of a larger pressure gradient. 
In patients with levocardia, it is best heard at the left infracla- 
vicular area. A surgically placed aortopulmonary shunt mur- 
mur sounds similar to that of the patent ductus arteriosus. 

Other continuous murmurs arising from arterial malfor- 
mations include coronary artery fistulae, pulmonary arterio- 
venous fistulae, bronchial collateral vessels, and pulmonary 
vessels arising from a truncus arteriosus. Coronary artery fis- 
tulas may empty into the right atrium, right ventricle, left ven- 
tricle, or pulmonary artery. These continuous murmurs may 
be louder in diastole. The location of the murmur will differ 
with each abnormality; however, it will usually be located on 
the lower pressure side of the abnormal connection. 

Continuous murmurs occasionally are heard in patients 
with peripheral pulmonary arterial stenosis in whom flow into 
distal vessels varies and in patients with coarctation of the 
aorta who have large collateral vessels. Patients who are sur- 
gically palliated with bilateral pulmonary artery bands often 
have continuous murmurs. Murmurs due to peripheral pul- 
monary arterial stenosis of any cause will radiate over the lung 
fields, and be heard in the axillae and over the back. 

Venous murmurs can be benign, as in the venous hum. 
They usually are heard over the left or right upper chest and 
disappear with changes in head position or compression of the 
jugular vein, and are truly continuous (Fig. 5. IE). They are 
typically low in frequency, vary with respiration, and are best 
heard with the patient upright. 

In obstructed forms of total anomalous pulmonary venous 
return, a soft, high-pitched continuous murmur may be heard 
over the site of obstruction. The site of the murmur is deter- 
mined by the locus of drainage, for example, over the liver. 

Dynamic Auscultation 

Patients should be examined in several positions to assess 
positional changes in murmurs and other findings. At a mini- 
mum, patients who are able to sit independently should be 
examined while sitting and supine. Older children should also 


be examined while standing, and sometimes while squatting. 
Adolescents, patients being screened for sports participa- 
tion, and patients with collagen vascular disorders should be 
examined supine and upright, including squatting to stand- 
ing (dynamic auscultation) to detect the click and murmur of 
mitral valve prolapse or the ejection murmur of hypertrophic 
cardiomyopathy. This maneuver first places increased after- 
load on the heart, enlarging the left ventricle. Then, with 
standing, the ventricle is relatively unloaded, allowing mitral 
valve prolapse or dynamic outflow obstruction to be more 
manifest to the examiner. The change in position from supine 
to sitting often makes an innocent Still murmur softer. Reclin- 
ing a patient from sitting to supine should make an innocent 
venous hum disappear completely. 

Abdominal Examination 

The abdominal examination is important and often fraught 
with difficulty, especially in the infant. To conduct a thorough 
examination, it may be best to palpate the abdomen last. The 
clinician should remember to warm his or her hands before 
starting. Bending his or her knees so that the abdominal mus- 
cles relax may relax a child who is tense or ticklish. It is gener- 
ally possible to palpate the deeper aspects of the abdomen and 
maintain pressure during inspiration. The size and texture of 
the liver and spleen should be assessed, palpating above the 
pelvic brim and working slowly upward until the liver edge or 
spleen tip is felt. With increased venous pressure, the liver will 
be enlarged and its capsule may be tender. Percussion is also 
important to determine the location of the upper margin of the 
liver to determine liver span. This is particularly useful if the 
lungs are hyperinflated. Hyperinflation pushes the liver below 
the costal margin, giving a false impression of liver enlarge- 
ment. In this case, percussion is a more accurate method for 
assessing liver size. Percussion over the lower left ribs for dis- 
placement or absence of the stomach air bubble can help to 
define splenomegaly. 

Back Examination 

Patients with congenital heart disease, especially those with 
chronically enlarged hearts and connective tissue disorders, 
have a high incidence of scoliosis. Other diseases that have 
cardiac manifestations such as Marfan syndrome can be 
associated with scoliosis. Therefore, examination of the spine 
for the presence of scoliosis should be part of the cardiac 
physical. 


INNOCENT MURMURS 


Innocent murmurs are the sound of noisy blood flow coursing 
through a structurally normal heart. They are heard in 50% or 
more of children at some time or another, particularly at around 
3 or 4 years of age. They are accentuated by increased cardiac 
output, as when a child is excited, anemic, or febrile. Ausculta- 
tion with the ability to differentiate pathologic murmurs from 
benign murmurs is the method of choice for diagnosing innocent 
murmurs. In general, innocent murmurs are low in intensity, 
and low in frequency. They are generally not harsh in qual- 
ity. Most innocent murmurs, with the exception of the venous 
hum, are systolic ejection in timing. Innocent murmurs are not 
associated with abnormalities in the palpation exam (displaced 
point of maximal impulse or pulse abnormalities) and are asso- 
ciated with normal heart sounds. The presence of a click should 
be a clue that an associated murmur is not innocent. 
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Still Murmur 

The most common innocent systolic murmur of childhood is 
Still murmur. It has many descriptions, including innocent, 
vibratory, functional, normal, and physiologic murmur. It is 
a systolic ejection murmur heard loudest somewhere between 
the left lower sternal border and the apex. Described as hav- 
ing a vibratory, musical, or twanging string quality, its usual 
intensity is grade I to III/VI. It is a low-frequency murmur in 
the range of 150 Hz (12). The murmur is heard best with the 
patient supine. This murmur also varies significantly with res- 
piration, becoming softer and less vibratory during inspira- 
tion. As with all innocent murmurs, the electrocardiogram and 
chest radiograph are normal. The exact cause of this inno- 
cent murmur has not been determined. Suggestions include 
relatively smaller aortic size resulting in increased velocity of 
blood through the aorta during ejection, left ventricular false 
tendons, exaggerated vibrations with ventricular contraction, 
and increased cardiac output (13-15). Whatever the cause, the 
heart is normal, and a detailed imaging evaluation is unneces- 
sary for diagnosis. 

Pulmonary Flow Murmur of Childhood 

A second innocent systolic ejection murmur is the pulmonary 
flow murmur. Commonly detected in thin-chested adolescents 
between 8 and 14 years of age, it is heard maximally over the 
pulmonary area. Although it resembles the ejection murmur 
of pulmonary stenosis, it is not particularly harsh in quality, 
and not accompanied by a click or thrill. Its intensity is 1 to 
3/6, and the second heart sound should have normal splitting 
with the P2 component sounding normal. This murmur is fre- 
quently heard in patients who have increased cardiac output 
from fever, anemia, or pregnancy. If this murmur is heard in 
the presence of fever, and is not present when afebrile, it may 
not require any further evaluation. If the murmur of pulmo- 
nary flow is present in a patient who is not in an increased out- 
put state, lesions of increased pulmonary flow, such as atrial 
septal defects, should be considered. 

Pulmonary Flow Murmur of Infancy 

Also referred to as a peripheral pulmonary flow (peripheral 
pulmonary stenosis) murmur, this murmur is commonly heard 
during the newborn period and early infancy, particularly in 
premature infants. It is an ejection murmur that radiates from 
the left upper sternal border over the lung fields to both axil- 
lae and the back. Theories of its origin include the relatively 
small size of the branch pulmonary arteries immediately after 
birth, as well as their angle of the takeoff from the main pul- 
monary artery during the newborn period (16,17). Whatever 
the cause, it usually disappears by 6 months of age. If the mur- 
mur persists past 6 months of age, structural abnormalities of 


the pulmonary artery tree, or lesions that increase pulmonary 
blood flow such as atrial septal defect should be considered. 

Venous Hum 

The venous hum murmur, as discussed above, is the only inno- 
cent murmur that is not systolic ejection in its timing. This 
murmur is low frequency and truly incessant when the patient 
is upright. Typically, this is a low-frequency noise that sounds 
more like a motor running in the background. Generally, some 
variation in pitch and intensity occur with respiratory and 
cardiac cycles. This murmur will cease with maneuvers that 
occlude the neck veins, either by direct compression using a 
thumb, or by turning the patient’s head to look over the con- 
tralateral shoulder. Gravity driven, this murmur should also 
completely disappear with the patient flat in a supine position 
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O ver the last 30 years, there has been a significant increase 
in the rates of overweight and obesity in children in devel- 
oped countries. Concurrently, there has been a decline in physi- 
cal activity in children and adolescents. The reasons for these 
trends are multiple and include a shift to a high-fructose diet, 
increased fat and processed food consumption, and increased 
sedentary activity such as watching television and video gam- 
ing. The result is a young population at risk for an epidemic of 
hypertension, type II diabetes, and early atherosclerotic coro- 
nary disease (1,2). Recent data on obesity trends in children 
with congenital heart disease (CHD) indicate their incidence 
of obesity is similar to that of the general pediatric popula- 
tion. The risks for complications of obesity appear to be at 
least as great in this population as in the general population 
(3,4). Given these trends, there is an essential need to promote 
routine vigorous physical activity in both the general pediatric 
population and, in particular, the CHD population. 

Balanced with the need to promote physical activity as an 
essential part of a healthy lifestyle is the need to keep children 
and adolescents safe from the risk of sudden cardiac death 
(SCD) during physical activity. Although SCD is very rare in 
the pediatric and young adult population, congenital cardiac 
defects, either myopathies or structural abnormalities, are the 
major causes of these events (5,6). SCD occurs very rarely in 
patients with known congenital cardiac disease. Much more 
commonly, it happens to those athletes not previously sus- 
pected of having cardiac abnormalities. There are few evi- 
dence-based recommendations for the screening of athletes for 
risks of SCD. Much controversy surrounds this topic. There 
are even fewer evidence-based data regarding the screening 
and participation for athletic activities for children and ado- 
lescents with known CHD. What information is available is 
restricted to adolescents and young adults, and, importantly, 
current recommendations are restricted to competitive sports. 
There is essentially no information on the safety or screen- 
ing of preadolescents with CHD for physical activity. As well, 
there are almost no evidence-based guidelines for children and 
adolescents with CHD wanting to participate in leisure or rec- 
reational activities. Likewise, guidelines for activities of daily 
living especially for young adults with CHD are very limited. 

The goal of this chapter is to discuss the current state of 
knowledge for athletic screening and participation in children 
with CHD. It broadly discusses the current recommendations 
regarding physical activity promotion in the pediatric, adoles- 
cent, and young adult populations. It also discusses the differ- 
ences and various types of physical activity such as those of 
daily living, leisure sports, and organized competitive athlet- 
ics. As well, differences in physiologic requirements of various 
athletic activities and their associated risks are discussed. The 
current methods and recommendations for screening for SCD 
during physical activity are reviewed. Controversies regarding 
the type and timing of screening are addressed. Finally, what is 
known about the ability to participate in and the risks of ath- 
letic activities for the individual groups of congenital cardiac 


defects is discussed with emphasis on what is known about 
preathletic screening and recommendations for activities of 
daily living, leisure and recreational athletics, and participa- 
tion in competitive sports. 


PHYSICAL ACTIVITY AND EXERCISE 


Physical performance during exercise depends on the indi- 
vidual’s strength, endurance, and skill in performing a given 
athletic activity. These in turn may be influenced by a number 
of factors such as age, sex, height, weight, and especially car- 
diovascular conditioning. The ability to successfully and safely 
undertake a given athletic activity depends on the combination 
of these factors and the requirements of the activity. 

All athletic activities can be roughly broken down into their 
“static” and “dynamic” components (7). The static compo- 
nent is the amount of maximal voluntary contraction (MVC) 
of the exercising muscles required to perform the activity. 
This is what is traditionally considered isometric activity or 
the muscles working against resistance. Examples of activities 
requiring high static forces are weight lifting and wrestling. 
The cardiovascular effects of isometric activity depend on the 
intensity of the activity (e.g., the percentage of MVC required) 
and the size and number of the muscle groups involved in 
the activity. Contraction of muscles during isometric activity 
results in an increase in peripheral vascular resistance (PVR) 
with a consequent rise in systolic, diastolic, and mean blood 
pressures. The degree of increase in these values depends 
on the size of the muscle group and the percentage of MVC 
achieved but may result in systolic blood pressures in excess of 
300 mm Hg with heavy weight lifting. On the other hand, car- 
diac output and total body minute oxygen consumption (V0 2 ) 
are relatively unchanged by brief severe static activity (8-10). 

The dynamic component of exercise can be thought of as 
the activity that results in muscle contraction and body move- 
ment. These activities are usually repetitive and against low 
resistance (7,9). This is what is thought of as isotonic activ- 
ity. An example of a highly isotonic activity is long-distance 
running. The cardiovascular effects of high dynamic activity 
are quite different from static activity. The metabolic demands 
of the exercising muscle are much greater. The V0 2 may rise 
10-fold or more from resting values with highly dynamic 
activity. To meet this oxygen demand, cardiac output may 
rise fivefold or more in well-conditioned athletes. Although 
systolic blood pressure rises as the cardiac output increases, 
vasodilation of the vascular bed of the exercising muscles 
results in a significant drop in PVR with highly dynamic exer- 
cise. Thus, dynamic exercise results primarily in a volume load 
being placed on the heart as opposed to the pressure load that 
results from highly static activity. 

In truth, there are no pure “static” or “dynamic” activities, 
and all athletic activities are to some degree a combination of 
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Bobsledding/Luge*, 

Field events (throwing), 
Gymnastics*, Martial 
arts*, Sailing, Sport 
climbing, Water 
skiing*, Weight 
lifting*, Windsurfing* 

Body building" , 
Downhill skiing" 
Skateboarding' , 
Snowboarding* 
Wrestling* 

Boxing* 

Canoeing/Kayaking 

Rowing 

Speed skating* 
Triathlon 

Cycling*, Decathlon 

Archery, Auto 
racing*, Diving*, 
Equestrian*, 
Motorcycling 

Football*, Field events 
(jumping), Figure 
skating*, Rodeoing*, 
Rugby*. Running (sprint) 
Surfing*. Synchronized 
swimming 

Basketball*. Ice Hockey- 
Cross-Country Skiing 
(skating technique), 
Lacrosse*, Running 
(middle distance), 
Swimming. Team 

Billiards, Bowling, 
Cricket, Curling, 
Golf, Riflery 

Baseball/Softball*, 
Fencing, Table 
tennis, Volleyball 

Badminton, Cross- 
country Skiing (classic 
technique), Tennis, 
Race walking, Running 
(long distance), Field 
Hockey*, Soccer*, 
Racquetball, 
Squash, Orienteering 


A. Low B. Moderate C. High 

(<40% Max 0 2 ) (40-70% Max 0 2 ) (>70% Max 0 2 ) 


Increasing Dynamic Component 


Figure 6.1. Classification of sports. This classification is based 
on peak static and dynamic components achieved during com- 
petition. It should be noted that higher values may be reached 
in training. The increasing dynamic component is defined in 
terms of the estimated percent of maximal oxygen consump- 
tion (Max V0 2 ) achieved and results in an increasing cardiac 
output. The increasing static component is related to the esti- 
mated percent of MVC reached and results in an increasing 
blood pressure load. The lowest total cardiovascular demands 
(cardiac output and blood pressure) are shown in green and the 
highest in red. Blue , yellow, and orange depict low moderate, 
moderate, and high moderate total cardiovascular demands, 
respectively. "'denotes collision risk. (From Mitchell JH, Haskell 
W, Snell P. Task Force 8: classification of Sports. J Am Coll 
Cardiol 2005;45:1364-1367, with permission from Elsevier.) 


both types. Figure 6.1 shows the relative amounts of static and 
dynamic forces required for various types of competitive sports 
that was published as part of the 36th Bethesda Conference 
on Competitive Sports Participation in Athletes with Heart 
Disease (7). Increasing dynamic activity requires a higher V0 2 
while increasing static activity requires a higher percentage 
of MVC. There are sports such as rowing and cycling that 
require both high static and high dynamic components. 

This figure has been widely published and used by clini- 
cians to help to make recommendations for activities for 
their patients with heart disease. It is important to remember 
that the values for this table refer only to competitive sports 
in adolescents and adults. The contents of this table have lit- 
tle or no relevance to competitive sports participation in the 
preadolescent population. Much of preadolescent competitive 
sport training focuses on learning basic skills and coordina- 
tion. Strength and endurance training have very little or no 
place in competitive sports at this age. Any parent will tell 
you that soccer played by a group of 7-year-olds bears almost 
no relationship to soccer being played by a group of 17-year- 
olds. Understanding these differences is crucial since it impacts 
directly on the ability of athletes with CHD in these age groups 
to successfully and safely participate in the athletic activity. 


Types of Physical Activity 

Physical activities can be divided into three broad types of 
activities: (a) activities of daily living, (b) leisure and recrea- 
tional sports, and (c) competitive sports. All patients with CHD 


participate in the first type of activity. Many also participate in 
the one or both of the latter two types. Understanding the dif- 
ferences between these types of activities is important to being 
able to assess the capabilities and safety of individuals with 
CHD to perform these activities. 

Activities of Daily Living 

“Activities of daily living” is an inclusive term that encom- 
passes all the physical activities required by an individual as 
part of his or her routine daily tasks. These requirements will 
vary greatly depending on the age of the individual as well as 
many other unique circumstances. There have been attempts 
to quantify the amount of physical activity that occurs during 
typical activities of daily living among different ages of chil- 
dren, adolescents, and young adults both with and without 
CHD. These studies used various types of motion detectors as 
well as recall questionnaires. The results of these studies were 
mixed, but generally indicated that children and adolescents 
with CHD perform significantly less physical activity as part 
of their daily routine (11-13). This difference was most pro- 
nounced in boys with CHD compared to their healthy peers 
(12,13). It is also worth noting that most children tend to over- 
estimate the amount of physical activity they perform (14,15). 

The reasons for this difference in physical activity asso- 
ciated with daily living among children with CHD are not 
clear. There is at least some evidence that this is due to activ- 
ity restrictions that have been imposed by physicians, parents, 
and in some cases by the children themselves (16). This has 
been seen even in children with relatively trivial cardiac condi- 
tions. The consequence of these restrictions may well be quite 
significant. Recent studies of obesity trends in children with 
CHD are alarming. Obesity in this population mirrors that of 
the general pediatric population and occurs even in popula- 
tions with otherwise excellent cardiac repair and normal or 
near-normal exercise capacities (3,4,17). There is at least some 
evidence that the amount of obesity is related to daily amounts 
of physical activity. 

Assessment of activities of daily living is even more impor- 
tant in the case of young adults with CHD. These activities will 
usually include those required for employment. The intensity 
of physical activity can obviously vary greatly from individual 
to individual depending on the nature of their employment. 
Although this may seem obvious, the little research available 
would suggest that this aspect of patient care is largely ignored 
by the patients and their physicians. Of concern is the finding 
that the most common reason patients do not seek informa- 
tion about appropriate level of physical activities is a mistaken 
belief that all activities are safe to perform (18). 

Leisure and Recreational Sports 

Leisure and recreational sports are physical activities that are 
engaged in without pressure to participate and are performed 
at the individual’s desire and comfort level. In short, they are 
activities that are undertaken without formal coaching. This 
definition encompasses a broad category of activities. Although 
there may be no formal coaching , some of these activities have 
significant organization and structure. Intramural sports at the 
high school or college level may often fall into this category. 
Less structured activities such as playground “pick-up” games 
as well as physical activities that may be undertaken by an 
individual such as cycling or jogging would also fall under 
this category of leisure or recreational sports. A careful his- 
tory of these activities is an important part of the assessment 
of a patient with CHD. Clearly, the intensity with which these 
leisure activities are performed may vary widely with the age 
and circumstances in which they are undertaken. This also 
highlights the importance of understanding the difference and 
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intensity of sports at a recreational as opposed to a competitive 
level. Intramural flag football has little in common with com- 
petitive high school football. For this reason, it does not make 
sense to use the information in Figure 6.1 on the intensity of 
this sport to determine if it is safe for a patient with CHD to 
play at an intramural level. 

Competitive Sports 

Competitive sports are those that are generally organized, 
coached, and played at high skill levels. They often, but not 
always, require high-intensity physical activity (see Fig. 6.1). 
The intensity with which an individual participates in compet- 
itive sports is influenced by their personal motivation as well 
as the outside influences of the coach, other team members, 
parents and other family members, and spectators. The end 
result is the potential for the individuals to push themselves to 
participate beyond the level they might otherwise choose to or 
which might be considered safe by their physician. 

It is also important to remember that training is a signifi- 
cant part of competitive sports. The training for competitive 
sports may in many cases be of higher intensity than partici- 
pation in the actual sport. For example, weight training and 
physical conditioning undertaken by high school athletes play- 
ing baseball may easily exceed the intensity of the activity they 
achieve in the actual game. When considering the safety of 
participation of an individual with CHD in a particular sport, 
the requirements of training must be considered equally with 
the sporting activity itself. 

It is also important to remember, as stated earlier, that 
“competitive” does not necessarily mean the same thing for all 
ages. None of the factors that influence high levels of perfor- 
mance in adolescents and adults, such as coaching and specta- 
tors, are likely to have much of an effect on young children. 
Especially at early ages, children are very unlikely to perform 
beyond a level that they would otherwise choose to self-limit. 
As such, these “competitive” sports should be thought of more 
as activities to teach basic physical skills rather than true com- 
petitive athletics (19). 

Promoting Physical Activities and Exercise 
in Patients with Congenital Heart Disease 

Given the concerns of growing obesity and sedentary lifestyles 
in the population with CHD, what should the recommenda- 
tions be for physical activity in this population? Regardless of 
age, in the vast majority of the population, the recommended 
level of 60 minutes of moderate to vigorous physical activities 
per day is probably appropriate. This level of activity corre- 
sponds to approximately 50% to 60% of maximal V0 2 or 
70% of maximal heart rate (20). As will be discussed later 
in this chapter, this is a level of physical activity that is often 
achieved in recreational activity or in many cases through 
competitive sports and is both safe and desirable for many 
individuals with simple congenital heart defects. Often with 
minor CHD, minimal formal testing may be required prior to 
individuals undertaking this level of activity. In more complex 
defects and usually following an operative repair, more for- 
mal studies including electrocardiogram (ECG), echocardio- 
gram, and exercise testing may be indicated. The need and the 
rationalization for these tests will be discussed for the indi- 
vidual defects. 

In individuals with complex defects and residual cardiac 
dysfunction, studies from the adult heart failure literature 
suggest that they would still benefit from routine regular 
physical activity. However, these patients may need physi- 
cal activity programs that are more specifically designed for 
their degree of cardiac fitness (21-23). In these circumstances, 


formal exercise testing with assessment of V0 2 , work rate, 
and heart rate is very useful in generating an exercise prescrip- 
tion. This can be used to instruct the patient in the types and 
intensity of activities that are both safe and beneficial. These 
prescriptions are usually based on what is referred to as FITT- 
f actors. FITT is an acronym for Frequency, Intensity, Time 
and Type. All four factors should be included when generat- 
ing an exercise prescription and address both activities with 
primarily dynamic and static components to assure optimal 
physical conditioning (24). This type of activity classification 
is used throughout this chapter in making recommendations 
for activities in individual congenital cardiac defects. 


PREPARTICIPATION SCREENING FOR 
UNDIAGNOSED CARDIAC CONDITIONS 


Incidence of Sudden Cardiac Death 

SCD in individuals younger than 35 years of age during or 
just after exercise is almost always attributable to structural 
or functional cardiac disease (25). In the United States, the 
most common cardiac causes of SCD are hypertrophic car- 
diomyopathy (HCM), commotio cordis, coronary artery 
anomalies, other cardiomyopathies, electrical abnormalities 
(e.g., long QT syndrome, catecholaminergic polymorphic ven- 
tricular tachycardia, Brugada syndrome), myocarditis, Mar- 
fan syndrome, aortic valve disease, atherosclerotic coronary 
artery disease (CAD), and others (25-28). Because there is no 
mandatory reporting system in the United States, the exact 
frequency of SCD is unknown. Published reports have relied 
on public media, catastrophic insurance claims, and elec- 
tronic databases. From these, estimates of SCD range from 
1:160,000 to 1:300,000 for competitive athletes aged 12 to 
35 years (25,27,28). These may underestimate the true inci- 
dence of SCD since without mandatory reporting, it is likely 
that some cases are missed. Indeed, there are other studies that 
have reported a higher incidence of SCD in the United States, 
ranging from 1:9,000 in United States military recruits (29) 
to 1:67,000 in a retrospective survey of college athletes aged 
from 18 to 23 years (30-34). In the Veneto region of Italy, 
prior to implementing a national screening program, the inci- 
dence of SCD was 1:28,000 for competitive athletes aged from 
12 to 35 years. This is based on a mandatory registry of SCD 
in the region (35). 

Risk of SCD appears to differ based on gender, race, 
and activity. SCD occurs more often in males than females 
(26,27,36), which may be explained by the greater participa- 
tion rates in males compared to females in competitive ath- 
letics. In the United States, African Americans are at greater 
risk than Caucasians for SCD (36). Participation in soccer and 
basketball carries the highest risk of SCD, but this may be 
explained by the popularity and higher participation rates in 
these sports compared to other activities (26). 

Although debatable, most agree that regular training for 
athletic competition is associated with an increased risk of 
SCD in those athletes who have underlying occult cardiovas- 
cular disease compared to sedentary young individuals. In 
2003, Corrado et al. reported the incidence of sudden death in 
the athletic and nonathletic young population (12 to 35 years) 
in the Veneto region of Italy. These authors demonstrated that 
participating in competitive sports increased the risk of sud- 
den death in adolescents and young adults by 250%. They 
reported an incidence of sudden death of 2.3 (2.62 in the 
males and 1.07 in females) per 100,000 athletes per year from 
all causes and of 2.1 per 100,000 athletes per year from car- 
diovascular disease (5). 
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Purpose of Preparticipation Screening 

Why do we perform preparticipation screening? Is the purpose 
to prevent SCD or is it to identify those children with cardio- 
vascular abnormalities that may place them at increased risk 
for SCD? The answer appears to be the latter. The American 
Heart Association (AHA) states that preparticipation screening 
is the “systematic practice of medically evaluating large, gen- 
eral populations of athletes before participation in sports for 
the purpose of identifying (or raising suspicion of) abnormali- 
ties that could provoke disease progression or sudden death” 
(37) (Fig. 6.2). Similarly, according to the 36th Bethesda Con- 
ference Guidelines “the ultimate objective of pre-participation 
screening carried out in general populations of trained athletes 
is the recognition of “silent” cardiovascular abnormalities that 
can progress or cause sudden cardiac death” (38). The Ameri- 
can Academy of Pediatrics recently published guidelines for 
preparticipation screening, with the goal to “uncover condi- 
tions that might require further investigation or treatment” 
that would hinder the health and safety of the athlete (39). 
Thus, it appears that the main goal of screening is to discover 
underlying cardiovascular disease that has the potential for 
SCD. Based on estimates from several studies using noninva- 
sive testing, approximately 1 in 500 young athletes may have 
an underlying cardiac condition that places them at increased 
risk of SCD (35,37,40-43). Many cardiovascular conditions, 
once identified, can be treated to help reduce the risk of SCD. 
Treatment may include activity restriction, pharmacotherapy, 
electrophysiology studies and procedures, implantable cardio- 
version defibrillator placement, and in some cases, surgical 
repair. 

Current Preparticipation Screening 
Recommendations 

Both the AHA and the European Society of Cardiology (ESC) 
agree that preparticipation screening of young athletes is war- 
ranted; however, controversy exists between the U.S. and 
European recommendations on the inclusion of a 12-lead 
ECG as part of routine screening (37,44). The first consensus 
statement on preparticipation screening in the United States 


was published by the AHA in 1996 and was reaffirmed in 
2007 (37,45). This statement recommended a detailed per- 
sonal and family history and physical examination (Fig. 6.2). 
A 12-lead ECG was not included. One of the major issues with 
this approach is that many athletes with a predisposition to 
SCD are asymptomatic, with normal histories and physical 
examinations. Often, the first sign of an underlying cardiovas- 
cular condition is SCD in up to 60% to 80% of these athletes 
(26,46,47). The limited value of history and physical exami- 
nation alone was noted in a retrospective analysis of 115 high 
school and collegiate athletes who died suddenly. The authors 
found that cardiovascular abnormalities were suspected by 
standard history and physical examination screening in only 
3% of the examined athletes and screening led to the accu- 
rate diagnosis in only one athlete (26). In the United Kingdom, 
prospective studies using history and physical examination 
were not efficacious in identifying those with underlying car- 
diovascular conditions associated with SCD (48). 

The current recommendations from the ESC, endorsed 
by the International Olympic Committee (IOC) and several 
professional sports organizations, include a 12-lead ECG in 
addition to the screening history and physical examination 
(44,49). For over 25 years, Italy has evaluated several mil- 
lion athletes annually, under a state-subsidized screening pro- 
gram (44). The evaluation is performed by specially trained 
physicians who work in centers dedicated to preparticipation 
screening of athletes and is performed starting at age 12 to 
14 years and repeated at least every 2 years (44). The protocol 
also incorporates guidelines for further investigations if any 
cardiovascular abnormality is found or suspected. 

Benefits of Mandatory Preparticipation 
Electrocardiogram Screening 

In the United States, the inclusion of additional noninvasive 
tests, such as the 12-lead ECG, to preparticipation screening 
of young athletes is highly debated (50-53). The European 
recommendations are based on several studies demonstrating 
increased sensitivity using ECG to detect occult cardiovascular 
pathology compared with history and physical examination 
alone (35,40-43). 


Figure 6.2. The American Heart Association 
Pre-participation Screening of Competitive 
Athletes Recommendations (12-Elements) 
(Adapted from Maron BJ, Thompson 
PD, Puffer JC, et al. Cardiovascular 
pre-participation screening of competitive 
athletes. A statement for health professionals 
from the Sudden Death Committee (clinical 
cardiology) and Congenital Cardiac Defects 
Committee (cardiovascular disease in the 
young), American Heart Association. Circu- 
lation 1996;94:850-856.). 
a In middle and high school athletes, paren- 
tal verification of medical history is recom- 
mended. 

b Not vasovagal (neurocardiogenic); particu- 
larly concerning if related to exercise. 
^Auscultation should be done both while 
supine and standing, or with Valsalva maneu- 
ver, in order to identify murmurs of dynamic 
left ventricular outflow tract obstruction. 


Medical History 3 


• Chest pain on exertion 

• Chest pain with exercise 

• Syncope/near syncope that is unexplained* 5 

• Unexplained or excessive dyspnea/fatigue with exertion 

• Prior heart murmur 

• Elevated systemic blood pressure 


Family History 


• Premature death < 50 years from heart disease, sudden or otherwise, > 1 
relative 

• Disability from heart disease in a close relative < 50 years of age 

• Knowledge of certain cardiac conditions in relatives: hypertrophic or 
dilated cardiomyopathy, long QT syndrome or other ion channelopathies, 
Marfan syndrome, or clinically significant arrhythmias 


Physical Examination 


• Heart murmur 0 

• Evaluation of femoral pulses, to exclude aortic coarctation 

• Physical characteristics of Marfan syndrome 

• Brachial artery blood pressure (sitting, in both arms) 
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Genetic cardiomyopathies are the most common cause of 
SCD in young athletes. In the United States, HCM is most 
common while in Italy, arrhythmogenic right ventricular car- 
diomyopathy (ARVC) predominates (25,35). While cardio- 
myopathy is definitively diagnosed with cardiac imaging, ECG 
screening can detect approximately 95% of those with HCM 
and 80% with ARVC (54,55). Corrado et al. (56) reported on a 
17-year experience of preparticipation screening that included 
ECG in the Veneto region of Italy. During 1979 to 1996, a 
consecutive series of 33,735 young athletes was evaluated. Of 
these athletes, 1,058 were disqualified for medical reasons and 
621 (1.8%) because of the recognition of clinically relevant 
cardiovascular abnormalities. Among the athletes screened, 
22 (0.07%) showed both clinical and echocardiographic evi- 
dence of HCM, which accounted for 3.5% of the cardiovascu- 
lar causes for disqualification. The authors showed that, when 
compared to history and physical examination alone, ECG 
had 77% greater power to identify HCM. Similarly, a popu- 
lation-based study of 4,111 young adult athletes in the United 
States using ECG found a diagnosis of HCM in 7 (0.17%) by 
echocardiography, 5 of whom had an abnormal ECG (71%) 
(57). The Italian ECG-based preparticipation screening model 
has also been shown to have a high negative predictive value 
(99.98%) in excluding HCM in those young athletes who 
have normal ECG (58). This model was found to be effective 
in reducing rates of SCD from ARVC with a significant decline 
(84%) in incidence rates from the prescreening to the postim- 
plementation of screening era (35). 

In 2006, Corrado et al. reported on a prospective observa- 
tional analysis of 42,386 young athletes, evaluating the rate of 
SCD in those undergoing screening to those nonathletes who 
did not have preparticipation screening over more than 25 
years. Results were compared for the era prior to use of ECG 
for preparticipation screening to the 25-year era with ECG 
screening. There was a 90% reduction in mortality in young 
athletes since the beginning of the screening period. The rate of 
SCD in nonathletes remained constant over the same period. 
The reduction appeared to be due to fewer cases of SCD from 
cardiomyopathies (mainly ARVC) and to increased identifica- 
tion of cardiomyopathies at time of screening (35). Recently, 
Wilson et al. evaluated 1,074 junior athletes (ages 10 to 27) 
and 1,646 physically active schoolchildren (age 14 to 20) in 
the United Kingdom using personal and family history, physi- 
cal examination, and resting ECG. Nine athletes (0.3%) were 
found to have cardiovascular abnormalities predisposing them 
to SCD. All were detected by ECG alone as none had symp- 
toms or family history of SCD (59). 

Concerns about Mandatory Preparticipation 
Electrocardiogram Screening 

In the United States, obstacles exist to implementation of an 
obligatory national screening of competitive athletes using 
ECG. Some of these obstacles include the large population 
of athletes to be screened (10 to 12 million), diverse ethnic 
and racial population in the United States, and the recognition 
that it is impossible to absolutely eliminate the risks associated 
with competitive sports (5). 

Another main concern regarding the use of ECG during 
preparticipation screening relates to the high false-positive 
rate. In the study by Corrado et al. (35), a 7% false-positive 
rate with 2% of athletes being disqualified was reported; only 
0.2% of athletes were ultimately disqualified for potentially 
fatal cardiac conditions. This raises concerns regarding unnec- 
essary further investigations and/or false disqualification of 
an athlete who is not actually at increased risk for SCD (60). 
Several recent studies have been published utilizing strict 
ECG criteria when screening athletes to take into account 


the physiologic adaptation to heart structure and function 
in athletes (“athlete’s heart”) affecting the interpretation of 
ECGs. In the study by Wilson et al., the authors reported a 
false-positive rate of 3.7% using history, physical examination, 
and ECG with 1.9% false positives due to ECG alone (59). 
Hevia et al. (61) evaluated 1,220 amateur athletes in Spain 
using history, physical examination, and 12-lead ECG and 
found 6.14% of ECGs were abnormal with 2 cases of HCM 
diagnosed by ECG. There were 15 cases with positive criteria 
on history or physical examination, but none were found to 
have cardiac disease by echocardiography (1.2% false-positive 
rate). In 2007, Pelliccia et al. (62) described ECG abnormali- 
ties on 32,652 amateur athletes (median age 17 years) under- 
going preparticipation screening in Italy and found 12% had 
abnormalities but only 40% of those abnormalities (4.8% of 
the population) required further diagnostic testing. 

Two recent studies have further called into question the 
usefulness of 12-lead ECG as part of preparticipation screen- 
ing of athletes. Maron et al. (63) compared sudden death rates 
in Minnesota, where ECG is not part of routine screening, 
to that of the Veneto region of Italy, where ECG screening 
is mandatory. Over a 23-year period, the SCD rate of high 
school athletes in Minnesota was 1.06 per 100,000 person- 
years and 1.87 per 100,000 person-years in Italy. These 
data demonstrated that the SCD rate was low in both loca- 
tions and does not support a reduced mortality rate due to 
use of ECG in preparticipation screening. As well, Steinvil 
et al. (64) reported on the sudden death rate prior to and after 
mandatory preparticipation screening program in Israel. This 
screening consisted of medical history, physical examination, 
ECG, and exercise stress testing. The authors found no signifi- 
cant difference between the average yearly incidences of SCD 
(2.54 per 100,000 person-years) in the decade prior to man- 
datory screening compared to the decade after (2.66 events 
per 100,000 person-years). The authors also called into ques- 
tion the findings from Italy (35) from which the ESC based 
their current guidelines (44), noting that the Italian study only 
looked at the 2-year period preceding the enforcement of ECG 
screening and compared this to mortality rates 25 years later. 
Instead, it may be that there were abnormally high mortal- 
ity rates in Italy in 1980 and 1981 (mandatory screening was 
enforced in 1982) but if they had looked prior to those dates, 
they may have found great variability in the SCD rates, as was 
found in Israel (35,64). 

As well, as with any screening tool, ECG does not detect 
all conditions that predispose an athlete to SCD. In particular, 
congenital coronary anomalies and premature atherosclerotic 
CAD cannot be identified by ECG alone. These cause up to 
20% of SCD in young athletes in the United States (26). There 
are also a small percentage of people with HCM who have 
normal ECG; however, it is believed that these may represent 
a milder phenotype and may have a lower risk for cardiac- 
related sudden death (65). 


Electrocardiogram Analysis 

The evaluation of studies looking at false-positive and false- 
negative rates for ECG screening may be strongly affected 
by what is defined as normal and abnormal in an individual 
study. There are physiologic changes in structure and function 
that are considered benign in athletes but are atypical in a sed- 
entary individual. These ECG changes that were once thought 
of as abnormal are now understood to be training-related 
changes. To clarify physiologic ECG changes in athletes from 
pathologic ones, the ESC recently published a statement with 
recommendations on ECG interpretations (66). These are 
summarized in Table 6.1. The main change from previous 
guidelines is the elimination of isolated QRS voltage criteria 
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TABLE 6.1 


Classification of Abnormalities of the Athlete's ECG 


Common and Training-Related Uncommon and Training-Unrelated 

ECG Changes ECG Changes 


Sinus bradycardia T-wave inversion 

First-degree AV block ST-segment depression 

Incomplete RBBB Pathologic Q waves 

Early repolarization Left atrial enlargement 

Isolated QRS voltage criteria for LVH Left-axis deviation/left anterior hemiblock 

Right-axis deviation/left posterior hemiblock 
Right ventricular hypertrophy 
Ventricular preexcitation 
Complete LBBB or RBBB 
Long- or short-QT interval 
Brugada-like early repolarization 

Common or training changes generally require no additional investigation. Uncommon changes should be further evaluated prior to 
sports participation. 

Modified from Corrado D, Pelliccia A, Heidbuchel H f et at. Recommendations for interpretation of the 12-lead electrocardiogram in 
the athlete. Eur Heart J 2010;31<2):243-259. 


for left ventricular hypertrophy (LVH) as abnormal. Several 
studies have demonstrated a high incidence (up to 80%) 
of ECGs from trained athletes that meet ECG LVH criteria 
(S wave in VI + R wave in V5 >35 mm) (66). 

Further, since most normative data for ECGs are based 
on Caucasian males, they may not extrapolate well to other 
populations. For instance, female adolescent athletes often 
have T-wave inversions in the right precordial leads, which 
may be mistaken for ARVC (67). Research has also shown 
that ethnicity impacts physiologic responses to exercise and, 
as such, may manifest with ECG patterns that are classified 
as abnormal. This is especially true of athletes of African and 
Afro-Caribbean descent. In a study by Magalski et al. (68) eval- 
uating ECG patterns in 1,959 elite male football players in the 
United States, the authors found marked repolarization abnor- 
malities, often limited to the right precordial leads (Vj-Yd, 
in 30% of African American athletes compared with 13% 
of Caucasian athletes. Another study from the United King- 
dom suggested that certain electrocardiographic abnormalities 
found in black athletes may be variants of normal and not evi- 
dence of pathology. This study demonstrated that black ath- 
letes with ECG abnormalities limited to the right precordial 
leads did not have evidence of cardiomyopathy by echocardi- 
ography and, when followed long-term, these athletes had no 
increased cardiovascular morbidity or mortality (69). 

Economic Consequence of Preparticipation 
Screening 

When examining the cost-benefit ratio of preparticipation 
screening, one has to examine the cost of the ECG added to 
the cost of history and physical examination alone. There is 
high variability in reports of cost-effectiveness estimates based 
on different statistics used for rates of SCD, false-positive rates 
of ECG, and costs of ECG and additional screening (70). For 
example, since there are >10 million athletes in the United 
States, if an ECG costs $50, it would cost $500 million for elec- 
trocardiographic screening of all athletes. Based on the Italian 


experience, we would estimate that 890,000 ECGs would be 
positive in the United States. This will result in ordering an 
echocardiogram at an approximate cost of $1,500 per test. 
Thus, the total cost of an Italian/European-based screening 
program in the United States would be $1.84 billion. This is 
coupled with the above data and is probably underestimating 
EKG and echo costs. 

Fuller et al. (71) assessed the cost-effectiveness of using his- 
tory and physical examination alone with the addition of a 
12-lead ECG and found that adding an ECG was more cost- 
effective, costing $44,000 per life-year saved if ECG screening 
was used on high school athletes in the United States compared 
with $84,000 per life-year saved by history and examination 
alone. Recently, Wheeler et al. (72) evaluated the cost-effec- 
tiveness of preparticipation screening of U.S. athletes from ages 
14 to 22 using cardiac-focused history and physical examina- 
tion alone or with the addition of ECG. The authors found 
that the addition of 12-lead ECG saves 2.1 life-years per 1,000 
athletes screened ($89 per athlete) with a cost-effectiveness 
ratio of $42,900 per life-year saved compared with history and 
physical examination alone. 

Start-up costs of a preparticipation screening program in 
countries such as the United States, where there is not an estab- 
lished program in place, would be significant. There are not 
only costs in developing the necessary infrastructure for both 
the evaluation as well as the treatment of athletes but also the 
costs for physicians who would need to undergo more formal- 
ized training. There are also the costs and resources needed for 
those who have ECG abnormalities, since they almost always 
necessitate further evaluation, including visits with a cardio- 
vascular specialist and noninvasive imaging, such as echocar- 
diography. In those for whom the ECG is a false positive, the 
costs of additional testing are not only financial, but physical 
and psychological too. The athlete may experience anxiety 
awaiting further evaluation, will likely be restricted from exer- 
cise, and may be disqualified from the sport. This highlights 
the need for a program in which quick evaluation and results 
are provided to those who have abnormalities found at the 
initial screening process (37,73). 
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SPECIFIC CONGENITAL CARDIAC LESIONS 
Shunt Lesion 

Atrial Septal Defect Ventricular Septal Defect 
Atrioventricular Septal Defect and Patent Ductus 
Arteriosus 

When exercise capacity is measured by formal exercise testing 
in patients with either small or repaired shunt lesions, many 
patients are found to have a low aerobic capacity (74,75). 
While residual cardiac disease or, more rarely, a persistent 
degree of pulmonary hypertension (PHT) with exercise may 
be the cause of this finding in a few cases (75), the cause in the 
majority of patients with these shunt lesions is a sedentary life- 
style with physical inactivity. Regular exercise participation, 
exercise training, and in many cases competitive sports par- 
ticipation may be beneficial for the majority of these patients. 

Atrial Septal Defect 

In patients with atrial septal defect (ASD), blood flows left to 
right across the atrial defect during diastole as a consequence 
of the greater right ventricular compliance. The total amount 
of blood across the shunt is negligible in small defects, and 
patients should have a normal exercise capacity. However, in 
larger defects the greater shunt size leads to right ventricu- 
lar volume overload that could potentially cause PHT during 
exercise (75). In addition, this shunt flow may limit preload 
to the left ventricle at higher heart rates. If this occurs, this 
may lead to a mildly reduced exercise capacity. After ASD clo- 
sure, nearly all patients resume full exercise capacity. In the 
current surgical and interventional era, repair outside of early 
childhood is rare. Residual PHT or atrial arrhythmias are very 
rare during childhood or at any age following early childhood 
repair. The guidelines from the 36th Bethesda Conference 
do not limit competitive activity in children who have their 
defects closed. The only patients in whom exercise should be 
restricted are those with a large ASD and mild pulmonary 
artery hypertension. Low-intensity competitive sports (IA) 
are recommended until the defect is closed (76). In Europe 
the guidelines from the task force of the ESC on sports for 
children with CHD and a left-to-right shunt (ASD) are for no 
limitations on physical exercise or sports activities (77). This 
also holds true for leisure sports and other physical activities. 

After interventional device closure of the ASD, the patient 
may resume light sport activities approximately 10 to 14 days 
after intervention (i.e., when the puncture site at the groin 
has healed completely). To minimize risk of dislodgement, 
contact sports should be avoided for 6 months at which time 
the device should be completely covered by the endocardium. 
After surgical patch closure, there are no restrictions after the 
thoracotomy has healed. 

Ventricular Septal Defect 

In those patients with highly restrictive ventricular septal 
defects (VSD) with a pulmonary-to-systemic flow ratio (Qpl 
Qs) of <1.5/1, there will only be a small shunt from the left 
to right ventricle (RV). During exercise, the shunt will remain 
relatively small. In those with moderate-size defects (Qp/Qs 
1.5-2), there is usually low pulmonary artery pressure and 
resistance and only mild left ventricular volume overload. 
In these patients, dynamic exercise is usually well tolerated. 
Because isometric exercise increases systemic afterload much 
more than pulmonary afterload, this form of exercise can result 
in an increase in both pulmonary flow and QpIQs , making 
isometric exercise somewhat less well tolerated. Those patients 
with large VSD (Qp/Qs > 2) with normal pulmonary pressures 


and resistances have similar exercise hemodynamics compared 
to those with moderate-size defects. However, if there is PHT, 
neither dynamic nor isometric exercise is well tolerated. In the 
presence of significantly elevated PVR, the pulmonary vascu- 
lar bed is unable to handle the increased blood flow associated 
with the exercise and right-to-left shunting may occur. 

In two studies of children during submaximal exercise 
testing, reduced values for ventilatory anaerobic threshold 
were found in about half of 43 patients with native VSD 
(mean 86 ± 12% of normal) and with surgically closed VSD 
(mean 86 ± 12% of normal) (74,75). The only variable that 
correlated with a lower level of exercise performance was 
greater physical inactivity during daily life. Children with a 
VSD (repaired or unrepaired) should be encouraged to be 
physically active and to adopt a healthy lifestyle. If low levels 
of exercise performance are found, increasing physical activity 
should be encouraged. Previous studies in small groups of chil- 
dren with congenital heart defects, including those with VSD, 
have shown improvement in maximal work rate on the bicycle 
ergometer, without a change in maximal V0 2 after a 6- week 
home-based conditioning program (78). 

Atrioventricular Septal Defects 

Patients with an atrioventricular septal defect (AVSD) who do 
not have Down syndrome should follow the same recommenda- 
tions as for VSD. The only exception is those individuals who 
have significant mitral regurgitation. Those with moderate to 
severe mitral regurgitation should be restricted from exercise if 
they have either severe volume overload of the left atrium and/or 
left ventricle or evidence of PHT. For those patients with Down 
syndrome, discussion with the primary physician and cardi- 
ologist should occur before undertaking any exercise program. 
While physical activity is important and encouraged in this 
population, they may need to be restricted from contact sports 
and other activities that may jar the neck due to the high rate 
of atlantoaxial instability in people with Down syndrome (79). 

Patent DuctusArteriosus 

For patients with a patent ductus arteriosus (PDA), the hemo- 
dynamics are similar to those found in patients with VSD. 
When in isolation, PDA closure is nearly always performed 
percutaneously. The same recommendations for activity apply 
as after percutaneous ASD closure. 

Evaluation Prior to Exercise and Sports Participation 

Most patients with well-repaired or hemodynamically insignif- 
icant residual shunt defects need little evaluation beyond rou- 
tine outpatient care prior to participating in either recreational 
or competitive athletics. This will generally include a physi- 
cal examination, ECG, chest x-ray, and echocardiogram. In 
cases where there is additional concern of significant residual 
abnormalities or pulmonary disease, additional testing includ- 
ing exercise testing may be needed (76). 

Leisure Activities and Activities of Daily Living 

In patients with well repaired or hemodynamically insignifi- 
cant ASD, VSD, PDA, and AVSD, no limitation exists for lei- 
sure activities or activities of daily living. These children can 
and should participate normally in physical exercise without 
restrictions. It is recommended that they perform 60 minutes 
of moderate to vigorous physical activity on 5 days per week 
or more (20) (see Table 6.2). 

Competitive Sports 

According to the Bethesda guidelines, since most children 
have ASDs closed before they are active in competitive sports. 
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exercise usually is not restricted. The only patients in whom exer- 
cise should be restricted are those with a large ASD (unrepaired) 
and mild pulmonary artery hypertension. Low-intensity com- 
petitive sports (IA) are recommended until the defect is closed 
(see Fig. 6.1). For those athletes with surgical or device closure 
of an ASD, if there is no evidence of PF1T or ventricular or 
atrial ectopy, they can participate in all sports 3 to 6 months 
after the operation or device closure (76). For those with VSDs, 
athletes with small to moderate defects and normal pulmonary 
artery pressure can participate in all sports while those with 
large defects and normal pulmonary artery pressure can par- 
ticipate after VSD closure. Those with large unrepaired defects 
and elevated pulmonary vascular resistance cannot participate 
in competitive sports (76). For those who want to participate in 
competitive athletics after surgical or device closure of a VSD, if 
there is no evidence of PHT or ventricular or atrial ectopy, the 
patient can participate in all sports 3 to 6 months after success- 
ful intervention (76). Limitations for competitive sports are only 
in patients with pulmonary arterial hypertension (PAH) (77). 
Information on exercise recommendations for the patients with 
PHT can be found in the section on PHT later in this chapter. 

Left-Sided Obstructive Lesions 

Aortic Stenosis 

Congenital aortic stenosis occurs in three major subtypes: sub- 
valvar, valvar, and supravalvar. Subvalvar disease is a result of 
a subaortic muscular ridge, a fibromuscular ridge and/or tun- 
nel, or a discreet subaortic membrane. Subaortic obstruction 
is also associated with a distorted aortic valve leaflet resulting 
in regurgitation. Congenitally stenotic aortic valves can be iso- 
lated, as is seen in the unicommisural or bicommisural lesions, 
or they can be found in association with posterior malalign- 
ment type VSD, abnormalities of the mitral valve, hypoplasia 
of the aortic arch, and aortic coarctation. Supravalvar aortic 
stenosis at the sinotubular junction is typically seen in patients 
with Williams syndrome, in familial supraaortic stenosis and 
rarely with familial dyslipidemias (80, 81), or as spontaneous 
mutations in otherwise normal individuals. Except in severe 
cases or in the presence of other significant defects, exercise 
performance is usually normal or near normal. 

Evaluation Prior to Exercise and Sports Participation 

It is important to distinguish symptomatic from asymptomatic 
patients who have aortic stenosis. A previous history of exer- 
cise-induced syncope or lightheadedness, dyspnea with exer- 
cise without an ostensible pulmonary etiology, or angina may 
indicate that these patients are at higher risk of SCD compared 


to asymptomatic patients. These patients therefore should be 
evaluated for possible surgery or catheter- based interventions. 
Guidelines grading the degree of stenosis have been previ- 
ously reported and have been used to make recommendations 
regarding sports participation in competitive athletes. How- 
ever, these guidelines are admittedly conservative and based 
upon scant literature (76). Most of the previously reported 
patients with aortic stenosis who died suddenly had a high 
incidence of ECG abnormalities. LVH and/or strain should 
be assessed when making recommendations for competitive 
sports. Graded exercise testing may be helpful in unmasking 
important findings, such as blunted blood pressure response or 
ventricular ectopy, in asymptomatic patients. 

Leisure Activities and Activities of Daily Living 

As stated above, most patients with aortic stenosis are asymp- 
tomatic and have normal exercise tolerance. Patients with mild 
disease need no restrictions and should follow the recommen- 
dations in Table 6.2. Patients with moderate stenosis should 
follow the recommendations for bicuspid aortic valve syn- 
drome (see Table 6.3). It is unknown if regular physical train- 
ing slows the progression of stenosis or insufficiency in this 
disorder. It is believed that repetitive, maximally strenuous iso- 
metric exercise may hasten valve deterioration; therefore, these 
activities should be minimized or avoided completely. Physical 
training, however, is helpful in hastening recovery in patients 
with CHD who have had surgical intervention (82-84). 

Competitive Sports 

Patients with valvar aortic stenosis are at risk for SCD dur- 
ing exercise (26,85). However, the true risk is unknown. In 
adults, syncope, dizziness, angina pectoris, or dyspnea with 
exercise are associated with SCD. Recent data suggest that the 
risk of SCD during exercise in patients who had balloon val- 
vuloplasty as infants may not be as high as previously believed 
(86). Until more data are available, the guidelines from the 
36th Bethesda Conference are probably reasonable. Athletes 
with mild aortic stenosis, a normal resting ECG, and no his- 
tory of exercise-related symptoms can participate in all forms 
of competitive sports. Patients with mild stenosis should be 
reevaluated periodically to continue with competitive sports. 
Athletes with moderate aortic stenosis who have mild or no 
LVH, normal response to treadmill exercise testing, and no 
exercise-induced symptoms can participate in low static/low- 
to-moderate dynamic and moderate static/low-to-moderate 
dynamic exercise (classes IA, IB, and IIA) (see Fig. 6.1). Indi- 
vidualized exercise prescriptions in borderline cases are rea- 
sonable in light of the finding of the lower risk of sudden death 
than was previously believed (86). 


TABLE 6.2 


Recommendations Following the F.l.T.T. Principle for Recreational Activities and Exercise 
Training in Children and Adolescents with ASD/VSD/AVSD/PDA and No Hemodynamically 
Significant Residual Disease 


F.l.T.T. 


Cardiovascular (dynamic) Training 


Muscle (static) Training 


Frequency Moderate: daily Vigorous: 3-5x/wk 

Intensity Moderate: 55%— 60% of max V0 2 to Heavy: below 80% of max V0 2 
Time Most of daily 60 min activity 

Type Predominantly dynamic activity: e g., running, jumping, 

cycling, swimming, inline skating, skateboarding, soccer 


3-5x/wk 

Moderate to High: 20%-50% MVC to >70% MVC 
As part of daily 60 min activity 

Predominantly static activity: e.g., gymnastics, 
climbing, push-ups, martial arts, ball sports practice 


V0 2 , minute oxygen consumption; MVC, maximum voluntary contraction. 
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Recommendations Following the F.I.T.T. Principle for Recreational Activities and 
| Exercise Training in Children and Adolescents with Bicuspid Aortic Valve Syndrome 8 

F.I.T.T. 

Cardiovascular (dynamic) Training 

Muscle (static) Training 

Frequency 

3-4x/ wk 

1-2x/wk 

Intensity 

Constant load training at low to moderate intensity: 
40%-60% of max V0 2 

Low intensity: (i.e., 1-5 lb Dumbbells), 10-15 repetitions for 
separate small muscle group 

Time 

60 min per session 

Include up to 30 min strength training in total time. 

Type 

Low static sports, like cycling, walking, swimming 

Dumbbell exercises, light gymnastics. 


V0 2 , minute oxygen consumption. 

8 Patients with no aortic root dilation and no significant stenosis or regurgitation may follow recommendations in Table 6.2. 


Subvalvar and supravalvar aortic stenosis probably war- 
rant similar exercise recommendations as valvar aortic steno- 
sis, even in light of slightly different pathophysiologies. 

Bicuspid Aortic Valves 

Bicuspid or bicommissural aortic valves are the most common 
type of congenital heart malformation, estimated to occur in 

0.5% of the population. Males are affected three times more 
often than females (87,88). Many providers investigate for 
Turner syndrome when a female is found to have a bicuspid 
aortic valve. In females with bicuspid aortic valve in associa- 
tion with coarctation, Turner syndrome or Turner mosaicism 
should be strongly considered. The typical bicuspid aortic 
valve has two recognizable lines of cusp apposition. Fusion 
of the right and left or right and noncoronary cusps results 
in valves that are prone to either regurgitation or stenosis 
or both. Abnormalities of the aortic root, sinotubular junc- 
tion, and ascending aorta occur as part of this lesion (89-91). 
Dilation of the root and ascending aorta is common, even 
in patients who do not have stenosis or regurgitation. The 
risk of spontaneous rupture may occur in these patients 
but with much less frequency compared to Marfan syn- 
drome patients. There is a tendency to dilate the aortic root 
in patients with fusion of the right and left coronary cusps, 
while dilation of the ascending aorta appears to be more 
common in patients with fusion of the right and noncoronary 
cusps (92,93). 

Evaluation Prior to Exercise and Sports Participation 

Bicuspid aortic valves should be considered when there is a 
family history of aortic valve problems in first-degree rela- 
tives (siblings or parents) given the reported vertical trans- 
mission rate as high as 33% with this defect. The physical 
finding of an aortic ejection click is frequently found with 
this anomaly, and a stenotic or regurgitant murmur may be 
present. Four extremity blood pressure assessments will help 
rule out coexisting aortic coarctation. ECG screening is uni- 
formly performed but is typically not helpful when no signifi- 
cant murmurs are present on the physical examination. ECG is 
essential in determining the diagnosis and assessing the hemo- 
dynamic significance of the lesion or lesions. Exercise stress 
testing is not usually helpful, unless important stenosis and or 
regurgitation is found echocardiographically or if coarctation 
of the aorta is also identified. Magnetic resonance imaging 
(MRI) may be helpful in assessing the caliber of the ascending 
aorta in patients who have difficult ECG windows. Cardiac 
catheterization may rarely be needed to confirm the gradient in 
patients who appear to have moderate-to-severe stenosis and 
may be helpful for risk stratification. 


Leisure Activities and Activities of Daily Living 

These patients should follow the guidelines listed above for 
aortic stenosis. Minimizing the exposure to significant static 
activities should be emphasized in those patients with evidence 
of aortic root dilation. These recommendations are summa- 
rized in Table 6.3. 

Competitive sport 

Patients with isolated bicuspid aortic valve without stenosis, 
regurgitation, or aortic dilation may participate in all competi- 
tive sports. Although there is information to suggest that regu- 
lar athletic training may increase aortic dimensions, the actual 
risk associated with this progression is unknown (94). There 
is evidence that endurance training may improve the elastic 
properties of the aorta (95-99). Close follow-up is warranted, 
and annual ECG may be helpful (100) but should be individu- 
alized to the patient. Intense, repetitive isometric activities may 
enhance aortic stiffness (101) and dilation (102); however, in 
the absence of aortic root dilation, isometric activities are cur- 
rently acceptable (103). 

Exercise restrictions are implemented for regurgitant and/ 
or stenotic aortic valves, and the degree of restriction is com- 
mensurate with the degree of the hemodynamic abnormality 
(103). Mild aortic dilation does not typically indicate exercise 
restrictions; however, frequent (annual) assessment is required 
in athletes, with attention to both the absolute dimension and 
rate of change. Current recommendations are summarized 
below. In younger preadolescent ages, the aortic root size 
should be indexed to the appropriate body mass Z-score. 

1. Patients with isolated bicuspid aortic valve without impor- 
tant stenosis or regurgitation and no more than mild aor- 
tic dilation (<40 mm) may participate in all competitive 
sports. 

2. Patients with moderate (<45 mm) aortic dilation that is sta- 
ble (not rapidly progressive) may participate in low static/ 
low-to-moderate dynamic competitive sports without risk 
of bodily collision. 

3. Patients with progressive (>5 mm per year) or severe aortic 
dilation (>45 mm) are permitted to engage in low static/low 
dynamic exercise only. 

Coarctation of the Aorta 

Aortic coarctation is narrowing of the aortic isthmus, defined 
as the segment of the aorta between the origin of the sub- 
clavian artery and ductal ampulla/ligament. It is commonly 
associated with abnormalities of the aortic valve, VSD, mitral 
valve abnormalities, hypoplasia of the transverse aortic arch, 
and hypoplastic left heart syndrome. Histologic abnormalities 
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involving the elastic media at the site of the coarctation are 
integral to this lesion. Older unoperated patients are also 
at risk for the development of and rupture of intracranial 
aneurysms. This risk exists even in operated patients. The 
cardiovascular risk of CAD, stroke, heart failure, aortic and 
cerebral aneurysmal rupture, and SCD occur even after suc- 
cessful early repair (104). Exercise capacity is reduced in these 
patients despite the adequacy of the repair (105,106). Chroni- 
cally elevated systolic blood pressure may play a role in car- 
diovascular morbidity and mortality. Endothelial dysfunction, 
reduced vessel elasticity, and enhanced baroreceptors may all 
play a role in the development of chronic systolic hypertension 
and the commonly found systolic hypertensive rise to graded 
dynamic or isometric exercise (107-109). 

Evaluation Prior to Exercise and Sports Participation 

Medical and surgical history, including the presence and/or 
repair of associated lesions, four extremity blood pressures, 
and a resting ECG are essential in the initial evaluation of 
patients with coarctation of the aorta. Previous information 
regarding cardiac catheterizations is also important, par- 
ticularly in patients who have had balloon dilation of native 
coarctation or dilation of recurrent/residual coarctation. The 
presence of an upper-to-lower extremity blood pressure gradi- 
ent should alert the physician to the presence of a possible 
residual coarctation. 

Laboratory studies include the baseline resting ECG to 
assess for the presence of LVH. Echocardiography is very use- 
ful in the detection of residual gradients, associated lesions, 
and the site of the residual obstruction, if present, as well as 
LVH. MRI with three-dimensional reconstruction offers exqui- 
site detail of aortic anatomy and may be useful in determining 
the site of residual obstruction or aneurysm. Maximal exercise 
testing can be useful to assess the blood pressure response to 
exercise in these patients. This response may be abnormal even 
in the absence of a residual coarctation. This may be related to 
residual abnormal vascular reactivity that may be seen in these 
patients as stated above. 

Leisure Activities and Activities of Daily Living 

There are significant numbers of studies examining exercise 
performance in patients with repaired coarctation of the aorta 
but longitudinal data regarding the risk of intense exercise 
participation and training are sparse. Those patients with 
good repairs (e.g., resting gradient of <20 mm Hg, no jux- 
taductal aneurysm), normal resting and exercise blood pres- 
sures, and no other associated cardiac abnormalities should 
engage in regular moderate to vigorous recreational activities 
as outlined in Table 6.2. Those patients with hypertension in 
the absence of residual coarctation should follow the recom- 
mendations listed later in this chapter for systemic hyperten- 
sion. Patients with a bicuspid aortic valve should follow the 
recommendations for bicuspid valves in Table 6.3. 

Competitive Sports 

Patients with isolated coarctation of mild degree (<20 mm Hg 
systolic blood pressure gradient) may participate in all sports; 
however, activities that have a maximally strenuous isomet- 
ric component should probably be discouraged. Patients with 
residual obstruction should be referred for either catheter- 
based or surgical intervention prior to participating in com- 
petitive sports (76). Resting or exercise-induced hypertension 
in the absence of a residual gradient should be treated as dis- 
cussed in the section on systemic hypertension. As with recrea- 
tional activities, competitive sports in patients with repaired 
coarctation and bicuspid aortic valve should defer to the 
section on bicuspid aortic valve. 


Right-Sided Obstructive Lesions 

Pulmonary Stenosis 

Valvar pulmonary stenosis (PS) is the most common type of right 
ventricular outflow obstruction and is caused by fused leaflets in 
most cases. The degree of obstruction is variable, but is typically 
mild and may regress spontaneously. More advanced obstruc- 
tion results in right ventricular hypertrophy and/or strain, and 
if left untreated, can result in exercise intolerance (110), and/ 
or atrial arrhythmias secondary to right atrial dilation. Most 
patients with advanced obstruction benefit from intervention, 
typically balloon valvuloplasty. Freedom from reintervention 
and exercise capacity have been reported to be quite favorable; 
however, the long-term impact of chronic pulmonary regurgita- 
tion as a result of the intervention remains to be seen (1 11,112). 
Mild PS (peak gradient <30 mm Hg) does not appear to sig- 
nificantly impact exercise performance. However, moderate (30 
to 50 mm Hg peak gradient) or severe (>50 mm Hg) stenosis 
impairs performance, but typically improves after intervention. 

Evaluation Prior to Exercise and Sports Participation 

Prior to participation in routine physical activity, patients with 
PS should have a complete cardiovascular physical examina- 
tion. A resting ECG should be obtained. Further studies will 
depend on the severity of the stenosis and the extent of any 
associated additional cardiac abnormalities. An echocardio- 
gram, Holter monitor, and exercise testing should be con- 
sidered in any patient with more than mild PS. Additional 
imaging studies such as cardiac MRI or computed tomogra- 
phy (CT) scan may be needed in select patients with significant 
right ventricular dilation or dysfunction. 

Leisure Activities and Activities of Daily Living 

Patients with mild PS not associated with a pressure over- 
loaded RV, no ECG abnormalities, and normal exercise toler- 
ance are encouraged to pursue normal activities (see Table 6.2) 
(76,113,114). Patients with treated PS and no significant 
hemodynamic abnormalities (mild stenosis, no more than 
moderate regurgitation) and a normal ECG should also be 
encouraged to participate in recreational activities without 
restrictions. Similar recommendations apply for patients with 
moderate stenosis and no more than moderate regurgitation. 

For patients with residual regurgitation associated with a 
dilated RV with normal RV systolic wall motion (see Table 6.4). 
If RV dysfunction is present, recreational activities and daily 
living activities may be limited. These patients may benefit 
from a formal exercise prescription to help optimize both 
their dynamic and static exercise performance (see Table 6.5). 
Patients with severe stenosis should be restricted from exercise 
until they can undergo repair. 

Competitive Sports 

Patients with mild PS, normal RV size and function and no 
more than mild regurgitation, normal ECG, and no RV hyper- 
trophy, may participate in all sports (76,115). Patients with 
moderate stenosis, no more than mild regurgitation, normal 
RV size and function, normal ECG, and no more than mild 
RV hypertrophy can participate in no more than moderate 
dynamic and mild isometric sports (see Fig. 6.1) (76,115). 
Patients with no or mild stenosis but with significant regur- 
gitation associated with RV dilation but normal RV function 
and are asymptomatic, can participate in low-intensity aerobic 
activities (see Fig. 6.1). Patients with severe stenosis should not 
engage in competitive sports but they can resume sports 3 to 6 
months after successful intervention. Types of activities depend 
upon residual hemodynamic findings (see above) (76,115). 
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TABLE 6.4 

Recommendations Following the F.I.T.T. Principle for Recreational 

Activities and Exercise Training in Children and Adolescents with PS and 
ToFand Moderate Residual Lesions and No Right Ventricular Dysfunction 

F.I.T.T. 

Cardiovascular (dynamic) Training 

Muscle (static) Training 

Frequency 

3-5x/wkto daily 

3-5x/wk 

Intensity 

Moderate: 40%-60% of max V0 2 

Low to moderate: 20%-50% MVC 

Time 

Most of daily 60 min activity 

As part of daily 60 min activity 

Type 

Moderate dynamic activities including 
swimming, table tennis, walking 

Static activities including gymnastics, 
ball sports, light weights 


V0 2 , minute oxygen consumption; MVC, maximum voluntary contraction. 


Tetralogy of Fallot 

Exercise performance in Tetralogy of Fallot (TOF) has prob- 
ably been studied more than in any other congenital cardiac 
abnormality. Valvotomy and outflow tract patches typically 
result in pulmonary regurgitation and dilation of the RV. Sig- 
nificant ventricular dilation can lead to arrhythmias as can 
scarring associated with ventriculotomies. Residual stenosis, 
regurgitation, and branch pulmonary artery stenosis have 
all been independently associated with diminished exercise 
performance, and inefficient ventilation during exercise. The 
latter is manifested as high ventilatory equivalents for car- 
bon dioxide (minute ventilation is high when compared to 
carbon dioxide excretion) as well as a steep rise in the slope 
of minute ventilation relative to carbon dioxide production 
(116-119). Exercise capacity varies widely in this popula- 
tion. It may range from severely depressed to, in some cases, 
well above normal. This heterogeneity in exercise perfor- 
mance reflects both the heterogeneity of the defect itself as 
well as the broad spectrum of residual disease seen following 
operative repair. Those patients with significant pulmonary 
regurgitation accompanied by biventricular systolic dysfunc- 
tion appear to have the lowest exercise capacity (117). These 
are often young adults with long-standing residual right- 
sided abnormalities. Patients with restrictive right ventricu- 
lar mechanics may not develop significant right ventricular 
dilation despite severe pulmonary regurgitation and often 
appear to have more preserved exercise capacity at long-term 
follow-up (120,121). QRS prolongation is associated with 


dilated RVs, and the absolute measurement (>180 ms) as well 
as the rate of change of the QRS duration may be important 
prognosticators for the risk of SCD during exercise. Other 
factors associated with ventricular arrhythmias and possibly 
with SCD include older age at repair, residual right ventricu- 
lar outflow tract obstruction with increased right ventricular 
systolic pressure, RV dilation and dysfunction, and left ven- 
tricular systolic dysfunction (122-125). Premature atrial and 
ventricular ectopy is commonly observed on exercise testing 
and can be seen in as many as 50% of patients. However, 
fast atrial or ventricular couplets or runs of arrhythmias are 
not common during exercise testing and are likely a cause for 
concern. 

Recent studies in young adults have shown a significant pre- 
dictive value of exercise testing for identifying patients at risk 
for either SCD or death from heart failure as well as the need 
for hospitalization for heart failure. Several studies assessing 
the role of exercise training in a controlled environment have 
also demonstrated improvement in exercise performance in 
this population despite the presence of important residual 
lesions (pulmonary regurgitation, RV dysfunction). Of note is 
that in one such study, patients with documented ventricular 
arrhythmias were excluded from participation (126). 

Evaluation Prior to Exercise and Sports Participation 

Evaluation prior to participation in regular physical activity 
should be similar to that for PS with residual cardiac abnor- 
malities. All patients should have regular Holter monitoring 


1 

TABLE 6.5 

Recommendations Following the F.I.T.T. Principle for Recreational 
Activities and Exercise Training in Children and Adolescents with 

PS and ToF and Residual Lesions with Right Ventricular Dysfunction 3 

F.I.T.T. 

Cardiovascular (dynamic) Training 

Muscle (static) Training 

Frequency 

3-5x/wk to daily 

3-5x/wk 

Intensity 

Low to moderate: 30%-60% of max V0 2 

Low to moderate: 20%— 50% MVC 

Time 

Most of daily 60 min activity 

As part of daily 60 min activity 

Type 

Low to moderate dynamic activities 
including walking, swimming 

static activities including light 
gymnastics, ball sports, light weights 


V0 2f minute oxygen consumption; MVC, maximum voluntary contraction. 

Consider formal exercise prescription in patients with significant cardiac dysfunction or deconditioning 
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and exercise testing to evaluate arrhythmias and assess 
cardiopulmonary capacity during exercise. Exercise testing 
combined with imaging studies, such as MRI, may be help- 
ful in identifying patients who could benefit from pulmonary 
valve replacement. This may be especially useful in the late 
adolescent and young adult age group. 

Leisure Activities and Activities of Daily Living 

Because of the heterogeneity of this population, recommenda- 
tions for activities and sports participation will vary widely 
depending on the state of the individual patient. Asympto- 
matic patients with normal or only mild RV dilation, normal 
right ventricular pressure, and systolic function who have no 
documented arrhythmias at rest and during exercise should 
be encouraged to pursue regular physical activities without 
restrictions (see Table 6.2). 

Asymptomatic patients with significant pulmonary regur- 
gitation who have at least moderate right ventricular dilation, 
but with preserved right ventricular function and no arrhyth- 
mias at rest or during exercise should follow recommenda- 
tions as delineated in Table 6.4. 

Asymptomatic patients with significant regurgitation, sig- 
nificant right ventricular dilation, and abnormal function may 
engage in mild dynamic exercise assuming no arrhythmias at 
rest or during exercise. These patients as well as the sympto- 
matic patients described in the following paragraph may ben- 
efit from a formal exercise prescription to better assess their 
individual limitations and to assure that they are performing 
activities that are safe and appropriate for their individual 
capacities. Depending on the patient, this may be based on 
recommendations in Tables 6.4 or 6.5. 

Symptomatic patients with residual right ventricular 
lesions and/or left ventricular dysfunction, patients with right 
ventricular to systemic systolic pressures ratios of two-thirds 
or more, patients with important residual intracardiac shunts, 
and patients with documented sustained atrial or ventricular 
arrhythmias that are refractory to treatment should engage in 
only low dynamic, low static activities (see Table 6.5). 

Competitive Sports 

Repaired patients with normal or near-normal RV pressure, 
with no more than mild RV volume overload, no important 
residual shunt, and no arrhythmias at rest or during exer- 
cise may engage in all competitive sports without restriction, 
except in Europe (76,115). The recent extraordinary perfor- 
mance of an American freestyle snow boarder is testament of 
the safety of the pursuit of athletic competition at very high 
level in repaired patients who do not have significant residual 
lesions. Patients with pulmonary regurgitation with dilated 
RVs, elevated RV pressures to one-half or more of the sys- 
temic systolic pressure, or with atrial or ventricular arrhyth- 
mias should only engage in low static, low dynamic sports 
(see Fig. 6.1) (76). 

Ebstein Anomaly 

There is scant literature regarding exercise performance and the 
risk associated with exercise in patients with Ebstein anomaly. 
Heterogeneity in this patient population is great and will vary 
with the severity of the valvular abnormalities as well as with 
the presence and degree of atrial right to left shunting. Oxy- 
gen consumption is reduced compared to normal. However, 
patients have improved exercise performance after tricuspid 
valvuloplasty and ASD closures (127). Patients repaired at a 
younger age who have lower cardiothoracic ratios on chest 
x-ray at the time of intervention appear to have the best out- 
comes. Preoperative patients frequently have cyanosis at rest 
that worsens with exercise. Even after surgical intervention. 


most patients have fairly limited exercise capacity with an 
average maximal V0 2 of 50% of predicted. Chronotropic 
impairment may be present. Reduced right ventricular and 
left ventricular stroke volumes may limit cardiac output and 
therefore exercise performance, even in adult patients who are 
fully saturated (128). Similar to patients with TOF and sin- 
gle ventricles, ventilatory inefficiency during exercise can be 
significant as a result of pulmonary abnormalities as well as 
right-to-left intra-arterial shunting if an ASD is present. 

Evaluation Prior to Exercise and Sports Participation 

Evaluation prior to participation in regular physical activity 
should be similar to that outlined for patients with TOF. Exer- 
cise testing and Holter monitoring are useful to assess exercise- 
induced arrhythmias and evidence of preexcitation. Exercise 
testing is also useful to evaluate the presence and degree of 
desaturation with exercise. 

Leisure Activities and Activities of Daily Living 

Asymptomatic, acyanotic patients with no more than mild tri- 
cuspid regurgitation, normal left ventricular systolic function, 
and no resting or exercise-induced arrhythmias may engage in 
all activities (Table 6.2). Asymptomatic patients with moder- 
ate tricuspid regurgitation and normal arterial saturation with 
supraventricular arrhythmias that are controlled may partici- 
pate in low-level dynamic and no more than moderately iso- 
metric physical activities (see Table 6.5). Symptomatic patients 
at rest or during exercise, those with important right atrial or 
right ventricular dilation, severe regurgitation, left ventricu- 
lar dysfunction, or chronic atrial or ventricular arrhythmias, 
should not engage in physical exercise. 

Competitive Sports 

Asymptomatic, acyanotic patients with no more than mild tri- 
cuspid regurgitation, normal left ventricular systolic function, 
and no resting or exercise-induced arrhythmias may engage 
in all competitive sports (76). Asymptomatic patients with no 
more than moderate tricuspid regurgitation, normal arterial 
saturation, and no resting or exercise-induced arrhythmias 
may participate in low dynamic and low static competitive 
sports (76) (see Fig. 6.1). 

Patients with severe Ebstein anomaly characterized as 
severe regurgitation and evidence of right ventricular dys- 
function (desaturation, exercise-induced arrhythmias, or 
symptoms during exercise or rest) should not engage in com- 
petitive sports. Patients who have had surgical intervention 
may participate in selected competitive sports 3 months after 
surgery if they are asymptomatic, have no or mild tricuspid 
valve regurgitation, and have no resting or exercise-induced 
arrhythmias. 

□-Transposition of the Great Arteries 

Prior to approximately 25 years ago, D-transposition of the 
great arteries (d-TGA) was repaired using the atrial switch 
operation, either the Mustard or Senning. Therefore, almost 
all patients with this type of procedure are in at least their 
third or fourth decade of life. Exercise performance in this 
population in usually moderately compromised with maximal 
VO z in the range of 60% to 70% of predicted. Many patients 
may be more severely limited even in performing activities of 
daily living to varying degrees. The reasons for poor exercise 
performance are multiple and may include poor systemic right 
ventricular function, chronotropic impairment, tricuspid valve 
regurgitation, and ridged atrial baffles that limit augmentation 
of ventricular preload (129-133). 

Because of the long-term problems with the atrial switch 
operations, the current approach has been to perform an 
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arterial switch operation whenever possible. Most patients 
after the arterial switch operation have near-normal exercise 
performance (on average, 87% of predicted maximal VO z ) 
(134-140). However, as this population has moved into ado- 
lescent and young adult ages, there is evidence to suggest that 
their exercise performance has somewhat declined (137-139). 
The reasons for this decline are unclear but may be related 
at least in part to lack of physical activity and rising rates 
of obesity (3,4). Symptomatic and asymptomatic occlusion 
of coronary vessels, myocardial perfusion imaging defects, 
wall-motion abnormalities on stress echocardiography and 
diminished coronary reserve have been noted in approxi- 
mately 10% to 12% of patients following the arterial switch 
operation (134,136,137,140-142). These findings raise con- 
cerns regarding the risk of highly competitive sports in these 
patients as well as the potential risks of acquired atheroscle- 
rotic coronary disease and subsequent activity-related myo- 
cardial ischemia as this population ages. Additionally, dilation 
of the aortic root is seen with increasing frequency as this 
population ages. Despite these concerns, sudden death after 
this operation is uncommon. To date, the need for surgical 
intervention has been quite low, and indications for reinter- 
vention are not clear. The risk for aortic rupture or dissec- 
tion during activity in this population is not known but given 
the presence of scar tissue surrounding the aortic root and 
the presence of a suture line, it is probably much less than 
with aortic root dilation from connective tissue diseases. The 
effects of aortic root dilation on the coronary arteries are also 
unknown (143-145). 

Evaluation Prior to Exercise and Sports Participation 

Patients with the atrial switch operation will be almost exclu- 
sively adults, and most will have some degree of significant 
cardiac dysfunction. A thorough evaluation such as what was 
outlined above for patients with TOP with significant residual 
defects is warranted. Routine exercise testing is useful to assess 
for the presence of arrhythmias and chronotropic response. 
In addition, this testing is useful in judging exercise capacity 
and potential limitations. This information will be useful in 
helping to counsel patients about jobs and daily living activi- 
ties as well as recreational sports and the need for physical 
rehabilitation, when necessary. 

Following the arterial switch operation, a complete history 
and physical examination are also needed. An echocardiogram 
to assess for function, aortic root dilation, and pulmonary 
artery stenosis should be included. An exercise test may help to 
unveil hidden residual hemodynamic abnormalities or arrhyth- 
mias as well as to evaluate presence of ECG changes suggestive 
of myocardial ischemia. Myocardial perfusion imaging during 
exercise stress testing, stress echocardiography, and MRI may 
also be considered if abnormalities are suspected, especially 
in cases where resting conduction abnormalities on the ECG 
limit the interpretation of ST segment changes. Some authori- 
ties believe that ECG, echocardiography, and stress testing 
should be repeated every 2 years. However, there are no reli- 
able data to suggest that this approach to screening frequency 
is superior to individual provider judgment. 

Leisure Activities and Activities of Daily Living 

The rare patients with atrial switch physiology who are asymp- 
tomatic and without residual abnormalities (ventricular dys- 
function and no resting or exercise-induced arrhythmias) are 
encouraged to engage in a variety of recreational sports with- 
out restrictions (115,146). Because most of these patients will 
have some degree of cardiac, pulmonary, and/or musculoskel- 
etal abnormalities, following the guidelines in Tables 6.4 and 
6.5 is generally appropriate. Individual exercise prescriptions 


based on exercise testing may frequently be useful to help with 
assessing the feasibility and safety of occupational as well as 
recreational activities. 

Asymptomatic patients following repair using the arte- 
rial switch operation with no and/or minor residual lesions 
(small VSD, mild neopulmonary or neoaortic stenosis or insuf- 
ficiency), extra systoles without fast couplets or arrhythmias, 
and no exercise-induced arrhythmias are encouraged to engage 
in recreational sports without restrictions (see Table 6.2). 
Asymptomatic patients with hemodynamically significant 
residual lesions (ventricular dysfunction, hypertrophy, or dila- 
tion; neopulmonary stenosis >30 mm Hg; moderate or more 
neoaortic regurgitation or arrhythmias at rest or during exer- 
cise) should be evaluated on an individual basis by their car- 
diologist. These patients generally should be able to exercise 
to their own tolerance level, avoid intravascular volume deple- 
tion, and be allowed to rest when fatigued. Maximally strenu- 
ous isometric activities, even for brief time periods, should 
probably be avoided. This makes sense as well for those 
patients with significant aortic root dilation. They may benefit 
from following the guidelines for patients with a bicuspid aor- 
tic valve and root dilation (see Table 6.3). However, as stated 
above, the risks of physical activities in this group of patients 
are unknown. 

Competitive Sports 

Almost without exception, patients repaired by the atrial 
switch operation are beyond the age when they would be likely 
to engage in organized competitive athletics. For the very rare 
patient with exceptionally good function who desires to par- 
ticipate in a recreational sport at a high level, comprehensive 
individual evaluation by their cardiologist should be under- 
taken prior to participation. 

Asymptomatic patients repaired by the arterial switch oper- 
ation with only minor residual lesions who have no signifi- 
cant arrhythmias at rest or during exercise and no evidence of 
exercise-induced myocardial ischemia may participate in com- 
petitive sports without restrictions. Sports with a combined 
high dynamic and high isometric component are not contrain- 
dicated, but are discouraged (see Fig. 6.1) (7,115). Patients 
with either symptoms possibly attributable to residual lesions 
or those with hemodynamically significant residual lesions are 
advised not to participate in competitive sports. Their cardi- 
ologist may prescribe sports with low dynamic and low iso- 
metric components depending upon the residual lesions and 
the needs of the patient. 

Congenitally Corrected Transposition of the Great Arteries 

Congenitally corrected transposition of the great arteries 
(ccTGA) is a relatively rare defect. Although ccTGA can occa- 
sionally occur with no other associated abnormalities, more 
than 90% of patients will have some additional defect or dys- 
function. These additional defects may include VSD, tricuspid 
valve abnormalities, and left ventricular outflow obstruction. 
It is often these additional defects that are responsible for the 
decreased exercise performance in ccTGA. Abnormalities of 
the conduction system resulting in heart block are also com- 
mon and adversely affect exercise performance. 

Until recently, most patients with ccTGA were palliated 
with operations that resulted in the RV remaining the systemic 
pumping chamber. Therefore, studies of exercise performance 
in ccTGA are essentially restricted to these types of palliation. 
There are no significant data on the exercise performance after 
the so-called “double switch” operation. 

Most exercise data are from studies in young adult popula- 
tions with ccTGA comparing them to patients with d-TGA 
with atrial switch physiology. On average, the two groups are 
similar with maximal V0 2 of approximately 60% of predicted 
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for age and sex (147,148). The reasons for decreased exercise 
tolerance are similar to D-TGA: poor systemic RV function, 
tricuspid insufficiency, and chronotropic impairment. Interest- 
ingly, patients with ccTGA appear to be able to increase their 
stroke volume with exercise to a greater degree than those 
with d-TGA. This is a consequence of the lack of an atrial 
baffle in ccTGA allowing for better maintenance of right ven- 
tricular preload with exercise (132). 

Evaluation Prior to Exercise and Sports Participation 

Patients with ccTGA should have, in addition to a physical 
exam, a resting echocardiogram to assess right ventricular and 
left ventricular function, tricuspid valve function, and the pres- 
ence and degree of ventricular outflow obstruction. A Holter 
monitor is useful to assess presence of conduction abnormali- 
ties. A maximal graded exercise test is useful to measure physi- 
cal working capacity, aerobic capacity, chronotropic response, 
and presence of arrhythmias. 

Leisure Activities and Activities of Daily Living 

In most cases, activity recommendations for patients with 
ccTGA are similar to those with d-TGA repaired with an atrial 
switch operation. Regular recreational activities of light to mod- 
erate aerobic intensities should be encouraged on a daily level. 
Static activity should be at a low level especially in the presence 
of significant tricuspid insufficiency. In certain cases where there 
are little or no other associated abnormalities, higher levels 
of activity may be encouraged. This decision should be based 
on preparticipation evaluations and exercise testing. 

Competitive Sports 

As with leisure activity, recommendations for competitive 
sports are similar to those with d-TGA repaired with the atrial 
switch operation. These recommendations are to restrict to 
low dynamic and low static activities. Also, as with leisure 
activities, exceptions may be indicated in the rare patient with 
no significant associated abnormalities and normal ventricu- 
lar and atrioventricular valve function. Frequent assessment 
of such patients is needed to assure safe participation in more 
vigorous activities. 

Single Ventricle Physiology 

Although patients with Fontan physiology have improved 
exercise tolerance compared to unoperated patients with single 
ventricles, their aerobic performance remains, in most cases, 
well below that of their age-matched peers and is also lower 
than that of most patients with other types of congenital heart 
defects. Most Fontan patients have a maximal V0 2 which 
approximates 65 % to 70% of predicted, and have chrono- 
tropic impairment, reduced stroke volume, and impaired ven- 
tilatory inefficiency (149,150). Diminished muscle bulk and 
function may also contribute to reduced exercise tolerance 
(151). Submaximal aerobic capacity appears to be somewhat 
better preserved in this population. This finding may reflect 
the limited ability of this physiology to maintain ventricu- 
lar preload at higher heart rates (149). Energy loss through 
the Fontan circuitry due to turbulence may limit the ability 
to augment cardiac output with exercise (152). Heart block 
and the loss of sequential atrioventricular conduction and 
sinus node dysfunction may also affect performance. There 
are increasing data showing that aerobic capacity and exercise 
tolerance declines in this population as they progress through 
their second and third decade of life. A significant decline in 
aerobic performance has been associated with onset of symp- 
tomatic heart failure and cardiac death or need for heart 
transplantation (23). 


Evaluation Prior to Exercise and Sports Participation 

Prior to undertaking a regular physical activity or conditioning 
program, patients with stable Fontan physiology should have 
a thorough baseline evaluation. Baseline testing should include 
an ECG, echocardiography to rule out hemodynamic derange- 
ments that may negatively impact the Fontan circuit, and a 
Holter monitor to assess for occult arrhythmias. A graded 
exercise test is extremely useful to measure aerobic and physi- 
cal working capacities. Systemic oxygen saturation should be 
assessed throughout the test. Evaluating pulmonary function 
at rest and exercise may be quite useful in unmasking asso- 
ciated pulmonary abnormalities that may impact on exercise 
performance. 

Leisure Activities and Activities of Daily Living 

Patients with stable Fontan physiology are typically able to 
engage in normal daily activities without impairment. Patients 
should be encouraged to perform moderate to vigorous activi- 
ties daily. Although exercise performance is quite limited in 
this group of patients, the variation in performance is great. 
On formal exercise testing, up to 25% to 30% of patients 
with Fontan physiology will have aerobic capacities within 
the range of normal for healthy age-matched peers. Not sur- 
prisingly, these patients tend to cluster in the preadolescent 
age range. These patients can and often do keep up with their 
peers with all levels of recreational activity. 

At the other extreme, a significant portion of patients with 
Fontan physiology have quite limited exercise performance. 
These patients are often adolescents and young adults. These 
patients may have difficulty even with routine activities of daily 
living. Exercise training in accordance with the FITT princi- 
ple, Table 6.6, has been shown to improve exercise capacity in 
Fontan patients (151,153-157). Patients should be allowed to 
rest when fatigued, maintain adequate hydration, and avoid 
bodily collision if taking antithrombotic medication. 

Competitive Sports 

The issue of participation in competitive sports in this popula- 
tion is complex. For reasons stated above, most adolescents 
and young adults with Fontan physiology are unlikely to be 
able to successfully compete in sports with moderate or greater 
dynamic and static requirements (Fig. 6.1). Therefore, the rec- 
ommendations of the Bethesda Conference restricting them 
from those activities are a reasonable default position (76). 
Because there are exceptional patients in this age range with 
normal exercise capacity, a case-by-case evaluation should be 
made for these patients who may wish to compete at higher 
levels of intensity. The risks should be carefully evaluated and 
discussed with the patient and family. 

As previously mentioned, preadolescent patients with Fon- 
tan physiology may often have normal or near normal exercise 
capacity. Also, as discussed earlier in this chapter, the nature 
of competitive sports in this population is significantly differ- 
ent from that of adolescent and adult level sports. There are 
no compelling data to support restricting this population from 
participation on the basis of their physiology alone. Rather, 
restrictions should be based on the patient’s ability and assess- 
ment of their risks as outlined above. 

In all patients with Fontan physiology, certain concerns 
should be addressed. Patients should not participate in com- 
petitive sports in which a risk of bodily collision could result 
in significant injury for those patients on antithrombotic med- 
ication, who are pacemaker-dependent or have implantable 
cardioverters/defibrillators. Patients must be allowed to rest 
when fatigued and maintain adequate hydration to minimize 
spontaneous clot formation, particularly those patients with 
atrial fenestrations. 
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Recommendations Following the F.I.T.T. Principle for Recreational 
Activities and Exercise Training in Children and Adolescents with 
Fontan Procedure 9 

F.I.T.T, 

Cardiovascular (dynamic) Training 

Muscle (static) Training 

Frequency 

3-5x/wk to daily 

3-5x/wk 

Intensity 

Low to Moderate: 30%-60% of max V0 2 

Low: 20%-30% MVC 

Time 

30 min 

15-30 min 

Type 

Walking, swimming, stationary cycle 

lightweights 


V0 2 , minute oxygen consumption; MVC, maximum voluntary contraction. 

"Consider formal exercise prescription in patients with significant cardiac dysfunction or deconditioning. 


Pulmonary Hypertension and Eisenmenger Syndrome 

The classification of PHT was recently updated at the 4th 
World Symposium on Pulmonary Hypertension in 2008. In 
the pediatric population, the vast majority of patients who 
will be evaluated by a cardiologist will be in the PAH group. 
This includes patients with idiopathic, heritable, and PHT 
from CHD. This latter group also contains those patients with 
Eisenmenger physiology (158). 

Functional classification for PHT is divided into four 
classes by the World Health Organization (see Table 6.7) 
(159). Class 1 patients are asymptomatic at rest and exercise. 
Class 2 patients are symptomatic with leisure activities and 
some activities of daily living. Classes 3 and 4 are significantly 
symptomatic even with activities that are generally less than 
those required for daily living. Even those patients who are 
Class 1 and 2 may be at significant risk with physical activ- 
ity. SCD is a common cause of death in this population and 
occurs frequently during some type of physical activity. Of 
note, patients with Eisenmenger syndrome often have a more 
severe functional classification and yet are at lower risk for 
SCD with activities. The presence of a large cardiac shunt 
permits systemic cardiac output and coronary perfusion to 
be maintained in the face of a sudden increase in pulmonary 


resistance or a drop in systemic resistance. Patients with PAH 
and a structurally normal heart may be unable to maintain 
cardiac output and system blood pressure with exercise in the 
face of significantly elevated pulmonary vascular resistance 
(160). 

Evaluation Prior to Exercise and Sports Participation 

This population is at high risk for adverse events with exercise 
even if they are completely asymptomatic. Evaluation and risk 
stratification of patients with PHT is complex and requires 
extensive testing that often includes noninvasive imaging stud- 
ies and, frequently, cardiac catheterization to assess pulmo- 
nary vascular reactivity. This evaluation should be undertaken 
by a practitioner who is experienced in the diagnosis and treat- 
ment of PHT (160). 

Evaluation of exercise performance is very useful in both 
initial risk stratification and subsequent monitoring of disease 
progression and therapeutic interventions. In mild cases, for- 
mal metabolic exercise testing can be used to monitor patients. 
In more severe cases, a 6-minute walk test has been shown to 
be useful both to monitor disease progression and to assess the 
efficacy of intervention. This type of testing may be needed as 
frequently as every 3 to 6 months (160). 


TABLE 


6.7 


Functional Classification for Pulmonary Hypertension 
According to the World Health Organization 


Class 

Description 

Class 1 

Patients with PHT but without resulting limitation of physical activity. Ordinary physical 
activity does not cause undue dyspnea or fatigue, chest pain, or near syncope. 

Class II 

Patients with PHT resulting in slight limitation of physical activity. They are asymptomatic 
at rest. Ordinary daily physical activities result in excessive dyspnea or fatigue. 

Class III 

Patients with PHT resulting in marked limitation of physical activity. They are asymptom- 
atic at rest. Less than ordinary daily activities result in excessive dyspnea, fatigue, chest 
pain, or near syncope. 

Class IV 

Patients with PHT with inability to carry out any physical activity without symptoms. These 
patients demonstrate signs and symptoms of right heart failure. Dyspnea and fatigue may 
be present at rest. Symptoms are increased by any physical activity. 


Modified from Galie N, Hoeper HM, Humbert M, et al. Guidelines for the diagnosis and treatment of pulmonary hypertension 
Eur Heart J 2009;30:2493-2537. 
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Leisure Activities and Activities of Daily Living 

Because of the broad range of symptoms and the unpredictable 
risk of sudden death in many of these patients, it is very difficult 
to make any generalized recommendations regarding physical 
activity in this population. With rare exceptions, activity should 
be of low intensity and have both a low dynamic and static 
requirement (see Table 6.8). In more symptomatic patients, a 
formal exercise prescription may be useful (161). These patients 
may be quite deconditioned and their quality of life may be 
significantly improved by simple activities designed to improve 
their musculoskeletal conditioning. This may initially need to 
be in a structured and monitored location rather than a home- 
based program. Regardless of the level of activity, frequent reas- 
sessment is necessary in all patients. Exercise recommendations 
may be liberalized or restricted based on the patient’s clinical 
course (160). There has been a very significant improvement 
in the clinical course of patients with PHT over the last decade 
as a result of treatment with several new classes of therapeutic 
agents. Many patients will have a marked improvement in the 
symptoms with onset of therapy. For this reason, the need to 
frequently reassess exercise capacity and recommendations in 
this population cannot be overemphasized (160). 

Most of the recommendations of PAH also apply for 
patients PHT from Eisenmenger Syndrome. Exercise capac- 
ity is often limited by both cardiac and peripheral factors 
(160,162). However, as stated above, these patients are at less 
risk for sudden drops in systemic cardiac output and blood 
pressure. Exercise-related SCD appears to be significantly less 
common compared to patients with PAH. This would suggest 
that if these patients can tolerate somewhat more vigorous 
physical activity, it may be undertaken with less risk. Careful 
and frequent monitoring of exercise symptoms and capacity 
are still essential (160). 

Competitive Sports 

Given the high-risk nature of this population, restriction from 
any competitive sport is probably warranted. Special circum- 
stances may occur when participation in low static and dynamic 
sports may be considered on an individual basis for Class 1 
patients. There are, however, no significant data that would 
allow accurate assessment of risk for an individual patient. 

Heart Transplantation 

Exercise capacity as measured by both aerobic capacity and 
musculoskeletal strength is significantly decreased in the pedi- 
atric population following heart transplantation. The causes of 
these limitations are multifactorial. The few reports of exercise 


testing in pediatric heart transplant patients have reported aer- 
obic capacities, as measured by maximal V0 2 , of 50% to 60% 
of healthy age and sex matched peers (163-165). These values 
are not significantly different from those reported in the adult 
population. The reasons for this finding appear to be due to 
both central and peripheral factors combining to impair aero- 
bic capacity. Especially in early posttransplant periods, stroke 
volume is limited. This may be due to systolic impairment but 
more importantly to diastolic dysfunction with high cardiac 
filling pressures. Abnormalities of autonomic innervation and 
function also impact on cardiac output during exercise. At 
least initially there is a loss of autonomic innervation to the 
heart. This significantly decreases chronotropic reserve and 
blunts the time course of the chronotropic response. There is 
some evidence for reinnervation and improved chronotropy 
late after transplant in some patients or as a response to car- 
diac training (discussed below). In addition to the cardiac 
effects, autonomic tone is abnormal in the peripheral vascu- 
lature. Brachial reactivity is impaired and systemic vascular 
resistance is increased (166-169). 

Limitations of the peripheral exercising musculature are 
most likely at least as important as central mechanisms in 
limiting aerobic capacity. Following heart transplant, skeletal 
muscle mass is often reduced by 20% of normal. Capillary 
density is also significantly decreased. This may reflect the 
marked deconditioning in these patients that occurs prior to 
transplantation but may also be the result of immunosuppres- 
sant therapy. These changes result in an impaired ability of the 
exercising muscle to extract oxygen. Muscle strength is sig- 
nificantly impaired, especially in the early transplant period. 
Bone demineralization is a frequent finding. This may result in 
stress and compression fractures. Use of ongoing immunosup- 
pressant medications may continue to exacerbate the problem 
of demineralization. 

Serial studies of exercise performance following pediatric 
heart transplants are limited. Recent studies of Davis et al. 
(163) and Dipchand et al. (165) are conflicting. Both show 
early improvement in aerobic capacity and working capac- 
ity. Davis saw a decline of improvement after about 3 years 
while Dipchand’s population remained steady with some 
patients showing a decrease associated with the onset of 
graft vasculopathy. The reason for these findings are unclear 
but are probably the combined improvement of systolic and 
especially diastolic function in the immediate posttransplant 
period as well as the longer term improvement in musculo- 
skeletal conditioning, even in the absence of formal rehabili- 
tation. In addition, improved chronotropy suggests at least 
some patients benefit from autonomic reinnervation of the 
donor heart. 


TABLE 6.8 


Recommendations Following the F.l.T.T. Principle for Recreational Activities and 
Exercise Training in Children and Adolescents with Pulmonary Hypertension* 


F.l.T.T. Cardiovascular (dynamic) Training Muscle (static) Training 


Frequency 

3-5x/wk 

3-5x/wk 

Intensity 

Low intensity: 20%-40% of max V0 2 

Low: 20% of MVC 

Time 

60 min per session 

Included in cardiovascular training session 

Type 

Predominantly dynamic activity: e g., walking either 
on a treadmill or an open course. 

Major muscle groups, upper, and lower limbs and torso. 

Exercise aims at correct technique and breathing pattern to 
avoid the Valsalva maneuver. 


V0 2 , minute oxygen consumption; MVC, maximum voluntary contraction. 

*lf the patient is WHO Class II or greater, formal exercise testing and prescription should be considered to assign intensity and types of activities. 
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Evaluation Prior to Exercise and Sports Participation 

Like patients with PHT, those who have undergone heart trans- 
plantation represent a unique population. They should be evalu- 
ated for physical activity by physicians and health care providers 
who have specialized knowledge in this area. Assessment of sys- 
tolic and diastolic function by echocardiography and cardiac 
catheterization is routine in this population and should be a part 
of any preparticipation evaluation. As the period of time from 
transplantation lengthens, the risk for development of graft dys- 
function and, most importantly, coronary graft vasculopathy 
increases. Routine exercise testing, myocardial perfusion imag- 
ing, and even selective coronary angiography are essential parts 
of screening to assure safe participation in physical activity. 

Unlike many congenital cardiac conditions, following heart 
transplantation, noncardiac medical issues may be just as 
important as cardiac functioning in determining the ability to 
perform certain activities. Muscle mass loss and decondition- 
ing, bone mineral loss, and other end-organ dysfunction are all 
potentially important factors to assess especially in the early 
posttransplant period. These children usually benefit from exer- 
cise testing and a thorough physical therapy evaluation. Often 
a structured rehabilitation program that transitions to a home 
activity program is desirable for newly transplanted patients. 

Leisure Activities and Activities of Daily Living 

There are no evidence- based studies assessing the types, safety, 
or benefit of sports and exercise participation in children fol- 
lowing heart transplantation. In a very small interview study 
of mixed solid organ transplant patients, Olausson et al. (170) 
reported that most expressed the opinion that they lived normal 
lives. Ross et al. (171) reported on the long-term survival of a 
cohort of pediatric heart transplantation patients at 10 and 20 
years after transplant. They state that “physical rehabilitation 
and return to normal lifestyle has been nearly 100%.” They cite 
two anecdotal cases of patients participating in vigorous com- 
petitive sports. In an editorial, Fricker (172) listed a series of 
recommendations for pediatric heart transplantation patients: 

1. Exercise should be encouraged, not discouraged. 

2. All patients should be in a monitored rehabilitation pro- 
gram within 3 months following transplantation. 

3. Return to age-appropriate activities including physical edu- 
cation class within 6 months after transplantation. 

4. Endurance activities will be better tolerated than intermit- 
tent high-intensity activity. 

5. Participation in competitive sports should be individualized 
with detailed yearly reevaluation of participation. 


Absent any studies on leisure activity in this population, 
this appears to be a reasonable approach. Patients with no evi- 
dence of graft vasculopathy, other musculoskeletal problems, 
or end-organ dysfunction should be encouraged to engage in 
vigorous recreational activity (see Table 6.9). 

Competitive Sports 

There is an equal lack of data in the adult and pediatric 
populations regarding competitive sports participation fol- 
lowing heart transplantation. A number of case reports and 
small studies show that heart transplant recipients can train 
and compete often quite successfully in vigorous athletic 
activity. However, the numbers in these studies are too small 
to allow generalization to the entire transplant population 
regarding the safety and benefits of such training. Given these 
limitations, the recommendations from the 36th Bethesda 
Conference on Eligibility Recommendations for Competitive 
Athletes with Cardiovascular Abnormalities are probably 
appropriate (173): 

1. Because of special issues involved with transplant patient 
management, decisions as to the feasibility of athletic 
competition for cardiac transplant recipients should 
be made in conjunction with the patient’s transplant 
cardiologist. 

2. Athletes with no coronary luminal narrowing, no exercise- 
induced ischemia, and normal exercise capacity for age can 
generally participate in all competitive sports as appropri- 
ate for their exercise capacity. 

3. Athletes with coronary luminal narrowing should be risk 
stratified as outlined in the recommendations by Thomp- 
son et al. (173). 

In the absence of any better data, these recommendations 
are probably a good basis, at least, for the evaluation of the 
adolescent population as well. 


DEFECTS THAT ARE ASSOCIATED WITH 
SUDDEN CARDIAC DEATH IN ATHLETES 


Congenital Coronary Artery Abnormalities 

The congenital coronary anomalies in which there is often 
an increased risk of myocardial ischemia and SCD are those 
in which the anomalous vessel arises from the inappropriate 



Recommendations Following the F.I.T.T. Principle for Recreational Activities and Exercise 

Training in Children After Heart Transplantation without Coronary Artery Disease 

F.I.T.T. 

Cardiovascular (dynamic)Training 

Muscle (static) Training 

Frequency 

3-5x/wk 

3-5x/wk 

intensity 

Moderate to Heavy: near VAT (55%— 65% of max V0 2 ). 

Moderate: 20%-50% of MVC 

Time 

60 min per session 

Included In cardiovascular training session 

Type 

Predominantly dynamic activity: e.g., walking, jogging, 
running, cycling, running games 

Major muscle groups, upper, and lower limbs and torso. 
Exercise aims at correct technique and breathing pattern 
to avoid the Valsalva maneuver. 


V0 2 , minute oxygen consumption; MVC, maximum voluntary contraction; VAT, ventilatory anaerobic threshold 

Modified after McBride MG, Binder TJ, Paridon SM. Safety and feasibility of inpatient exercise training in pediatric heart failure: a preliminary report. 
J Cardiopulm Rehabil Prev 2007;27{4):21 9-222. 
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sinus of Valsalva and courses intramurally between the aorta 
and pulmonary artery, with the anomalous left coronary 
artery from the right sinus carrying the greatest risk of SCD. 
Indeed, these anomalies are the second leading cardiovascu- 
lar cause of SCD in young athletes in the United States (25). 
Identification of coronary anomalies is challenging because 
many individuals do not experience warning symptoms. The 
first symptom may be SCD. A screening ECG is almost always 
normal in these patients. In those who complain of exertional 
chest pain, palpitations, dizziness, presyncope, or syncope, the 
presence of an anomalous coronary artery must be considered. 
Transthoracic echocardiography with color Doppler should be 
performed to demonstrate coronary anatomy. When an anom- 
alous coronary artery is suspected, confirmatory imaging such 
as cardiac MRI, ultrafast CT, and occasionally coronary angi- 
ography are almost always utilized. In those for whom the left 
main coronary arises aberrantly, surgery is usually indicated. 
The management of asymptomatic patients with anomalous 
right coronary artery has not been defined, with some opt- 
ing for surgery and others opting for medical management, 
including exercise restriction. The relative risks and benefits 
of surgical versus nonsurgical management of these defects are 
far from clear. 

Evaluation Prior to Exercise and Sports 
Participation 

Children with congenital coronary anomalies should have a 
baseline physical examination and ECG, and a resting echocar- 
diogram to delineate coronary anatomy, evaluate heart func- 
tion, assess atrioventricular and aortic valve regurgitation, and 
assess resting wall-motion abnormalities. A maximal graded 
exercise stress test, usually with nuclear myocardial perfusion 
and/or stress echocardiography should be performed. Besides 
measuring aerobic and physical working capacities, the stress 
test will help assess for evidence of ischemia, exercise-induced 
symptoms, and exercise-induced arrhythmias. A Holter moni- 
tor is useful to evaluate for arrhythmias. 

Leisure Activities and Activities of Daily Living 

If maximal graded exercise testing and other provocative 
testing are normal, most practitioners would encourage 
asymptomatic children and young adults with anomalous right 


coronary artery from the left sinus of Valsalva to participate in 
leisure sports and daily physical activities (174). Regular recre- 
ational activities of at least moderate aerobic intensities should 
be encouraged (see Table 6.10). Static training should be at a 
moderate level as well. Those who have exertional symptoms, 
evidence of ischemia on provocative testing, and those with 
anomalous left coronary artery from the right sinus of Vals- 
alva should refrain from recreational activities until further 
treatment, likely surgery. 

Competitive Sports 

The current guidelines in the United States recommend exclu- 
sion from competitive sports once the diagnosis of anoma- 
lous coronary artery has been confirmed (76). If the patient 
undergoes surgery, the Bethesda guidelines allow for full par- 
ticipation in competitive sports 3 months after a successful 
operation, as long as there is no evidence of ischemia, ven- 
tricular tachycardia, or ventricular dysfunction during a maxi- 
mal graded exercise stress test (76). An imaging study during 
exercise, such as nuclear myocardial perfusion and/or stress 
echocardiography may be helpful in evaluating postopera- 
tive ischemia in addition to the exercise stress test. There are 
no long-term data addressing the effectiveness of surgery in 
reducing risk of SCD in this population. 

Acquired Coronary Disease 

Kawasaki Disease 

Kawasaki disease is the most common cause of acquired heart 
disease in children in the United States (175). Ischemic heart 
disease that can lead to myocardial infarction and SCD can 
occur due to coronary aneurysms, together with progressive 
coronary artery stenosis (176). The risk of SCD due to extent 
of CAD appears to change over time. For the first 20 years 
after the onset of Kawasaki disease, patients without evidence 
of coronary aneurysm or with initial transient dilation on 
echocardiography appear to have no greater risk for ventricu- 
lar tachyarrhythmias and SCD than that of the general popu- 
lation (176). Those with aneurysms that regress to normal 
lumen diameter may have persisting structural and functional 
coronary abnormalities (176). Suda and colleagues recently 
reported the long-term prognosis (median 19 year follow-up) 
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Recommendations Following the F.I.T.T. Principle for Recreational Activities and Exercise 
Training in Children and Adolescents with Coronary Anomalies and Acquired Coronary 

Disease 

F.I.T.T 

Cardiovascular (dynamic) Training 

Muscle (static) Training 

Frequency 

Moderate: daily 

Vigorous: >3x/wk 

>3x/wk 

Intensity 

Moderate: 55%-60% of max V0 2 to heavy 
(below 80% of max V0 2 ) 

Moderate: 20%-50% MVC 

Time 

Most of daily >60 min activity 

As part of daily >60 min activity 

Type 

Predominantly dynamic activity: e.g., running, jumping, 
cycling, swimming, inline skating, skateboarding, soccer 

Predominantly static activity: e.g., gymnastics, climb- 
ing, push-ups, martial arts, ball sports practice 


V0 2 , minute oxygen consumption, MVC: maximum voluntary contraction. 

These recommendations apply to those patients with no evidence by history or testing of exercise-induced myocardial ischemia and no coronary artery stenosis 9 
Patients with anomalous left coronary artery, even if asymptomatic, should refrain from physical activity until after surgical repair. 
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of patients with giant coronary aneurysms that did not regress 
and, instead, remodeled over time, leading to intimal thick- 
ening and risk of ischemic heart disease. Of the 76 patients 
initially followed, 7 died and 1 underwent heart transplanta- 
tion. In addition, there were numerous catheter and surgical 
coronary interventions with cumulative coronary interven- 
tion rates of 28%, 43%, and 59% at 5, 15, and 25 years 
after disease onset, respectively (177). Certainly, in patients 
with Kawasaki disease, risk associated with physical activity 
and exercise depends on the degree of coronary involvement. 
Paridon et al. (178) reported on 46 children and adolescents 
with a history of Kawasaki disease and showed that maximal 
oxygen consumption was within normal limits without a dif- 
ference based on coronary artery status (i.e., none, regressed, 
or current aneurysms). Another study focusing on children 
with persistent coronary aneurysms also showed normal peak 
oxygen consumption, workload, and anaerobic threshold 
when compared to control subjects (179). 

Evaluation Prior to Exercise and Sports Participation 

Children with Kawasaki disease should have, in addition to 
a physical examination and ECG, a resting echocardiogram 
to evaluate heart function and presence and size of coronary 
aneurysms. A maximal graded exercise test in conjunction 
with nuclear myocardial imaging and/or stress echocardi- 
ography can be helpful in assessing evidence of ischemia, 
wall-motion abnormalities, and presence of exercise-induced 
arrhythmias. 

Leisure Activities and Activities of Daily Living 

Because of the overall cardiovascular benefits associated with 
physical activity and exercise, it is recommended that all 
patients with Kawasaki disease remain physically active and 
avoid a sedentary lifestyle (76). Regular recreational activi- 
ties of at least moderate level should be encouraged daily. 
Static training should be at least at a moderate level as well 
(see Table 6.10). 

Competitive Sports 

For competitive athletics, the risk is dependent on coronary 
artery status. The following recommendations are from the 36th 
Bethesda Conference guidelines for competitive athletes (76). 
Those patients without coronary artery abnormalities or 
transient coronary artery ectasia may participate in all sports 
after 6 to 8 weeks from disease onset. Similarly, those with 
regressed aneurysms can participate in all competitive sports 
as long as there is no evidence of exercise-induced ischemia 
using exercise stress testing with myocardial perfusion imag- 
ing. For those patients with isolated small- to medium-sized 
aneurysms in one or more coronary arteries without exercise- 
induced ischemia or arrhythmia and with normal left ven- 
tricular function are thought to be at low risk for ischemia. 
They may participate in low to moderate static and dynamic 
competitive sports (class IA, IB, IIA, and IIB) (see Fig. 6.1). 
Ischemia evaluations using exercise stress testing with myo- 
cardial perfusion imaging should be repeated at 1- to 2-year 
intervals. 

Patients with at least one large coronary aneurysm, mul- 
tiple (segmented), or complex aneurysms with or without 
obstruction to coronary artery blood flow may participate in 
class IA and IIA sports in the absence of reversible ischemia 
and exercise-induced arrhythmias on exercise stress testing 
and normal left ventricular function. Annual exercise stress 
testing with myocardial perfusion imaging should be per- 
formed to monitor the development of ischemia. 


Patients with recent myocardial infarction or revascularization 
should not participate in competitive sports until their recovery 
is complete, which is usually 6 to 8 weeks. After their recovery, 
those with normal left ventricular function and exercise toler- 
ance and absence of reversible ischemia on myocardial perfu- 
sion testing, and exercise-induced arrhythmias may participate 
in class IA and IB sports. Those with left ventricular ejection 
fraction <40%, exercise intolerance, or exercise-induced ven- 
tricular tachyarrhythmias should not be allowed to partici- 
pate in competitive sports. As well, patients who are taking 
anticoagulants and/or antiplatelet drugs (aspirin, clopidogrel) 
should not participate in sports that pose danger of high-speed 
collision. 

Atherosclerotic Coronary Artery Disease 

Atherosclerotic CAD is the primary cause of exercise-induced 
SCD in adults older than 35 years, with those who are habit- 
ually sedentary at highest risk (115). In younger athletes 
(i.e., <35 years old), acute exercise-related ischemia is rarely 
caused by CAD, except in those with dyslipidemias that place 
them at high risk for premature atherosclerosis. The most com- 
mon dyslipidemias in children and young adults are: heterozy- 
gous familial hypercholesterolemia, familial defective apoBlOO, 
polygenic hypercholesterolemia, familial combined hyperlipi- 
demia, and familial hypertriglyceridemia. Patients with these 
dyslipidemias seldom have manifest CAD in childhood or 
young adulthood. As well, those with obesity-related dyslipi- 
demia almost never develop atherosclerotic CAD during child- 
hood and young adulthood. For those patients with extremely 
rare genetic dyslipidemias (i.e., homozygous familial hyper- 
cholesterolemia or sitosterolemia), risk of premature CAD is 
significantly increased during childhood and young adulthood. 

The diagnosis of atherosclerotic CAD is made by having 
any of the following: history of myocardial infarction, history 
suggestive of angina pectoris in conjunction with evidence of 
inducible ischemia, and/or coronary atherosclerosis demon- 
strated using coronary imaging (173). In general, for people 
at risk for developing CAD, a sedentary lifestyle increases 
risk, whereas physical training reduces the risk of SCD during 
exercise (115). 

Evaluation Prior to Exercise and Sports Participation 

Most patients with the common genetic dyslipidemias and 
those with lifestyle-related hypercholesterolemia need little 
evaluation beyond routine care, including a physical examina- 
tion, by the primary care pediatrician. These children do not 
manifest CAD at a young age and should not need further 
imaging studies performed. Patients with the rare genetic dys- 
lipidemias, such as homozygous familial hypercholesterolemia, 
should have in addition to a physical examination and ECG, an 
annual resting echocardiogram to evaluate heart function and 
for aortic valve disease. Maximal graded exercise stress testing 
should be considered in adolescence, especially those with aor- 
tic valve regurgitation on echocardiography. If there are abnor- 
malities noted on the exercise stress test, coronary angiography 
should be performed especially if there is high suspicion of ath- 
erosclerotic disease based on echocardiographic findings and 
worrisome family history (180). Electron beam computerized 
tomography may be useful in evaluating atherosclerosis, but 
this technology has not been adequately studied in children. 

Leisure Activities and Activities of Daily Living 

In the absence of evidence for exercise-related myocardial 
ischemia or laboratory evidence of more than mild coronary 
artery stenosis, regular recreational activities of vigorous to 
moderate levels should be encouraged daily. Static training 
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should be at a moderate level as well (see Table 6.10). Indeed, 
regular physical activity and recreational sports should be 
encouraged in patients at risk for and with CAD as this helps 
improve overall cardiovascular health (173). Those who have 
had a recent myocardial infarction or myocardial revasculari- 
zation should not participate in physical activity until recovery 
is complete. These patients would likely benefit from cardiac 
rehabilitation as part of their recovery (173). 

Competitive Sports 

There is a lack of data on the presence and severity of CAD 
in competitive athletes. For this reason, the Bethesda con- 
ference guidelines are based on adult data from nonathletes 
with CAD, with two levels of risk assigned based on testing 
(173). It is likely that the risk of an exercise-related event 
increases with both the intensity of the competitive sport as 
well as the severity of disease in the athlete himself. Those 
with mildly increased risk are defined as: preserved left 
ventricular systolic function at rest (i.e., ejection fraction > 
50%), normal exercise tolerance for age, absence of exer- 
cise-induced ischemia or complex ventricular arrhythmias, 
absence of hemodynamically significant stenosis (>50% 
luminal diameter narrowing) by coronary angiography, 
and/or successful myocardial revascularization. Those con- 
sidered at substantially increased risk exhibit any of the 
following: impaired left ventricular systolic function at rest 
(i.e., ejection fraction < 50%), exercise-induced myocardial 
ischemia or complex ventricular tachyarrhythmias, or hemo- 
dynamically significant coronary arterial stenosis by coronary 
angiography. Based on these definitions, the recommendations 
are for those in the mildly increased risk group to participate 
in low dynamic and low/moderate static competitive sports 
(classes IA and IIA) but not in highly competitive activity. 
However, in those with very low exercise risk, select athletes 
may be allowed to compete in higher intensity sports. Also, 
these recommendations are not for children with dyslipidem- 
ias and no evidence of CAD (e.g., the vast majority of chil- 
dren with lipid abnormalities). This group should be treated 
as other healthy children and not be restricted from com- 
petitive athletics. Athletes in the substantially increased risk 
group should be restricted to low-intensity competitive sports 
(class IA). 

Once CAD is established, it is necessary to stress that 
even in those athletes for whom risk is only mildly increased, 
competitive exercise may transiently increase the risk of an 
exercise-related adverse event. 

Hypertrophic Cardiomyopathy 

HCM is the leading cause of SCD in U.S. athletes and can 
have variable phenotypes. Four major phenotypes have been 
described and it is important to recognize that SCD can occur 
in all. Most patients have inherited cardiomyopathy due to 
mutations in sarcomeric protein genes, and gene tests to iden- 
tify these mutations are readily available but expensive. Some 
patients who are genotype positive but phenotype negative 
may have myocardial disarray and disorder prior the develop- 
ment of clinically detectable hypertrophy (181-183). Patients 
who are genotype positive without clinically detectable hyper- 
trophy can be of any age but are usually younger than 14 years 
(184,185). The risk of SCD in genotype positive but phenotype 
negative patients appears to be lower compared to phenotype 
positive individuals. Numerous screening programs to detect 
HCM have been attempted. The high cost of testing, the low 
prevalence rate (1 in 500 in adults, likely lower in children) 
and subsequent low detection rate, and the possibility of inap- 
propriate disqualification of competitors with athlete’s heart 
makes universal screening problematic. 


Evaluation Prior to Exercise and Sports Participation 

All athlete candidates require a careful medical history with 
particular attention to a history of syncope or dizziness during 
athletic competition, dyspnea with exertion, angina, and palpita- 
tions. Family history may include sudden death in members <40 
years, a finding that should prompt the examiner to consider 
inherited types of cardiac disease. Systolic murmurs that are 
louder in the standing position after squatting may alert the 
examiner to dynamic outflow tract obstruction. ECGs are 
abnormal in approximately 90% of affected individuals. Echo- 
cardiography typically identifies affected individuals, but mild 
hypertrophy may mimic athlete’s heart. Diastolic dysfunction 
due to myocardial disarray can be detected utilizing Doppler 
tissue imaging and may predate significant hypertrophy. Gene 
testing can identify young family members who have no osten- 
sible expression of the disease. In the absence of gene testing, 
family members of affected individuals should have ECG and 
echocardiographic screening every few years until adolescence 
at which time annual screening is suggested. 

Leisure Activities and Activities of Daily Living 

Asymptomatic patients should pursue a healthy lifestyle, be 
allowed to regulate their own activities, rest when fatigued, 
and maintain hydration. Intravascular volume depletion wors- 
ens dynamic outflow tract obstruction and should be avoided. 
Electrolyte disturbances that may result from dehydration 
likely increase the risk of malignant arrhythmias. Isometric 
activities should be kept to a minimum. 

Competitive Sports 

Athletes with a probable or definitive diagnosis of HCM 
should be excluded from all but low-intensity sports, irrespec- 
tive of age and gender and cardiac phenotype. Asymptomatic 
athletes with phenotype negative, genotype positive cardio- 
myopathy without a family history of SCD may participate 
in all competitive sports. At the time of this writing, there are 
no convincing data that these patients are at risk of a sudden 
catastrophic event as a result of vigorous exercise. Until such 
data exist, there appears to be no compelling evidence that 
would preclude these individuals from athletic competition. 

Asymptomatic patients with implantable cardioverter- 
defibrillators should not engage in athletic competition, with 
the exception of low-intensity sports. Sports with danger of 
bodily collision in this setting should also be avoided. The 
availability of external cardioverter-defibrillators does not 
change the above recommendations at the time of this writ- 
ing. However, it is expected that present day studies may alter 
recommendations for patients with HCM who have external 
or internal cardioverter-defribrillator availability. 

Other Cardiomyopathies 

Less common cardiomyopathies include dilated, restrictive, or 
mixed physiology. These cardiomyopathies arise from a vari- 
ety of etiologies, such as genetic, chemical or toxic, and postin- 
fectious. Exercise performance in this population may vary 
from severely limited to normal depending on the degree of 
ventricular dysfunction. Because of the heterogeneity of these 
diseases it is not possible to make generalized recommenda- 
tions regarding physical activities and sports participation. 

Limited data on exercise ability are available in some of 
these groups. Patients who have received anthracycline ther- 
apy as part of a chemotherapeutic treatment may develop a 
slowly progressive, dose-dependent, dilated cardiomyopathy 
as children or young adults. Exercise performance may be 
normal in patients who are only mildly affected and this may 
remain stable for many years (186,187). However, symptoms 
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will frequently occur in patients with significant, progressive 
decline in cardiac function. The presence of a restrictive physi- 
ologic component especially in the presence of PHT may 
greatly increase the risk in these postanthracycline population. 

Noncompaction cardiomyopathy is a relatively newly rec- 
ognized entity (188,189). The incidence of this type of cardio- 
myopathy is unknown. Patients may present with severe heart 
failure but are often completely asymptomatic and identified 
by an echocardiogram performed for an unrelated cause. For 
this reason, the risk for exercise in this population is largely 
unknown. 

Evaluation Prior to Exercise and Sports Participation 

Because of the heterogeneity of this group, each patient should 
be evaluated by a clinician familiar with the type of cardio- 
myopathy. ECGs and Holter monitors are useful to assess for 
the presence of arrhythmias. Echocardiograms are useful to 
assess systolic and diastolic function, as well as the presence of 
noncompaction, and monitor the development of PHT. More 
specific assessment of the myocardium and its function may 
be needed using testing such as MRI in certain cases. Exer- 
cise testing should be performed to assess aerobic and physi- 
cal working capacity, evaluate incidence of arrhythmias, and 
symptoms suggestive of an inability to maintain cardiac out- 
put with increasing exercise intensity. 

Leisure Activities and Activities of Daily Living 

As stated above, the high degree of heterogeneity in this popu- 
lation precludes any meaningful generalized statements con- 
cerning leisure physical activity. However, almost all of the 
patients will benefit from routine physical activity of some 
type. Quality of life and physical working capacity have been 
shown to be improved in adults by routine exercise programs 
even in patients with advance heart failure (21). There are 
much less data for children but these also suggest that physi- 
cal conditioning can be improved in severely symptomatic 
patients (190). Highly structured rehabilitation is not needed 
in most mild cases, although a formal exercise prescription is 
often useful to help guide the patient’s activities. Often, little 
or no restrictions on leisure or daily living activities are needed 
in most mildly affected cases. 

Competitive Sports 

There are no data on risk stratification for competitive sports 
in the pediatric cardiomyopathy population. As a conse- 
quence, restriction from all but low static and dynamic activi- 
ties appears to be a reasonable default approach. Individual 
exceptions to this approach may be warranted in rare very 
mild cases where testing would suggest that the risk for sudden 
death is low, and normal or high physical working capacity 
and aerobic capacity are preserved. 

Arrhythmias and Cardiac Channelopathies 

Approximately one-third of all SCDs occurring during ath- 
letic activities in the pediatric and young adult age range are 
not associated with any evidence of structural heart disease 
or cardiomyopathy (25). These deaths are most likely due to 
arrhythmias. Defects in the cardiac sodium and potassium 
channels are those most associated with SCD during athletics. 
These include long QTc syndrome and Brugada Syndrome. 
The evaluation of these defects and their risk of SCD are dis- 
cussed in a separate chapter (see Chapter 16). 

Systemic Hypertension 

Systemic hypertension is the most common cardiovascular 
problem diagnosed in adolescent and young adult athletes. As 


was stated at the beginning of this chapter, there is an epidemic 
of obesity in the pediatric and adolescent population. This is 
translating into a growing number of cases of essential hyper- 
tension in the pediatric age range (191,192). Fortunately, this 
is one of the few cardiovascular abnormalities where exercise 
and competitive sports are not only often safe but may be ben- 
eficial in its control. Certainly, data from young adults suggest 
that vigorous dynamic and resistance exercise results in pro- 
longed lowering of blood pressure and reduction in the likeli- 
hood of developing essential hypertension. 

Evaluation Prior to Exercise and Sports Participation 

Evaluation for hypertension should conform to the guide- 
lines of the National High Blood Pressure Education Program 
Working Group on High Blood Pressure in Children and Ado- 
lescents (193). Especially in preadolescent patients, secondary 
causes of hypertension that may impact on eligibility to com- 
pete should be carefully evaluated. 

Leisure Activity and Activities of Daily Living 

All patients with systemic hypertension should be encouraged 
to participate in regular vigorous recreational activities as 
part of treatment for their hypertension. Patients with Stage 1 
hypertension and no end-organ damage (including increased 
left ventricular mass) should be encouraged to engage in rou- 
tine moderate to high dynamic and static activities similar to 
those patients with well-repaired CHD and no exercise restric- 
tions (Table 6.2). Care may be needed if these patients have 
metabolic syndrome and significant obesity. An exercise evalu- 
ation and prescription may be needed in these cases to avoid 
the risk of orthopedic injuries when undertaking a vigorous 
new unsupervised activity program. 

Patients with more severe hypertension, Stage 2, and cer- 
tainly patients with evidence of increased left ventricular mass, 
should have appropriate control of their hypertension. Once 
the hypertension is controlled, these patients should also be 
encouraged to engage in regular recreational activity as part of 
their hypertension management. 

Competitive Sports 

Patients with Stage 1 hypertension and no cardiac or other 
end-organ abnormalities can and should be encouraged to 
participate in competitive sports. Blood pressure should be 
monitored routinely after beginning competition. Patients 
with Stage 2 hypertension should not participate in competi- 
tive sports until the hypertension is controlled and there is no 
evidence of cardiac or other end-organ damage. 
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T he ability to perform work or to exercise is a basic function 
of life, and many disease states affect this ability. Children 
are, or ought to be, by nature, physically active whether in 
spontaneous school yard play or in any number of organized 
activities. Accurate and reproducible measurement of work 
performance or exercise capacity provides a means to quan- 
tify a dimension of disease severity and assess one aspect of 
quality of life; to assess the effects of treatment and training; 
and, in some instances, to identify previously unrecognized 
disease. Despite a proliferation of noninvasive measurement 
techniques, much of our knowledge of exercise physiology still 
comes from studies in adults. Thus, the field of pediatric work 
physiology has had to draw many conclusions by extrapola- 
tion from these studies, an inherently flawed approach that 
readers must bear in mind. 


BASIC EXERCISE PHYSIOLOGY 


Work, Energy, and Power 

Exercise involves utilization of energy and its transforma- 
tion into mechanical work. Because work equals force mul- 
tiplied by distance, the unit for work is the newton-meter, or 
joule (J). There is a constant relationship between energy and 
work as described by the relationship one kilocalorie (kcal) 
being equal to 4.1868 joules (J). Power is work performed per 
unit time, expressed as joules/second, but commonly referred 
to as watt (W) (1 W = 1 J/s). Older nomenclature used the 
kilopond-meter (kpm), where one kilopond is the force acting 
on a 1 kg mass at the normal G-force (on earth), such that 
1 W = 6.12 kpm/min. 

From the mechanical perspective, there are two types of 
exercise: isotonic (dynamic) and isometric (static). Isotonic 
exercise implies alternate rhythmic contraction and relaxa- 
tion of muscles against resistance. Isometric exercise involves 
muscular contraction against a fixed resistance with little (if 
any) muscle shortening. Clinical exercise testing can be done 
using either isotonic or isometric exercise. Usually, however, 
clinical exercise testing is done using isotonic forms of exer- 
cise, such as cycling, walking, and running. From the energet- 
ics perspective, the chemical energy required to perform work 
can arise from aerobic or anaerobic sources. Use of oxygen 
is a major contributor to ATP synthesis in light to moderate 
exercise regardless of duration: so-called aerobic exercise. In 
contrast, short sprints, or heavy isotonic and isometric exer- 
cise, can be accomplished without oxygen, at least for brief 
periods. In anaerobic exercise, muscle energy is supported 
by the phosphocreatine (PCr)-ATP system followed by gly- 
colysis, not through mitochondrial oxidative phosphorylation 
that requires oxygen consumption. However, in real life it is 
exceedingly unlikely that such a dichotomy exists when a child 
plays in fits, starts, and stops, which typically characterize 


daily play. During incremental exercise, one can observe — and 
many have investigated — a level of work or intensity of exer- 
cise below which one allegedly accomplishes aerobically and 
above which one continues anaerobically, or at least anaero- 
bic energy sources predominate. Many of these conclusions 
have been reached by gas-exchange analysis or measurement 
of blood lactate levels. More recent results employing near- 
infrared spectroscopy (NIRS) paint a different picture — one 
demonstrating an early, continuous, but complementary role 
of anaerobic metabolism to the primacy of aerobic metabolism 
during exercise. Because energy is necessary to perform work 
and requires combustion of oxygen, there is a predictable rela- 
tionship between aerobic work and oxygen consumption or 
uptake (V0 2 ) as shown in Figure 7.1. This approximates 10 
mL 0 2 per minute per watt in normal, healthy adults (1,2) but 
oxygen cost of work (mechanical efficiency) tends to be higher 
in children and is somewhat age dependent (3). 

If one excludes so-called tests of anaerobic capacity such as 
Wingate, exercise testing strategies have evolved over the past 
century from classical steady-state procedures, incremental 
or otherwise, to non-steady-state procedures. The latter have 
largely supplanted the former, and increments can be dis- 
crete (e.g., 1 to 2 minutes each) or continuous, also known 
as ramp protocols. The difference between steady-state and 
non-steady-state exercise can best be understood by consider- 
ing energy utilization at onset of exercise. If one were to imme- 
diately change from walking to running on a treadmill, or 
unloaded pedaling to 50 W on a cycle ergometer, work rises in 
an instant but V0 2 does not rise nearly so quickly. This step- 
up in power requires adjustments to ventilation and cardiac 
output in order to meet the energy requirement to perform the 
additional work. Until the cardiopulmonary system adapts to 
this increment, the exercising muscles utilize anaerobic energy 
sources such as ATP and PCr replenished by rate-limiting gly- 
colytic pathways. In doing so, the exercising muscles incur an 
0 2 debt, which is simply the area under the curve shown in 
Figure 7.2. Once the cardiopulmonary system has made the 
necessary transition in terms of ventilation and cardiac output, 
such that energy required to perform the additional work can 
be provided aerobically, exercise is considered steady state. 
The time course of the rise to steady state is described by a 
time constant (t), and mathematically it can be shown that 
steady state is achieved over a time equal to approximately 
five to six time constants. The term exercise “kinetics” has 
been coined to describe this transition process. Time constants 
for heart rate (HR) and V0 2 , but not for cardiac output, have 
been reported in children and, in general, are shorter (smaller) 
compared to those in adults (4,5). The distinction becomes 
an important consideration should one attempt to apply cer- 
tain physiologic principles, such as solving the Fick equa- 
tion, to non-steady-state exercise measurements. In general, 
measurements such as cardiac output that employ solving the 
Fick equation, or measurement of physiologic dead space by 
the Bohr equation, should be based on measurements done 
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Figure 7.1. Diagrammatic illustration of the relationship 
between oxygen consumption and workload. (From Godfrey S. 
Exercise Testing in Children. London, UK: WB Saunders Co. 
Ltd., 1974, with permission). 


during steady-state exercise. That does not necessarily mean 
that non-steady-state measures of such parameters are inva- 
lid but simply that they should be interpreted with caution. It 
has been amply demonstrated that many measurements made 
during non-steady-state, progressive exercise provide results 
or values very similar to those made during conventional, 
steady-state, tests. This is one reason, other than practicality, 
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Figure 7.2 . Schematic plot showing rest-work transition, plot- 
ting oxygen uptake versus time, in order to illustrate two con- 
cepts: (i) oxygen deficit, that is, V0 2 , which would be required 
if all metabolic requirement to perform work were met instan- 
taneously by aerobic mechanisms, and (ii) time constant (t, 
seconds), which is the time required to reach 50% of the pla- 
teau value. As a rule, the plateau is reached in the equivalent 
time of five to six time constants. 


that non-steady state, incremental, or ramp exercise protocols 
largely have replaced the classical steady-state methods. 

Exercise requires a complex and intricate interaction of 
multiple organ systems, and abnormalities in any of these 
organ systems will affect and potentially limit performance. 
The four principal systems involved in transferring oxygen 
from the atmosphere to the myocyte mitochondria — lungs, 
heart, blood, and muscle — are intimately linked in series and 
overall transport and utilization of oxygen depends on all 
components functioning optimally and in concert. When any 
one of these organ systems reaches maximal functional capac- 
ity, further exercise will be limited. An exercise test has the 
potential to reveal the limiting organ system by applying the 
engineering principle of stress testing, rather than providing a 
specific diagnosis in a patient presenting with exercise intoler- 
ance. A more fundamental approach is to ask whether oxygen 
supply (pulmonary/cardiovascular/blood transport), oxygen 
utilization (substrate availability, enzyme function) independ- 
ent of oxygen supply, or converting chemical into mechani- 
cal energy (muscle efficiency) imposes the limiting factor for 
maximum work capacity. In health, the scale tips toward 
oxygen supply as the limiting step; thus, the circulatory sys- 
tem and specifically total oxygen transport capacity — product 
of cardiac output and 0 2 carrying capacity (Q0 2 ) — become 
the factor limiting performance. In a maximal exercise test 
to voluntary exhaustion, most healthy subjects cease exercise 
because of leg discomfort or fatigue, though some will com- 
plain of dyspnea, as the reason(s) for being unable to continue. 
This presumably reflects leg muscle fatigue, where 0 2 demand 
exceeds O z supply to (or utilization by) muscle mitochondria. 


Maximal-Aerobic Power 

Many different indices can be used to describe fitness or 
maximal exercise capacity. The amount of work a person can 
perform could be used to define exercise capacity but maxi- 
mum aerobic power or maximum oxygen uptake (V0 2 max) 
achieved during exercise is probably the best index. V 0 2 max 
is defined by a plateau in VO z that occurs despite continued 
exercise, proof that work can be performed using anaerobic 
energy production, but the amount that can be performed 
anaerobically is limited. This concept evolved using discon- 
tinuous, quasi-steady-state, exercise protocols nearly a cen- 
tury ago. A plot of VO z versus work will reach an asymptotic 
V0 2 if and only if the subject is able and willing to continue 
exercise, making it crucial to ensure that a subject’s effort is 
maximal in order to properly determine V0 2 max. It is difficult 
to motivate untrained subjects and most children to exercise 
to that asymptotic V0 2 , as continuing becomes intolerable 
such that a plateau is seldom observed in children. Thus, 
the concept of V0 2 max has given way to the more practical 
“ V0 2 peak”. The terms V0 2 peak or peak work capacity have 
been coined to refer to a symptom- or discomfort-limited 
clinical exercise test, also known as voluntary exhaustion. In 
practice, there is little or no difference between V 0 2 peak and 
V 0 2 max (6,7). 

Maximum cardiac output is closely correlated with maxi- 
mum oxygen uptake, although this concept continues to be 
the subject of debate among exercise physiologists (8). Oxygen 
supply to the exercising muscle is determined by oxygen carry- 
ing capacity (a function of hemoglobin) and rate of transport 
from the cardiopulmonary source to its destination, that is, 
cardiac output. This can be expressed mathematically as the 
product of cardiac output and oxygen content of the blood, or 
Q0 2 . It follows that reductions in cardiac output (and hemo- 
globin level) will reduce V0 2 max; conversely, experimentally 
increasing QO z will raise V0 2 max (9,10). Exercising larger (as 
opposed to smaller) muscle groups or more (vs. fewer) muscle 
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groups will result in higher V0 2 max. Higher V0 2 max can 
be best achieved by treadmill exercise than by cycle exercise 
because more muscle groups are working when one performs 
treadmill exercise. The larger exercising muscle mass is an 
important determinant of many exercise parameters; for exam- 
ple, greater muscle mass involved in exercise also dictates the 
relative contribution of stroke volume (SV) and HR in deter- 
mining cardiac output during exercise. Indeed, some measure 
of lean leg volume or muscle cross-sectional area is perhaps 
the single best predictor of V0 2 max. There is some evidence 
that as children grow into adults, their leg volume increases in 
greater proportion to their body mass. Because body mass — or 
better still, lean leg mass — increases considerably during the 
period of growth and maturation, V0 2 max rises consider- 
ably when expressed in absolute terms (L/min), particularly 
in postpubertal males (Fig. 7.3 A). If V0 2 max were related to 
lean body mass, there ought to be no difference between boys 
and girls in achievable values pf V0 2 max, at least not before 
puberty. On the other hand, V0 2 max normalized for weight 
(mL/kg/min) remains relatively constant in boys between ages 
6 and 18 years, whereas in girls V0 2 max remains relatively 
constant between the ages of 6 and 13 years, but levels off 
or even declines slightly after puberty in girls (Fig. 7.3B). 




Figure 7.3. Part A illustrates a composite graph of V 0 2 max in 
absolute terms versus age in children, whereas part B depicts the 
relationship with V0 2 max normalized for body mass. (From 
Bar-Or O, Rowland TW. Pediatric Exercise Medicine — From 
Physiologic Principles to Health Care Application . Cham- 
paign, IL: Human Kinetics, 2004, with permission). 


This decline in girls probably represents the effect of increased 
body fat (or decreased lean body mass) coupled with the 
recently demonstrated trend in decreasing levels of daily physi- 
cal activity in adolescent girls. Thus, in adolescence, it is fair 
to say that boys have a higher VO z max than girls, whether 
expressed in absolute or relative terms, but apart from this 
generalization the picture remains unclear. Prior to that age, 
V0 2 max of boys and girls differs little although even this con- 
clusion depends on the center, exercise protocol, and methods. 

There are two important caveats to any conclusion or state- 
ment about V0 2 max in pediatrics: one pertains to longitudi- 
nal versus cross-sectional study data, and the other concerns 
the method of scaling or normalization of the data (as noted 
above). Investigators have searched for the best method of 
indexing V0 2 and considerable controversy persists as to the 
best method, if one indeed exists. Based on the dimensional- 
ity theory, an exponent of body length was proposed using 
an exponent from 1.5 to 3.21, and Astrand and Rodahl (11) 
suggested using length to the 2.9 power. Body weight (mass) 
expressed simply in kilograms has been criticized as a method 
for explaining growth-related changes because it led to spu- 
rious correlations, misinterpretation of data, and erroneous 
conclusions. Exponents for body mass or weight ranging 
from 0.7 to 1.0 have been reported (12,13). This is particu- 
larly relevant given our current obesity epidemic. In the final 
analysis, the most commonly accepted and simplest method 
of indexing V0 2 in clinical exercise testing is to use body 
weight (kilograms), but with recognition of the limitations of 
this approach. Said limitations become particularly relevant 
to compilation of normal reference standards that are inevi- 
tably derived from large cross-sectional sampling of a pedi- 
atric population, usually without regard to stage of physical 
development and pubertal maturation. Longitudinal studies 
have clearly shown that there are differences in the change of 
V O z max over the age span 8 to 16 years. There are different 
individual trajectories for V 0 2 max during these growth years, 
which depend not only on age, sex, height, and weight but also 
on training (14,15). In essence, the so-called normal range is 
merely a composite of individual single time-point data. Thus, 
if one studies the same individual repeatedly over his/her 
growth years, which is probably more meaningful in the clini- 
cal arena, one must bear in mind the pitfalls of applying nor- 
mal population reference standards to an individual patient. 

There appear to be minor racial differences in V0 2 max, 
at least in North American studies. Several small studies have 
shown lower V0 2 max in African American children com- 
pared with Caucasian children. African American children 
have slightly smaller lung volumes than Caucasian children 
of similar standing height, and this alters ventilatory strategy 
during exercise slightly, but ventilation is not thought to limit 
exercise in health. One study concluded that slightly lower 
hemoglobin values and levels of habitual activity in African 
American children accounted for part of the lower V0 2 max 
observed (16). 

Considerable attention has focused on the so-called 
anaerobic threshold as a surrogate measure of maximal aero- 
bic power. Theoretically, it might allow assessment of exer- 
cise capacity using a submaximal exercise study, a potential 
advantage in children who have difficulty achieving a true 
V0 2 max. The term anaerobic threshold has given way to 
the term ventilatory threshold (VT) in recent years, in rec- 
ognition of the fact that this time point during incremental 
exercise does not reflect the “onset” of anaerobic metabolism 
as was once hypothesized (17). The ventilatory (anaerobic) 
threshold (VT or VAT) is defined as V0 2 at which there is a 
disproportionate increase in minute ventilation (V £ ) relative 
to oxygen uptake. A rise in mixed expired 0 2 concentration 
is observed at this point. There frequently is a dispropor- 
tionate rise in lactate production at this point as well, hence 
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Figure 7.4. The relationship of cardiac output to oxygen 
uptake for normal persons. The various lines represent mea- 
surements from different laboratories using a variety of tech- 
niques for measuring cardiac output. 


the term anaerobic threshold, but an increased lactate is not 
necessary for the disproportionate rise in V E to occur (18). 
Breath-by-breath measurement of ventilatory indices and brief 
incremental workloads are preferable for determining the 
anaerobic threshold. There are several methods of identify- 
ing this point, but the V-slope method is the most common 
and likely the most reliable in pediatrics (19). This point must 
also be distinguished from the second inflection or respira- 
tory compensation point. At this juncture during incremental 
exercise, V £ increases out of proportion to V C0 2 , such that 
V e /VC0 2 also begins to rise, and end-tidal C0 2 partial pres- 
sure begins to fall. This change is attributed to the H + -medi- 
ated drive to breathe created by blood lactic acid accumulation 
that has outstripped buffering capacity. Reybrouck et al. (20) 
reported an inability to detect a VAT in 10% of children. In 
normal boys, they found a gradual decrease in VAT between 
ages 8 and 16 years. VAT was lower for girls than for boys. 
When expressed as a percentage of V0 2 max, VAT declined 
from approximately 65% in 8-year-old boys to approximately 
55% in 16-year-old boys. It decreased from 62% in 8 -year-old 
girls to approximately 55% in 16-year-old girls, similar to 
adult values. Apropos the earlier discussion pertaining to the 
concept of a “threshold” during an incremental exercise test, 
more recent studies indeed demonstrated (i) strong correlation 
between lactate (ventilatory) threshold during incremental 
cycle exercise and exaggerated reduction in muscle oxygena- 
tion measured by NIRS and (ii) muscle deoxygenation trends 
recorded during short-duration, high-intensity exercise indi- 
cate that substantial aerobic metabolism persists during such 
exercise (21). 


CARDIAC RESPONSES TO EXERCISE 


The importance of cardiac output and QO z as a determinant 
of exercise capacity has already been stated. Cardiac output 
( Q ) rises linearly with increasing V0 2 (Fig. 7.4), the relation- 
ship described by 

Q = kV0 2 + 4 

where k averages somewhere between 5 and 7 (22). The inter- 
cept, 4, is obviously somewhat dependent on the size of the 
subject but is a good approximation for children within the 



Figure 7.5. Heart rate versus work in children, illustrating sex 
and size (height) differences. (From Godfrey S. Exercise Test- 
ing in Children. London, UK: WB Saunders Co. Ltd., 1974, 
with permission). 

“testable” age range (23). These relationships were obtained 
from steady-state exercise studies, but more recent work done 
during non-steady-state, progressive tests employing ramp or 
short-duration (e.g., 2 minute) step increments suggest this lin- 
earity may not be maintained. Stringer et al. (24) demonstrated 
a noticeable leveling or plateau in the Q - V0 2 relationship in 
four out of five subjects using invasive methods to measure Q 
during ramp exercise to voluntary exhaustion Beck et al. (25) 
showed that 38% of 72 healthy adults demonstrated nonline- 
arity in their Q - V0 2 relationship during progressive exercise 
and that subjects with higher V0 2 max tended to exhibit a lev- 
eling off Q when plotted versus V0 2 . Rowland (26) recently 
demonstrated slight nonlinearity in the Q - V0 2 relationship 
in preadolescent boys during progressive, maximal exercise 
with 3 -minute increments, but the departure was so slight that 
one could still parsimoniously estimate a linear trajectory. The 
discrepancy between steady-state and non-steady-state behav- 
ior of the Q - VO z function is likely the result of different 
time constants for Q versus V0 2 . In other words, if one of 
these variables reaches steady state more quickly than the 
other, there will be increasing divergence from the steady-state 
relationship (5 to 7 L/min per L/min V0 2 ), eventually creating 
a curved function when one is plotted against the other. Since 
time constants for HR and V 0 2 are faster in children than in 
adults, this non-linearity may not be so evident in children. 
However, the dearth of data on kinetics of Q in children (and 
paucity of such data in adults) prevents one from drawing firm 
conclusions, and underscores deficits in our understanding the 
dynamics of non-steady-state exercise in children. 

Cardiac output is the product of HR x SV. Stroke volume 
is dependent on preload, afterload, and myocardial contrac- 
tility. Clinically useful proxy measures for these could be 
end-diastolic volume (EDV), blood pressure, and shortening 
fraction or preferably ejection fraction (EF), respectively. End- 
systolic volume (ESV) is the difference between EDV and SV, 
and since EF = 100(SV/EDV), the basic determinants of Q are 
HR, EDV, and EF. 

Heart Rate 

For normal persons, increased HR during exercise is the major 
determinant of increased cardiac output. There is a more or less 
linear relationship between HR and work. The “more or less” 
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qualification is warranted because some children will show 
a lesser increment in HR with step changes in work at near- 
maximal exercise. Indeed, Godfrey et al. (23) have shown that 
a plot of HR versus logarithm V0 2 yield a linear plot. It can 
be seen from Figure 7.5 that, in general, smaller children will 
have higher HR than larger children at any given work, and 
girls will have slightly higher HR than boys — particularly after 
puberty. Maximum heart rate (HRmax) that can be achieved 
is an important determinant of V0 2 max. For subjects between 
5 and 20 years of age, HRmax is about 190 to 205 beats per 
minute (bpm). The HRmax for children younger than 5 years of 
age probably is similar, but it is difficult to motivate these young 
children to perform a truly maximal test. For subjects older than 
20 years, HRmax is equal to 210 - 0.65 x age. The reasons for 
the decline of HRmax with age are unclear but may be related 
to fibrosis and scarring of the sinoatrial node. Maximum heart 
rate will vary slightly depending on the exercise protocol used 
and the type of exercise performed. For example, a slightly 
higher HRmax is obtained for treadmill than for cycle exercise. 

Four typical HR patterns during progressive or incremental 
exercise are illustrated in Figure 7.6. The “normal” graph rep- 
resents the HR response of a normal subject with an HRmax 
of 200 bpm and V0 2 max of 2.5 L/min. While achieving pre- 
dicted HRmax could be considered indicative of a maximum 
effort, very fit individuals can continue exercising while HR 
remains at its maximum value for 1 to 2 minutes. Obviously, 
this can occur only at the expense of extreme anaerobic energy 
production. The curve labeled “conditioned” illustrates the 
HR response if the subject improves his or her physical fit- 
ness. With improved fitness, resting HR declines, the so-called 
training bradycardia. Maximum heart rate does not increase, 
but it occurs at a higher V0 2 max. The curve labeled “decon- 
ditioned” illustrates the effect on HR response of decondition- 
ing. Resting HR is higher than control, and HRmax occurs at 
a lower V0 2 max. The curve labeled “submaximal” could rep- 
resent simply inadequate effort, but this curve also is typical of 
patients with chronotropic insufficiency, that is, low HRmax, 
which occurs in many patients with heart disease with or with- 
out prior cardiac surgery. 

Stroke Volume 

In contrast to the relative ease with which HR is measured, 
SV measurement has been a daunting challenge because of the 
invasive nature of methods available in the past. Therefore, our 



Oxygen consumption 

Figure 7.6. Diagrammatic representation of the relationship 
between heart rate response to exercise and oxygen consump- 
tion. Four different conditions are depicted. 

understanding of the behavior of SV during exercise in children 
has largely been by extrapolation of work done in adults, or 
based on a limited number of small pediatric studies. Changes 
in SV during exercise depend to some extent on the position 
in which exercise is performed. SV approaches its maximum 
in the supine position, such that when exercise is performed 
supine there is limited rise in SV. The change in SV that occurs 
with upright exercise in children is illustrated in Figure 7.7. SV 
increases primarily early in exercise and increases little there- 
after. Thus, the change in cardiac output effected by change in 
SV occurs early in exercise, and additional changes of cardiac 
output depend predominantly on the HR. 

Parsing the circulatory adaptations to cardiac performance 
during exercise, one can see that EDV and EF must increase 
as well in order to explain the rise in SV and fall in ESV. The 
limits of SV augmentation will be reached when the rapidly 
increasing HR limits ventricular filling during diastole. Since 
most ventricular filling occurs in early diastole, left ventricular 
relaxation and compliance become important variables in the 
EDV response to exercise. As mentioned in the section above, 
some children will show a lesser increment in HR with step 
changes in work at near-maximal exercise. Unless one achieves 
a plateau for V0 2 , it follows that cardiac output is still rising, 


Figure 7.7. Normal range of SV in 
healthy children plotted against oxy- 
gen uptake, with 95% confidence 
interval. (From Pianosi PT, unpub- 
lished data). 


Stroke Index vs Oxygen Uptake 
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which implies that SV must continually increase even near 
maximal exercise. As simple as this logic appears, demonstrat- 
ing this has been a challenge, and was the topic of a recent 
debate in the physiology literature (27). In adults, conventional 
wisdom states that on average, SV levels off beyond 30% to 
40% of V0 2 max, and most studies (nearly all done in adults) 
indicate that SV falls at or near maximal exercise except in 
highly trained individuals in whom it may still rise slightly. 
Rowland et al. (28) reached similar conclusions in boys. In 
contrast, Eriksson et al. (29), in one of the few invasive studies 
of upright cardiac output in children, noted that six of eight 
subjects achieved their largest SV at maximal exercise. There 
is a decline in ventricular diastolic compliance with age that 
is not evident in childhood, but over several decades the ven- 
tricles become less compliant and active relaxation becomes 
impaired. It should therefore come as no surprise that healthy 
children ought to, in fact, be able to continuously increase SV 
during progressive exercise, presumably because the younger 
myocardium has better relaxation kinetics and compliance. 
Although this supposition remains to be proven, recent work 
suggests a steady but gradual rise in SV in children during pro- 
gressive exercise (30). 

Another approach to this question is to examine a surrogate 
measure for SV that can be determined from simple, noninva- 
sive measurements. Rearranging the Fick equation: 


SV • HR 


VOi 

c a o 2 -c v o 2 


one obtains: 


sv(co 2 -qa) = T2l 

The right side of the equation is termed the oxygen pulse, and 
gives some idea of SV if one assumes a value for arteriovenous 
0 2 content difference. There is good evidence from adult 
studies that C fl 0 2 -C ? 0 2 rises linearly with increasing work 
(24,31). HR and V0 2 obviously can be measured fairly easily 
during exercise with modern metabolic carts, and the quotient 
V0 2 /HR is known as the oxygen-pulse (mL/beat). While this 
approach may have some validity in healthy adults, includ- 
ing those with heart failure, there are too many underlying 
assumptions that render it unwise to extrapolate this approach 
to pediatric subjects. Moreover, there is a similar dearth of 
published normal values for oxygen pulse in children (32), an 
area ripe for future research. 


Blood Pressure 

During isotonic exercise, systolic blood pressure increases 
whereas diastolic blood pressure changes little, though, on 
average, may vary within 10 mm Hg from resting level. Larger 
children have a higher blood pressure at submaximal and max- 
imal exercise than smaller children (Fig. 7.8). Among similar- 
sized children, boys have higher peak systolic blood pressure 
than girls. African American children have a greater blood 



Figure 7.8. Nomograms for 
systolic blood pressure at peak 
exercise in children accord- 
ing to race and sex. Solid lines 
represent 50th percentiles, and 
dashed lines represent (top to 
bottom) 95th, 75th, 25th, and 
5th, percentiles, respectively. 
(From Alpert BS, Flood NL, 
Strong WB, et al. Responses to 
ergometer exercise in a healthy 
biracial population of children. 
] Pediatr 1982;101:538-545. 
Copyright Mosby-Year Book, 
Inc. Reprinted with permission.) 
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rest submaximal exercise peak 

Figure 7.9. Composite Schematic illustration of changes in 
cardiovascular parameters (systolic and diastolic BP, cardiac 
output [ Q ], mean arterial pressure and systemic vascular resis- 
tance) during exercise in children. Magnitude of each relative 
change shown gathered and derived from different published 
sources of normative pediatric exercise data. 


pressure response to exercise than white children (33). Mean 
arterial pressure (MAP) increases during isotonic exercise are 
due to increased cardiac output and higher systolic pressure, 
despite a rather marked reduction in total systemic resistance 
( SVR = MAP / Q ) as shown in Figure 7.9. In contradistinction 
to this pattern, blood pressure response to isometric exercise is 
quite different from that during isotonic exercise. With isomet- 
ric exercise, both systolic and diastolic pressure will increase. 
Indeed, with power weight lifting, systolic blood pressure may 
reach 400 mm Hg. 

Regulation of Circulation during Exercise 

It is important to appreciate the dynamics of this process, that 
is, the mechanisms leading to the rise in HR, SV, and BP, with 
exercise as this provides insights into the regulation of circu- 
lation. Many physiologic systems involving bulk flow (blood, 
air) have models in basic physics such as electrical analogues, 
for example, voltage = current x resistance. An electrical circuit 
is characterized by a capacitance or an inductance, and induct- 
ance can be in phase or out of phase. Inductance is defined as 
the property of a circuit to oppose any change in current, and 
when a circuit has an inductive component, current lags voltage. 
Capacitance is the property of a circuit to oppose any change 
in voltage, and current leads voltage in a capacitance circuit. 
The circulatory equivalents are obviously pressure (voltage) 
and flow (current). Conceptualizing the cardiovascular system 
as a capacitance circuit is a useful paradigm. During exercise, 
the heart must pump more per beat, into a systemic circulation 
under higher pressure, and in turn receives more blood return 
from the exercising limbs via the muscle pump phenomenon. 
Blood pressure rises in response to this increased flow through 
the circuit but there are concomitant changes in distribution 
of this increased cardiac output to other vascular beds geared 
to maintain central blood volume and perfusion through exer- 
cising muscles. In order for this process to accommodate the 
requirements of dynamic exercise of increasing intensity, total 
peripheral vascular resistance must fall significantly. Whether 
pressure leads flow or lags flow in the cardiovascular system is 
a subject of intense interest to physiologists because it cuts to 
the heart of control of circulation during exercise. 


An interesting model to study this paradigm is postural 
orthostatic tachycardia syndrome (POTS) or adolescent auto- 
nomic dysfunction as it is called in pediatric circles (35). POTS 
comprises a constellation of symptoms and affected individu- 
als represent a heterogeneous population who share certain 
abnormalities in the regulation of circulation. One hypothesis 
argues that after some initiating event, deconditioning plays 
a major pathophysiologic role (35). Functionally, a concep- 
tual model with three groups: “low-flow,” “normal-flow,” 
and “high-flow” patients with POTS has been developed (36), 
and our experience at Mayo clinic lends some early support 
to this concept (37). Patients with low-flow POTS demon- 
strate low blood flow and high arterial resistance, attributed 
to abnormalities in local blood-flow regulation and mild 
hypovolemia. In contrast, normal-flow POTS patients exhibit 
normal flow and systemic resistance in supine position, and 
manifest increased peripheral resistance after standing. This 
is thought to result from splanchnic pooling and distributive 
hypovolemia. High-flow POTS patients display low arterial 
resistance and high blood flow with increased cardiac output, 
possibly attributable to a hyperadrenergic state or long-tract 
autonomic neuropathy. One of the most consistent findings in 
patients with POTS is the presence of relative low blood vol- 
ume, which can result in decreased venous return (preload). In 
response to this, normal physiologic responses generate tachy- 
cardia, to provide a compensatory increase in cardiac output. 
The symptoms and pathology of POTS are consistent with 
relative central hypovolemia, in which systemic volume may 
be normal but a state of intrathoracic hypovolemia exists (38). 
Many of these signs and symptoms can result from prolonged 
bed rest or following spaceflight — conditions that cause 
deconditioning. A recent study found that many of these 
pathophysiologic changes improved after a period of aerobic 
training (39). 

The electrical analogue described above may prove useful in 
understanding the pathophysiology of this syndrome, that is, 
whether the cardiovascular system behaves as a capacitance or 
inductance circuit. Examination of Figure 7.9 gives one some 
idea of how alterations in one parameter, for example, hyper- 
dynamic circulation with changes in cardiac output exceed- 
ing those predicted from the normal Q - V0 2 relationship, 
might compensate for low MAP in a patient with POTS whose 
systolic pressure barely nudges above resting levels. In this sce- 
nario, the circulatory system acts like a capacitance circuit in 
as much as current (cardiac output) leads voltage (pressure). 
In contrast, the circulatory system of low- and normal-flow 
POTS patients appears to behave more like an inductance cir- 
cuit, where current (flow) lags voltage (pressure). Nonessential 
(from the point of view of meeting exercise needs) circulatory 
beds such as the gut act as large inductance coils, sapping the 
current (blood flow) during upright exercise. Such modeling 
may answer the “how” but not necessarily the “why” POTS 
patients respond to exercise as they do. 

Fitness 

Improved fitness occurs with repetitive exercise — the “training 
effect”. From a strict physiologic standpoint, improved fitness 
implies an increase in V0 2 max. Many studies in adults have 
demonstrated increases in V0 2 max as a result of a condition- 
ing or fitness program. In children, it has been more difficult to 
demonstrate this effect, probably because “normal” children 
simply are more fit than “normal” adults to begin with; hence, 
it is more difficult to demonstrate a change in fitness in normal 
children. However, a recent longitudinal study in athletic chil- 
dren demonstrated that the type of physical activity did indeed 
affect the change in V0 2 max during childhood (14). The 
importance of this observation may become more relevant in 


CHAPTER 7 ■ Exercise Testing 125 


| Physiologic Changes Associated with Trained or Conditioned 


Cardiovascular 


Ventilatory 


Cellular (Muscle) 


Heart volume 

T 

Maximal 
minute volume 

t 

Glycogen stores 

T 

LV dimension 

T 

Ventilatory 

equivalents 

N or i 

Oxidative enzymes succinyl 
dehydrogenase, cytochrome C 
oxidase, acyl CoA synthetase 

t 

Submaximal or 
maximal 

LV thickness 

'T 



Mitochondria — number 3 

T 

Ventricular filling 

T 



Mitochondria — volume 3 

T 

Stroke volume 

T 



Myoglobin content 3 

t 

Submaximal HR 

i 





Maximal HR 

4 






a Demonstrated only in adults, not in children. 

N = No Change. 

Adapted from Bar-Or 0, Rowland TW. Pediatric Exercise Medicine. Champaign, IL: Human Kinetics, 2004. 


this era of increasing childhood obesity and decreasing fitness 
levels in today’s youth. 

As demonstrated in Figure 7.6, resting HR decreases with 
improved fitness, and HRmax occurs at a higher V 0 2 max. It 
is apparent from this figure that submaximal HR is lower at 
any V0 2 in the fit person compared with that in the unfit per- 
son. These adjustments of HR occur because of the increase in 
SV that occurs with conditioning. Also, changes in the para- 
sympathetic and sympathetic regulation of HR probably play 
an important role, with a relatively greater parasympathetic 
(vagal) influence on HR in the fit person. Changes in fitness 
or conditioning are not limited to changes in function of the 
cardiovascular system. The ventilatory changes listed are not 
the result of changes in resting lung function but are due to 
improved oxygen delivery and utilization, which thereby 
reduce ventilatory requirements in heavy exercise. Important 
changes also occur in subcellular changes in muscle and indeed, 
it is these changes that can contribute more to improved fitness 
with training. These are listed in the Table 7.1. Fitness can 
be improved with regular episodes of sustained exercise. Con- 
versely, deconditioning occurs if regular exercise is not done. 
Because children with heart disease may be sedentary, some 
component of reduced aerobic capacity in these patients may 
result from deconditioning. 


VENTILATORY RESPONSE TO EXERCISE 


Ventilation increases because of increases in both tidal vol- 
ume (V T ) and breathing frequency (Fig. 7.10). Similar to HR, 
submaximal respiratory rates (RR) are higher in younger 
children at any given work rate. As children grow, the res- 
piratory rate at peak exercise declines, particularly above age 
12 to 13 years. Younger children will typically achieve a peak 
RR of 60 breaths per minute, whereas older children will gen- 
erally achieve RR of 50 breaths per minute in early adoles- 
cence to 40 breaths per minute in late adolescence, at maximal 
exercise. In part this is due to the obligate dead space venti- 
lation, but is largely due to the relatively larger increase in 


vital capacity with growth allowing more room for V T recruit- 
ment. Tidal volume, in general, does not level off with increas- 
ing exercise intensity, though some individuals with marked 
hyperventilation at maximal exercise actually will sacrifice V T 
for higher breathing frequency. V x increases commensurate 
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Figure 7.10. Relationships between ventilatory variables at 
maximum exercise in healthy children of varying age and 
height. (From Godfrey S. Exercise Testing in Children. Lon- 
don, UK: WB Saunders Co. Ltd., 1974, with permission). 
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with growth of vital capacity during childhood and adoles- 
cence but at maximal exercise V T reaches a level at least 40% 
and as much as 60% of vital capacity regardless of age. This 
is accomplished by encroaching somewhat on the expiratory 
reserve volume but predominantly by tapping into the larger 
inspiratory reserve volume. This strategy has important impli- 
cations in determining the cause(s) of exertional dyspnea. 

The relationship between ventilation and work is linear 
until (VAT) is attained. Ventilation most closely tracks carbon 
dioxide output (VC0 2 ) during exercise and the ventilatory 
response to progressive exercise can be characterized as A V E f 
AVC0 2 . This slope falls slightly with age and growth during 
childhood (40). The ventilatory equivalent for C0 2 (V £ /VC0 2 ) 
dictates the volume of air breathed relative to the volume of 
C0 2 produced. By analogy, the ventilatory equivalent for 0 2 
(V £ /V0 2 ) describes the volume of air breathed relative to the 
volume of 0 2 consumed. These parameters traditionally have 
been measured during steady-state exercise. V E /V0 2 declines 
early in exercise as a result of better ventilation and blood flow 
matching in the lungs as pulmonary blood flow increases and 
flow redistributes to the apices of the lungs. The point during 
exercise when V E /V0 2 begins to increase describes the VAT. 
The gas exchange ratio (R value) is the quotient VC0 2 /V0 2 . 
Normally it is measured during steady-state conditions and 
reflects the mixture of energy sources consumed at rest or exer- 
cise; as such, it becomes a measure of the cellular respiratory 
quotient (RQ). Children consuming a ketogenic (high fat) diet 
will have an R near 0.7, but the typical resting value is usually 


approximately 0.8, again reflecting the carbohydrate and 
fat mix of a child’s average daily food consumption. During 
incremental exercise both V 0 2 and V C0 2 creep upward with 
increasing work, but VC0 2 does so at a slightly faster rate 
than V0 2 . This gradual rise in VC0 2 relative to V0 2 means 
that R value approaches unity as power rises. Beyond this 
point VC0 2 then rises disproportionately to V0 2 as exercise 
continues above the VAT Exercise hyperpnea that was linearly 
related to VC0 2 maintains its tight coupling for a variable 
period even after the point when V E /V0 2 begins to increase 
(VAT) (Fig. 7.11). In other words, at VAT the slope of V e /V0 2 
increases, but the slope of V £ /VC0 2 does not, until increasing 
work results in acidosis. At this point V £ increases dispropor- 
tionately to VC0 2 , resulting in a rise in V £ /VC0 2 . As power 
inches further toward maximum and V £ outpaces metabolic 
requirement (VC0 2 ), an inflection point in V E /VC0 2 occurs. 
This constitutes the respiratory compensation point, and is 
characterized by hyperventilation with reduction of arterial 
PC0 2 , generally reaching the low thirties (mm Hg) — lower in 
younger children compared with adolescents (41). 

When exercise ceases at the point of voluntary exhaustion, 
V £ is typically 60% to 70% of maximum voluntary ventila- 
tion (MW), leaving a “ventilatory reserve” of roughly 30% 
to 40%. Persons with pulmonary disease who encroach on 
this breathing reserve achieve maximal V £ exceeding 70%, 
and sometimes 100%, of MW. How is this possible? Caution 
must be used in assessing the relationship between V £ dur- 
ing exercise and MW measured at rest because obtaining a 


Figure 7.11. Changes in ventilatory indices, serum 
lactate, bicarbonate, and pH with increasing work. 
The vertical lines represent the onset of the VAT (left 
line) and the threshold for decompensated acidosis 
(right line). (From Wasserman K, Hansen J, Sue D, et 
al. Principles of Exercise Testing and Interpretation . 
Philadelphia, PA: Lea &c Febiger, 1987.) 
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true measure of rest MW depends greatly on subject effort. 
If the subject does not make a good effort, a factitiously low 
MW will be recorded, and the relationship with V E during 
exercise will be misleading. A true MW should approximate 
1-second forced expiratory volume (FEVj) x 35 or 40. This 
long-held index has other limitations, principally because the 
operating lung volume of the resting MW maneuver differs 
from the actual operating lung volume during exercise. A bet- 
ter way to determine whether exercise is limited by ventilation 
is by measurement of tidal flow-volume loops during exer- 
cise (42), which may have the added advantage of detecting 
vocal cord dysfunction, an increasingly recognized cause of 
exertional dyspnea. This is depicted in Figure 7.12, and has 
recently been studied in normal children (43,44). In a manner 
analogous to SV, V T normally increases both by breathing at 
a lower end-expiratory lung volume (equivalent to LV-ESV) 
and attaining a higher end-inspiratory lung volume (higher LV- 
EDV). A small contribution comes from the expiratory reserve 
volume whereas the lion’s share of V x recruitment occurs by 
tapping into inspiratory reserve volume. 

Diffusion limitation is seldom, if ever, a problem during 
routine clinical exercise testing. It may become a factor at 
extremes of exercise in high-performance athletes, as transit 



Volume, I 

Figure 7.12. New method to assess ventilatory limitation to 
exercise. Exercise tidal flow volume loops (ext FVL) are super- 
imposed within the maximal flow volume loop (MFVL) deter- 
mined at rest, and any overlap is considered evidence of flow 
limitation (Vfl). EELV and EILV are end-expiratory and end- 
inspiratory lung volumes, respectively; while IRV and ERV are 
inspiratory and expiratory reserve volumes, respectively. Lung 
volume is plotted on the abscissa with total lung capacity (TLC) 
at the origin, while flow is on the ordinate, with expiration 
above the volume axis and inspiration below. (From Johnson 
BD, Weisman IM, Zeballos RJ, et al. Emerging concepts in the 
evaluation of ventilatory limitation during exercise: the exercise 
tidal flow-volume loop. Chest 1999;116:488-503. Reprinted 
with permission from the American College of Chest Physicians.) 


time through the pulmonary capillaries may be short enough 
(very high levels of cardiac output) to preclude equilibration of 
alveolar and end-capillary P0 2 . Such an individual might even 
experience arterial desaturation if she/he had an intrinsically 
low hypoxic ventilatory response (45). Normal, healthy chil- 
dren should not exhibit desaturation even at maximal exercise 
but this area has not been studied specifically in children with 
the exception of one report (46). These authors concluded 
(with a few caveats) that exertional desaturation can occur in 
25% to 33% of physically active children with normal (vs. 
supranormal) V0 2 max values. Given the technical difficulties 
in precise determination of oxygen saturation by pulse oxime- 
try during exercise, healthy skepticism seems warranted. 

METHODOLOGY OF EXERCISE TESTING 

Types of Exercise and Ergometers 

Treadmill and stationary cycles are the two most frequently used 
ergometers for clinical exercise testing. Neither is inherently 
superior to the other; each has advantages and disadvantages. 
Most people can walk reasonably efficiently, but not everyone 
can cycle efficiently. Children younger than 4 or 5 years of age 
may have more difficulty using a cycle ergometer than a tread- 
mill. On the other hand, a treadmill may be more dangerous 
than a cycle because the subject can fall from the treadmill. 
Also, it is more difficult to hear the Korotkoff sounds when the 
subject is running or jogging on a treadmill than when he or 
she is cycling. If the subject is connected to numerous monitor- 
ing devices, cycling may be preferable because it involves less 
movement of the trunk and extremities. In general, it is easier 
to calibrate a treadmill than a cycle ergometer. 

The two general types of cycle ergometers are the mechani- 
cally braked and electronically braked. With a mechanically 
braked cycle ergometer, power changes with changes of pedal- 
ing frequency. With an electronically braked cycle ergometer, 
moderate changes in pedaling frequency do not affect power 
substantially. Thus, for untrained subjects, who may have 
difficulty maintaining a steady pedaling frequency, electroni- 
cally braked cycles are preferable. Other, less frequently used 
ergometers are handgrip ergometers and arm crank ergom- 
eters. The arm-crank ergometer is useful for subjects who are 
unable to walk or cycle or for whom physiologic measurement 
of upper extremity function is of interest. 

Exercise Protocols 

There is no “best” exercise protocol. Examiners should 
select or create a protocol that best allows measurement of 
the responses to exercise that are of particular interest. One 
may use a protocol that has been standardized in another 
laboratory. Ideally, protocols should be standardized and data 
obtained for a “normal” population in the laboratory in which 
the clinical exercise testing is done. Power increments should 
not be excessive; otherwise, some subjects may stop exercise 
before a maximum cardiorespiratory effort has been achieved. 
Power increments too small result in unnecessarily long tests, 
which can be a challenge in a child with short attention span. 
In general, exercise protocols should be designed such that the 
duration of the exercise test is 8 to 12 minutes, since children 
become disinterested with longer tests and effort wanes. The 
Three well-standardized protocols for treadmill exercise are 
detailed in Tables 7.2 to 7.4. 

The Bruce protocol is arguably the most commonly 
employed in children. For children and subjects incapable 
of much exercise, a modified Bruce protocol can be used in 
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|B 

Bruce Treadmill Protocol 



Belt Speed 

Incline 


Stage 3 

(mph) 

(%Grade) 

METs* 

(Modified 

Bruce) 

1.7 

0 

2.3 

(Modified 

Bruce) 

1.7 

5 

3.5 

1 

1.7 

10 

4.5 

2 

2.5 

12 

7.0 

3 

3.4 

14 

10.0 

4 

4.2 

16 

12.9 

5 

5.0 

18 

15.0 

6 

5.5 

20 

16.9 

7 

6.0 

22 

19.1 


s 3-minute stages. 

6 METs are multiples of resting 0 2 uptake. One MET equals an 0 2 uptake of 
3.5 ml/kg/min. 

From Bruce R. Exercise testing in coronary artery disease. Ann Clin Res 
1971;3:323-332, with permission. 


which the initial two steps use a belt speed of 1.7 mph and an 
incline of 0% and 5%, respectively (47). For cycle testing, the 
James (48) protocol is useful because the 3-minute duration 
of each work increment make it very likely that steady state 
is achieved at each load. On the other hand, the large jump in 
power (50 W for child with body surface area (BSA) more than 
1.2 m 2 ) results in some smaller children being unable to per- 
severe despite not having achieved their true maximum work 
capacity or aerobic power. Ramp protocols may come to be 
used more and more frequently as investigators acquire the 
equipment to perform this type of study. The ramp protocol 
uses a constantly increasing workload where the increment, 
regardless of magnitude, occurs as a gradual and continuous 
procedure instead of a step each minute. Obviously, this proto- 
col is not suited for assessing physiologic functions that require 
steady-state exercise. A good compromise is the standard 


TABLE 

Balke Treadmill Protocol 

Stage 3 

Belt Speed (mph) 

Incline (%Grade) 

i 

3.3 

0 

2 

3.3 

2 

3 

3.3 

3 

4 

3.3 

4 

5 

3.3 

5 

6 

3.3 

6 

7 

3.3 

7 

Etc. 

Etc. 

Etc. 


a 1 -minute stages. 

From Balke J, Ware R. An experimental study of "physical fitness" of Air Force 
personnel. U S, Armed Forces Med J 1959;10:675-688. 
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Ql James Cycle Protocol 

| 



kpm/min 


Stage 3 

<1 m 2 BSA 

1-1.19 m 2 BSA 

>1.2 m 2 BSA 

1 

200 

200 

200 

2 

300 

400 

500 

3 

500 

600 

800 

4 

600 

700 

1000 

5 

700 

800 

1200 

6 

800 

900 

1400 

7 

900 

1000 

1600 

8 

1000 

1100 

1800 


a 3-minute stages. 

BSA body surface area. 

From James FW, Kaplan S, Glueck CJ, et al. Responses of normal children and 
young adults to controlled bicycle exercise. Circulation 1980;61:902-12, with 
permission. 


incremental cycle ergometer protocol with increments in work 
every 1 or 2 minutes, with the size of the increments tailored to 
the anticipated maximum capacity for each subject, such that 
test duration is 8 to 12 minutes. This will also provide enough 
data points to plot and analyze physiologic parameters with 
confidence. 

TECHNIQUES OF SPECIFIC MEASUREMENTS 
Heart Rate and Electrocardiogram 

HR, one of the basic indices of cardiac response to exercise, 
is measured from the electrocardiogram (ECG), which can be 
done manually by averaging several R-R intervals. Alterna- 
tively, the ECG signal can be processed through a tachome- 
ter, and a direct recording of HR based on one or more R-R 
intervals can be obtained. At least three leads of the stand- 
ard surface ECG should be displayed or recorded continu- 
ously during, and for 5 to 10 minutes after completion of, an 
exercise test. The examiner should have the option of viewing 
various combinations of leads so that inferior, right, and left 
precordial cardiac events can be assessed. A complete ECG 
should be recorded at rest, at least once during each workload, 
and for several intervals after exercise. Ideally, the ECG should 
have several recording speeds. Obtaining an ECG at a speed 
of 50 mm/sec facilitates assessment of ST segment changes. 
Continuous recording of the ECG at 5 mm per second paper 
speed facilitates detection of arrhythmias. 

Appropriate application of the ECG electrodes and leads 
and electric shielding of the cable connecting the leads to the 
electrocardiograph are important for obtaining high-quality, 
artifact-free recordings. The subject’s skin should be cleansed 
with alcohol and abraded lightly to reduce electric skin resist- 
ance. Most commercially available electrodes are prepackaged 
with electrode paste; occasionally, however, no paste is pre- 
sent, and these electrodes must be discarded or paste applied 
before using them. Note that pregelled electrodes have a lim- 
ited shelf life due to chemical changes in the conducting paste, 
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and should be discarded if they are old and signal quality 
visibly deteriorates. The wire leads connecting the individual 
electrodes to the EC G cable should be secured to the subject’s 
torso to minimize artifact from movement of these electrodes 
during exercise. This can be accomplished by loosely wrapping 
the torso with an elastic bandage or by using a commercially 
available knit shirt. The presence of artifact on the ECG usu- 
ally indicates a loose lead-electrode interface, a poorly applied 
electrode, or inadequate electrode paste. 

Blood Pressure 


Cardiac Output and Stroke Volume 

The two techniques used most frequently to measure car- 
diac output ( Q ) relatively noninvasively and without the 
need for radioactive material are the C0 2 and the acetylene- 
helium(C 2 H 2 -He) rebreathing techniques, although third, 
similar technique — nitrous oxide (N 2 0) — has recently been 
reevaluated. The renewed interest in inert gas (N z O and acety- 
lene) has occurred with the advent of newer, less finicky, gas 
analyzers. 

The C0 2 rebreathing technique (Fig. 7.14) is based on the 
Fick principle for C0 2 : 


Blood pressure is an essential measurement in evaluating the 
cardiovascular response to exercise. Blood pressure can be 
measured directly with an indwelling arterial catheter or, more 
commonly, indirectly with a cuff, a sphygmomanometer, and 
a stethoscope. Numerous commercially available electronic 
units are available to measure blood pressure indirectly during 
exercise. The accuracy and precision of these “black boxes,” 
however, must be a concern. Devices designed to inflate and 
deflate the cuff automatically coupled to a microphone that 
can be secured over the brachial artery are useful. It is critical 
to use an appropriate-size cuff. The bladder of the cuff should 
encircle the arm completely, and the width of the cuff should 
be at least two-thirds the length of the upper arm. An oversized 
cuff should be available to measure leg blood pressure when 
indicated. It should be remembered that accurate measure- 
ment of diastolic blood pressure during exercise is extremely 
difficult, particularly during treadmill exercise, because the 
pounding feet and the noise of the treadmill make it difficult 
to hear Korotkoff sounds. Direct (intra-arterial) blood pres- 
sure measurement allows nearly instantaneous beat-to-beat 
monitoring of blood pressure with a high level of precision. 
Because of peripheral amplification, however, measurement of 
blood pressure in the distal vascular system (radial or brachial 
artery) overestimates central aortic blood pressure (Fig. 7.13). 
In addition, this technique is invasive and potentially painful, 
which limits its usefulness in children. 
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Figure 7.13. The relationship between systolic blood pres- 
sure measured using an indwelling radial artery cannula and 
arm blood pressure measured with a sphygmomanometer. 
Note that the blood pressures measured using a radial artery 
catheter are greater than those using a sphygmomanometer. 
(Reproduced from Rassmussen P, Staats B, Driscoll D, et al. 
Direct and indirect blood pressure during exercise. Chest 
1985;87:743-748, with permission.) 


C-C0 2 -0*C0 2 

where VC0 2 is the volume of carbon dioxide produced, 
C- C0 2 is mixed venous blood C0 2 content, and CaC0 2 is 
the systemic arterial blood C0 2 content. VC0 2 is measured 
directly, arterial C0 2 content is calculated from the measure- 
ment of systemic arterial blood PC0 2 , and mixed venous C0 2 
content is calculated from the measurement of end-tidal (alve- 
olar) PC0 2 , assuming equilibrium with mixed venous PC0 2 
and alveolar PC0 2 during the rebreathing maneuver. The lat- 
ter maneuver can be done by the classical equilibrium or the 
exponential technique (49,50). The latter is simpler during 
incremental exercise and better tolerated because it utilizes 
lower C0 2 concentration in the rebreathing mixture. Inhaled 
C0 2 can create an unpleasant taste and transient headache in 
high concentrations. The need to measure systemic arterial 
PC0 2 is a disadvantage of this technique because it is inva- 
sive. Systemic arterial PC0 2 can be estimated from end-tidal 
PC0 2 , or by assuming a normal anatomic dead space in a sub- 
ject with normal pulmonary function and solving for PaC0 2 
using the Bohr equation, since all parameters in this equation 
are directly measured except for PaC0 2 . Note that one must 
account for instrument dead space (mouthpiece, face mask). 
Ultimately however, such approximations introduce addi- 
tional potential error into the technique. Furthermore the con- 
centration of C0 2 in the rebreathing mixture as well as the 
volume of the rebreathing mixture must be adjusted to the 
patient’s size and exercise intensity. The future of this method 
is uncertain because of two recently described methodologic 
issues: the accuracy of measuring PC0 2 in a high 0 2 mixture 
(51) and the solution to the equation relating C0 2 partial pres- 
sures to contents (52). The former problem, known as the col- 
lision-broadening effect, effectively limits the C0 2 rebreathing 
technique to laboratories employing a mass spectrometer to 
measure exhaled gas concentrations, while the latter under- 
scores the need to know (rather than assume) blood pH and 
PC0 2 . Until these issues are clarified, healthy critical evalua- 
tion of papers using the indirect Fick (C0 2 ) technique would 
seem justified. 

The C 2 H 2 -He rebreathing technique to measure cardiac 
output is based on the principle that acetylene diffuses from 
the alveolus to the pulmonary capillary (53). The concen- 
tration of the acetylene in the rebreathing system declines 
relative to the volume of effective pulmonary blood flow 
(Fig. 7.15). This technique actually measures effective pul- 
monary blood flow rather than systemic blood flow, but in 
the absence of significant right-to-left or left-to-right intracar- 
diac or intrapulmonary shunt, it is a reliable approximation 
of cardiac output. The other caveat is that the technique is 
heavily dependent on even distribution of the inspired gas and 
will thus be less accurate in patients with lung disease char- 
acterized by mismatching of ventilation and perfusion. It is 
necessary to include a gas that does not diffuse out of the 
alveolus (e.g., helium) to determine the volume of the entire 
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“Downstream difference” correction: 

Pco 2 = ® ^EQ CO2 +11 


Figure 7.14. Diagrammatic representation of the C0 2 rebreathing method of assessing cardiac output. See text 
for determination of PaC0 2 . 


respiratory system and rebreathe apparatus. This technique is 
completely noninvasive and tolerated well by children. Tech- 
nically, it is simpler to perform the C 2 H 2 -He than the C0 2 
rebreathe maneuver because the concentration of acetylene, 
helium, oxygen, and nitrogen used as the rebreathe mix- 
ture is constant, only the volume of the mixture needs to be 
altered, depending on the subject’s tidal volume. Subjects find 
the C 2 H 2 -He rebreathing technique more comfortable, with 
less feeling of dyspnea during the procedure than with C0 2 
rebreathing. One pediatric study compared C 2 H 2 -He versus a 
somewhat modified C0 2 rebreathe maneuvers, and found that 
only half the C0 2 rebreathe maneuvers provided data that 
could be analyzed (54). 


Figure 7.15. Diagram of the acety- 
lene-helium rebreathing technique for 
measuring effective pulmonary blood 
flow. Note that with rebreathing there 
is a constant decay in the concentration 
of acetylene in the rebreathing system. 

This occurs because acetylene passes 
across the alveolar membrane and is 
taken up by the pulmonary blood flow. GclS 

Cone. 


N 2 0 is highly soluble in blood and rebreathing N z O was 
first described as another inert gas technique to measure car- 
diac output nearly 50 years ago, but has recently undergone 
reexamination. Like C 2 H 2 -He rebreathing, N 2 0 rebreathing 
measures effective pulmonary blood flow, and suffers from the 
same limitations as acetylene method. An insoluble tracer gas 
is required, and recent studies used SF 6 for this purpose since 
it is highly insoluble and achieves equilibrium within the bag- 
lung rebreathing system. When this method was in its infancy, 
two studies in children (using helium or argon tracers) were 
published, one of which found the method compared very well 
with C0 2 rebreathing measurements of cardiac output (55). 
More recent studies in adults with (56) and without heart 
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failure have compared N 2 0 rebreathing with (57) invasive and 
(58) noninvasive (C0 2 ) methods of measuring cardiac output. 
The study by Jarvis et al. (57) was very comprehensive and com- 
pared direct Fick, thermodilution, N 2 0 and C 2 H 2 rebreathing 
methods (plus a 1-step C0 2 rebreathing technique). There are 
many ways to compare results of different methods of meas- 
urement. One is to report bias, that is, how closely one method 
approximates the gold standard, and precision, that is, how 
reproducible is the method, or alternatively, what is the vari- 
ance of repeated trials. These authors concluded that inert gas 
methods were precise, but tended to underestimate the results 
obtained by the gold standard method(s) during exercise. 

No similar study has been reported in children, nor is one 
likely. The fact is that these inert gas methods offer promise 
for using the lungs to measure cardiac output noninvasively 
in children. Whereas the C0 2 nontechnique can give accurate 
results in children with lung disease characterized by signifi- 
cant ventilation-perfusion mismatch, provided one measures 
rather than estimates PaC0 2 , the same cannot be said for 
inert gas methods. They are predicated on adequate mixing 
of inspired gas, such that gas contents in the bag mix quickly 
with alveolar gas. Only once that occurs can these methods 
accurately measure pulmonary blood flow, which equals car- 
diac output for all intents and purposes. 

The past decade has witnessed several publications on echo- 
cardiographic measurement of cardiac output during exercise. 
With this method, SV is estimated by standard Doppler echo- 
cardiographic techniques (59). The cross-sectional area of the 
ascending aorta is first calculated at rest with subjects in the 
sitting position from the maximal diameter of the aorta meas- 
ured by two-dimensional echocardiography (long-axis view) 
at the sinotubular junction (inner edge to inner edge) assum- 
ing the aorta to be circular. Velocity of ascending aorta blood 
flow is determined with a continuous-wave transducer posi- 
tioned in the suprasternal notch. The velocity-time integral 
(VTI) for each beat is calculated off-line by tracing the velocity 
curve contour over time. The termination of each contour was 
marked by aortic valve closure. Five to eight curves with the 
highest values and most distinct spectral envelopes should be 
averaged for each workload. SV is estimated as the product 
of the mean VTI and the cross-sectional area of the ascending 
aorta. The method is reasonably accurate, provided enough 
beats are averaged to compute stroke volume, since SV is 
affected by phase of breathing (60), and one risks overestima- 
tion of SV and hence cardiac output if one chooses the “best- 
looking” VTI. The technique also is critically dependent on 
accurate measurement of aortic valve area. Moreover, obtain- 
ing a satisfactory window at the suprasternal notch during 
heavy exercise can be a challenge both to the person holding 
the transducer and to the hyperpneic subject. Thus, echo- 
cardiographic measurement of cardiac output is very opera- 
tor dependent, but despite these limitations the method is a 
choice among the noninvasive options. It has been extensively 
used by Rowland and coworkers (28,61,62) to study cardiac 
responses to exercise during the growth period of childhood. 

Before concluding this section, one should be aware of the 
potential for impedance cardiography as a useful clinical and 
research tool in the pediatric exercise laboratory. It has never 
gained widespread acceptance because of uncertainty over 
its theoretical foundations, and because of equivocal find- 
ings of previous reports comparing this method with more 
accepted methods of measuring cardiac output. Recent work 
may change this thinking (30, 63-67), so a brief description 
is worthwhile. The theory behind the method models the tho- 
rax as a cylinder or truncated cone whose electrical imped- 
ance changes in proportion to the electrical conductivity of the 
blood within, simultaneously with mechanical systole. A tiny, 
biologically inactive AC current is discharged by one set of 
electrodes, while another set measures the impedance of the 


thoracic contents to this current. SV is computed from thoracic 
impedance measurements using one of a number of published 
equations, which contain all or some the following terms: 

SV = r • (L 2 /Z 0 2 ) • VET • (dZ/dt mia ) 

where r is the blood resistivity, a function of packed cell vol- 
ume; L is the distance between electrodes; Z 0 is the baseline 
thoracic impedance; VET is the ventricular ejection time; 
and dZ/dt min is the maximum rate of fall in impedance. Most 
devices compute ventricular ejection time from the ECG trac- 
ing, though one (30) uses a microphone on the chest to detect 
the second heart sound. This unique impedance cardiograph 
required measurement of Z 0 and interelectrode distance (30), 
whereas others did not (63—67). The most recent iteration 
of this technology measures the relative phase shift (AO) of 
a radiofrequency signal passing through the thorax (instead 
of amplitude changes in impedance to an AC microcurrent) 
between paired electrodes during aortic ejection, which are 
tightly correlated to blood flow rate (65). This parameter 
allegedly has a higher signal to noise ratio and simplified the 
SV equation to: 

SV = C • VET • (d&/dt max ) 

where C was termed a constant of proportionality, and d<&f 
dt max is the rate of change in relative phase shift of the imped- 
ance signal. Despite claims, it significantly underestimated 
(bias) cardiac output during exercise in healthy adults com- 
pared with an inert gas rebreathing method, and the authors 
commented that subjects were required to maintain a rela- 
tively stable upper body position to reduce signal artifact (66). 
The precision of impedance cardiography was very good in 
children, with realistic results reported, though since no com- 
parator measure was employed, one cannot comment on its 
bias (67). Future studies will determine its role, but it offers 
a simple, unobtrusive method for measuring cardiac output 
during exercise in children that yields results comparable to 
other methods. 


Ventilation Measurements 

The following indices of ventilation are measured: respira- 
tory rate (RR), tidal volume (V T ), minute ventilation (V E or 
V n depending on whether one measures inspired or expired 
ventilation), oxygen uptake (V0 2 ), carbon dioxide produc- 
tion (VC0 2 ), end- tidal C0 2 , 0 2 , and mixed-expired C0 2 and 
0 2 . From these measurements, the ventilatory equivalents 
for oxygen (V £ /V0 2 ) and C0 2 (V £ /VC0 2 ) and gas exchange 
ratio (RER) can be measured. Noninvasive (ear or finger oxi- 
metry) measurement of blood oxygen saturation is useful to 
document the presence or absence, and degree, of hypoxemia. 
There is very good correlation between blood oxygen satura- 
tion measured by pulse oximetry and that measured by direct 
blood gas analysis at least for oxygen saturations above 75%. 

Several technical advances have been made in the measure- 
ment of ventilation and gas exchange during exercise, particu- 
larly with gas analyzers. This technology has improved in as 
much as large, cantankerous, mass spectrometers have also 
been replaced by smaller and more user-friendly gas analyzers 
permitting determination of concentrations of several gases at 
one time. Because of smaller size, newer portable metabolic 
carts containing all the essential tools are now readily avail- 
able. Some of the old standards such as fuel cell or zirco- 
nium oxide 0 2 analyzers and infrared C0 2 analyzers remain 
the workhorses of many such systems, though infrared C0 2 
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analysis may no longer be considered accurate if employed 
to analyze C0 2 concentration in high 0 2 mixtures. In addi- 
tion, hardware and software are available to measure indices 
of ventilation in a breath-by-breath fashion. There are several 
essential requirements of an ideal system: low sampling vol- 
ume, rapid sampling rate with ultrafast response times. Soft- 
ware algorithms must account for these delays in computing 
breath-by-breath V0 2 and VC0 2 , since the actual concen- 
tration of the gas at any instant must be matched with the 
exhaled volume at that same time point, in order to calculate 
the concentration-time integral. 

It no longer is necessary to use timed gas collection into 
cumbersome Douglas bags and Tissot spirometers. Some 
commercially available systems still employ a mixing cham- 
ber, much smaller than devices used for timed collections, 
from which mixed expired gases (O z and C0 2 ) are sampled 
in real time. This requires not only that gas in the chamber 
is well mixed before expulsion, but also that these concen- 
trations must then be matched with minute volume measured 
at approximately the same time. By and large, these methods 
have given way to accurate and reliable respiratory mass flow 
sensors, Pitot tubes, pneumotachographs, and turbine flowme- 
ters. Measurement of ventilatory indices requires the use of a 
mouthpiece and a nose clip or a tightly fitting mask, and the 
latter can be oronasal or partition oral and nasal flow. Most 
children will tolerate a mouthpiece and nose clip. It is impor- 
tant to have different-sized mouthpieces and three-way respir- 
atory valves available so that the dead space of the system can 
be minimized for small children. Valve or mask dead spaces 
volumes typically should be approximately 50 to 70 mL. It 
is equally important that such exercise systems recognize and 
subtract valve or mask dead space volume from the total V £ 
before calculating V £ /V0 2 and V E fVC0 2 ratios or slopes. Fail- 
ure to do so, particularly in children, can result in large error 
given the smaller tidal volumes of younger children. 


REFERENCES 


1. Hansen JE, Sue DY, Wasserman K. Predicted values for clinical exercise 
testing. Am Rev Respir Dis 1975;1 12:S49-S55. 

2. Wasserman K, Whipp BJ. Exercise physiology in health and disease. Am 
Rev Respir Dis 1975;112:219-249. 

3. Bar-Or O, Rowland TW. Pediatric Exercise Medicine — From Physiologic 
Principles to Health Care Application. Champaign, IL: Human Kinetics, 
2004:7-11. 

4. Williams CA, Carter H, Jones AM, et al. Oxygen uptake kinetics during 
treadmill running in boys and men. J Appl Physiol 2001;90:1700-170 6 

5. Zanconato S, Cooper DM, Armon Y. Oxygen cost and oxygen uptake 
dynamics and recovery with 1 min of exercise in children and adults. J Appl 
Physiol 1991;71:993-998. 

6. Howley ET. V 0 2 max and the plateau — needed or not? Med Sci Sports 
Exer 2007;39:101-102. 

7. Rossiter HB, Kowalchuk JM, Whipp BJ. A test to establish maximum 0 2 
uptake despite no plateau in the 0 2 uptake response to ramp incremental 
exercise. ] Appl Physiol 2006;100:764-770. 

8. Saltin B, Calbet JAL, Wagner PD. Point:counterpoint in health and nor- 
moxic environment, V 0 2 max is limited primarily by cardiac output and 
locomotor muscle blood flow. J Appl Physiol 2006;100:744-748. 

9. Wagner PD. Determinants of maximal transport and utilization. Annu Rev 
Physiol 1996;58:21-50. 

10. di Prampero PE. Factors limiting maximal performance in humans. Eur J 
Appl Physiol 2003;90:420-429. 

11. Astrand P-O, Rodahl K. Textbook of Work Physiology: Physiological Basis 
of Exercise. New York, NY: McGraw-Hill, 1977:450. 

12. Welsman JR, Armstrong N, Nevill AM, et al. Scaling V 0 2 max for differ- 
ences in body size. Med Sci Sports Exer 1996;28:259-265. 

13. Cooper Dan M, Weiler-Ravell D, Whipp BJ, et al. Aerobic parameters of 
exercise as a function of body size during growth in children. J Appl Physiol 
1984;56:628-634. 

14. Baxter-Jones A, Goldstein H, Helms P. The development of aerobic power 
in young athletes. J Appl Physiol 1993;75:1160-1167. 

15. Armstrong N, Welsman JR, Nevill AM, et al. Modeling growth and matu- 
ration changes in peak oxygen uptake in 11-13 year olds. J Appl Physiol 
1999;87:2230-2236. 


16. Andreacci JL, Robertson RJ, Dube JJ, et al. Comparison of maximal oxygen 
consumption between black and white prepubertal and pubertal children. 
Pediatr Res 2004;56:706-713. 

17. Washington RL. Cardiorespiratory testing: anaerobic threshold/respiratory 
threshold. Pediatr Cardiol 1999;20:12-15. 

18. Hagberg JM, Coyle EF, Carroll JF, et al. Exercise hyperventilation in 
patients with McArdle’s disease. ] Appl Physiol 1982;52:991-994. 

19. Hebestreit H, Staschen B, Hebestreit A. Ventilatory threshold: a use- 
ful method to determine aerobic fitness in children? Med Sci Sports Exer 
2000;32:1964-1969. 

20. Reybrouck T, Weymans M, Stijns H, et al. Ventilatory anaerobic threshold 
in healthy children: age and sex differences. Eur ] Appl Physiol 1985;54: 
278-284. 

21. Bhambhani YN. Muscle oxygenation trends during dynamic exercise meas- 
ured by near infrared spectroscopy. Can J Appl Physiol 2004;29:504-523. 

22. Rowell LB. Circulatory adjustments to dynamic exercise. In: Rowell LB, 
ed. Human Circulation Regulation During Physical Stress. New York, NY: 
Oxford University Press, 1986:213-256. 

23. Godfrey S, Davies CTM, Wozniak E, et al. Cardio-respiratory response to 
exercise in normal children. Clin Sci 1971;40:419-431. 

24. Stringer WW, Whipp BJ, Wasserman K, et al. Non-linear cardiac output 
dynamics during ramp-incremental cycle ergometry. Eur ] Appl Physiol 
2005;93:634-639. 

25. Beck KC, Randolph LN, Bailey KR, et al. Relationship between cardiac 
output and oxygen consumption during upright cycle exercise in healthy 
humans. ] Appl Physiol 2006;101:1474-1480. 

26. Rowland T. Circulatory “efficacy” during progressive aerobic exercise in 
children: insights from the Q - V 0 2 relationship. Eur J Appl Physiol 
2007;101:61-66. 

27. Gonzalez-Alonzo J, Warburton DER, Gledhill N. Pointxounterpoint. 
stroke volume does/does not decline during exercise at maximal effort in 
healthy individuals. ] Appl Physiol 2008;104:275-280. 

28. Rowland T, Popowski B, Ferrone L. Cardiac responses to maximal 
upright cycle exercise in healthy boys and men. Med Sci Sports Exerc 
1997;29:1146-1151. 

29. Eriksson BO, Grimby G, Saltin B. Cardiac output and arterial blood gases 
during exercise in pubertal boys. ] Appl Physiol 1971;31:348-352. 

30. Pianosi P. Measurement of exercise cardiac output by thoracic impedance in 
healthy children. Eur J Appl Physiol 2004;92:425-430. 

31 . Stringer WW, Hansen JE, Wasserman K. Cardiac output estimated non-inva- 
sively from oxygen uptake during exercise. J Appl Physiol 1997;83:908-912. 

32. Washington RL, van Gundy JC, Cohen C, et al. Normal aerobic and 
anaerobic exercise data for North American school-age children. ] Pediatr 
1988;112:223-2 33. 

33. Strong W, Miller M, Striplin M, et al. Blood pressure response to iso- 
metric and dynamic exercise in healthy black children. Am J Dis Child 
1978;132:587-591. 

34. Johnson JN, Mack KJ, Kuntz NL, et al. Postural orthostatic tachycardia 
syndrome: a clinical review. Pediatr Neurol 2010;42:77-85. 

35. Joyner MJ, Masuki S. POTS versus deconditioning: the same or different? 
Clin Auton Res 2008;18:300-307. 

36. Medow MS, Stewart JM. The postural tachycardia syndrome. Cardiol Rev 
2007;15:67-75. 

37. Burkhardt BEU, Fischer PR, Brands CK, et al. Exercise performance in ado- 
lescents with autonomic dysfunction. ] Pediatr 2010;158:15-19.el. 

38. Stewart JM. Chronic orthostatic intolerance and the postural tachycardia 
syndrome (POTS). J Pediatr 2004;145:725-730. 

39. Fu Qi, vanGundy TB, Galbreath MM, et al. Cardiac origins of postural 
orthostatic tachycardia syndrome. J Am Coll Cardiol 2010;55:2858-2868. 

40. Cooper DM, Kaplan MR, Baumgarten L, et al. Coupling of ventilation and 
C0 2 production during exercise in children. Pediatr Res 1987;21:568-572. 

41. Ohuchi H, Kato Y, Tasato H, et al. Ventilatory response and arterial blood 
gases during exercise in children. Pediatr Res 1999;45:389-396. 

42. Johnson BD, Weisman IM, Zeballos RJ, et al. Emerging concepts in the 
evaluation of ventilatory limitation during exercise: the exercise tidal flow- 
volume loop. Chest 1999;116:488-503. 

43. Nourry C, Deruelle F, Fabre C, et al. Exercise flow-volume loops in prepu- 
bescent aerobically trained children. ] Appl Physiol 2005;99:1912-1921. 

44. Swain KE, Rosenkranz SK, Beckman B, et al. Expiratory flow limitation 
during exercise in prepubescent boys and girls: prevalence and limitations. ] 
Appl Physiol 2010;108:1267-1274. 

45. Dempsey JA, Wagner PD. Exercise-induced arterial hypoxemia. J Appl 
Physiol 1999;87:1997-2006. 

46. Nourry C, Fabre C, Bart F, et al. Evidence of exercise-induced arterial 
hypoxemia in prepubescent trained children. Pediatr Res 2004;55:674-681. 

47. Cumming GR, Everatt D, Hastman L. Bruce treadmill in children: normal 
values in a clinic population. Am ] Cardiol 1978;41:69-75. 

48. James F, Kaplan S, Glueck C, et al. Responses of normal children and young 
adults to controlled bicycle exercise. Circulation 1980;61:902-912. 

49. Godfrey S. Exercise Testing in Children. London, UK: WB Saunders, 1974: 
45-50. 

50. Jones NL. Clinical Exercise Testing. Toronto, ON: WB Saunders, 1988. 
187-195. 

51. Hornby L, Coates AL, Lands LC. Effect of analyzer on determination of 
mixed venous Pco 2 and cardiac output during exercise. ] Appl Physiol 
1995;79:1032-1038. 


CHAPTER 7 ■ Exercise Testing 133 


52. Sun, Xing-Guo, Hansen JE, et al. Carbon dioxide pressure-concentration 
relationship in arterial and mixed venous blood during exercise. / Appl 
Physiol 2001;90:1798-1810. 

53. Triebwasser J, Johnson R, Burpo R, et al. Noninvasive determination of 
cardiac output by a modified acetyline re-breathing procedure utilizing mass 
spectrometer measurements. Aviat Space Environ Med 1977;48:203-209. 

54. Rosenthal M, Bush A. The simultaneous comparison of acetylene or carbon 
dioxide flux as a measure of effective pulmonary blood flow in children. Eur 
Resptr J 1997;10:2586-2590. 

55. Zeidifard E, Godfrey S, Davies EE. Estimation of cardiac output by an N 2 0 
rebreathing method in adults and children. J Appl Physiol 1976;41:433- 
438. 

56. Agostoni P, Cattadori G, Apostolo A, et al. Non-invasive measurement of 
cardiac output during exercise by inert gas rebreathing technique: a new 
tool for heart failure evaluation . J Am Coll Cardiol 2005;46:1779-1781. 

57. Jarvis SS, Levine BD, Prisk GK, et al. Simultaneous determination of the 
accuracy and precision of closed-circuit cardiac output rebreathing tech- 
niques. / Appl Physiol 2007;103:867-874. 

58. Jalovljevic DG, Nunan D, Donovan G, et al. Comparison of cardiac output 
determined by different rebreathing methods at rest and peak exercise. Eur 
J Appl Physiol 2008;102:593-599. 

59. Calafiore P, Stewart WJ. Doppler echocardiographic quantitation of volu- 
metric flow rate. Cardiol Clin 1990;8:191-202. 


60. Du Quesnay MC, Stoute GJ, Hughson RL. Cardiac output in exercise by 
impedance cardiography during breath holding and normal breathing. 
J Appl Physiol 1987;62:101-107. 

61. Rowland TW, Goff D, Martel L, et al. Influence of cardiac functional 
capacity on gender differences in maximal oxygen uptake in children. Chest 
2000;117:629-635. 

62. Rowland TW, Obert P. L. Doppler echocardiography for the estimation of 
cardiac output with exercise. Sports Med 2002;32:973-98 6. 

63. Tordi N, Mourot L, Matusheski B, et al. Measurements of cardiac output 
during constant exercise: comparison of two non-invasive techniques. Int J 
Sports Med 2004;25:145-149. 

64. Ruddy R, Lonsdorfer-Wolf E, Charloux A, et al. Non-invasive cardiac 
output evaluation during a maximal progressive exercise test, using a new 
impedance cardiograph device. Eur J Appl Physiol 2001;85:202-207. 

65. Keren H, Burkhoff D, Squara P. Evaluation of a noninvasive continu- 
ous cardiac output monitoring system. Am J Physiol Heart Circ Physiol 
2007;293:H583-H589. 

66. Elliot A, Hull JH, Nunan D, et al. Application of bioreactance for cardiac 
output assessment during exercise in healthy individuals. Eur J Appl Physiol 
2010;109:945-951. 

67. Welsman J, Bywater K, Farr C, et al. Reliability of peak V 0 2 and maximal 
cardiac output assessed using thoracic impedance in children. Eur J Appl 
Physiol 2005;94:228-234. 


CHAPTER 


Echocardiography: Basic Principles 
and Imaging 
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A lthough utilization of imaging modalities other than 
echocardiography (e.g., computed tomography and mag- 
netic resonance imaging) has increased in the evaluation of 
congenital heart disease (1,2), echocardiography remains the 
principal diagnostic modality in the field of pediatric cardiol- 
ogy (3). The echocardiography laboratory is often the patient’s 
last “diagnostic stop” before surgical or catheter intervention, 
which necessitates the most complete anatomic and physiologic 
description of the cardiovascular system possible and requires 
unprecedented detail in the echocardiographic evaluation. In 
addition, pediatric echocardiographers find themselves with 
two important challenges today: (a) to define, with the help of 
other imaging specialists, the roles of not only echocardiogra- 
phy but other emerging imaging technologies in the evaluation 
of complex anatomy in children and adults with congenital 
heart disease (4) and (b) to oversee the expanding utilization of 
echocardiography among not only our cardiology colleagues 
but also other noncardiology health care providers — utilization 
precipitated in part by poorer auscultatory skills of personnel 
and increased miniaturization and decreased cost of cardiac 
ultrasound technology (5,6). 


HISTORY _____ 

In 1877, Pierre Curie, then only 18 years old, and his older 
brother, Jacques, found the basis for the field that would later 
be known as ultrasound by discovering the piezoelectric effect 
in which mechanical distortion of crystals produces an electric 
potential and vice versa. Although this was a landmark discov- 
ery, it was not until many years later, in fact not until after the 
1912 sinking of the Titanic (which catalyzed efforts to create 
systems aiding ships in earlier detection of icebergs), that the 
field of ultrasound began to develop (7). Eventually, in World 
War II, ultrasound waves formed the basis of Sound Naviga- 
tion and Ranging (SONAR) (8). 

The successful use of ultrasound as a diagnostic medi- 
cal technique was simultaneously pioneered in the 1940s 
and 1950s by four groups: (a) the Massachusetts Institute of 
Technology (MIT; Bolt, Ballatine, Ludwig, and Heuter), (b) 
the University of Illinois (Fry, Fry, and Kelly), (c) the Univer- 
sity of Colorado (Howry and Holmes), and (d) the Univer- 
sity of Minnesota (Wild and Reid). The MIT group developed 
A (amplitude)-mode ultrasound, a method of displaying the 
intensity of reflected waves as spikes of various heights on an 
oscilloscope. The Illinois group is renowned for using ultra- 
sound to detect breast cancer. The Colorado group developed 
B (brightness)-mode imaging, a method of displaying the 
intensity of the reflected ultrasound waves as dots of various 
brightness along a single scan line, the progenitor to two- 
dimensional (2-D) ultrasound. They expanded this concept by 
creating the B-29 gun turret water-bath scanner in which both 
patient and transducer were immersed. The Minnesota group 


perfected pulsed ultrasound techniques that permit a single 
transducer to act as both a transmitter and a receiver in real 
time and, by incorporating a water interface in the transducer 
head, created the first hand-held scanner, thus eliminating the 
need for patient immersion (7,8). 

Applying ultrasound for cardiac diagnosis was first per- 
formed at the University of Lund, Sweden (Edler and Hertz) 
in 1953. A B-mode detector with continuous moving film to 
obtain real-time images of the heart in waveform provided 
the first M(motion)-mode echocardiogram (7,8). Twenty 
years later, M-mode echocardiography was applied to con- 
genital heart disease by Goldberg, Allen, Sahn, Meyer and 
others (9,10). In the late 1970s and early 1980s, the appli- 
cation of 2-D echocardiography to congenital heart disease 
allowing complete, accurate, and detailed diagnoses was 
successfully completed by pioneers such as Sahn, Snider, 
Silverman, Williams, Stevenson, and others (11-20). Each 
stressed a thoughtful, considered approach that coupled the 
evolving field of echocardiography to the established fields 
of cardiac morphology, pathology, and embryology, eventu- 
ally forging the way for children, infants, and neonates to 
receive medical and surgical treatment after an assessment 
that was completely noninvasive. In the 1990s and early 
2000s, ultrasound technology became increasingly minia- 
turized so that echocardiography began to enjoy broader use 
including as a bedside adjunct to the physical examination 
in more unique settings such as the emergency room and the 
intensive care unit. Such applications have created special 
challenges for the pediatric echocardiography community 
which must respond to the training and quality assurance 
issues associated with a wider user base without being exclu- 
sionary. With other imaging modalities such as cardiac MRI 
becoming more established, echocardiographers will need 
to work with other imaging specialists to define the role of 
each of these cardiac imaging tools in the diagnostic workup 
in all the disease states and patient population which we 
manage. 


PHYSICS OF TWO-DIMENSIONAL 
ECHOCARDIOGRAPHY 


The piezoelectric effect occurs when an electric potential 
applied to a crystal results in mechanical distortion because 
of alignment of the crystal’s molecular dipoles. This, in turn, 
causes the crystal to resonate producing ultrasonic waves. A 
sound wave requires a deformable medium for its propaga- 
tion because it is mechanical in nature, consisting of a series 
of compressions and expansions (rarefaction) of the molecules 
in the medium. The velocity of sound depends on the type of 
tissue through which it is traveling (1,540 m/s in soft tissue, 
330 m/s in air). The wave has characteristics that define its 
existence (Fig. 8.1). 
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Figure 8.1. The anatomy of a wave. Sound travels with a velocity ( c ) dependent on the medium through which it 
propagates (for soft tissue, c = 1540 m/s). The wavelength (A) is the distance between two consecutive and equiva- 
lent parts. The frequency (u) is the number of compressions per unit of time expressed in Hertz. The frequency 
and wavelength are inversely proportional to each other through the velocity of sound (vX = c). The amplitude is 
the pressure difference between nadir and peak. In echocardiography, waves are emitted as pulses consisting of 
wave cycles. Therefore, the spatial pulse length is the distance from the beginning of a single pulse train to its end. 


The echocardiographic transducer does not emit ultrasound 
continuously but rather emits pulses rapidly (~1,000 pulses/s) 
and quickly (~1 /is for every pulse). Therefore, the transducer 
is operating as a transmitter for an extremely short time (0.1% 
of the time). During a 30-minute examination, the transducer 
has transmitted pulses for <2 seconds. When the transducer is 
not emitting sound waves, it is in its receiver mode awaiting 
the return of reflected ultrasound. 


Eight Equations that Form the Basis of 
Two-Dimensional and Doppler Echocardiography 

Equation 1: The Basis of Image Generation 

%R = {(Z 2 - Z, / (Z 2 + ZJ }8 2 x 100 [1] 

where 

%R = percent reflection of ultrasound signal 
Z n = impedance in medium n = p n c n 
p n = density of medium n 
c n = speed of sound in medium n 
As an ultrasound beam travels through the body, some of 
its energy will be reflected back to the transducer and some 
of its energy will continue to be transmitted forward. In 
considering the amount of reflected energy, it is helpful to 
consider the concept of momentum, which is the product 
of mass (m) of an object and its velocity (v) (momentum = 
mv). A speeding semitractor trailer (high velocity, huge mass) 
has much greater momentum than a pedaling bicyclist (slow 
velocity, small mass). Consider the well-known novelty of 
a set of metallic balls suspended adjacent to each other as 
a pendulum (Fig. 8.2). An outside ball is drawn away from 
the stationary balls and is released, striking the stationary 
balls, resulting in the outside ball on the opposite side to 
move away from the stationary balls. If the first outside ball 
were the size of a pea, it would strike the stationary balls 
and merely bounce away from them. It does not have suf- 
ficient momentum (because of relatively small mass) to cause 
any perturbation in the stationary balls. It is therefore merely 
reflected backward. 

Acoustic impedance is the ultrasound equivalent to 
momentum; density replaces mass, and speed of sound 
replaces velocity (21). If the acoustic impedance is the same 
between two media (the equivalent of a large metallic ball 
in the example above), ultrasound will be readily transmit- 
ted through the media interface; however, a mismatch in the 
impedance between the two media (the equivalent of a pea- 
sized ball in the example above) will result in reflection of 
ultrasound. 


Equation 2: The Basis of Image Resolution (Part I) 

SPL = n(X) = n(c/v) [2] 

where 

SPL = spatial pulse length 
A = wavelength 

n = number of cycles in a pulse of ultrasound 
c - speed of sound 
v = transmission frequency 

Axial resolution (resolution along the axis of the ultrasound 
beam) of a nonpulsed wave is approximately equivalent to its 
wavelength. A bat feeding at twilight emits ultrasound waves 
at a frequency of 100 kHz, which provides excellent resolution 
for catching insects in air (A = c/v = 330 m/s -s- 100,000 cycles/s 
= 3.3 mm) but provides an unacceptable resolution if an eccen- 
tric bat were to try fatuously to echo-locate cardiac anatomy 
through soft tissue (1,540 m/s -§- 100,000 cycles/s = 15.4 mm). 
With pulsed ultrasound, the axial resolution is dependent on 



Figure 8.2. In mechanics, energy transfer is dependent on 
momentum. A: After an outside ball of equivalent size to the 
stationary balls is released, it strikes the stationary balls, result- 
ing in movement of the outside ball on the opposite side. The 
ball has sufficient momentum to cause effective energy transfer 
to the stationary balls. B: After an outside ball of smaller size 
is released, it strikes the stationary balls and is reflected off of 
them. This ball has insufficient momentum to result in energy 
transfer. Acoustic impedance is the ultrasound equivalent to 
momentum. In ultrasound, energy transfer is dependent on 
impedance. If the impedances between two media are similar, 
ultrasound will be readily transmitted. If there is a mismatch 
in impedance, ultrasound will be reflected. 
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Figure 8.3. The axial resolution (resolution along the axis of 
the ultrasound beam) is dependent on the spatial pulse length 
(SPL). The shorter the SPL, the better the resolution. Resolution 
can be no better than 1/2 of the SPL. A: The transducer emits 
pulses of sound waves ( solid line) with a relatively long SPL of 
SPL a . This train of pulses can distinguish two objects that are 
separated by a distance of 1/2 SPL A but not closer because the 
transducer would not have finished receiving the reflected wave 
from the proximal object before arrival of the reflected wave 
from the distal object. B: The transducer emits pulses of sound 
with a shorter SPL of SPL B . These train of pulses can distinguish 
two objects that are closer together but still not closer than 1/2 
SPL b (reflected waves shown as dashed lines). 


having a short spatial-pulse length. This can be achieved by 
either decreasing the number of wave cycles in an ultrasound 
pulse or decreasing the wavelength (i.e., increasing the transmis- 
sion frequency). The best possible axial-point separation resolu- 
tion is equal to 1/2 of the spatial-pulse length (Fig. 8.3). Using 
Equation 2, a 10-MHz transducer emitting a train of three 
pulsed ultrasonic waves will yield a point separation resolution 
of approximately 0.46 mm (3 x 154,000 cm/s -s- 10,000,000 
cycles/s). A 2.5-MHz transducer will have an approximate reso- 
lution of 1.8 mm. The poorer axial resolution of a transducer of 
this frequency therefore limits its usefulness in evaluating anat- 
omy of smaller magnitude, for example, the luminal diameter of 
a coronary artery or the diameter of a small septal defect. 

Equation 3: The Basis of Image Resolution (Part II) 

D = {d 2 v) / (4c) [31 


where 

D = depth of near field 
d = diameter of transducer 
v = transmission frequency of transducer 
c = speed of sound 


Lateral resolution is the ability to resolve objects that are per- 
pendicular to the beam axis and is dependent not only on trans- 
ducer frequency but also on the beam width. For a nonfocused 
transducer, the ultrasonic beam consists of a near field with 
narrow beam width and good lateral resolution (the Fresnel 
zone) and a far field where the beam width diverges rapidly 
limiting resolution (the Fraunhofer zone) (21). The depth of 
the near field is extended by increasing the frequency or the 
footprint diameter of the transducer (Equation 3 and Fig. 8.4). 

An example is afforded by imaging a newborn. For the 
parasternal and apical views, a small-diameter, high-frequency 
probe is advantageous because the cardiac structures are 
not at a deep depth and the small footprint can be placed 
between the acoustically unfriendly ribs. For subcostal imag- 
ing, a larger-diameter transducer provides great advantage by 
extending the near field to the level of the cardiac structures 
improving their resolution. 

Lateral resolution can be improved by focusing, which causes 
the beam width to narrow more distally where it would other- 
wise begin to diverge. Focusing can be accomplished by exter- 
nal devices (such as mirrors or lenses) or by electronic means; 




TxC 






Figure 8.4. The lateral resolution (resolution perpendicular 
to the axis of the ultrasound beam) is dependent not only on 
transmission frequency but also on the beam width of the 
transducer. The beam is relatively narrow in the near field of 
the transducer. In the far field, the ultrasound beam begins 
to diverge and lateral resolution deteriorates. Transducer A 
has a relatively small diameter and, therefore, a relatively shal- 
low near field. The diameter of transducer B is larger, thereby 
extending the near field. Near-field depth can be increased 
even when using a smaller-diameter transducer if transducer 
frequency is increased (transducer C). Near-field depth is opti- 
mized with transducers having relatively large diameters and 
emitting ultrasound of high frequency (transducer D). Lateral 
resolution can also be improved by focusing the transducer 
crystal; however, focusing has the disadvantage of the beam 
diverging rapidly beyond the focal zone (transducer E). 
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however, focusing results in two important disadvantages: (a) 
the focal zone is closer to the transducer face than the nonfo- 
cused near-field zone and (b) the far-field divergence of a focused 
beam is greater than the divergence of a nonfocused beam. 

Equation 4: The Yin-Yang Relationship between 
Resolution and Penetration 

L = juvz [4] 

where 

L = intensity attenuation loss (in decibels) 

= intensity attenuation coefficient approximately 0.8 dB/ 
cm/MHz for soft tissue 
V = transducer frequency (in MHz) 

z = distance traveled in the medium by ultrasound wave 
(in cm) 

The energy of the ultrasound wave is decreased by tissue inter- 
actions. Attenuation describes the loss of intensity resulting 
from scattering (reflection at small interfaces) and absorption 
(energy transformation) (21). Equation 4 demonstrates that 
intensity loss is greatest (or penetration is poorest) not only 
at deeper tissue depths but also when using a transducer with 
a higher frequency, precisely the frequency needed to enhance 
resolution (Equations 2 and 3). Thus, echocardiography 
requires a constant balancing act between optimizing resolu- 
tion without sacrificing penetration and vice versa. 

Equation 5: The Basis of Temporal Resolution 

F = (c) / (2 DNn) [5] 

where 

F - frame rate 
c = speed of sound 
D = sampling depth 

N = number of sampling lines per frame 
n = number of focal zones used to produce one image 
Motion during 2-D echocardiography is portrayed by rapid 
presentation of successive single image frames, similar to 
viewing a motion picture film. A single image frame is gener- 
ated by successive electronic stimulation of each element in 
the transducer to initiate an ultrasound pulse, which propa- 
gates down (and is received up) successive scan lines (one scan 


line typically extends through 1 to 3 degrees of the sector). In 
addition, the superimposition of a color Doppler sector on the 
image increases the time for a pulse to propagate down and 
up a scan line. The time required for the pulse to travel down 
one scan line to the depth of interest and back to the trans- 
ducer imposes a restriction on how quickly the next element is 
stimulated, how rapidly a frame is acquired, and how soon the 
next frame can be produced. The frame rate (expressed in Hz) 
quantitates the speed of this process (21). 

Temporal resolution can be optimized by narrowing the sec- 
tor size (of both the image and the color Doppler region), thereby 
decreasing the number of scan lines, or by decreasing the depth 
range (Equation 5 and Fig. 8.5). A practical, easy-to-remember 
rule of thumb to optimize frame rate is to ensure that the subject 
of interest fills the sector wedge completely, eliminating imag- 
ing of superfluous tissue at the lateral and inferior aspects of 
the sector. Since M-mode and Doppler echocardiography have 
better temporal resolution, these modalities may be more useful 
when measuring events which are occurring quickly. 

Equation 6: The Doppler Equation 

v d =[2v 0 (V)(cos9)) + c [6] 

where 

x> d = the observed Doppler frequency shift 
Dq = the transmitted frequency of sound 
V = blood flow velocity 

9 = the intercept angle between the ultrasound beam and 
the direction of blood flow 
c = the velocity of sound in human tissue 
The Doppler principle states that the frequency of a transmitted 
wave is altered when the source of the wave is in motion (e.g., 
the siren on an ambulance racing by a pedestrian). The principle 
is also applicable when the source of the wave is stationary and 
the “receiver” of the wave is in motion. The observed change 
in frequency under these circumstances is termed the Doppler 
shift, after Christian Johann Doppler, who described this phe- 
nomenon in 1842 when studying the light waves emitted with 
the motion of binary stars. The phenomenon is apparent (in 
the ambulance example reference above) when the ambulance’s 
wailing siren is perceived as having an increased pitch as it 
approaches and decreased pitch as it races away. 

A stationary surfer waiting to catch a wave encounters the 
same number of wave crests per minute as emitted by the source. 



Figure 8.5. Two subcostal sagittal images demonstrating the factors that impact temporal resolution (arrows). 
A: The sampling depth is 13 cm, and the sector size is wide, yielding a frame rate of 38 Hz. B: The sampling 
depth has been decreased to 9 cm and the sector scan narrowed so that the image fills the entire sector and the 
frame rate has increased to 69 Hz. 
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If the surfer paddles away from the beach toward the ocean, 
he perceives an increase in the wave frequency because he is 
swimming toward the wave source. If he reverses his direction 
and heads to the beach (away from the source), he encoun- 
ters fewer wave crests. If he moves faster in either direction, 
the difference between the actual and observed frequency of 
wave crests (the frequency shift) increases. The only instance 
in which the actual and observed frequencies coincide is when 
the surfer is stationary. 

In medical ultrasound and echocardiography, the Doppler 
principle is applied using transmitted sound waves to strike 
moving red blood cells. Sound waves are transmitted by a sta- 
tionary transducer, strike red blood cells in motion, and the 
returning “backscattered” sound pulses are Doppler shifted 
in frequency in relation to the velocity and direction in which 
the blood cells are moving. Doppler principles are also applied 
to evaluate tissue motion by Doppler tissue imaging. In these 
instances, since tissue moves at a much slower speed than 
blood, a low pass filter is applied to the returning ultrasound 
signal to allow the low velocity tissue reflections to pass and 
the high velocity blood signals to be filtered out. 

Doppler ultrasound is used primarily to assess velocity of 
moving structures, whether it be the velocity of blood flow 
through the heart and vasculature or the velocity of the ven- 
tricular myocardium. It is therefore appropriate to rearrange 
the Doppler equation to solve for velocity: 

V = [c (u d )] + [2u o cos0] 

As the speed of sound ( c ) and the transmitted frequency (n 0 ) 
are constant, and the frequency shift (n d ) can be very accurately 
measured, it becomes apparent that the main source of poten- 
tial error in Doppler estimation of velocity arises from the 
intercept angle, 0, between the sound beam and the direction 
of blood/tissue motion. Consider the surfer analogy above. If 
the surfer were moving toward the ocean (toward the wave 
source) at an oblique angle, then the “frequency shift” (i.e., 
the difference between the actual and observed frequency of 
wave crests) would be less than if he were heading directly into 
the wave source. The observed velocity is the velocity vector 
parallel to the insonation beam. The true velocity of his move- 
ment would not be known unless we were to account for his 
oblique travel pattern relative to the wave source. This can be 
determined by dividing the frequency shift by the cosine of 0 
(the intercept angle between the wave source and his direction 
of travel). If the true velocity vector is aligned with the ultra- 
sound beam (i.e., 0 = 0), then cos 0 is one and the observed 
velocity is the true velocity. However, if the true velocity vector 
and insonation beam are not aligned, the observed velocity 
will be smaller than the true velocity, unless angle correction 
is performed. For intercept angles < 20 degrees, cos 0is small, 
and is not felt to result in significant underestimation of the 
flow velocity. At greater intercept angles, correction for cos 0 
is needed (Fig. 8.6). In clinical application, Doppler evaluation 
is generally avoided at higher intercept angles to avoid inac- 
curacy and the need for angle correction. 

Equation 7: The Basis of Aliasing 

V mAX = (c 2 ) + [8v o Dcose] [7] 

where 

V max = the maximum measurable velocity of blood 
c - the velocity of sound in tissue 
V 0 = the transmitted frequency of sound 
D = depth of interest 

0 = the intercept angle between the ultrasound beam and 
the direction of blood flow 



Figure 8.6. Angle correction for Doppler velocity assessment. 
The measured Doppler velocity is the velocity vector parallel 
to the line of insonation (dotted line). The velocity of interest, 
in this case the velocity of red blood cells coursing through the 
abdominal aorta or the true velocity, is related to the measured 
velocity by the cosine of the angle, 0, between the direction of 
flow and the line of insonation. For 0 > 20 degrees, the cosine 
function becomes significantly less than 1, and will result in 
significant underestimation of the true velocity, V. The Doppler 
equation allows calculation of the true velocity even when the 
angle between the insonation beam and the vector of the true 
velocity is significant by dividing the frequency shift by cos 0. 


If the Doppler sampling rate is not adequate, the frequency of 
the reflected wave is sampled only intermittently, data must 
be inferred, and the wave is misinterpreted as having a lower 
frequency — a phenomenon called aliasing. The phenomenon 
is apparent in older Western movies when the wheel of a stage- 
coach is perceived as rotating backwards while the stagecoach 
is obviously moving forward. The movie consists of a series 
of stop-action photographs, which when shown one after the 
other, give the appearance of motion. If the stagecoach moves 
very fast, the wheel turns very fast and turns too great a revo- 
lutionary arc between successive photographs. The problem 
is solved by decreasing the time between successive photo- 
graphs so the wheel turns a smaller arc between photographs 
(Fig. 8.7). Equation 7 demonstrates that the maximum meas- 
urable velocity of blood can be increased by decreasing the 
transducer frequency and/or sampling at a shallower depth. 
Since the latter is usually not alterable, increasing the alias- 
ing (or Nyquist limit) is achieved by exchanging to a lower 
frequency transducer. 

The phenomenon of aliasing and the value of using lower 
frequency transducers for sampling higher blood velocities are 
also understood by contemplating the concept of pulse rep- 
etition frequency (PRF) in the context of Equation 6. Since 
it requires a minimum of two pulses per wave cycle to define 
frequency unambiguously, the minimum PRF to sample a 
reflected wave’s frequency is twice the Doppler shift. Therefore 
a more reasonable PRF is achieved by minimizing the Doppler 
shift. It is clear from Equation 6 that at any given blood veloc- 
ity and Doppler angle, a lower Doppler shift (i.e., low n d ) is 
only achieved by reducing transducer frequency (i.e., low t) 0 ). 

Equation 8: The Bernoulli Equation 

AP = 1/2 p(V 2 2 - V 2 ) + pJ dV/dt(ds) + R(V) [8] 

where 

AP = the pressure difference across an obstructive orifice 
= the flow velocity proximal to the obstruction 


CHAPTER 8 ■ Echocardiography: Basic Principles and Imaging 139 



Figure 8.7. The principle of aliasing 
is similar to the phenomenon in old 
Western movies of a wheel of a stage- 
coach appearing to rotate backward 
when the stagecoach is obviously 
moving forward. The movie consists 
of a series of stop-action photographs 
which when placed in sequential 
order give the appearance of motion. 
If the series of photographs are cap- 
tured at too low a frequency (top 
row) any spoke on the wheel (e.g., the 
highlighted, bold spike), will appear 
to be rotating backward (in this 
case, appearing to rotate 90 degrees 
counterclockwise each time an image 
is captured). It is only when the fre- 
quency of snapping photographs is 
high enough (bottom row), that the 
true forward rotation of the wheel is 
appreciated (in this case, rotating 90 
degrees clockwise each time an image 
is snapped). 


V 2 = the flow velocity distal to the obstruction 
p = the mass density of blood = 1,060 kg/m 3 
dV = change in velocity over time (d£) 
ds = distance over which change in pressure occurs 
R = viscous resistance in blood vessel 
V = velocity of blood flow 

The first term, Vi p (V^-Vj 2 ), represents convective accelera- 
tion through the flow orifice. This portion of the equation 
becomes 4 {V 2 2 -V 1 Z ) when substituting the blood density of 
1,060 kg/m 3 into the equation, multiplying by Vi and, mul- 
tiplying by the conversion factor of 0.0075 which converts 
kg/m/s 2 (a pascal) to mm Hg. In addition, in most clinical con- 
ditions, the proximal flow velocity is < 1 m/s, and is consid- 
ered negligible. Thus, the first term can be simplified as 4V 2 2 . 
The second term (pjdV/df (ds) ) describes energy expended to 
accelerate fluid at the onset of flow; clinical measurements are 
usually made at peak flow, thus, this term can be assumed to 
be zero. The third term R (V) describes energy lost overcom- 
ing viscous friction along the walls of the vessel, and is felt to 
be of little impact in most clinical circumstances. Therefore, 
the Bernoulli equation can be simplified, acknowledging the 
assumptions above: 

AP = 4V 2 2 [9] 

It is important to understand that when the assumptions used 
to simplify the Bernoulli equation may not apply, the approach 
to estimating pressure gradients may need to be modified. A 
common example of such an instance is in estimation of pres- 
sure drops where the proximal velocity (Vj) is greater than 1 
mis such as across an aortic coarctation, stenotic and regur- 
gitant semilunar valves (where the regurgitant volume may 
result in an increase in Vj), multiple obstructions in series, and 
in the setting of high cardiac output. Viscous resistance may 
not be negligible in other circumstances where the obstruc- 
tion is long and narrow (22) such as across Blalock-Taussig 
shunts, or across tunnel-type obstructions, for example, tubu- 
lar obstruction of the left ventricular outflow tract. 


THE EXAMINATION 


General Considerations 
Echocardiographic Windows 

There are four major echocardiographic windows to the 
heart (Fig. 8.8): (a) parasternal, (b) apical, (c) subcostal, and 
(d) suprasternal notch. (A fifth window, the right parasternal 
window, obtained with the patient in a right lateral decubitus 
position, is used for obtaining an accurate Doppler gradient in 
patients with aortic valve stenosis.) The examination usually 
is performed in this same order, beginning with the least nox- 
ious (parasternal) window and finishing with the potentially 
most noxious (suprasternal notch) window. In complex cases 
associated with abnormal situs or cardiac position, the exami- 
nation may alternatively begin with the apical or subcostal 
windows so that the echocardiographer can become oriented 
for the other views. 

Parasternal and apical imaging is performed with the 
patient in a left lateral decubitus position. A dropout mattress 
is essential for obtaining the apical view. During subcostal 
imaging, the patient lies supine, sometimes flexing the knees, 
thereby relaxing the abdominal muscles. Suprasternal imag- 
ing is performed with a roll under the shoulders to extend the 
neck. When using the right parasternal view for Doppler inter- 
rogation of valvar aortic stenosis, the patient should be posi- 
tioned in a right lateral decubitus position. 

Planes of the Heart and Technique of Sweeping: Thinking 
in Three Dimensions 

Three-dimensional (3-D) imaging is enjoying more routine use 
for clinical purposes. However, the challenge and essence of 
pediatric echocardiography continue to be acquiring all the 
necessary 2-D images, mentally synthesizing them into a 3-D 
model, and conveying this 3-D representation to others by 
narrative or visual tools. 
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Figure 8.8. There are four main echocardiographic windows: 
(a) parasternal, (b) apical, (c) subcostal, and (d) suprasternal 
notch. The parasternal and apical windows are obtained with 
the patient in a left lateral decubitus position using a drop- 
out mattress. Subcostal images are obtained with the patient 
supine and sometimes with the knees flexed. Suprasternal 
notch images are obtained with a roll under the shoulders so 
that the neck is hyperextended. Additional windows include 
the right parasternal with the patient in a right lateral decu- 
bitus position useful for the Doppler interrogation of valvar 
aortic stenosis and the right apical view along the right anterior 
axillary line used when imaging patients with dextrocardia. 


The spatial location of any part of an object is defined and 
understood by considering it in relation to the three planes 
(transverse (axial), sagittal, and coronal) in which the object 
exists (Fig. 8.9). Each of the four standard echocardiographic 
windows affords the opportunity to image the heart from one 
or more of these three planes. From the parasternal window, 
the long (sagittal) and short (axial) planes are shown. From the 
apical and subcostal windows, the four-chamber (coronal) and 
two-chamber (sagittal) planes are demonstrated. Finally, from 
the suprasternal notch window, the sagittal and axial axes of 
the upper thoracic vasculature are imaged. Sweeping the trans- 
ducer through the nearly parallel planes within each of the 
acoustic windows mimics the ability of other imaging modali- 
ties such as magnetic resonance to obtain parallel “slices” 
within a given plane (Fig. 8.10). With these techniques, the 
spatial relationships become clear, and the 3-D mental recon- 
struction of the heart becomes possible. 

Optimizing the Doppler Examination 

The robustness of Doppler echocardiography as a tool for 
evaluating cardiac physiology is only manifest when its prac- 
titioners exhibit precise and diligent technique. Doppler spec- 
tral envelopes must be sharp and free of feathering. A sharp 
envelope is first achieved by aligning the ultrasound beam as 
parallel to the flow as possible. Traditionally, color Doppler is 
used before application of pulsed or continuous wave Doppler 
to determine the precise location and direction of a jet. The 
transducer position on the chest is then moved accordingly so 
that the flow is directed either exactly toward or opposite to it. 
The best transducer position for the Doppler examination may 
therefore be offset from the most ideal position for 2-D imag- 
ing. Not only the spectral display but also the audio compo- 
nent from the Doppler signal is often helpful in determining if 
one is localized in the vena contracta and parallel to flow. Sec- 
ond, the practitioner must be careful to avoid overgaining the 




Figure 8.9. A: There are three imaging planes of the body: sagittal, coronal, and transverse. B: There are also 
three imaging planes of the heart. The cardiac imaging planes are rotated leftward and anterior because the 
heart’s axes are rotated leftward and anterior relative to the body’s. 
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Figure 8.10. The family of sweeps for each of the imaging planes of the heart. A: The parasternal long-axis 
sweeps consist of the rightward tricuspid valve view (1), the standard long-axis plane (2), and the leftward pul- 
monary valve view (3). B: The parasternal short-axis sweeps consist of the superior basal view (1), the standard 
plane at the level of the mitral valve (2), and the inferior papillary muscle view (3). C: The apical sweeps consist 
of the anterior five-chamber view (1 ), the standard apical four-chamber view (2), and the posterior coronary sinus 
view (3). D: The subcostal coronal sweeps consist of the posterior coronary sinus view (f), the standard four- 
chamber view (2), the anterior left ventricular outflow tract view (3), and the extremely anterior right ventricular 
outflow tract view (4). (Continued) 


spectral display which can cause indistinct envelopes. Third, 
the spectral display of interest should fill as much of the screen 
as possible by shifting the baseline up or down and decreasing 
the Doppler scale. In this way, the envelope is made as large as 
possible minimizing the effect of imprecise Doppler envelope 
planimetry (Fig. 8.11). Fourth, tracing the Doppler envelope 
must be careful, precise, and steady. The operator must know 
if a trace of modal velocity (for continuity equation) or of peak 
(or mean) velocity (for pressure gradients) is most appropriate 
(Fig. 8.12). 


Color Flow Doppler 

With its development in the 1980s, color flow Doppler revo- 
lutionized echocardiography by providing an efficient over- 
view of flow across a relatively vast region of interest making 
it extremely valuable in screening for normal and abnormal 
flows across valves, vessels, and septa. The color Doppler 
modality interrogates flow with multiple pulsed Doppler sam- 
ple volumes placed successively along multiple scan lines. For 
each sampling gate, the baseline frequency is compared to the 
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Figure 8.10. (Continued). E: The subcostal sagittal sweeps 
consist of the rightward systemic venous return view (1), the 
slightly leftward left ventricular outflow tract view (2), the left- 
ward right ventricular outflow tract view (3), and the extremely 
leftward ventricular view (4). F: The suprasternal long-axis 
sweeps consist of the standard aortic arch view (1), the right- 
ward superior vena caval view (not shown), and the leftward 
left pulmonary artery view (2). G: The suprasternal short-axis 
sweeps consist of the very anterosuperior strap vessels view 
(not shown), the anterosuperior vena cava and innominate vein 
view (1), the standard right pulmonary artery and left atrial 
view (2), and the posterior descending aorta view (not shown). 
Even though these imaging planes are defined and illustrated 
here as discrete planes, the technique of sweeping is a process 
that allows acquisition of dozens of imaging planes tangen- 
tial to these. The technique of sweeping through these imaging 
planes in orthogonal views is critical to understanding the 3-D 
anatomy. AO, aorta; CS, coronary sinus; DAO, descending 
aorta; EUS, Eustachian valve; IVC, inferior vena cava; LA, left 
atrium; LPA, left pulmonary artery; LV, left ventricle; MB, 
moderator band; MV, mitral valve; PA, pulmonary artery; RA, 
right atrium; RPA, right pulmonary artery; RV, right ventricle; 
SVC, superior vena cava; TV, tricuspid valve. (Reprinted from 
Snider AR, Serwer GA, Ritter SB, eds. Echocardiography in 
Pediatric Heart Disease. 2nd ed. St. Louis, MO: Mosby-Year 
Book, 1997:27-52, with permission from Elsevier.) 


received frequency. Pixels in the image are arbitrarily assigned 
a color (red for flow toward the transducer and blue for flow 
away from the transducer) and the color intensity is based on 
the magnitude of the mean velocity. The color Doppler scale 
should be actively manipulated throughout the examination — 
using low velocity scales when interrogating venous velocities 
(e.g., those across/in antegrade atrioventricular valves, atrial 



^ 1 


G 


septum, cavopulmonary shunt, and systemic and pulmonary 
venous velocities) or velocities generated from lower pressure 
gradients (e.g., in the coronary arteries, across a large VSD 
or patent ductus arteriosus [PDA]) and high velocity scales 
when interrogating arterial flows or flows generated from high 
pressure gradients (e.g., atrioventricular valve regurgitation, 
restrictive VSD or PDA). The examiner must actively think 
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Figure 8.11. Mitral valve Doppler spectral profile recorded 
with (A) inappropriate and (B) appropriate scale and baseline 
shift. It is important to fill as much of the Doppler display area, 
thereby enlarging the Doppler spectral profile as much as pos- 
sible thus minimizing error in measurement (B). 


about and anticipate expected physiology during the study so 
that the color scale is appropriately adjusted (Fig. 8.13). For 
example, in a toddler being evaluated for a suspected ventric- 
ular septal defect (VSD), interrogation of the septum with a 
high color Doppler scale is appropriate. However, using such 
a high color scale in the investigation for a VSD in a newborn 
would likely miss the low velocity shunt flow since the shunt 
is driven by a very low pressure gradient due to the normally 
elevated pulmonary vascular resistance in the newborn period. 
The examiner would need to interrogate the ventricular sep- 
tum with a low velocity color Doppler scale in this instance. 
These flows then need to be more carefully and precisely 
interrogated and quantitated with either pulsed or continu- 
ous wave Doppler. Because of the massive amount of data, a 
color Doppler sector should be kept as narrow as acceptable 
to improve accuracy and/or temporal resolution (see Section 
Equation 5: The Basis of Temporal Resolution) 

Pulsed Wave Doppler 

Pulsed wave Doppler, along with continuous wave Doppler, 
is the principal echocardiographic tool for evaluating cardio- 
vascular physiology. Pulsed Doppler causes the transducer to 



Figure 8.12. Mitral valve Doppler spectral profile demonstrat- 
ing the difference between a “peak” velocity trace (green on 
the left waveform) and modal velocity trace (yellow on the 
right waveform). The “peak” velocity trace follows the outside 
edge of the Doppler spectral contour while the modal veloc- 
ity trace follows the midline of the contour. “Peak” velocity 
traces are used to obtain peak and mean pressure gradients 
across valves and orifices. Modal velocity traces are used in the 
continuity equation and in calculation of cardiac output. Note 
that there can be a potentially large difference in the values 
obtained from a “peak” and modal velocity trace, (e.g., 31% 
difference in the two velocity time integrals (VTI) in this case) 


alternately transmit and receive short ultrasound bursts. The 
time between transmission and reception allows calculation 
of the depth of the signal or “range-gating” which provides 
the operator with the Doppler frequency shift at a specific 
location. A disadvantage with the technique is that the maxi- 
mal detectable frequency shift is limited — the Nyquist limit 
(see Section Equation 7: The Basis of Aliasing). However, the 
Nyquist limit can be extended by shifting the baseline of the 
spectral display, exchanging to a lower frequency transducer, 
or moving to a different imaging plane so that the structure of 
interest is at a shallower depth if possible. High-PRF is a tech- 
nique in which volleys of pulses of ultrasound are sent before 
reception of prior pulses. This technique increases the Nyquist 
limit but causes some range ambiguity. 

Continuous Wave Doppler 

With the continuous wave Doppler modality, the transducer 
is continuously transmitting and receiving ultrasound signals. 
The disadvantage of this process is the absence of range gat- 
ing, but a major advantage is that the sampling rate is infinite 
so there is no longer a limit to the maximal frequency shift. 
The spectral display consists of a composite of signals with the 
maximal velocity representing the peak velocity at any depth 
in the plane of the ultrasound beam. Lower velocities are often 
visible within the spectral envelope allowing calculation of 
“corrected gradients” in which the lower proximal velocity 
(VI) is subtracted from the higher distal velocity (V2) as is 
performed for the evaluation of a gradient across an aortic 
coarctation. 

Approach to the Pediatric Patient 

A cheerful environment is important in relieving anxiety. 
Bright-colored rooms filled with toys and stuffed animals 
capturing the environment of the patient’s own bedroom 
can make the child feel more comfortable. Rooms should be 
equipped with television and DVD players so that patients 
can be entertained during the examination. Warm ultrasound 
gel also helps in reducing stress. For infants, light dimmers 
and an infant warmer will facilitate a comfortable environ- 
ment. Formula should be available for further comforting of 
infants. 
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Figure 8.13. Series of four images demonstrating inappropriate and appropriate color aliasing limits during the 
echocardiographic examination. Throughout an echocardiographic examination the echocardiographer must 
actively decrease and increase the color aliasing limit depending on the expected velocity of the color jet being 
interrogated. For example, in evaluating high-velocity jets such as mitral insufficiency, color aliasing limits should 
be high as in this apical four-chamber view shown in (A) where the velocity limit is 81 cm/s. This provides a 
clean, crisp, and interpretable display of the mitral insufficiency flow. Inappropriate low color aliasing limit as 
in (B) (39 cm/s) produces an indistinct display of the mitral insufficiency jet. On the other hand, when evaluat- 
ing a low-velocity color jet such as a patent foramen ovale (PFO) the color aliasing velocity should be lower to 
enhance recognition and display as in the subcostal image (C) where the aliasing velocity is 46 cm/s. If the aliasing 
velocity is set too high (79 cm/s in this example), detection of the low-velocity PFO jet may be impossible (D). 


Even in a nonthreatening environment, patients over 
6 months and under 3 years of age often require sedation. 
Presedation guidelines delineating the fasting requirements 
and describing the sedation procedure need to be sent to par- 
ents before the echocardiography visit. Chloral hydrate (75 
to 100 mg/kg administered orally) or pentobarbital (5 mg/kg 
orally) are commonly used agents for sedation. In order to 
remain compliant with increasingly strict regulations from the 
Centers for Medicare and Medicaid Services, many pediatric 
laboratories are electing to employ anesthesiologist and/or 
nurse anesthetists for the administration and monitoring of 
conscious sedation. Monitoring and resuscitation equipment 
should be available in each room in the event of an adverse 
reaction or complication. 

Echocardiography: Robust Phenotyping Tool 

Echocardiography represents a “physiologic microscope” 
which singularly provides phenotypic observations on an 


“experimental preparation” (the pediatric cardiovascular 
system) with minimal interference from external noxious 
influences. Therefore, unique opportunities to evaluate both 
cardiovascular anatomy and physiology are afforded that 
are not available with other imaging modalities, for exam- 
ple, during magnetic resonance imaging when the patient 
may have to endure an examination of prolonged duration 
or during catheterization when the heart is probed with 
catheters. 

Defining Anatomy: Segmental Approach 

The echocardiographic examination is performed, and the 
interpretation is presented using a segmental approach (23-27) 
which requires complete definition of eight features of car- 
diac anatomy (Table 8.1). This is a two-step process. The first 
is the proper identification of a structure which requires the 
abilities of imaging and recognizing the specific features of 
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m 

Segmental Approach to 

Defining Cardiac Anatomy by 
Echocardiography 

Anatomic Feature 

Diagnostic Possibilities 

Thoracoabdominal situs 

Solitus 

Inversus 

Ambiguous 

Cardiac position 


Levocardia 

Mesocardia 

Dextrocardia 

Atria 


Solitus (S) 

Inversus (1) 

Ambiguous (A) — bilateral 
right- and left-sidedness 

Atrioventricular 

connection 


Concordant 

Discordant 

Atresia 

Double inlet 

Common 

Straddling 

Criss-cross 

Ventricles 


d-looped (D) 

Hooped (L) 
x-indeterminate 

Conus 


Subpulmonic 

Subaortic 

Bilateral 

Absent or very deficient 

Ventriculoarterial 

connection 

Concordant 

Discordant 

Double outlet 

Single outlet 

Great vessels 


Solitus (S) 

Inversus (1) 

Transposed (D, L, A) 
Side-by-side 


A complete segmental description of the heart by echocardiography begins 
by defining these eight features which include the three segments of the heart 
(shown in bold) and the two junctional segments (shown in italics). The letters in 
parentheses following the diagnostic possibilities forthe three cardiac segments 
are frequently used as abbreviated three-letter descriptors of these segments: the 
first initial describing atrial situs, the second describing ventricular topology, and 
the third describing the great vessel relationship. For example, (S, D, $) describes 
a normal heart, while (I, L, I) describes mirror image dextrocardia, Following 
description of the morphology, intrinsic (e.g. pulmonary stenosis), myocardial 
(e.g., hypertrophic cardiomyopathy), septal (e.g., tetralogy or Fallot), orientation 
(e.g., criss-cross heart), defect (e.g., ventricular septal defect or aortopulmonary 
window) pathology is described. 


each cardiac structure. The second is determining the spatial 
and physiologic relationships of a properly identified structure 
to the other structures (both cardiac and noncardiac) in the 
thoracoabdominal cavity. Accurate morphology can be accom- 
plished definitively only by imaging chamber septal structures. 
Next, other malformations (e.g., cardiac shunts, valve func- 
tion) and physiology (biventricular function, chamber sizes, 
pressure estimates) are described. To ensure that no anatomy 
or physiology is left undescribed, it is helpful during both the 


performance and interpretation of the examination to imag- 
ine the course of a red blood cell traveling through the heart, 
beginning in the systemic veins and terminating in the systemic 
arteries. 

Abdominal Situs and Cardiac Position 

Abdominal situs is best determined from a transverse view of 
the abdomen below the diaphragm (Fig. 8.14). In this view the 
positions of the liver and the gastric bubble can be ascertained. 
In patients with abdominal situs solitus, the stomach is on the 
left and the liver is on the right. In patients with abdominal 
situs inversus, the opposite is true. 

The position of the heart in the thoracic cavity is identified 
most easily from an apical four-chamber or subcostal coronal 
view. The position of the transducer on the chest from where 
a standard apical four-chamber view is obtained defines the 
position of the cardiac apex. From the subcostal coronal view, 
the side of the cardiac apex is determined (Fig. 8.15). The nor- 
mal position of the heart in the left chest is termed levocar- 
dia. The mesocardic term refers to a cardiac position over the 
patient’s midline. 

Dextrocardia indicates that the heart lies in the right side 
of the chest. There are three main categories of dextrocardia. 
The first is termed dextroposition and refers to a condition 
in which the heart is pushed into the right chest by either a 
mass in the left chest (e.g., diaphragmatic hernia) or deficien- 
cies in right-sided chest structures. The apex remains pointed 
to the left, atrial situs, ventricular topology, and great vessel 
relationships are normal, and cardiac pathology, if any, is not 
complex. In the other two types of dextrocardia, termed dex- 
troversion and mirror-image dextrocardia, the apex is pointed 
to the patient’s right. Dextroversion refers to a condition in 
which there is atrial situs solitus with a rightward-pointing 
apex. Ventricular inversion (atrioventricular discordance) and 
associated pathology similar to that seen in congenitally cor- 
rected transposition of the great vessels is frequently associ- 
ated. Mirror-image dextrocardia is a condition with atrial 
situs inversus and a rightward-pointing apex. These patients’ 
anatomy is “mirror image” to that of a patient with levocardia 
and atrial situs solitus and their anatomy is best appreciated 
by imagining a mirror placed on a patient with levocardia and 
situs solitus at the patient’s midline in a sagittal position. In 
this way, one appreciates that structures that are normally far 
left (e.g., left ventricle) are in a far right position in a patient 
with mirror image dextrocardia. Structures that are closer 
to the midline (e.g., the superior vena cava [SVC]) are in a 
midline position in a patient with mirror image dextrocardia. 
There may be major and complex pathology associated with 
mirror image dextrocardia. However, in situs inversus totalis 
(a condition in which all body organs are on the contralateral 
side of the body from which they usually reside), the heart may 
be completely normal. 

When evaluating a patient with any of these three types of 
dextrocardia, the echocardiographer must maintain left/right 
conventions rather than attempting to make the image look 
familiar. Specifically, the echocardiographer must remain true 
to the established echocardiographic convention that the 
right side of the screen/monitor in the parasternal short-axis, 
apical four-chamber, and subcostal coronal view is always the 
left side of the patient. This convention is maintained by the 
echocardiographer rotating the transducer so that the “orien- 
tation mark” on the transducer is pointing to the patient’s left 
in these imaging planes. There will be a tendency (which must 
be resisted) for the echocardiographer to rotate the trans- 
ducer to an unusual or atypical position to attempt to make 
the image look “normal.” In some instances, this is problem- 
atic because it could reverse the left/right echocardiographic 
conventions. 
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Figure 8.14. Subcostal transverse abdominal views in a patient with abdominal situs solitus (A) and in 
a patient with abdominal situs inversus (B). With abdominal situs solitus, the liver is on the patient’s 
right and the stomach is on the left. In abdominal situs inversus, the liver is on the left and the stom- 
ach is on the right. A, anterior; Ao, descending abdominal aorta; IVC, inferior vena cava; R, right. 


Venous Return and Atria 

Situs 

The fact that an atrial chamber is on the patient’s right or left 
or that it receives a particular venous structure does not allow 
a conclusion regarding atrial morphology. Atrial situs can be 
deduced only by evaluation of the atrial appendages and the 
septal structures. 

The atrial appendages are consistently committed to their 
respective atria and are distinctly morphologically different. 
The right atrial appendage is short, fat, and broad-based and 
best seen in the subcostal sagittal view, as well as the paraster- 
nal long-axis view (Fig. 8.16A). The left atrial appendage is 
long, thin, and narrow-based and best seen in the paraster- 
nal short-axis and apical four-chamber views (Fig. 8.16B). 
The atrial appendages have pectinate muscles (raised parallel 
ridges resembling the teeth of a comb) which also help make 
them distinct. These muscles of the right atrial appendage 
extend into the right atrium (RA) whereas the pectinate mus- 
cles of the left atrial appendage are confined to the appendage 
and do not extend into the atrium (28,29). 


The unique septal structures of the RA are the embryonic 
valves — Eustachian and Thebesian — seen in the subcostal 
coronal and sagittal views. The unique left atrial septal struc- 
ture is the flap valve seen in the apical and subcostal coronal 
and sagittal views (Fig. 8.17). In heterotaxy syndrome with 
bilateral right- or left-sidedness and common atrium, the atrial 
septal structures will not be obvious and atrial situs will be 
indeterminate or ambiguous. 

Systemic Veins and Right Atrium 

The innominate veins are identified in the suprasternal 
short-axis view. Both innominate veins are identified and 
traced downstream as they join to form the right superior 
vena cava (RSVC) which, in turn, is followed to its entrance 
into the heart (Fig. 8.18). The left innominate vein is traced 
upstream to identify a possible left superior vena cava (LSVC) 
(Fig. 8.19). Alternatively, a suprasternal notch long-axis view 
can be swept leftward from the aortic arch to demonstrate a 
LSVC in its long axis (Fig. 8.20). These maneuvers are particu- 
larly important in (a) any patient undergoing surgical repair 



Figure 8.15. Subcostal coronal views of a patient with levocardia (A) and a second patient with dextrocardia (B). 
In the patient with dextrocardia, the apex of the heart is pointing to the patient’s right. The patient has mirror 
image dextrocardia so that the morphologic left atrium (LA) and left ventricle are on the patient’s right and the 
morphologic right atrium (RA) and right ventricle (RV) are on the patient’s left. The patient also has a small 
midmuscular ventricular septal defect (block arrow). R, right; S, superior. 
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Figure 8.16. Echocardiographic imaging of the atrial appendages. A: The right atrial appendage (RAA) is broad 
based and is best seen in the subcostal plane and, as shown here, in the parasternal long view swept rightward. 
B: The left atrial appendage (LAA) is long and thin and is best seen in the parasternal short-axis view (B). A, 
anterior; Ao, aorta; I, inferior; LA, left atrium; RA, right atrium; RV, right ventricle; SVC, superior vena cava. 


using cardiopulmonary bypass since a surgeon may have to 
cannula te both SVCs (when present) in the absence of a left 
innominate vein and (b) the newborn with single-ventricle 
physiology, who will undergo eventual bilateral bidirectional 
cavopulmonary anastomoses in the presence of bilateral SVC 
without an innominate vein. In patients with unexplained 
cyanosis or systemic emboli or with absent innominate vein 
without dilated coronary sinus, the presence of a LSVC drain- 
ing directly into the left atrium (LA) should be investigated. 
This may require using agitated saline contrast (see Section 
Contrast Echocardiography). 

The inferior vena cava (IVC) is identified in the subcostal 
transverse abdominal and subcostal coronal and sagittal views 
(Fig. 8.14). Anyone performing cardiac catheterization needs 
to be alerted for interruption of the IVC. This is apparent in 
the transverse abdominal view where a large venous vessel 
immediately posterior to the aorta (the azygous or hemiazy- 
gous vein) is seen and there is notable absence of an IVC can- 
didate anterior to the aorta (Fig. 8.21). 

The entrance of the coronary sinus into the RA can be seen 
in the subcostal coronal and the apical four-chamber views. 
The size and possible unroofing of the coronary sinus can be 


assessed in a posterior sweep from the standard apical four- 
chamber and parasternal long-axis views. 

Atrial Septum 

The atrial septum is examined in the subcostal coronal and 
sagittal views. With the increasing responsibility of echocar- 
diographers to define atrial septal rims for device closure of 
atrial septal defect (ASD), the complexity of the atrial sep- 
tum is gaining a new appreciation. The size of an ASD, as 
well as the degree of remaining atrial septal rim tissue for 
anchoring of possible ASD closure device and total atrial sep- 
tal length for maximum possible diameter for said device, are 
best evaluated by using both these views to give information 
from two mutually orthogonal planes. In addition, the rim 
between aorta and defect can be assessed in the parasternal 
short-axis view. 

Superior and inferior vena caval sinus venosus defects 
are best seen in the subcostal sagittal view. The transducer 
should be swept gradually and deliberately posterior and 
rightward to investigate for possible associated partial anom- 
alous pulmonary venous return. Secundum ASDs are best 
seen in the same imaging planes. The ostium primum defect 



Figure 8.17. Subcostal sagittal views demonstrating Eustachian valve (A) and flap valve ( block arrow in B). These 
unique septal structures are the most reliable method for defining the morphologic right and left atrium (RA 
and LA), respectively. The color panel of Figure B demonstrates a small left-to-right shunt from the LA to the 
RA through the patent foramen ovale caused by the flap valve. A, anterior; I, inferior; IVC, inferior vena cava; 
P, posterior; RPA, right pulmonary artery; S, superior; SVC, superior vena cava. 
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Figure 8.18. Suprasternal notch short-axis view demonstrating 
the left brachiocephalic vein draining into the right superior 
vena cava (SVC) in a patient with total anomalous pulmonary 
venous return of the supracardiac type. The pulmonary veins 
drained to a pulmonary vein confluence immediately superior 
to the roof of the LA. Pulmonary venous flow then contin- 
ued through a vertical vein, the left brachiocephalic vein and 
the SVC resulting in dilatation of the latter two structures. R, 
right; RPA, right pulmonary artery; S, superior; SVC, superior 
vena cava. 


is related to the crux of the heart and is therefore best seen 
in the apical view. The coronary sinus defect is visualized by 
sweeping the transducer posterior from the standard apical 
four-chamber view. 

Pulmonary Veins and Left Atrium 

The pulmonary veins are identified most easily from the 
suprasternal short-axis plane (Fig. 8.22). Alternatively, the pul- 
monary veins can be visualized from the parasternal short- axis 
and apical four-chamber views. An extreme rightward sweep 
(tilt right from the SVC, RA, IV C views) in the subcostal sagit- 
tal plane consistently reveals the right upper pulmonary vein. 
Parasagittal imaging from the bicaval view can show the right 



Figure 8.19. High suprasternal notch short-axis view dem- 
onstrating not only the normal anatomy and relationships of 
the right superior vena cava (SVC), ascending aorta (Ao), and 
main pulmonary artery (MPA), but also the additional finding 
of a left superior vena cava (LSVC) in cross section just left- 
ward of the MPA. LPA, left pulmonary artery; R, right; RPA, 
right pulmonary artery; S, superior. 



Figure 8.20. Hybrid suprasternal notch oblique axis view of 
left superior vena cava (LSVC), which in this patient is drain- 
ing directly into the roof of the left atrium (LA) due to com- 
plete unroofing of the coronary sinus. A, anterior; LLPV, left 
lower pulmonary vein; LUPV, left upper pulmonary vein; RA, 
right atrium; S, superior. 

pulmonary veins (with a rightward sweep) and the left pulmo- 
nary veins (with a leftward sweep) in cross section as they course 
into the LA. Color Doppler with a low velocity aliasing limit can 
aid in visualizing the individual pulmonary veins (30). Anoma- 
lous pulmonary venous pathways, the confluences from which 
they emanate, and the entrances of the pulmonary veins into the 
confluences should be investigated from the suprasternal short 
axis view (supracardiac drainage), parasternal and apical views 
(cardiac drainage), and subcostal coronal and sagittal views 
(infracardiac drainage). Unlike systemic venous anomalies, in 
which color Doppler demonstrates flow coursing toward the 
heart, these anomalous pulmonary venous pathways will have 
color Doppler flow coursing away from the heart, often the first 
sign that makes an echocardiographer aware of this condition. 

The LA is best evaluated in the apical four-chamber and the 
subcostal coronal and sagittal views. Membranes (e.g., supra- 
valvar stenosing mitral ring and cor triatriatum) are identified 
in the apical four-chamber view. The diagnostic relationship 
of these membranes relative to the left atrial appendage (i.e., 
membrane of cor triatriatum upstream from the LA appendage 



Figure 8.21. Subcostal transverse abdominal view demonstrat- 
ing the features of interrupted inferior vena cava (IVC). There 
is no venous structure identified anterior to the aorta. Instead, 
there is a venous structure which is adjacent and slightly pos- 
terior to the aorta. The structure is also rightward of the aorta 
indicating that it is an azygous continuation of interrupted IVC. 
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Figure 8.22. Suprasternal notch short-axis view with color 
Doppler demonstrating the four pulmonary veins draining 
normally into the left atrium. Ao, ascending aorta; LA, left 
atrium; LLPV, left lower pulmonary vein; LUPV, left upper 
pulmonary vein; MPA, main pulmonary artery; RLPV, right 
lower pulmonary vein; RUPV, right upper pulmonary vein; 
R, right; S, superior; SVC, superior vena cava. 

orifice and membrane of supravalvar stenosing mitral ring 
downstream in the mitral valve funnel itself) is visualized from 
the apical four-chamber view. 

Atrioventricular Connection 

Type 

The septal structures of the atrioventricular valves serve as the 
only consistent feature allowing morphologic diagnosis. The 
tricuspid valve has an intimate relationship with the ventric- 
ular septum (i.e., septophilic), with multiple chordal attach- 
ments emanating from its septal leaflet, seen best in the apical 
four-chamber view. On the other hand, the mitral valve has no 
chordal attachments with the ventricular septum (septopho- 
bic), and all of its attachments course to the left ventricular 
free wall (Fig. 8.23). In addition, the hinge point of the septal 
leaflet of the tricuspid valve is inferior to the hinge point of the 
anterior leaflet of the mitral valve. Because each atrioventricu- 
lar valve is associated with its appropriate ventricle (i.e., tricus- 
pid valve with right ventricle, mitral valve with left ventricle), 
the atrioventricular connection can be determined as concord- 
ant (RA to right ventricle and LA to left ventricle) or discord- 
ant (RA to left ventricle and LA to right ventricle). Atretic 
atrioventricular connections are easily identified in the apical 
and subcostal views. The relationship of the atrioventricular 
valves to each other in double-inlet connections are explored 
in the parasternal views. The five leaflets of the common atrio- 
ventricular valve (superior/anterior bridging, right superior, 
right mural, inferior/posterior bridging, and left mural) are 
best seen in a right anterior oblique subcostal view (midway 
between the coronal and sagittal views). In this view, the pres- 
ence or absence of a tongue of tissue connecting the two bridg- 
ing leaflets should be identified first to allow the establishment 
of a complete (absent connecting tissue) or partial (present 
connecting tissue) atrioventricular septal defect. Then the 
degree of bridging of the superior leaflet and its attachments 
are identified, allowing for Rastelli classification (Fig. 8.24). 
Straddling and criss-cross connections are seen in the apical 
four-chamber and subcostal views. A straddling atrioventricu- 
lar valve (valve attachments to contralateral ventricle) must 
be distinguished from mere overriding (valve annulus par- 
tially displaced over the ventricle) in these views. Criss-cross 
atrioventricular relationships necessitate deliberate and slow 
sweeping of the transducer anteriorly and posteriorly in the 



Figure 8.23. Apical four-chamber view in a patient with ven- 
tricular inversion with congenitally corrected transposition of 
the great vessels {S, L, L}. The left-sided atrioventricular valve 
has attachments to the ventricular septum, whereas the right- 
sided valve does not, allowing diagnosis of a left-sided tricuspid 
valve and a right-sided mitral valve. In addition, the septal hinge 
point of the tricuspid valve is inferior to that of the mitral valve, 
which is another distinguishing feature of a tricuspid valve. 
There is a moderator band near the apex of the left-sided ven- 
tricle, further defining this ventricle as a morphologic right ven- 
tricle. I, inferior; LA, left atrium; RA, right atrium; S, superior. 

subcostal coronal or superiorly and inferiorly in the paraster- 
nal short-axis views with careful, simultaneous observation of 
each valve’s upstream atrium and downstream ventricle. 

Tricuspid Valve 

The tricuspid valve is examined in the parasternal long-axis 
plane (sweeping right from the standard plane), the apical four- 
chamber view, and the subcostal coronal and sagittal views. 
The septal leaflet and its attachments to the interventricular 



Figure 8.24. The subcostal oblique view (a hybrid between 
coronal and sagittal views) of a common atrioventricular 
valve. The five leaflets of the common atrioventricular valve 
are shown including the superior and inferior bridging leaflets. 
The commissure of the superior bridging leaflet attaches to 
the inferior portion of the outlet septum identifying this as a 
Rastelli type A atrioventricular septal defect. There is a well- 
defined left mural leaflet between the papillary muscles which 
are well spaced. Right accessory and right mural leaflets can be 
seen in the right ventricular portion of the common valve. LV, 
left ventricle; RV, right ventricle; S, superior. 
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septum are best seen in the apical four-chamber view. Also, in 
this view, the posterior leaflet (with a slight posterior sweep) or 
the anterior leaflet (with a slight anterior sweep) is seen on the 
lateral portion of the right ventricular wall. The anterior leaflet 
and its attachments to the conal papillary muscle (Lancisi) are 
best visualized in the subcostal coronal view sweeping anteriorly. 

In the evaluation of Ebstein anomaly, the degree of atriali- 
zation of the right ventricle is assessed from the apical four- 
chamber view. From here, the septal attachments of the septal 
leaflet are appreciated. The posterior mural leaflet is seen with 
a slight posterior sweep from the apical four-chamber view. 
A portion of the anterior mural leaflet can be seen with an 
anterior sweep from the apical four-chamber view but the sub- 
costal coronal view is required to visualize the displacement of 
the anterior leaflet into the right ventricular outflow tract and 
the degree to which it obstructs it. The tricuspid valve annulus 
size, which is important to assess in conditions of right ventric- 
ular hypoplasia (e.g., pulmonary atresia with intact ventricular 
septum) and conditions of right ventricular volume overload 
(e.g., postoperative tetralogy of Fallot with pulmonary regur- 
gitation or hypoplastic left heart syndrome after Norwood), 
should be evaluated in the apical four-chamber view. 

Mitral Valve 

The mitral valve is visualized in the parasternal, apical four- 
chamber, subcostal coronal, and sagittal views. The size of the 
mitral annulus, which is important in determining suitability 
for biventricular repair in cases of relative left-sided hypoplasia, 
should be performed in the orthogonal planes of the parasternal 
long-axis and apical four-chamber views. The papillary mus- 
cles, important to assess for repair of complete atrioventricular 
septal defect and for diagnosing parachute mitral valve, are best 
visualized in the parasternal short-axis and subcostal sagittal 
sweeps. Mitral stenosis is assessed in the parasternal long-axis 
and the apical four-chamber views, where the degree of leaf- 
let excursion can be seen clearly. Mitral valve prolapse is best 
identified in the parasternal long-axis and apical four-chamber 
views. Clefting of the mitral valve and double orifice mitral 
valve are usually seen in the parasternal short-axis sweep. 

Ventricles 

Ventricular Morphology 

During embryologic development, the heart begins as a straight 
tube anchored cephalad by the truncus arteriosus and caudad 
by the sinus venosus. The tube undergoes differential and rapid 
growth in its midsection which, because of the anchoring, 
forces it to bend to the right or the left. Bend to the right results 
in the right ventricle developing to the right and the left ventri- 
cle to the left (D-looping). Bend to the left results in the opposite 
situation (L-looping). Definition of the embryologic type of ven- 
tricular looping first requires clear identification of ventricular 
morphology. The septal structures once again provide the defin- 
itive criteria for this evaluation. The first criterion is the type of 
atrioventricular valve entering the ventricle (see preceding sec- 
tion on Atrioventricular Connection, Type). The right ventricle 
also can be identified by its coarse, large, and extensive trabecu- 
lations along the septum and free wall. One of these trabecula- 
tions, the moderator band, is particularly prominent running 
transversely from free wall to septum in the inferior third of 
the right ventricular cavity in the apical view (Fig. 8.23). Once 
ventricular morphology has been established, the ventricular 
looping is determined. This is performed by imagining one is 
standing in the right ventricle facing the right ventricular face 
of the interventricular septum. The palm of one hand is placed 
against the septum. The looping is determined by which of the 
two hands allow the thumb to point into the atrioventricular 
valve and the fingers to point into the outflow tract. If the right 
hand meets these criteria, the ventricles are D-looped. If the left 
hand meets these criteria, the ventricles are 1-looped. 


Right Ventricle 

The size of the right ventricle and its relative contribution to 
the ventricular apex in conditions such as complete atrioven- 
tricular septal defect and pulmonary atresia with intact ven- 
tricular septum are best assessed from the apical four-chamber 
view. Because the three portions of the right ventricle (inlet, 
trabecular, and conus) do not lie in a single plane, visualization 
of the entire right ventricular cavity requires sweeping of the 
transducer through multiple planes in the subcostal coronal 
and sagittal views. 

Ventricular Septum 

The ventricular septum is composed of two components: 
(a) the membranous septum, which is an extremely small 
(5 mm in diameter in the adult heart) and superior portion 
wedged between the tricuspid and aortic valves; and (b) the 
large muscular septum. The membranous septum consists of 
two portions separated by the septal leaflet of the tricuspid 
valve: the pars atrioventricularis, where left ventricular to RA 
shunts occur, and the pars interventricularis, where VSDs are 
located. The muscular septum consists of three portions: the 
inlet portion, which is inferior to the membranous septum and 
is between the atrioventricular valves; the trabecular portion, 
which extends from the membranous septum to the apex; 
and the conal (or outlet or infundibular) septum, immediately 
below the pulmonary valve. 

Many VSDs typically occur along embryologic fusion lines 
(e.g., a perimembranous outlet VSD is along the fusion line 
between the membranous and conal septa). VSDs within the 
membranous septum can be assessed in the parasternal long 
and short-axes, apical five-chamber, and subcostal views. In 
the basal short-axis view where the subpulmonary and subaor- 
tic regions can be imaged simultaneously, it can be determined 
whether an outlet VSD is below the crista supraventricularis 
(infracristal outlet VSD) or above the crista (supracristal outlet 
VSD, also known as subpulmonic or doubly committed VSDs). 
The membranous septum is seen well in the parasternal long- 
axis sweep from the standard view toward the tricuspid valve. 
In the apical view, the transducer should be swept anteriorly so 
that the left ventricular outflow tract and aorta are visualized. 
VSDs within the conal septum are assessed in the paraster- 
nal long axis sweeping left toward the pulmonary valve, in 
the basal short-axis, and in the subcostal coronal and sagittal 
views. The trabecular septum is so large that defects within it 
need to be localized preferably describing their position in two 
orthogonal planes and in relation to nearby landmarks. One 
classification system assigns the VSD as anterior, midmuscular, 
apical, or posterior. Anterior trabecular VSDs can be missed 
if the echocardiographer is not interrogating consciously for 
them. Perhaps the best view is the parasternal long-axis view 
sweeping to the left. The midmuscular VSDs can be seen in 
the standard parasternal long and short-axes views and apical 
four-chamber views. VSDs in the posterior trabecular septum 
are visualized best in the parasternal short-axis view or in the 
apical view swept posteriorly. Apical trabecular defects are 
best seen in the apical four-chamber view inferior to the mod- 
erator band. Inlet VSDs are best visualized in the short axis 
sweeping inferiorly toward the atrioventricular valves and in 
the standard apical four-chamber view at the level of the atrio- 
ventricular valves. These are distinguished from atrioventricu- 
lar septal defects by close echocardiographic inspection of the 
hinge points of the atrioventricular valve annuli, which remain 
normal (i.e., mitral hinge point slightly superior to that of the 
tricuspid valve) with an inlet VSD and at identical heights with 
an atrioventricular septal defect. 

Left Ventricle 

The size of the left ventricle, which is particularly important 
in evaluating atrioventricular septal defects and variants of 
hypoplastic left heart with relative left-sided hypoplasia, is 
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investigated in the apical four-chamber view. The left ventric- 
ular outflow tract, which is important to visualize for mem- 
branes and subvalvar stenosis, is seen by a slight anterior tilt 
of the transducer. Equally valuable for the visualization of the 
subaortic region is the parasternal long-axis view in which the 
left ventricular outflow tract is at a slightly shallower depth, 
improving imaging, or the subcostal coronal view. Trabecula- 
tions, the diagnostic feature of left ventricular noncompaction, 
are best seen at the cardiac apex or lateral wall from a true 
apical four-chamber view with the apex clearly visible in the 
sector and with careful, deliberate sweeps in the parasternal 
short axis from the mitral valve annulus inferiorly to the cardiac 
apex. It is from this and the parasternal short-axis view that the 
echocardiographer can assess whether trabeculations are deep 
and/or extensive enough to meet diagnostic criteria for left ven- 
tricular noncompaction (31,32). Others have suggested that a 
diagnostic ratio for left ventricular noncompaction has little if 
any pathoanatomical basis. These authors suggest that the mere 
presence of trabeculations indicate noncompaction (33,34). 

Conai Morphology 

The conus (or infundibulum) is the cavitary space formed by 
the muscular segment of the heart that connects the ventri- 
cles with the great arteries and separates the atrioventricular 
and semilunar valves. Abnormalities in conai development 
consist of variations in the presence, length, and diameters of 
the subpulmonary and subaortic conus. These variations can 
lead to (or be associated with) complex malformations, such 
as tetralogy of Fallot, interrupted aortic arch, transposition of 
the great vessels, and double-outlet right ventricle. 

Subpulmonic 

In the normal heart, the conus is the nearly vertical tubular 
outflow portion of the right ventricle, which is separated from 
the nearly horizontal right ventricular inflow portion by dis- 
tinct muscle bands. These muscle bands form a near-circular 
rim formed by the parietal band anteriorly, the crista supraven- 
tricularis posteriorly, and the septal band medially and pro- 
hibit pulmonary valve to atrioventricular valve continuity. The 
subpulmonary conus is best identified in the subcostal views. 
Leftward anterior deviation of the conai septum leading to a 
narrowed conus and subvalvar pulmonary stenosis in tetral- 
ogy of Fallot is evident in these views. Posterior deviation of 
the conai septum with VSD results in left ventricular outflow 
tract obstruction and is associated with interrupted aortic 
arch. The conai septum in this lesion is best assessed from the 
parasternal long-axis view. 

Subaortic 

Persistence of the subaortic conus and involution of the sub- 
pulmonic conus is the usual conai relationship in D- (or L-) 
transposition of the great vessels (35). The subaortic conus is 
evident on the subcostal coronal and sagittal views. Persistence 
of subaortic conus prohibits continuity of the aortic valve to 
either atrioventricular valve. Involution of the subpulmonary 
conus allows continuity between the pulmonary valve and both 
atrioventricular valves in transposition of the great vessels. An 
extremely unusual variant of conai morphology is a subpulmo- 
nic conus in the setting of D-transposition of the great vessels. 

Bilateral 

Bilateral persistence of the subarterial conus usually results in 
double-outlet right ventricle. Because the main goal of surgi- 
cal correction of double outlet right ventricle is to connect the 
aorta with the morphologic left ventricle through the VSD, it 
is important to determine the conai relationships with each 
other and with the great vessels. In double-outlet right ven- 
tricle, the relationship of the great arteries with each other is 


an inaccurate method by which to determine the infundibu- 
lar relationships. Particularly important is to determine which 
conus has the interventricular septum as one of its walls, to 
localize the VSD with respect to the conus, and to determine 
the connection of the conus to the aorta. 

When two conuses are present, their relationship may be 
classified as either (a) anterior/posterior or (b) side-by-side 
(36). With anterior/posterior conai relationship, the VSD is 
usually subaortic; with the side-by-side relationship, the defect 
is usually subpulmonic. The conai relationship can be deter- 
mined by subcostal coronal and sagittal imaging with ante- 
rior/posterior and left/right sweeping, respectively. With an 
anterior/posterior conai relationship, the outlet septum inserts 
anteriorly separating the anterior conus from most of the 
interventricular septum and, thus, the VSD. With a side-by- 
side conai relationship, the outlet septum inserts near the crux 
of the heart separating the lateral conus from the interven- 
tricular septum and VSD. 

Bilateral conus also can be associated with D-transposition of 
the great vessels with VSD, a more anterior and superior location 
of the pulmonary root than in patients with a subaortic conus 
only, and discontinuity between the pulmonary and mitral valves 
(as well as between the aortic and tricuspid valves). L-Transposi- 
tion of the great vessels also can be associated, although rarely, 
with bilateral conus evident in the subcostal views. 

Absent 

A rare type of D-transposition can exist in the context of bilat- 
erally deficient subarterial conus (37). This results in an unu- 
sual heart in which D-transposition of the great vessels exists 
with a doubly committed VSD and a posterior aorta. These 
relationships can be identified by parasternal and subcostal 
coronal and sagittal imaging (Fig. 8.25). 

Ventriculoarterial Connection 

Type 

If the aorta arises from the left ventricle and the pulmonary 
artery arises from the right ventricle, the relationship is con- 
cordant. When the aorta arises from the right ventricle and the 
pulmonary artery from the left ventricle, the relationship is 
discordant. The third type of ventriculoarterial connection is 
double outlet, almost always from the right ventricle. The ven- 
tricular origins of aorta and pulmonary artery are evident on 
the parasternal long-axis view, sweeping the transducer infe- 
riorly from the basal short-axis view, the apical five-chamber 
view, and the subcostal coronal and sagittal views. A great 
vessel should be related to a ventricle by at least 50% of its 
dimension to be considered committed to it. Determining the 
extent of commitment of a great vessel to the right ventri- 
cle is best performed in the parasternal long- and short-axis 
view sweeps, the apical five-chamber view, and the subcostal 
coronal and sagittal views. The final type of ventriculoarterial 
connection is single outlet (truncus arteriosus). This entity can 
be diagnosed in the parasternal long axis, where a single trunk 
with pulmonary arteries arising from it can be seen. The basal 
short-axis view is notable for absence of a pulmonary valve; 
the pulmonary artery branches arising from the trunk also can 
be seen in this view. The subcostal coronal and sagittal views 
are usually diagnostic for this entity. 

Great Vessels 

Relationship 

The aorta courses superiorly toward the thoracic inlet before 
coursing posteriorly, gives rise to strap vessels as it courses 
posteriorly, and has coronary arteries arising from its root. 
The pulmonary artery courses posteriorly almost immediately 
after it arises from the heart and bifurcates shortly after its 
origin. The most helpful views for identifying the great vessels 
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Figure 8.25. Parasternal long-axis images of a patient with bilat- 
erally absent conus resulting in transposition of the great vessels 
(i.e., ventriculoarterial discordance) with not only mitral -pulmonic 
continuity (arrowhead in standard parasternal long-axis view 
(A) but also tricuspid-aortic continuity (arrowhead in parasternal 
long-axis view swept right and inferiorly (B). A, anterior; AoV, 
aortic valve; I, inferior, LV, left ventricle, MV, mitral valve; PV, 
pulmonary valve; RV, right ventricle; TV, tricuspid valve. 


are the parasternal short-axis view at the base and even more 
superiorly, the suprasternal notch long- and short-axis views, 
and the subcostal coronal and sagittal views (Fig. 8.26). 

Situs solitus of the great vessels describes the normal rela- 
tive position of the aortic annulus located rightward and pos- 
terior to the pulmonary annulus. This relationship is best seen 
in the parasternal short-axis view, but it is also obvious in the 
parasternal long-axis sweeps and the subcostal coronal and 
sagittal views. 

Situs inversus of the great vessels describes the relative posi- 
tion of the aortic annulus located leftward and posterior to the 
pulmonary valve annulus in mirror image dextrocardia. Note 
that the term “inversus” in this context does not signify trans- 
position It is merely the designation given to normally related 
great vessels in a mirror-image relationship (i.e., the aorta con- 
tinues to arise from the left ventricle and the pulmonary artery 
from the right ventricle). This relationship is evident in a right 
parasternal short-axis view and in the subcostal coronal and 
sagittal sweeps. 

Transposition of the great vessels is diagnosed when there 
is a discordant ventriculoarterial relationship. By definition, 
then, it is impossible to diagnose double-outlet right ventricle 
with transposition. Instead, this is referred to as double-outlet 
right ventricle with malposition of the great vessels. Transpo- 
sition of the great vessels can exist with the aorta right and 




Figure 8.26. Parasternal short-axis images demonstrating dif- 
ferent relationships between the great vessels. A: An echocar- 
diogram from an infant demonstrates the identifying features 
of a pulmonary artery with its bifurcation into right and left 
pulmonary arteries (RPA, LPA). This view is called the “3 fin- 
ger view” as it also demonstrates the PDA. The great vessels 
are normally related with the pulmonary valve (PV) lying ante- 
rior and left of the aorta. B: In a patient with D-transposition of 
the great vessels, both semilunar valves are in cross section in 
the parasternal short-axis view. The aorta (Ao) is identified as 
the anterior and slightly rightward vessel. The main pulmonary 
artery (PA) lies posterior to the Ao and bifurcates into RPA 
and LPA. A, anterior; R, right; RV, right ventricle. 


anterior (D), left and anterior (L), and directly anterior (A) to 
the pulmonary artery. In addition, the aorta may exist side-by- 
side or even posterior to the pulmonary artery. These relation- 
ships are best diagnosed in the basal short-axis and subcostal 
coronal and sagittal views. 

Main and Branch Pulmonary Arteries 

The main and branch pulmonary arteries are best seen in the 
basal (and more superior) short-axis and subcostal coronal 
and sagittal views. In addition, the right pulmonary artery is 
best seen in the suprasternal short-axis view. The left pulmo- 
nary artery usually can be seen when sweeping the standard 
suprasternal long- axis view to the left. 

Pulmonary valve stenosis is evident in the parasternal 
basal short-axis view. Frequently, continued clockwise rota- 
tion of the transducer can yield an en face view of the pulmo- 
nary valve. Supravalvar pulmonary stenosis is best visualized 
in this view. Aortopulmonary window is usually evident on 
the parasternal short-axis view and careful, deliberate sweeps 
between the aorta and main pulmonary artery in the subcostal 
coronal and sagittal views. 
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Aorta and Branch Vessels 

The aorta, which lies more posterior in the center of the heart, 
can be visualized in many different views, including the par- 
asternal long- and short-axis views, the apical five-chamber 
view, the subcostal views, and the suprasternal notch views. 
The aortic arch is best seen in the subcostal oblique view and 
the suprasternal views. 

Valve morphology in aortic stenosis can be understood by 
examining the parasternal views. The short-axis views allow 
determination of dysplasia and number of leaflets. Supraval- 
var stenosis, root dilation, and sinotubular effacement are best 
measured in the parasternal long-axis view. 

The side of the aortic arch (important in tetralogy of Fal- 
lot, truncus arteriosus, hypoplastic left heart, vascular rings, 
and before tracheoesophageal fistula repair) is diagnosed by 
sweeping the transducer in the suprasternal long-axis view and 
noting the relationship of the arch to the trachea, the rings of 
which resemble a stack of coins. Equally important is sweep- 
ing the transducer in the suprasternal notch short-axis view 
from the origin of the aorta superiorly toward the arch and 
branch vessels and then back inferiorly and posteriorly fol- 
lowing the descending aorta. Using this view, the transducer 
should also be swept superiorly to follow the course of each 
branch vessel arising from the arch. In a normal, left-sided 
aortic arch, the first branch vessel is a right brachiocephalic 
artery that can be shown to bifurcate into right subclavian and 
carotid arteries (Fig. 8.27). In a right-sided aortic arch, the first 
branch vessel is usually a left brachiocephalic artery, which 
usually bifurcates into a left subclavian and carotid arteries. 
In either case, the first branch vessel should be followed to its 
bifurcation. If no bifurcation is present, anomalous origin of 
the ipsilateral subclavian artery should be suspected. Likewise, 
superior sweeping from the origin of each of the other strap 
vessels upstream should be performed deliberately to com- 
pletely delineate the strap vessel anatomy. 

Arch hypoplasia, coarctation, and interruption are best 
diagnosed from the suprasternal long- and short-axis views. 
The proximal (the segment between brachiocephalic and com- 
mon carotid artery origins) and distal (the segment between 
common carotid artery and subclavian artery origins) trans- 
verse arch should be imaged and measured. 

Aortopulmonary collateral vessels (important in tetralogy 
of Fallot and single ventricle/Fontan physiology) are best seen 
in the suprasternal notch long- and short-axis views. The sub- 
costal oblique view of the descending aorta also allows identi- 
fication of these vessels. 




Figure 8.27. Suprasternal notch short- axis views in a patient with 
left aortic arch (A) and a second patient with right aortic arch (B). 
In each view, the transducer is swept superiorly to demonstrate 
the bifurcation of the brachiocephalic artery. In the patient with 
a left aortic arch, the first strap vessel arising from the aortic arch 
is the brachiocephalic artery which bifurcates toward the right 
into right subclavian (RSCA) and right common carotid arteries 
(RCCA), indicating a left aortic arch. In the second patient with 
a right aortic arch (B), the first strap vessel is a left brachioce- 
phalic artery, and it bifurcates to the left into the left subclavian 
(LSCA) and left common carotid (LCCA) arteries, indicating a 
right aortic arch. Color Doppler can be helpful in tracking these 
arteries distally to determine their branching patterns as shown 
by the color Doppler panel in B. R, right; S, superior. 


Coronary Arteries 

The coronary arteries are best seen in the parasternal short- 
axis views. The coronary arteries can also be seen in the api- 
cal four-chamber view as they course in the atrioventricular 
grooves. The midportion of the right coronary artery is seen 
in the subcostal coronal view. Frequently, the origin of the 
left coronary artery and the left anterior descending coronary 
artery are seen in the subcostal coronal view or a leftward 
sweep from the standard parasternal long-axis view. The pos- 
terior descending coronary artery is more difficult to visualize 
but investigators have had success in imaging it adjacent to 
the cross section of the coronary sinus from an apical two- 
chamber view (38). 

Anomalous coronary artery origins and courses are impor- 
tant to delineate in transposition of the great vessels, tetral- 
ogy of Fallot, anomalous origin of the left (or more rarely, the 
right) coronary artery from the pulmonary artery, dilated car- 
diomyopathy, and exertional syncope and are seen in the par- 
asternal short axis. If 2-D imaging in the short-axis view shows 
isolated dilation of a proximal coronary artery, a coronary 
artery fistula or anomalous origin of a coronary artery should 


be suspected. The entire extent of the coronary artery must 
be interrogated for fistulous communications from all imaging 
planes. The main and branch pulmonary arteries should be 
carefully imaged for an anomalously arising coronary artery. 
Simultaneous use of color Doppler is extremely helpful when 
investigating for coronary artery fistulae or anomalous origin 
of a coronary artery. Coronary cameral sinusoids, seen within 
high pressure ventricles such as the right ventricle in pulmo- 
nary atresia with intact ventricular septum, are best visualized 
in the apical four-chamber view with simultaneous use of color 
Doppler. Evaluation of the coronary arteries during and fol- 
lowing Kawasaki disease for aneurysms and stenoses should 
be performed in all the aforementioned imaging planes so that 
almost the entire extent of the coronary artery is interrogated. 


TRANSESOPHAGEAL ECHOCARDIOGRAPHY 


In 1991, Ritter (39) reported initial experience of biplane 
transesophageal echocardiography (TEE) to evaluate congenital 
heart disease in patients as small as 2.4 kg without complications, 
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and it later became clear that intraoperative echocardiogra- 
phy allowed immediate revision of initial repair and improved 
patient outcome (40). In addition, TEE has become standard 
for guidance of defect-closure devices during interventional 
catheterization procedures (41), guidance of balloon atrial 
septostomy, and evaluation for thrombi (42). 


Approach 

The probe should be inspected carefully for any defects before 
it is inserted into the oropharynx. Probe size should be chosen 
on the basis of the patient’s weight. Generally, current pedi- 
atric size TEE probes can be safely used in patients as small 
as 3.5 kg; recently, use of newer “micro-TEE” probes have 
been reported in infants as small as 1.7 kg (43). Esophageal 
intubation can be enhanced with the neck slightly flexed and 
the patient in a slight left lateral decubitus position. Under no 
circumstances should the probe be forced into the posterior 
pharynx; sometimes direct visualization with a laryngoscope 
for difficult intubations is necessary. 

Probe manipulation consists of the transesophageal equiv- 
alents of transthoracic sweeps: withdrawing or advancing 
the transducer superiorly and inferiorly within the esopha- 
gus, rotating the transducer left and right, ante- or retro- 
flexing the transducer, or flexing left or right (Fig. 8.28). In 
addition, the imaging plane can be mechanically adjusted 
from 0 to 180 degrees in the case of multiplane TEE probes 
(Fig. 8.29), or from horizontal to vertical imaging planes 
in the case of biplane imaging (Fig. 8.30). Currently, mul- 
tiplanar TEE probes are available widely in pediatric sizes, 
so increasingly, multiplane (rather than biplane) imaging is 
performed. 

The examination should proceed in a segmental manner 
with identification of the systemic venous return moving the 
transducer superiorly and inferiorly in the esophagus in the 
longitudinal and transverse views. The atrial septum should 
be examined in these same views. The tricuspid valve is best 
visualized in the transverse four-chamber view and the lon- 
gitudinal plane with rightward rotation. The interventricu- 
lar septum is visualized in the transverse four-chamber view, 
sweeping the longitudinal view from left to right and in the 
transgastric views. The right ventricular outflow tract and pul- 
monary valve are seen in a superior transverse view, in the 
longitudinal view swept leftward from the aorta, and in the 
longitudinal gastric view. On multiplane imaging, the tricus- 
pid valve, right ventricular outflow tract, pulmonary valve, 
and membranous/outlet interventricular septum can also be 
imaged in a 60- to 70- degree plane (Fig. 8.31). Pulmonary 
veins are best seen in the transverse plane by sweeping right 
and left. The mitral valve is investigated from the transverse 
four-chamber view and the longitudinal plane with a far left- 
ward sweep. The left ventricular outflow tract and the aorta 
are evaluated in a slightly superior sweep from the transverse 
four-chamber view and in the longitudinal view between the 
SVC and the pulmonary artery. On multiplane imaging, the 
left ventricular outflow tract, aorta, and outlet interventricular 
septum are also imaged well at an imaging angle of approxi- 
mately 120 degrees (Fig. 8.32). 

Complications from TEE are rare; however, there are reports 
of upper-airway obstruction secondary to esophageal hema- 
toma (44), compression of an aberrant right subclavian artery 
(45), accidental endotracheal tube extubation, and esopha- 
geal burns and tears resulting from defective or improperly 
maintained probes. In a large review of 1,650 transesophageal 
studies in the pediatric population (46), Stevenson reported an 
approximately 3% incidence of complications, most of which 
were related to airway complications (e.g., airway occlusion 
or displacement of the endotracheal tube) in small infants. 





Figure 8.28. Terminology used to describe the various trans- 
esophageal probe manipulations that can employed during 
imaging studies. (Reprinted from Shanewise JS, et al. ASE/SCA 
Guidelines for Performing a Comprehensive Intraoperative 
Multiplane Transesophageal Echocardiography Examination: 
Recommendations of the American Society of Echocardiogra- 
phy and the Society of Cardiovascular Anesthesiologists Task 
Force for Certification in Perioperative Transesophageal Echo- 
cardiography. J Am Soc Echocardiogr 1999;12:884-900, with 
permission from Elsevier.) 


Intraoperative Transesophageal Echocardiography 

The value of intraoperative TEE is in evaluating residual 
problems relating to ventricular outflow tract obstruction, 
semilunar valve insufficiency, septal defects, atrioventricular 
valve insufficiency and stenosis, and ventricular function and 
wall-motion abnormalities. Stevenson et al. (47) reported that 
reoperation occurred in 7.5% of cases as a result of resid- 
ual findings on intraoperative TEE. Ungerleider et al. (40) 
showed a similarly low rate of reoperation, but also dem- 
onstrated a significant impact on length of stay and hospital 
costs for patients undergoing immediate reoperation because 
of intraoperative echocardiographic findings. In addition, the 
knowledge that a repair is satisfactory helps guide bypass 
weaning and immediate postoperative care. Although intra- 
operative imaging can confirm adequate surgical repair/pal- 
liation, findings can evolve postoperatively due to changing 
hemodynamics, loading conditions, or other factors, which 
may make repeat imaging necessary or advisable. For exam- 
ple, the degree of valvar regurgitation seen on predischarge 
echocardiography is often different than on intraoperative 
transesophageal study in patients following repair of atrio- 
ventricular septal defects (48,49) and atrioventricular valve 
regurgitation (50). 
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Figure 8.29. There are multiple imaging planes available during multiplane TEE based on level of the transducer 
and rotational angle. AV, aortic valve; LAX, long axis; ME, midesophagus; RV, right ventricle; SAX, shortaxis; 
TG, transgastric; UE, upper esophagus. (Reprinted from Shanewise JS, et al. ASE/SCA Guidelines for Performing 
a Comprehensive Intraoperative Multiplane Transesophageal Echocardiography Examination: Recommendations 
of the American Society of Echocardiography and the Society of Cardiovascular Anesthesiologists Task Force for 
Certification in Perioperative Transesophageal Echocardiography. J Am Soc Echocardiogr 1999;12:884-900, with 
permission from Elsevier.) 


Guidance of Transcatheter Device Closure 

TEE has proven value in guiding interventional catheterization 
procedures; this is discussed in detail in Chapter 13. 

Evaluation for Thrombi and Complications of 
Endocarditis 

Consideration of performing TEE should be given when there 
is suspicion of thrombi (i.e., because of neurologic changes, 
dysrhythmias, spontaneous contrast on the transthoracic 
echocardiogram). Patients with the Fontan procedure, partic- 
ularly those with an atriopulmonary anastomosis, are at high 
risk for developing thrombi in the RA, IVC, or pulmonary 
artery (51) (Fig. 8.33). 


TEE may have utility in the evaluation of suspected infec- 
tive endocarditis in children, but may not be necessary when 
transthoracic imaging is adequate (52,53). Although TEE has 
been shown to be significantly more sensitive that transtho- 
racic echo in diagnosing valvular vegetations and abscesses 
in adults with suspected endocarditis (54-56), higher quality 
acoustic windows in the pediatric population in general may 
negate the improvements in diagnostic sensitivity seen with 
use of TEE in adults (52,53). Moreover, the use of TEE in 
children is generally performed under conditions of endotra- 
cheal intubation and deep sedation/anesthesia, making the 
performance of TEE more invasive in this population. There- 
fore, TEE should be performed in any patient with suspected 
endocarditis, in whom the transthoracic study is negative or 
inconclusive due to technical inadequacies. Alternatively, in 
the patient with confirmed endocarditis, TEE may be useful in 
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more fully delineating the cardiac sequelae, such as perivalvar 
abscess and extent of vegetations (52). 

STRESS ECHOCARDIOGRAPHY 

Stress echocardiography is a valuable adjunct to the stand- 
ard examination in two general instances. First, if there is a 


concern in a patient with coronary artery disease (e.g., due 
to Kawasaki Disease, cardiac transplant vasculopathy, arterial 
switch operation, et al.), stress echocardiography may be help- 
ful. In these circumstances, stress echocardiography is used to 
determine the physiologic significance of the anatomic abnor- 
malities. A stressor is administered (e.g., exercise or pharma- 
cologic) with the intention of increasing myocardial oxygen 
demand. In normal coronary arteries, blood flow increases to 


Basal Short Axis 



Figure 8.30. There are two basic imaging planes used in pediatric TEE: the horizontal imaging plane (A) and the 
vertical imaging plane (B). Omniplane probes can image at planes intermediate between these two. Imaging can 
be performed in three basic esophageal positions: the midesophagus, the upper esophagus at the base of the heart, 
and transgastrically. Horizontal-plane imaging in the midesophagus provides the four-chamber view, coronary 
sinus view, and pulmonary vein view. Horizontal imaging in the higher esophagus provides views of the base of 
the heart, including the aorta, coronary arteries, pulmonary valve, branch pulmonary arteries, pulmonary veins, 
and superior vena cava (SVC). Horizontal imaging in the transgastric view yields a short-axis view of the ven- 
tricles. Vertical imaging in the midesophagus provides views of the left ventricular outflow tract and the mitral 
valve. Vertical imaging in the higher esophagus provides views of the right ventricular outflow tract, main pulmo- 
nary artery, branch pulmonary arteries, left ventricular outflow tract, aorta, SVC, and atrial septum. Transgastric 
vertical plane imaging provides images of the left ventricular and right ventricular outflow tracts. A, aorta; AO, 
aorta; AV, aortic valve; CS, coronary sinus; FO, foramen ovale; IVC, inferior vena cava; LA, left atrium; LAA, 
left atrial appendage; LCA, left carotid artery; LLPV, left lower pulmonary valve; LPA, left pulmonary artery; 
LPV, left pulmonary valve; LUPV, left upper pulmonary valve; LV, left ventricle; MPA, main pulmonary artery; 
PV, pulmonary valve; RA, right atrium; RAA, right atrial appendage; RCA, right coronary artery; RPA, right 
pulmonary artery; RUPV, right upper pulmonary valve; RV, right ventricle; SVC, superior vena cava. 
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Basal Long Axis 



B Transgastric Long Axis 

Figure 8.30. (Continued) 


meet this demand. However, if in a diseased coronary artery, 
flow is compromised; ischemia is induced to the myocardial 
segment supplied by that coronary artery which is manifest on 
the echocardiogram by altered wall motion of that segment. 

The second general use of stress echocardiography is eval- 
uating a patient’s hemodynamics in a setting other than the 
resting state. Children are rarely sedentary. Yet, echocardio- 
graphic examinations are largely performed when the child is 
in a resting, supine state — a condition that the child is actu- 
ally experiencing for only brief moments during the day. These 
resting examinations shed little light on the child’s typically 
more active physiology which, ironically, becomes appar- 
ent only after the patient leaves the laboratory. An echocar- 
diographic assessment with the addition of a stressing agent 
provides greater insight into the hemodynamics present during 
the active state typical of children. One simple approach is the 
force-frequency relationship — increasing frequency of contrac- 
tion induced by cardiac pacing (57) results in increased con- 
tractile force generation (as measured by ejection phase indices 
or by wall stress relations) with a maximal force (F max ) at a 


stimulus frequency of approximately 175 beats/min (Treppe 
phenomenon). Thereafter, the response becomes inverted 
(increased frequency results in decreased force). In the chroni- 
cally failing heart due, for example, to dilated cardiomyopa- 
thy, mitral insufficiency, or diabetic cardiomyopathy, F max is 
depressed due to decreased activity of the calcium adenosine 
triphosphatase in the sarcoplasmic reticulum (SERCA-2) (58). 
Another, similar approach is the assessment of contractile 
reserve. In chronic heart failure, a rise in circulating catechola- 
mines is accompanied by decreased beta receptor density and 
downregulation of receptors leading to a poor response to ino- 
tropic agents (59). Poor contractile response to exogenous cat- 
echolamines, therefore, has prognostic value in identifying the 
marginal ventricle more likely to require chronic medications, 
assist devices, and possibly transplant (60) and is associated 
with overexpression of apoptosis-related proteins (61-63). 
The magnitude of augmentation of cardiac performance dur- 
ing cardiovascular stress is termed contractile reserve and can 
be assessed noninvasively using exercise or pharmacologic 
stress (64-66). 
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Figure 8.31. Multiplane TEE at midesophagus with imaging 
angle at approximately 60 degrees. This imaging plane allows 
demonstration of the aortic valve (Ao) in short axis, as well as 
the right ventricular (RV) body and outflow tract. The proxi- 
mal main pulmonary artery (MPA) can also be imaged, as well 
as the pulmonary valve (open in this image). The tricuspid 
valve (open arrow) can also been noted. Note the perimem- 
branous ventricular septal defect (asterisk) in this image. ANT, 
anterior; SUP, superior. 


Technical Aspects 

In pediatrics, the usual stressors are exercise and dobutamine 
(67,68). Exercise is the reference standard, and most of the 
other stressing agents are employed to mimic it. However, 
exercise has the disadvantages of (a) patient movement and 
respiration, which impair echocardiographic imaging; and (b) 
lack of threshold dosing (the entire stress dose is given with- 
out the option for early termination). Since imaging is so 
poor during exercise, echocardiography must be performed 



Figure 8.32. Multiplane TEE at midesophagus with imaging 
angle at approximately 120 degrees. The mitral valve ante- 
rior leaflet (open arrow), left ventricle (LV), outflow tract, and 
aortic valve (Ao) can be demonstrated in this plane. Portions 
of the right ventricular (RV) outflow tract, and an outlet ven- 
tricular septal defect (asterisk) are also noted. ANT, anterior; 
SUP, superior. 


immediately after exercise, necessitating a hurried process to 
acquire images before the exercise dose dissipates (usually <60 
seconds). Dobutamine infusion offers a controlled environ- 
ment in which dosing can be gradually increased or terminated 
on the basis of immediate echocardiographic feedback. Imag- 
ing is usually excellent because there is no patient movement 
or deep respirations. The main disadvantage of dobutamine is 
that it does not duplicate exercise exactly. 

For an exercise echocardiogram, imaging is performed in 
four echocardiographic planes (parasternal long- and short- 
axis, apical two-and four-chamber views) with the patient in 
a left lateral decubitus position before, immediately after, and 
20 minutes after exercise. For a dobutamine stress echocar- 
diogram, imaging is performed in the same four planes at rest, 
at each dobutamine dose, at peak heart rate, and 20 to 30 
minutes after termination of dobutamine. Dobutamine is given 
in consecutive doses of 10, 20, 30, 40, and 50 mcg/kg/min. 
Atropine (0.01 mg/kg) is administered to augment the heart 
rate, if necessary. The test is terminated if (a) target heart 
rate (85% of age-related maximal heart rate) is achieved, 
(b) adverse reactions occur, (c) the electrocardiogram shows 
abnormalities (e.g., significant ST segment depression or sig- 
nificant dysrhythmia), (d) the patient’s rating of perceived 
exertion is excessive (exercise), or (e) the maximum dose has 
been given (dobutamine). 


Wall Motion Abnormalities 

Wall motion abnormalities are the diagnostic feature of a 
myocardial perfusion deficit during a stress echocardiogram. 
Detection of a wall motion abnormality is the most difficult 
part of a stress echocardiogram. It is essential that pediatric 
cardiologists contemplating the introduction of stress echo- 
cardiography into their laboratories receive and maintain ade- 
quate training in the interpretation of wall motion from adult 
cardiologists. In evaluating wall motion, it frequently helps to 
first examine the overall end-systolic cavity size. If there is lit- 
tle or no change at peak heart rate versus rest, abnormal wall 
motion is diagnosed and each segment examined in detail to 
detect specific regional wall motion abnormalities. In addition, 
an abnormality seen in one view should be verified by exami- 
nation of the same or adjacent segment in another view. 

Diagnosis of pathology based on myocardial wall motion 
during stress is based on four basic response patterns: nor- 
mal motion at rest and normal motion during stress indicates 
normal myocardium; normal motion at rest and abnormal 
motion during stress indicates ischemic myocardium; abnor- 
mal motion at rest and abnormal motion during stress indi- 
cates necrotic myocardium; and abnormal motion at rest and 
normal or biphasic response during stress indicates viable 
myocardium (hibernating myocardium) (69). 

Wall motion scoring systems have been defined by segment- 
ing the left ventricle into 16 or 17 segments and assigning a 
score of “1” to a segment with normal motion, “2” to a seg- 
ment that is hypokinetic, “3” to a segment that is akinetic, 
and “4” to a segment that is dyskinetic. The sum of segment 
scores divided by the number of visualized segments is the wall 
motion score index (70). 

Wall motion scoring systems are based on subjective 
assessment. Strain imaging and 3-D echocardiography have 
also been used to enhance detection of, and to quantify, wall 
motion abnormalities during stress echocardiography in adults 
but experience is lacking in children (71,72). 

Whereas stress echocardiography administered to unmask 
occult coronary artery disease requires a large stressing 
dose to maximize myocardial oxygen consumption, admin- 
istration of stress for assessment of contractile reserve requires 
far less but nevertheless still substantial dosing (dobutamine 
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Figure 8.33. A: Transthoracic apical four-chamber view in an adolescent patient with pulmonary atresia and 
intact ventricular septum who had previously undergone a classic Fontan procedure with the right atrium (RA) 
directly anastomosed to the pulmonary artery. The electrocardiogram shows atrial fibrillation/flutter. The patient 
was being evaluated for the possibility of thrombi before DC cardioversion. This echocardiogram revealed no 
obvious thrombi. In particular, the RA appeared free of thrombus. B: Transesophageal echocardiogram of the RA 
in the horizontal plane. There is marked spontaneous contrast indicative of a thrombogenic milieu. In addition, 
there are two large thrombi on the RA free wall. Further imaging revealed thrombi in the midcavity of the RA 
and at the inferior vena cava orifice. Transthoracic echocardiography may lead to false-negative results, and TEE 
is often necessary to evaluate for thrombi, particularly in patients with classic Fontan operation. A, anterior; I, 
inferior; LA, left atrium; LV, left ventricle; P, posterior; RV, right ventricle. 


at ~ 20 mcg/kg/min) (73). Normal responses of left ventricu- 
lar performance (shortening fraction) and contractility (VCF c 
difference) to exercise and dobutamine stress have been estab- 
lished (73,74) (Fig. 8.34). Stress echocardiography can also be 
used to assess the changing behavior of various cardiac lesions 
during altered activity levels (Fig. 8.35). For example, the gra- 
dients in hypertrophic cardiomyopathy, coarctation, pulmo- 
nary or aortic valvar stenoses (75), and the pulmonary artery 
pressure in patients with suspected pulmonary hypertension 
can all be evaluated with echocardiography during stress. 


THREE-DIMENSIONAL ECHOCARDIOGRAPHY 


The goal of the echocardiographic examination is to create 
and convey a 3-D reconstruction of the heart. Historically, 
3-D reconstruction has been a mental process dependent on 
the ability of the viewer to spatially “render” a 3-D image 
of the heart using 2-D images. This can clearly be improved 
on by an actual visual 3-D reconstruction. Three-dimensional 
images can be produced with any medical imaging technique, 
but echocardiography is uniquely qualified because images 
are tomographic, are acquired at a relatively high rate, can be 
triggered to an appropriate phase of the electrocardiogram, 
and can be acquired from any angle. 

Evolution of current 3-D ultrasound systems progressed 
from static to dynamic, and ultimately, to real-time 3-D imag- 
ing. Static 3-D images were initially obtained from a single 
volume of “voxels” — a volume of pixels — by sweeping the 
ultrasound transducer through the area of interest. Although 
this can be achieved by sweeping the ultrasound probe through 
the area of interest by linear, fan-like or rotational sweeps, this 
technique was ultimately supplanted by rotational acquisi- 
tion (76,77). Dynamic 3-D imaging is also possible, but por- 
trayal of the heart in motion was dependent on reconstruction 


algorithms that were in turn dependent on 2-D image quality, 
and were often deemed impractical due to the long and tedi- 
ous nature of data acquisition and data analysis. The current 
state-of-the-art in 3-D imaging is represented by real-time 
3-D imaging. Several recently developed ultrasound systems 

(78) feature matrix array transducers, which allow acquisi- 
tion of high-quality, pyramidal image volumes (Fig. 8.36). 
Advances in 3-D ultrasound processing and faster computing 
times has currently made “real-time” 3-D imaging possible 

(79) , which is likely to lead to increasing use in the future. 
Recently, development of higher frequency, matrix array TEE 
probes has resulted in excellent 3-D image quality in real time 

(80) . Currently, 3-D echocardiography has the potential to 
add to what 2-D imaging can offer in pediatric heart disease in 
several areas: (a) anatomic imaging in the setting of structural 
heart disease, (b) quantitative evaluation of chamber volumes 
and function, and (c) guidance during cardiac interventional 
procedures. 

Anatomic Imaging in Structural Heart Disease 

Three-dimensional echocardiographic reconstruction has the 
potential to provide unique information regarding cardiac 
anatomy. Recent reports have demonstrated that 3-D imag- 
ing of the atrioventricular valves may augment clinicians’ 
understanding of the mechanisms of atrioventricular valve 
regurgitation during valve repair in atrioventricular septal 
defects (81-83) (Fig. 8.37), and in a variety of congenital heart 
lesions, including the tricuspid valve in hypoplastic left heart 
syndrome (83) and in Ebstein anomaly (84). Three-dimen- 
sional assessment of aortic valve area in the setting of valvar 
aortic stenosis has also been described (85,86). Assessment of 
both native and prosthetic mitral valve abnormalities has been 
shown to be both feasible and accurate using 3-D techniques 
(80,87). 
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Figure 8.34. Normal responses to VCF difference, a quantitative measure of left ventricular contractility, in chil- 
dren during exercise (A) and during dobutamine stress (B). (Reprinted from Kimball TR, Mays WA, Khoury PR, 
et al. Echocardiography determination of left ventricular preload, afterload, and contractility during and after 
exercise. J Pediatr 1993;122:S92-S93, with permission from Elsevier. Reprinted from Michelfelder EC, Witt SA, 
Khoury P, et al. Moderate-dose dobutamine maximizes left ventricular contractile response during dobutamine 
stress echocardiography in children. / Am Soc Echocardiogr 2003;16:144, with permission from Elsevier.) 


Three-dimensional echocardiography can also add incre- 
mental imaging data in the setting of both ASD and VSD 
(88,89). With 3-D echocardiography, anatomy can be viewed 
from unique perspectives, for example, that of the surgeon 
(90) (Fig. 8.38). In addition, particularly complex anatomy 
may be better visualized (91). This may be specifically useful, 
for example, in determining the relation of the VSD to the 
great vessels in double-outlet right ventricle. 

Quantitation of Cardiac Chamber Volumes 
and Function 

From the quantitative standpoint, it is now possible to 
evaluate cardiac volumes by real-time 3-D echocardiog- 
raphy. Reliable quantitation of both left atrial (92,93) and 


left ventricular volumes and left ventricular ejection frac- 
tion (94) is possible, and is comparable to values obtained 
utilizing cardiac magnetic resonance imaging techniques. 
Research also indicates that right ventricular volumes can 
be measured accurately in the pediatric population with a 
variety of congenital heart lesions (95,96). This information 
may be helpful in evaluating right ventricular size in patients 
with relative right ventricular hypoplasia (e.g., in pulmonary 
atresia with intact ventricular septum) and evaluating right 
ventricular function in the setting of postoperative tetralogy 
of Fallot or in systemic right ventricles (e.g., hypoplastic left 
heart syndrome or transposition of the great arteries follow- 
ing atrial switch procedure). Altmann et al. (97) have also 
demonstrated that 3-D echocardiographic measurements of 
single ventricular volume and mass are also accurate and sug- 
gest this technique for assessing cardiovascular status in this 
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Figure 8.35. Mitral valve Doppler tracings from an apical four- 
chamber view in a 16-year-old male with a prosthetic mitral 
valve at baseline (A) and at peak exercise (B). The mean mitral 
valve gradient at baseline is 10.5 mm Hg. With exercise, the 
mean gradient increases to 47 mm Hg. 



Figure 8.37. Three-dimensional imaging of an atrioventricu- 
lar septal defect. Three-dimensional image processing of this 
apical view has removed the right atrial and right ventricular 
free walls and allows visualization of the right atrial and right 
ventricular septal surface, including imaging of the primum 
atrial septal defect (open arrow) and inlet ventricular septal 
defect (asterisk). The superior (SBL) and inferior (IBL) bridg- 
ing leaflets of the common atrioventricular valve can also be 
seen. A, anterior; I, inferior; P, posterior; S, superior. (Image 
courtesy of Dr. Girish Shirali, Medical University of South 
Carolina.) 



Figure 8.36. With a matrix array transducer, “full volume” 
3-D images can be obtained. Thousands of imaging elements 
in the transducer head allows acquisition of “voxels” in either 
real time at a smaller (30 to 50 degrees) sector angle, or by elec- 
trocardiographically gated acquisition of smaller volume sec- 
tors that are integrated into a volume with a larger (90 degrees) 
sector angle. 



Figure 8.38. Three-dimensional, “surgeon’s view” of the tri- 
cuspid valve. The anterior (white arrow) and posterior (aster- 
isk) tricuspid valve leaflets can be identified; the septal leaflet 
is open but oriented into the plane of the image. The floor of 
the RA and coronary sinus ostium (grey arrow) is also demon- 
strated. ANT, anterior. 
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high-risk population. Other emerging quantitative modalities 
in 3-D echocardiography include 3-D assessment of intra- 
ventricular regional function and dysynchrony (98-100), 
although these techniques are not yet widely used, particu- 
larly in the pediatric population. 

3-D Guidance of Cardiac Interventional Procedures 

Three-dimensional echocardiography is gaining increasing use 
in both the intraoperative setting and during catheter-based 
interventional procedures. 


ECHOCARDIOGRAPHIC EVALUATION OF 
INTERVENTIONAL PROCEDURES 


As the field of transcatheter cardiac intervention has expanded 
the availability of devices and interventions, echocardiographic 
techniques to evaluate and monitor these procedures have also 
necessarily expanded. In this section, we review common tech- 
niques in echocardiographic evaluation of device deployment 
in the catheterization laboratory. Following an early experi- 
ence in transcatheter intervention using only angiography, 
TEE quickly became established as a vital imaging tool dur- 
ing these procedures (101), particularly during device closure 
of atrial and ventricular septal (41) defects. As new septal 
occluder devices continued to be developed, TEE continued 
to demonstrate its utility in guiding device deployment and 
assessing outcomes for both atrial (102-104) and ventricular 
septal (105,106) occluder devices. 

Subsequently, intracardiac echocardiography (ICE) was 
reported. ICE employs a small (10 F, 3.2 mm) catheter with 
a high frequency ultrasound transducer in its tip. These trans- 
ducers could image in a longitudinal plane with a sector angle 
of 90 degrees, and a depth of penetration to 12 cm. ICE was 
also reported to be useful and effective in demonstrating perti- 
nent anatomy and monitoring device deployment, particularly 
during device occlusion of ASDs and patent foramina ovale 
(107-110). A potential advantage of ICE imaging is that it 
does not require general anesthesia or intubation, as is often 
necessary in children undergoing TEE (107). 

Three-dimensional echocardiography has also been described 
as a potentially useful modality in the pre- and postprocedure 
evaluation of the atrial septum before and after device occlusion 
of ASD (111). More recently, real-time 3-D TEE has proven 
useful for determining atrial septal anatomy, defect size, rim 
dimensions, and device position (Fig. 8.39) in the interventional 
catheterization laboratory (112,113), and may actually reduce 
flouroscopy time during these procedures (112). 

Regardless of the echocardiographic modality being 
employed, the goals of echocardiographic evaluation before, 
during, and after device deployment include: (a) pre-procedure 
assessment of pertinent anatomy; (b) monitoring during inter- 
vention and device deployment; and (c) anatomic assessment 
after device deployment. 

Atrial Septal Defect 

In general, only secundum ASDs or patent foramen ovale are 
amenable to device occlusion. Care should be taken to inspect 
the defect for size and location. Measurement of the defect size 
on 2-D imaging should be performed. Assessment of tissue rims 
around the defect is important in determining the ability of the 
device to anchor around the defect margins (Fig. 8. 40 A). The 
position of the ASD relative to other important cardiac struc- 
tures, for example, right pulmonary veins, mitral valve, aorta, 



Figure 8.39. Real-time, three-dimensional transesophageal 
echocardiogram after deployment of an atrial septal defect 
occluder device. The left atrial disc of the device can be seen cen- 
trally along the left atrial aspect of the interventricular septum 
(arrow). (Image courtesy of Phillips Medical Co., Bothell, WA.) 


and coronary sinus should be noted. During the procedure, the 
position of sheaths and guidewires should be documented and 
communicated to the interventionalist. As most ASD occluder 
devices now consist of a dual “disk” design, deployment of 
the left atrial disk in the LA should be confirmed, then proper 
seating of the disc upon the atrial septum is noted. Full deploy- 
ment of the right atrial disc and assessment of the entire device 
relative to its position on the atrial septum, presence/absence 
of residual shunting, and potential impingement on adjacent 
structures should be evaluated prior to release of the device. 
Findings should be reevaluated following release of the device 
from its guidewire (Fig. 8.40B). It is important that unique 
characteristics of each device be known and understood dur- 
ing the imaging evaluation (102,103,114-116). 

Ventricular Septal Defect 

Specific devices for closure of perimembranous (105,117) and 
muscular (106,118) VSDs have been reported. Care should be 
taken to inspect the defect for size and location. Measurement 
of the defect size on 2-D imaging should be performed. Assess- 
ment of tissue rims around the defect are important in deter- 
mining the ability of the device to anchor around the defect 
margins, and to assess the potential of the device to impinge 
on other important cardiac structures, for example, atrioven- 
tricular valve and chordal apparatus. During the procedure, 
the position of sheaths and guidewires should be documented 
and communicated to the interventionalist. Deployment of the 
device into the left ventricle should be confirmed (Fig. 8. 41 A), 
and then proper seating of the disc upon the ventricular sep- 
tum noted (Fig. 8.41B). Full deployment of the device and 
assessment of the entire device relative to presence/absence 
of residual shunting, and potential impingement on adjacent 
structures should be evaluated prior to release of the device. 
Findings should be reevaluated following release of the device 
from its guidewire to rule out device embolization (Fig. 8.4 1C). 

Patent Ductus Arteriosus 

Transcatheter therapy for PDA most commonly consists 
of either coil occlusion with Gianturco coils (119,120) 
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Figure 8.40. Transesophageal imaging during device occlusion of a secundum atrial septal defect (ASD). In panel 
A, the ASD device is seen straddling the ASD. Rim tissue (dotted lines) can be seen between both left atrial (LA) 
and right atrial (RA) discs. The device has not been released from the guidewire ( white arrow). In panel B, the 
device has been fully deployed, and now sits flush against the atrial septum. ANT, anterior; Ao, aorta; LT, left; 
RT, right; RV, right ventricle; SUP, superior. 


or device occlusion, for example, the Amplatzer ductal 
occluder (119,121,122). Most frequently echocardiography 
is utilized to assess preprocedure ductal size and morphol- 
ogy, and to evaluate residual shunting postdevice placement. 



In addition to assessing residual ductal level shunting, it is 
important to screen for evidence of device impingement on 
adjacent vessels, particularly the proximal left pulmonary 
artery (121). 



Figure 8.41. Transesophageal imaging during device occlusion 
of a posterior muscular ventricular septal defect ( VSD ) . In panel A, 
the guidewire (white arrow) is across the VSD (open arrow) 
and the left ventricular disc has been deployed within the left 
ventricle (LV). In panel B, the LV disc (white arrow) has been 
positioned against the LV septal surface. In panel C, the device 
has been released, and both right ventricular (RV) and LV discs 
can be seen straddling the VSD (arrows). ANT, anterior. 
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CONTRAST ECHOCARDIOGRAPHY 


Contrast echocardiography involves administration of one of two 
distinct contrast agents — agitated saline or commercially avail- 
able transpulmonary contrast. Although both are administered 
through an intravenous line, each has a distinct purpose and use. 

Agitated Saline Contrast Echocardiography 
Principle 

Agitation of saline produces microbubbles of gas (10 to 100 (i 
in diameter) which pass through the circulation until they are 
filtered and absorbed by transit into a capillary bed. With a 
systemic intravenous injection, therefore, the microbubble 
“cloud” will follow the downstream flow of blood, pass into 
the large systemic veins, and enter the right-sided cardiac 
structures. In the absence of right-to-left shunts, the microbub- 
bles should not be present in the left side of the heart because 
of filtering and absorption in the pulmonary capillary bed. The 
presence of contrast in the left side of the heart after an intra- 
venous injection of agitated saline, therefore, is a very sensitive 
marker for the existence of a right-to-left intrapulmonary or 
intracardiac shunt (123). Likewise, the presence of contrast in 
the right side of the heart after a left heart injection (e.g., in the 
operating room or cardiac intensive care unit through a left 
atrial line) is indicative of an intracardiac left-to-right shunt. 

Technique 

First, the injection site should be considered. For example, a 
right antecubital injection is sufficient if one needs to opacify 
the right heart for investigation of an intracardiac right-to-left 
shunt. However, if one is suspecting drainage of a LSVC into a 
coronary sinus or the LA directly, the injection site should be 
through the left antecubital vein to ensure that “contrast” enters 
the LSVC. In this instance, a right antecubital vein injection 
would not ensure opacification of a LSVC since the “contrast” 
would pass through the right innominate vein and preferen- 
tially enter the RSVC bypassing a communicating vein (which 
may not even be present) and the LSVC. In the case of unusual 
Glenn and Fontan connections it may be necessary to inject into 
a lower extremity vein to preferentially fill the left pulmonary 
artery. Sometimes agitated saline contrast should be adminis- 
tered through central catheters during cardiac catheterization, 
for example, to pinpoint the exact location of a Fontan leak. 

Two syringes (one empty, the other filled with saline [~3 mL 
for newborn, ~20 mL for adult]) are connected to a stop- 
cock. The stopcock is connected to the intravenous line close 
to its entry into the body. Addition of a small amount (0.25 to 
0.5 mL) of the patient’s blood will enhance contrast opacifica- 
tion (124). Agitation is achieved by turning the stopcock off to 
the patient and forcefully pushing the saline (or saline/blood 
mixture) alternately between the two syringes for approximately 
30 seconds. The sonographer should obtain a view (usually the 
apical four-chamber view) in which both right and left heart 
structures are imaged simultaneously so that the contrast can be 
visualized passing (a) through the right heart to verify that the 
contrast injection was indeed adequate and (b) through the left 
heart to verify if a right-to-left shunt is indeed present. The stop- 
cock is then turned on to the patient and the contrast is pushed 
rapidly into the vein. In older patients, a Valsalva maneuver may 
be performed to enhance the ability to detect a right-to-left shunt. 

Indications 

Agitated saline contrast is helpful whenever a right-to-left 
intrapulmonary or intracardiac shunt is suspected but cannot 
be detected or definitively diagnosed by standard echocardio- 
graphic modalities. These scenarios include the patient with 
a suspected thromboembolic stroke, unexplained cyanosis, 



Figure 8.42. Apical four-chamber view during administration 
of agitated saline contrast in the left antecubital vein demon- 
strates dense opacification of the left atrium (LA) supportive 
of the suspected diagnosis of a left superior vena cava draining 
directly into the roof of the LA. (This patient also has a mod- 
erate pericardial effusion [PE].) LV, left ventricle; RA, right 
atrium; RV, right ventricle. 

suggestion of an intracardiac shunt on an echocardiogram 
with suboptimal windows, poor oxygen saturations follow- 
ing Glenn or Fontan operation (125), suspected baffle leak 
following atrial switch procedure for transposition, suspected 
unroofed coronary sinus, and liver disease with suspected 
hepatopulmonary syndrome (126,127) (Fig. 8.42). 

With intrapulmonary shunts, as seen in pulmonary arterio- 
venous malformations occurring in cavopulmonary connec- 
tions and in the hepatopulmonary syndrome, microbubbles in 
the left heart usually appear three to four cardiac cycles after 
the contrast cloud appears in the right heart. With intracardiac 
shunts such as atrial or VSDs, unroofed coronary sinus, or 
atrial baffle leak, microbubbles appear in the left heart almost 
immediately upon appearance in the right heart. The exact 
site of initial left heart microbubble appearance should also be 
carefully noted since the location of the right-to-left shunt can 
be pinpointed to either that level or upstream to it. 

Diagnosis of the hepatopulmonary syndrome is one of the 
leading indications for agitated saline contrast. This syndrome is 
a well-defined cause of hypoxemia in patients with liver disease 
and carries an incidence as high as 29% (126). It is due to abnor- 
mal intrapulmonary vascular dilation resulting in excess perfu- 
sion (of deoxygenated blood) for the given state of ventilation. 
This pathophysiology is in distinction from that occurring in the 
other well-recognized cardiopulmonary complication, portopul- 
monary hypertension, which is characterized by abnormal pul- 
monary vasoconstriction and obliterative vascular remodeling. 
Alteration in the hepatic synthesis or metabolism of vasoactive 
pulmonary substances, nitric oxide and possibly endothelin-1, 
are believed to be integral to the development of intrapulmonary 
vascular dilation in the hepatopulmonary syndrome (126,128). 
A particularly interesting congenital etiology of the hepatopul- 
monary syndrome is the Abernethy Malformation because its 
initial presentation is one of dyspnea and cyanosis rather than of 
frank liver disease (127). The malformation is due to congenital 
absence of the portal vein, which results in a diversion of portal 
blood away from the liver and directly into the vena cava. 

Transpulmonary Contrast Echocardiography 

Principle 

Unlike agitated saline, commercially available transpulmonary 
contrast agents consist of a suspension of microspheres designed 
to pass through the pulmonary capillary bed and densely opacify 
the left heart structures (129). These microspheres are 10-fold 
smaller than the microbubbles created with saline agitation 



CHAPTER 8 ■ Echocardiography: Basic Principles and Imaging 165 


(1 to 10 (i vs. 10 to 100 fi) (129). The microspheres consist of an 
internal gas (air or fluorocarbon) encapsulated by an external 
shell (aggregated albumin, galactose, or lipid). After an intra- 
venous injection, the microspheres will follow the downstream 
course of the blood into the right heart and pulmonary vascu- 
lature. The microspheres are sufficiently small and the diffusion 
of the gas is sufficiently limited by its low partition coefficient 
that the microspheres pass through the capillary bed into the 
left heart. Because the acoustic impedance of the microspheres 
is much lower than that of the blood, the ultrasound waves are 
scattered and reflected at the microsphere-blood interface. 

Technique 

All contrast agents are activated by suspending the micro- 
spheres through agitation of the vial, sometimes with a 
commercially supplied mechanical agitator. The contrast 
agent can then be administered intravenously by infusion or 
bolus. Although pediatric dosages have not been established, 
50% of the adult dose produces excellent left heart opacifica- 
tion without side effects (130) (Fig. 8.43). Contrast effect per- 
sists for approximately 3 to 5 minutes. The ultrasound system 
should be set to low power or mechanical index so that bubble 
destruction is minimized. With this setting, the myocardium 
will appear black and the contrast-filled cavity will be white. 
Adverse reactions have not been reported in children. In adults, 
adverse reactions are extremely rare and when present con- 
sist of allergic reaction, headache, flushing, and nausea. In the 
presence of an intracardiac shunt, the microspheres can bypass 
filtering by the lung and enter the arterial circulation directly. 
It is believed that the larger (up to 32 fi) microspheres which 
constitute a very small percentage of the total suspension and 
which are normally filtered by the lungs can pass into the left 
heart and produce arterial occlusions in this setting. Therefore, 
no transpulmonary contrast agent should ever be administered 
to a patient with a known or suspected intracardiac shunt. 

Indications 

Currently, contrast agents are approved for the use of heart 
opacification and endocardial visualization only. Therefore, 
they are indicated when traditional echocardiographic modali- 
ties yield suboptimal myocardial and endocardial visualization. 
Most often this is necessary during stress echocardiography 
when visualization of all myocardial segments is required to 
adequately assess integrity or compromise of coronary perfu- 
sion (130,131). 


Additionally, contrast agents may be beneficial in the evalu- 
ation of right ventricular function since the right ventricular 
endocardium and myocardium can be very difficult to visualize. 


DIGITAL ARCHIVING AND TELE-/WEB-BASED 
ECHOCARDIOGRAPHY 


The laboratory of our past collected nondiscrete, analog wave- 
form signals of varying voltages that were stored to videotape, 
conforming to the National Television Standards set in the 
1940s. Now, the digital laboratory of our present uses technol- 
ogy enabling gray scale storage of each pixel in the echocar- 
diographic image by conversion into a series of binary digits. 
The depth of binary storage dictates the resolution. For exam- 
ple, an 8 -bit depth binary system stores the image as series of 
eight digits (e.g., 00000000, 00000001, and so on) providing 
2 8 = 256 shades of gray. This level is more than sufficient when 
one considers that the human eye can distinguish only 50 
shades of gray. The digital image has almost complete fidelity 
to the true real-time image. 

Digital imaging comes with a considerable storage burden. 
Typically, a freeze-frame ultrasound image has 512 lines of 
information with 512 samples per line, resulting in approxi- 
mately 262,000 pixels per frame. Each pixel is described by 
an 8-bit binary system, resulting in approximately 2 million 
bits of data to describe a single frame. At ultrasound frame 
rates of 45 frames/s, it therefore requires 283 MB of storage 
to save a single 3-second (~ 5 beat) sweep. A typical study of 
60 to 80 clips and a few still frames approaches 20 to 25 GB of 
data! Guidelines for the management of this massive amount 
of digital echocardiographic data have been developed by the 
American Society of Echocardiography (132). 

Compression of digital data aids in practical storage and 
transmission. There are two types of compression: lossless and 
lossy. Lossless compression ensures that no data are lost but 
provides only a modest 3:1 reduction in data storage. Lossy 
compression (e.g., Joint Photography Expert Group method, 
or JPEG) reduces data storage by 20:1 allowing transmission 
of video through computer networks and without loss of image 
quality compared with super Video Home System (VHS) video 
(133). The Motion Picture Expert Group (MPEG) method is 
a second compression process that uses a motion picture pre- 
diction algorithm exploiting redundancy between preceding 



Figure 8.43. Apical four-chamber views at peak heart rate during dobutamine stress echocardiogram without 
(A) and with (B) transpulmonary contrast agent. Although the noncontrast image (A) is reasonably clear and 
most wall segments can be identified, the contrast image (B) makes identification of all wall segments (particu- 
larly those at the apex) easy. 
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Figure 8.44. An M-mode echocardiogram 
of the left ventricle of a mouse using a high- 
frequency (40 MHz) transducer demonstrates 
excellent resolution of the ventricular septum, 
left ventricular cavity, and left ventricular pos- 
terior wall. 



and subsequent images, thereby offering better motion-image 
quality, higher compression ratios (e.g., 1,500:1), and easier 
integration into a computer network. Disadvantages to MPEG 
compression are that it is not yet validated for echocardiogra- 
phy, is not standardized within DICOM (the Digital Imaging 
and Communications in Medicine Standard), and has inferior 
still-frame image quality (134,135). 

Despite the large amount of data created with digital echo- 
cardiographic image acquisition, image management has been 
relatively facile and has indeed improved efficiency in the 
pediatric echocardiography laboratory (136). Computer tech- 
nology has continued to improve so that images have been 
routinely attached to web-based journal articles (137). Impor- 
tantly, images can be transferred easily through web-based net- 
works and onto personal digital devices allowing for reading of 
echocardiograms from and in remote sites as long as web access 
is available (138). Acquiring and reading echocardiograms in 
this manner has been shown to be diagnostically accurate (139). 

Further, this technology has had profound impact on (a) 
more timely diagnosis of critically ill patients, (b) better deter- 
mination of need for cardiology consult, and (c) preventing 
unnecessary transfers for the purpose of merely obtaining an 
echocardiogram (140-142). 


RESEARCH ECHOCARDIOGRAPHY 


Because of its ease of use, portability, low cost, absence 
of side effects, and high diagnostic accuracy; echocardi- 
ography is a robust research tool. The American Society of 
Echocardiography has established guidelines for the appropri- 
ate use of echocardiography in clinical trials (143). Echocar- 
diography has been used successfully to provide mechanistic 
insights into disease processes and therapeutic outcomes, to 
provide both cross-sectional and longitudinal data in large epi- 
demiologic studies, and to measure functional and structural 
changes now considered to be end points. The Framingham 
Heart Study was the first epidemiologic study to use echocar- 
diographic measurements (144). The single largest applica- 
tion of echocardiography in epidemiologic studies has been 
the measurement of left ventricular mass and its change with 
antihypertensive therapy (145-149). Recently, the use of echo- 
cardiography has been expanded to clinical trials investigating 
cardiac resynchronization therapy for congestive heart failure. 
Echocardiography has been instrumental to demonstrate that 
remodeling due to resynchronization therapy is associated 
with less risk of subsequent ventricular tachyarrhythmia (150). 
In addition, echocardiography is the major tool for providing 
detailed phenotypes for large human genetic studies (151). 

The use of echocardiography for any research purpose 
necessitates establishing methods to limit measurement vari- 
ability. Intra- and interobserver variability should be measured 
and repeated periodically. Protocols for training qualification 
need to be developed. A minimum number of sonographers 
and readers should be used to limit the effects of interobserver 
variability. Only contemporary equipment should be used. 
Digital archiving should be established to provide a bioinfor- 
matic data bank of echocardiographic images. These practices 


are best established by the creation of a core research labora- 
tory which can guarantee adequate training of peripheral sites 
and accurate, reproducible data analysis (143,152,153). 

Echocardiography has also been instrumental in animal 
research, most notably in the pheno typing of transgenic mice 
(154-159). Previous pheno typing methods (Langendorf prep- 
aration, histologic examination) necessitated sacrifice of the 
animal. This prohibited not only acquisition of longitudinal 
data and also further breeding. Mouse echocardiography is 
performed using high-frequency transducers (at least 15 MHz) 
while the animal is anesthetized with 2% inhaled isoflurane and 
kept warm on a heated examination table. Parasternal and api- 
cal images are obtained and quantitative data include left ven- 
tricular dimensions, function, mass, and aortic and mitral valve 
Doppler velocities ( Fig. 8 .44 ) . If the animal has undergone micro- 
catheterization of the left ventricle or a systemic artery, pressure 
data can be coupled with simultaneous echocardiographic left 
ventricular dimensional data to create pressure-dimension loops 
or end-systolic wall stress data, powerful indices of ventricular 
function (see above) (Fig. 8.45) (159). 
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Figure 8.45. Left ventricular pressure-dimension loops in 
control mice (thin lines ) and hypothyroid mice ( thick lines) 
derived from simultaneous M-mode echocardiography and 
catheterization of the left ventricle. Afterload was manipu- 
lated with phenylephrine and nitroprusside infusion to create 
a family of pressure-dimension loops from which end-systolic 
relations can be measured. At any given end-systolic dimen- 
sion, the end-systolic pressure is less in the hypothyroid mice 
versus the control mice indicating depressed contractility in 
the hypothyroid mice. (From Williams RV, Lorenz JN, Witt 
SA, et al. End-systolic stress-velocity and pressure-dimension 
relationships by transthoracic echocardiography in mice. 
Am J Physiol 1998;274(Heart Circ Physiol 43):H1828-H1835). 
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Recently, the development of high-frequency ultrasound 
transducers (30 to 70 MHz) has allowed imaging of hearts in 
mouse pups or even mouse embryos (160-166). This echocar- 
diographic technique, more appropriately called ultrasound 
biomicroscopy, involves mounting the anesthetized pup or 
pregnant ewe on a microscope stage embedded with heating 
elements to keep the animal warm and which can be moved 
spatially in x, y, and z planes using three micromanipulator 
knobs similar to using a microscope. Embryonic mice imag- 
ing is extremely valuable since many transgenic mice models 
are embryonic lethal. Doppler signals are apparent as early 
as the eighth embryonic day, essentially the heart tube stage 
(gestational age of mouse = 18.5 days). Four chambers can be 
identified with echocardiography at embryonic day 11.5 and 
septa tion is evident by ultrasound at embryonic day 13.5. Res- 
olution has improved significantly with these higher frequency 
transducers such that it will now be possible to phenotype 
transgenic mice models targeted for maldevelopment of the 
cardiac valves. Using such equipment, investigators have stud- 
ied the origins of adult cardiovascular disease. Specifically, it 
has been shown in transgenic studies, for example, that pre- 
natal diet has profound influences on adult cardiovascular 
mechanics as assessed by echocardiography (167). 


THE FUTURE 


For years, echocardiography enjoyed a status to itself as the 
premier diagnostic modality for pediatric cardiovascular dis- 
ease. This is no longer true. Now, echocardiography shares the 
stage of noninvasive cardiac imaging with a variety of other 
modalities, including cardiac magnetic resonance imaging, 
positron emission tomography, metabolic imaging, and perfu- 
sion imaging. Echocardiographers and other pediatric cardi- 
ologists need to understand that these modalities complement, 
rather than replace, echocardiography. For example, cardiac 
magnetic resonance imaging excels in imaging both extracar- 
diac anatomy and also the spatial relationships of cardiovas- 
cular anatomy in relation to other structures in the thoracic 
cavity. The former has been difficult and the latter impossible 
for the pediatric echocardiographer. Because of these com- 
plementary niches of the various imaging modalities, patient 
care has improved to unprecedented levels. Nevertheless, the 
myriad of diagnostic tests provides echocardiographers with 
at least two challenges. 

First, pediatric echocardiographers must resist compla- 
cency. There may be a tendency to become less rigorous dur- 
ing the echocardiographic exam knowing that other imaging 
modalities may later be employed. If difficult anatomy can be 
diagnosed accurately with echocardiography, the expense, the 
inconvenience, and potential risk of other imaging modali- 
ties will be avoided. We need to remain compulsive and true 
to our specialty and continue to bring the same rigor and 
compulsiveness to the exam that we have employed in the 
past. This will involve not only efforts at the bedside and in 
the echocardiography laboratory but also efforts at a more 
communal level such as the continued development of guide- 
lines and standards for the performance of quality echocardio- 
graphic examinations (168,169). 

The second challenge is one of “imaging responsibility” 
to our patients and our health care system. We must realize 
that we are responsible for recognizing and resisting the lure 
of employing all of the diagnostic armamentarium available 
to us. The challenge is to partner with our colleagues man- 
aging these other imaging modalities to develop pathways in 
the diagnostic approach for our patients. Such an approach 
will necessarily be diagnosis- and age- specific and, indeed, in 
some instances may not utilize echocardiography. In all cases, 


however, imagers must join together to develop strategies that 
bring the greatest value to the patient... an approach that is 
most accurate with the least cost. 

Because of continued miniaturization of computer and 
ultrasound equipment, hand-carried ultrasound devices have 
been used for medical diagnostics. Most of these devices 
now have the capabilities of even the most technologically 
advanced ultrasound systems but are the size of a small laptop 
computer or even a mobile phone. Using such devices, echo- 
cardiographers can provide point-of-service care more effec- 
tively. More importantly, these devices expand the community 
that can now receive and benefit from the diagnostic power of 
echocardiography. In addition, the devices improve diagnostic 
accuracy by complementing the cardiac physical examination 
in even tertiary care centers. 

Although auscultation has been the traditional foundation 
of the cardiac physical examination, many primary care physi- 
cians and even some cardiologists have imperfect auscultatory 
skills. For example, diagnostic accuracy of current resident phy- 
sicians using auscultation alone is notoriously poor (170-172). 
It is likely that these skills will continue to decline as resident 
physicians cope with the competing forces of having to learn 
vast amounts of newer medical information within the time 
constraints imposed by resident work hour regulations. Hand- 
carried ultrasound devices extend the diagnostic accuracy of 
echocardiography from the ultrasound laboratory to the time 
and place of the physical examination. By complementing steth- 
oscope use with a hand-held system, an examiner can not only 
hear the heart but see it as well, thereby improving diagnostic 
accuracy (173). Implementation of a hand-carried ultrasound 
device program into the medical school curriculum significantly 
increases the diagnostic accuracy of the physical examination 
performed by medical students (174). Even the accuracy of 
the cardiovascular examination performed by board-certified 
cardiologists is enhanced by their use of a hand-carried device 
(175,176). In pediatrics, hand-held ultrasound has been shown 
to have similar diagnostic accuracy as traditional ultrasound 
systems and its use is speculated to only increase (177). 

The increased availability of echocardiography made pos- 
sible by hand-carried devices has tempted other noncardiac 
specialists to practice cardiac ultrasound (178,179). While this 
has the potential benefit of enhancing overall patient care by 
improving diagnostic accuracy, it also emphasizes the need for 
responsible practice of ultrasound. It is the duty of the echo- 
cardiography community to develop standards for the practice 
of hand-carried ultrasound and ensure that they are met (180). 

The situation is similar to stethoscope use. Most physi- 
cians who use a stethoscope are not cardiologists; the diag- 
nostic accuracy of the stethoscope varies according to its user, 
and cardiologists have greater expertise in its use. Likewise, 
hand-carried ultrasound devices are currently being used by a 
variety of health care providers, for example, emergency room 
physicians, neonatologists, and even robots (181-184). 

However, as with the stethoscope, it would be expected 
and need to be indoctrinated as standard of care, that when a 
noncardiologist identified a patient with suspected pathology 
using a hand-held device, the patient would be referred to a 
cardiologist for further evaluation. 

The development and expansion of hand-held ultrasound 
devices speaks to us as physicians, specifically to the reasons 
as to why many of us chose medicine as our career. We have a 
powerful, robust tool in echocardiography; a tool with which 
we can do much good by providing very advanced medical 
care to an even vaster population. There is great value in the 
fact that hand-held devices allow us to provide increased avail- 
ability to our tertiary care populations at surrounding satel- 
lite clinics improving medical care by obviating the need for 
lengthy, stressful and time-consuming journeys to the central 
facility. But there is perhaps greater value and meaning in 
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the fact that hand-held devices allow us to spread echocar- 
diographic technology to those patients who would otherwise 
never benefit from it — the patients utilizing the underserved 
urban and rural health clinics and the patients in developing 
countries (185-187). As investigators from the Cedars Sinai 
Medical Center state, it is this use of echocardiography that 
truly makes “an impossible mission possible” (186). 
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CHAPTER 


Echocardiographic Assessment of 
Cardiac Dimensions, Cardiac Function, 
and Valve Function 


Luc L. Mertens ■ Mark K. Friedberg 


QUANTIFICATION OF CHAMBER DIMENSIONS 
AND CARDIAC STRUCTURES 


Accurate measurements of valves, chambers, and vessels are 
essential to the diagnosis and management of patients with 
congenital and pediatric heart disease. The American Soci- 
ety of Echocardiography published recommendations for 
quantification of chamber sizes and function in adults (1,2) 
and for quantification of cardiac structures in the pediatric 
population (3). One of the important differences between 
measurements in adult and pediatric patients is the effect 
of growth or body size on measurements. As dimensions of 
cardiovascular structures correlate best with body surface 
area (BSA), indexing the size of cardiovascular structures for 
BSA has become a commonly used practice. The Haycock 
formula (BSA [m 2 ] = 0.024265 x weight [kg] 05378 x height 
[cm] 0 - 3964 ) has been recommended for BSA calculation. Cor- 
rection for BSA is based on the assumption that there is a 
linear relationship between the cardiac measurement and the 
BSA. This has been shown to be a simplification as the lin- 
ear relationship does not hold for the entire spectrum and 
there is increased variance in the measurements with increas- 
ing BSA related to confounding factors like blood pressure, 
obesity, and physical activity (4). To overcome this limita- 
tion, the use of z-scores has been proposed as a practical 
alternative (4). Z-scores are based on measurements of car- 
diovascular structures in a normal population encompass- 
ing a wide range of BSA. The z-score represents the number 
of standard deviations a measurement lies from the mean 
value at a specific BSA. For instance, z-score of -3.5 for 
an aortic valve annulus diameter indicates that the value is 
3.5 standard deviations below the mean value for that par- 
ticular BSA. Z-scores for different cardiovascular structures 
have been published (5,6), but the effect of gender and race 
on cardiovascular measurements may necessitate establish- 
ing normal values based on population mix seen in a specific 
laboratory. 

Detailing the measurement of each individual cardiovascu- 
lar structure is beyond the scope of this chapter. The reader is 
referred to recently published guidelines for this purpose (3). 
In this chapter, the evaluation of cardiac function and chamber 
quantification are discussed in more detail. In congenital heart 
disease, chamber quantification can be challenging due to the 
variable shapes of the ventricles including the right ventricle 
(RV) and the univentricular heart. 


The authors acknowledge the contributions of Drs. Kimball and 
Michelfelder to this chapter in the previous edition. 


QUANTIFICATION OF THE LEFT VENTRICLE 


The importance of accurately measuring left ventricle (LV) size 
cannot be overstated. Measurement of LV chamber dimensions 
at end systole and end diastole (linear dimensions, areas, or 
volumetric measurements) are used to assess LV remodeling 
(degree of LV dilation) and function. Measurements of LV wall 
thickness and mass are important to identify LV hypertrophy. 

Linear measurements of LV chamber size and wall thick- 
ness have been traditionally obtained using M-mode measure- 
ments from the parasternal short- or long-axis views just below 
the tips of the mitral valve leaflets (Fig. 9.1). M-mode meas- 
urements have a very high temporal resolution albeit at the 
expense of low spatial resolution. It can be difficult to obtain 
a perpendicular M-mode through the LV resulting in oblique 
planes that overestimate LV dimensions and increase measure- 
ment variability. If not well standardized, M-mode measure- 
ments can be highly variable. This was shown by Lipshultz 
et al. (7) who compared the M-mode measurements made in 
local echocardiography laboratories and in a core laboratory. 
This study showed poor agreement between the core labora- 
tory and local laboratory measurements with relatively wide 
limits of agreement. To overcome these problems, the recent 
American Society of Echocardiography recommendations sug- 
gested using measurements obtained from two-dimensional 
(2-D) imaging in place of M-mode for LV chamber quantifi- 
cation. Two-dimensional short-axis imaging just distal to the 
mitral valve leaflets is recommended (Fig. 9.2) for measuring 
the internal LV diameter and the inferolateral and septal wall 
thickness at end diastole and end systole. However, there are 
inadequate data to determine if 2-D linear measurements are 
indeed more reproducible than those obtained by M-mode. 
Another limitation is that currently all published normal 
z-score data are based on M-mode measurements and not on 
2-D imaging. Following these recommendations, new normal 
data sets of cardiac dimensions will hopefully be obtained. 

2-D and 3-D Techniques 

Beyond linear measurements of LV dimensions, it is also pos- 
sible to calculate LV volumes using either 2-D or 3-D tech- 
niques. Two 2-D techniques (the area-length method and the 
biplane Simpson’s method) are currently recommended. The 
area-length method requires measuring the LV major-axis 
length from a subcostal or apical four-chamber view com- 
bined with an area calculation from a subcostal or parasternal 
short-axis view. The volume is calculated using the formula 
LV volume = 5/6 x CSA x LV length. As a geometrical for- 
mula, this requires a normal LV shape. The biplane Simpson’s 
method is based on summation of disks and requires delineat- 
ing the endocardial borders in the apical four-chamber and 
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Figure 9.1. M-mode measurements. M-mode measurement is 
obtained from a parasternal short-axis view of the left ventricle 
just inferior to the mitral valve leaflets. End-diastolic (at the 
QRS complex) and end-systolic (at point of minimal diameter) 
measurements are obtained and fractional shortening and ejec- 
tion fraction are calculated. EF, ejection fraction; IVSd, inter- 
ventricular septum at end diastole; LVPWd, left ventricular 
posterior wall thickness at end diastole; LVIDs, left ventricular 
end-systolic dimensions; %FS, percent fractional shortening; 
SV, stroke volume; LVd Mass, left ventricular mass. 



Figure 9.2. Two-dimensional measurement of LV dimensions. 
The left ventricular end-diastolic dimension (LVEDD) is mea- 
sured from a parasternal short-axis view just inferior to the 
mitral valve leaflets. 


two-chamber views (Fig. 9.3). Therefore, images should be 
optimized to allow delineation of the endocardium and LV 
length as suboptimal border detection and foreshortening of 
the LV are major problems that result in underestimation of 
the LV volumes. There have been only a few studies that have 
investigated the reproducibility of these volumetric methods 
in the pediatric population. Their accuracy was studied in 
an adult population where the biplane Simpson’s method for 
calculating LV volumes was compared to cardiac magnetic 
resonance imaging (MRI) in patients after acute myocardial 
infarction (8). This study showed a relatively weak correla- 
tion (r = 0.61, p < 0.01) between the echocardiographic and 


MRI measurements suggesting that the biplane Simpson’s 
method is not very accurate and the agreement between 
measurements is not very strong. The accuracy and repro- 
ducibility of these measurements is crucial as LV volumes are 
used for therapeutic decisions (for instance, LV end-systolic 
volume in aortic regurgitation). These measurements are also 
used for calculating ejection fraction (EF) as discussed below. 
The smaller the LV, the larger is the effect of the measure- 
ment error. This is especially important in the borderline LV 
in patients with aortic stenosis where LV volume calcula- 
tions may determine a biventricular versus a univentricular 
treatment approach. 



Figure 9.3. Use of biplane Simpson’s rule in calculating left ventricular (LV) volume in patients with severe 
LV dysfunction. The first two images from the left show the apical four-chamber view in end diastole and end 
systole, respectively. The next two images are obtained from the apical two-chamber view also in end diastole 
and end systole, respectively. LV volumes in end diastole and end systole can be calculated. Based on the biplane 
measurements, the LV ejection fraction in this example is 22%. 
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Figure 9.4, Three-dimensional (3-D) echocardiography to 
assess LV volumes. Three-dimensional echocardiography and 
(semi-) automated analysis of 3-D volumes is used to mea- 
sure LV volumetric changes throughout the cardiac cycle. The 
images represent an apical four-chamber (left upper), an apical 
two-chamber (right upper), and an apical three-chamber (left 
lower) cut through the LV volume. The planes through the 
volumes are illustrated in the right lower panel. On the right of 
the images, the result of volumetric analysis is shown. LVEDV, 
left ventricular end-diastolic volume; LVESV, left ventricular 
end-systolic volume; EF, ejection fraction; SV, stroke volume; 
CO, cardiac output; HR, heart rate. The lower panel shows the 
volume-time curve. 


Calculating volumes based on 2-D images will always 
be influenced by assumptions of LV shape and geometry. 
Three-dimensional echocardiography overcomes this problem 
as full 3-D volumetric data sets can be obtained using newer 
generation matrix probes. Most ultrasound systems calculate LV 
volumes using (semi-) automated analysis algorithms (Fig. 9.4). 
This results in improved reproducibility as it eliminates observer 
bias in determining endocardial borders. Hence, the intra- and 
interobserver variability of 3-D methods are much lower com- 
pared to 2-D -based volumetric calculations. Moreover, 3-D 
echocardiography is more accurate for determination of LV 
volumes than 2-D when compared to cardiac MRI (9-11). In 
a pediatric population, 3-D echocardiography has been shown 
to be the most reliable method for quantification of LV volumes 
(12). Therefore, it is likely to replace other methods in the fore- 
seeable future. It is important to recognize, however, that the 
feasibility of the 3-D methods is limited as it is not always pos- 
sible to obtain good quality 3-D data sets in every patient. 

Left Ventricular Mass 

Calculation of LV mass can also be useful in pediatric 
patients. In patients with arterial hypertension, LV mass 
indexed for BSA or height has been shown to correlate well 
with disease severity and has diagnostic and therapeutic 
implications (13). LV mass is usually calculated using the 
Devereux formula (LV mass = 0.8 x {1.04[(LVIDd + PWTd 
+ SWTd) 3 - (LVIDd) 3 ]} + 0.6 g, where LVIDd is the left ven- 
tricular end-diastolic dimension, PWTd is the diastolic pos- 
terior wall thickness, and SWTd is the diastolic septal wall 
thickness) from M-mode or 2-D echocardiography. As LV 
mass is strongly related to body size, various methods have 
been proposed to correct LV mass for body size. The best 
correction in the adult population seems to be to index LV 
mass in grams by height in meters to the 2.7th power (1). 
Khoury et al. (14) showed that this correction works well for 


children >9 years of age but that below that age, there is a 
significant variation for this index in normal controls. Foster 
et al. (13) have recently shown that in a pediatric population 
LV mass-for-height centile curves (and z-scores) are the better 
method for normalizing LV mass. 

The 2-D -based method only works for concentric hyper- 
trophy as it assumes that the LV walls are homogeneously 
thickened. This assumption is often inaccurate as even in arte- 
rial hypertension the basal LV septum is often thicker than the 
rest of the LV walls, resulting in overestimation of overall LV 
mass by the Devereux formula. The formula cannot be used 
in patients with asymmetric hypertrophic cardiomyopathy. 
Three-dimensional methods can also be used to quantify LV 
mass and have been shown to correlate better with MRI meas- 
urements of LV mass as they are less dependent on geometrical 
assumptions (15). 


QUANTIFICATION OF THE RIGHT VENTRICLE 

Assessment of RV dimensions and volumes is even more 
challenging compared to the LV due to its more complex 
geometrical shape (difficult to describe by a simple geometri- 
cal formula) and anterior position into the chest (anterior 
wall in the near field of the ultrasound beam reducing spatial 
resolution) (16). The American Society of Echocardiography 
has published recent guidelines for assessment of the right 
heart in adults (2). The American Society of Echocardiogra- 
phy pediatric guidelines also contain updated recommenda- 
tions for measuring RV dimensions and functions (3). Linear 
measurements have been used to assess RV size. In the pedi- 
atric recommendations, various measurements obtained 
from the apical four-chamber view have been proposed 
(Fig. 9.5). These include measuring RV end-diastolic diam- 
eters at the basal and midcavity levels, RV end-diastolic 
length, and also end-diastolic and end-systolic RV areas. 
A problem with these measurements is the lack of normal 
data precluding calculation of z-scores. Another problem 
is that measurements from the apical four-chamber view 
include only the inlet and the apical portions of the RV and 
do not account for the RV outlet. Therefore, measurements 
of the RV outflow tract from either a parasternal short-axis 
or long-axis view should be made. Z-scores are available 
for RV outflow end-diastolic dimensions from M-mode, 
but these mainly reflect RVOT dilation and do not portray 
remodeling of the remainder of the RV cavity. All 2-D-based 
methods have been shown to underestimate RV volumes 
when compared to cardiac MRI volumetric calculations. 
This is mainly due to foreshortening in the 2-D images (it 
can be difficult to image the true RV apex by echo) and dif- 
ficulties in defining the endocardial borders. The RV wall is 
relatively thin (compacted myocardial thickness of around 
3 to 5 mm in the adult heart) and has coarse trabeculations 
causing variability in endocardial border definition. Also for 
the RV, 3-D echocardiography is a promising tool for assess- 
ing RV volumes. Specific analysis software has become avail- 
able for quantifying RV volumes from 3-D data sets . Full 
volumetric acquisition can be difficult, especially when the 
RV is very large, which limits the feasibility of the 3-D meth- 
ods. Studies have shown that good quality 3-D data sets 
can only be obtained in 55% to 75% of patients (17-19). 
A second problem is that 3-D methods tend to underesti- 
mate RV volumes compared to cardiac MRI in patients with 
congenital heart disease (17-19). Studies have suggested that 
the larger the ventricle, the more important the underesti- 
mation. This is probably related to difficult visualization of 
the endocardial borders as well as the anatomical landmarks 
like the pulmonary valve. 
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Figure 9.5. Measurement of 
right ventricular (RV) 2-D 
dimensions. From the apical 
four-chamber view, RV width is 
measured just below the tricus- 
pid valve (RV1) and in the mid 
part of the RV (RV2). RV length 
is also measured just after tricus- 
pid valve closure from the mid 
of the tricuspid valve to the apex 
of the RV. 


QUANTIFICATION OF THE UNIVENTRICULAR 
HEART 


Assessing chamber dimensions of the univentricular heart 
can be challenging due to the variable morphology. First, it is 
important to know whether the morphology of the dominant 
ventricle is that of a left, right, or indeterminate morphology. 
The methods used for measuring the right and left ventricles 
can be applied to the univentricular heart, but “normal” val- 
ues for the univentricular heart of either LV or RV morphol- 
ogy are unavailable. Moreover, the size of the ventricle will 
be influenced by the type of palliation and associated volume 
loading. A shunted single ventricle will be larger compared 
to the same ventricle after total cavopulmonary anastomosis. 
Three-dimensional volumes can also be calculated based on 
full volumetric data sets. It should be noted, however, that the 
software used for (semi-) automated calculation of LV and RV 
volumes assumes a specific geometric shape and has not been 
validated for single ventricles. Soriano et al. used the method 
of disk summation to measure the volumes of single ventricles 
(20). The echocardiographic results were accurate when com- 
pared to the MRI results but the method requires extensive 
off-line manual tracing and processing, limiting its application 
in clinical practice. 


EVALUATION OF SYSTOLIC VENTRICULAR 
FUNCTION 


When evaluating systolic function, it is important to consider 
the different levels evaluated by the various functional indices. 
Overall cardiovascular function can be defined as the delivery 
of blood to the tissues at a rate commensurate with oxygen 
consumption. This integrates cardiac and vascular function. 
To describe cardiac function, a distinction between ventricular 
and myocardial function can be made. Ventricular function is 
the pump activity generating an adequate cardiac output at low 
filling pressures. Myocardial function is the phasic shortening 
and force generation at the fiber or segmental level, followed 


by lengthening and force decay. Cardiac function can thus be 
studied at the level of fiber mechanics, regional or segmental 
myocardial function, and global pump function (Fig. 9.6). At 
each level (fiber, segment, or ventricle), there is a component of 
force development and resulting deforma tional changes. Fiber 
mechanics describes the relationship between active myocardial 
fiber force development (contractility) and fiber shortening. The 
degree of shortening is influenced by the precontraction mus- 
cle length (preload) and by the force opposing shortening after 
the onset of contraction (afterload). The frequency of stimula- 
tion will also influence fiber shortening as increased frequency 
results in increased contractile force development (force-fre- 
quency relationship). Echocardiography cannot directly study 
fiber mechanics. At the level of regional or segmental function, 
regional force development within a segment will result in 
regional myocardial deformation. At the segmental level, myo- 
cardial force is better described as regional wall stress that is 
influenced by active contractile force development, pressure, 
wall geometry (wall thickness, regional wall curvature), and 
segmental interaction. Current echocardiographic techniques 
allow quantification of regional myocardial deformation as 
segment shortening, thickening, and rotation (also called 
regional myocardial strain or deformation). This allows study 
of regional ventricular wall mechanics. Global pump function 
is the product of interaction between the different contractile 
segments resulting in ventricular pressure generation and, when 
the outlet valve opens, in ejection of blood from the ventricle. 
On the pump level, ventricular performance is determined by 
myocardial function (influenced by preload, afterload, and 
heart rate) and efficient segment interaction (synchronicity of 
contraction). When interpreting an echocardiographic index of 
global function, such as EF, it is important to understand that 
it is influenced by myocardial function and its determinants, 
synchronicity of contraction, and global ventricular geometry. 
An EF of 45%, for example, has a completely different impli- 
cation in a ventricle with severe mitral regurgitation, LV dila- 
tion, and left bundle branch block compared to the same EF in 
a patient with severe aortic stenosis and normal conduction. 
For interpretation of measurements, it is important to know 
which physiologic parameters influence the echocardiographic 
parameters. All too often, measurements are determined to 
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Figure 9.6. Assessment of ventricular function from fiber to pump level. At the fiber level, active force develop- 
ment results in fiber shortening. This relationship can be studied in muscle strip experiments. On the segmental 
level, regional wall stress is the composite of regional force development and loading on the regional segment. 
Force development in a segment will result in segmental deformation. Echocardiographically, regional wall 
motion and deformation can be studied by tissue Doppler and myocardial-deformation imaging. On the pump 
level, generation of ventricular pressure results in ejection of blood. This can be assessed using ejection parameters 
like ejection fraction by echocardiography. Invasively this can be studied by pressure-volume loops. 


be indices of “contractility,” while there are very few, if any, 
that are not influenced by loading conditions. Knowledge on 
the reliability, reproducibility, and accuracy of the methods to 
assess ventricular function will also influence interpretation of 
the results. This is especially important for serial evaluation of 
patients over time. A program of continuous quality improve- 
ment for an echocardiographic laboratory should include reg- 
ular evaluations of the reliability of the measurements in the 
individual laboratory (21). 

A wide variety of different echocardiographic parameters 
and indices have been developed for assessing ventricular func- 
tion. This in itself indicates that no single parameter adequately 
provides all the necessary information. The echocardiographer 
needs to integrate information from different parameters to 
comprehensively describe systolic function. In this chapter, the 
most commonly used indices will be discussed with a descrip- 
tion of their measurement, reproducibility, accuracy, availabil- 
ity of normal values, and the influence of loading conditions. 

The most commonly used parameter for assessing LV func- 
tion, probably is percent shortening fraction (%SF) defined 
as the percentage change in LV dimension from end diastole 
to end systole. Percent shortening fraction was traditionally 
measured using M-mode echocardiography from either the 
parasternal long-axis or short-axis view just below the level 
of the mitral valve leaflets. The recent recommendations for 
quantification advise measuring %SF based on 2-D short-axis 
cuts (either parasternal or subcostal) through the LV. The dis- 
advantage of using 2-D instead of M-mode is the lower tem- 
poral resolution. This can be an important problem at higher 
heart rates, especially in neonates. It can also be difficult to 
identify end diastole and end systole on 2-D short-axis views. 
Percent shortening fraction is defined as 

(LVEDD - LVESD) / LVEDD x 100 


where LVEDD is the left ventricular end-diastolic dimension 
and LVESD is the left ventricular end-systolic dimension. The 
normal value ranges between 28% and 38%. Values <28% 
suggest reduced systolic function, while values >38% indi- 
cate hyperdynamic function. In most patients, %SF is rela- 
tively easy to measure yielding high feasibility. After adequate 
standardization of acquisition and analysis, variability should 
be between 10% and 15%. Percent SF has important limita- 
tions that should be taken into account when used for clini- 
cal decision making. First, %SF measures the apposition of 
two opposing walls (basal septum and inferolateral wall) as 
a measure of global systolic function. This assumes that there 
are no regional differences in wall motion while, in reality, 
different conditions are associated with regional wall motion 
abnormalities. In congenital heart disease, hypokinesia and 
dyskinesia of the interventricular septum occur in the presence 
of RV volume loading (e.g., large atrial septal defect). This 
can cause paradoxical septal motion with the septum mov- 
ing away from the inferolateral wall during systole (Fig. 9.7). 
Paradoxical septal motion can also be present in the imme- 
diate postoperative (post bypass) period and in the presence 
of left bundle branch block where maximal systolic motion 
of the inferolateral wall and septum do not occur simul- 
taneously. All these conditions affect measurement of %SF. 
In cases of regional myocardial dysfunction, such as after 
myocardial infarction where the inferolateral and basal sep- 
tum are not involved, measurement of %SF can overestimate 
global function. Percent SF is also influenced by preload and 
afterload and does not directly reflect intrinsic myocardial 
function. Volume loading will generally increase %SF. An 
example is the increased %SF in patients with mitral and aor- 
tic regurgitation. Pressure loading generally decreases %SF, 
especially when acute changes occur. A typical example would 
be an acute increase in arterial blood pressure resulting in an 
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Figure 9.7. Paradoxical motion of the interventricular septum 
in a patient with a large atrial septal defect. M-mode obtained 
from a parasternal short-axis view through the dilated RV and 
smaller LV. The arrows show the motion of the interventricu- 
lar septum in the direction of the RV in systole. This para- 
doxical systolic motion makes it impossible to use shortening 
fraction as a measure for LV systolic function in this setting. 

immediate decrease in %SR This does not reflect an acute 
decrease in myocardial contractility but rather the increased 
loading on the heart. A final important limitation is the 
dependency of the calculation on LV geometry. When hyper- 
trophy of the wall occurs, as happens in the context of chronic 
arterial hypertension or hypertrophic cardiomyopathy, endo- 
cardial changes and dimension changes are influenced by 
the thickened wall resulting in an overestimation of systolic 
function. 

Ejection fraction is a volumetric measurement reflecting the 
percentage change in LV volume from end diastole to end sys- 
tole. It is defined as 

EF = (LVEDV - LVESV) / LVEDV x 100 

where LVEDV is the LV volume at end diastole and LVESV is 
the LV volume at end systole. LV volumes can be calculated 
using M-mode echocardiography, 2-D echocardiography, and 
3-D echocardiography. As previously mentioned, the recom- 
mended 2-D-based methods are the area-length method and 
the biplane Simpson’s method to quantify EF. Three-dimen- 
sional echocardiography has been introduced more recently 
and has been shown to be more reproducible compared to 
the biplane Simpson’s method. Normal values for EF range 
between 54% and 75%. EF is a good parameter for global 
pump function and takes into account regional wall motion 
abnormalities. Like %SF, the method is load dependent with 
increased volume loading resulting in higher EF and increased 
pressure loading decreasing EF. 

VCF-End-Systolic Wall Stress Relationship 

To overcome the load dependency of the SF and EF measure- 
ments, alternative methods have been developed that attempt 


to correct for the effect of afterload or wall stress. The velocity 
of circumferential fiber shortening (VCF) measures the veloc- 
ity of dimensional changes during ejection. Fiber shortening 
only occurs during ejection and therefore the mean VCF short- 
ening can be calculated as 

VCF = %SF / ejection time 

ET can be calculated from an M-mode of the aortic valve with 
very high temporal resolution. VCF c should be corrected for 
heart rate as fiber shortening is influenced by heart rate. The 
heart rate corrected value can be calculated as 

VCF c (circ / s) = [(SF) x (RR) 05 ] / (ET) 

where SF is shortening fraction, RR is R to R interval, and ET 
is ejection time. The corrected VCF c is relatively insensitive to 
preload changes but highly sensitive to changes in contractility 
and afterload. When corrected for afterload, the measurement 
thus becomes a good parameter for contractility. The problem 
is how to clinically define afterload. As “fiber shortening” is 
calculated by measuring ventricular dimensional changes, the 
same assumptions can be made to calculate “wall stress.” This 
is based on the Laplace formula where wall stress in a pas- 
sive tube is related to ventricular pressure and cavity size and 
inversely related to wall thickness (cr = (P.r)flh). Higher ven- 
tricular pressure and larger ventricular size increase wall stress 
while a thicker wall reduces wall stress. Assumptions for both 
meridional and circumferential wall stress can be derived from 
M-mode measurements, pressure measurements, and initially, 
carotid pulse tracing was used to estimate end-systolic wall 
stress. While peak stress determines the degree of hypertrophy, 
end-systolic stress is the most important parameter determin- 
ing systolic shortening (22). The formula that is used to calcu- 
late meridional (longitudinal) end-systolic wall stress is 

ESWS (g/cm 2 ) = [l.35(Pes)(LVES)] 

+ [(4)(hes)(l + hes / LVES)], 

where 1.35 is the conversion factor from mm Hg to g/cm 2 , Pes 
is the end-systolic pressure derived from linear interpolation of 
the dicrotic notch on the pulse trace assigning the systolic blood 
trace to its peak and the diastolic pressure to its nadir, LVES is 
the left ventricular end-systolic dimension, and hes is the left ven- 
tricular end-systolic wall thickness. Circumferential end-systolic 
wall stress can also be calculated with the addition of the LV 
long-axis end-systolic length from the mitral annulus to the LV 
apex in the apical four-chamber view (L). Thus, circumferential 
ESWS (g/cm 2 ) = [( 1,35) (Pes) (LVES/2hes)] x [1 - (LVES)2/2(L2)]. 
Both parameters can be obtained from an M-mode echocardio- 
gram of the LV with simultaneous indirect carotid artery pulse 
trace and blood pressure determination. This makes the method 
quite cumbersome. Simplified versions include using mean or 
peak systolic pressures instead of end-systolic estimated pres- 
sures (23). Colan et al. (24) found a direct negative correla- 
tion between VCF c and end-systolic meridional wall stress. This 
seems logical as higher afterload can be expected to reduce the 
velocity of fiber shortening for the same myocardial contractil- 
ity. The relationship between VCF c and end-systolic wall stress 
within the normal range has been published (24,25). 

Abnormal LV contractility is defined as values for wall 
stress versus VCF c falling below the normal expected range. 
In younger children, the linearity of the relationship was ques- 
tioned and it was shown that wall stress as calculated in the 
formula misrepresents afterload in children and young adults 
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with abnormal left geometry (26). The relationship between 
VCF c and wall stress only holds with a normal wall thickness-to- 
chamber ratio. When this ratio is increased (e.g., hypertrophic 
cardiomyopathy), meridional wall stress underestimates fiber 
stress; when the ratio is decreased (e.g., dilated cardiomyo- 
pathy), meridional wall stress overestimates fiber stress. The 
method has been applied in a number of different clinical con- 
ditions, especially for the evaluation of cardiac contractility in 
pediatric patients exposed to anthracyclines. Lipshultz et al. 

(27) demonstrated that the velocity of fiber shortening versus 
wall stress is a useful index for following patients after expo- 
sure to anthracyclines. Before the wall stress-VCF c relation- 
ship (or contractility) becomes abnormal, an increase in wall 
stress is measured in some postchemotherapy patients, mainly 
related to a change in wall thickness-chamber dimension ratio 

(28) . Overall, the added benefit of measuring and calculating 
the VCF c relationship is still uncertain. More advanced cal- 
culations have been proposed to calculate midwall shorten- 
ing and even fiber stress, but, apart from use in research, the 
clinical applicability and the use of these methods in clinical 
decision making are currently limited, and clinical decision 
making is still mainly based on calculation of EF. 

Doppler Indices of Ventricular Function 

Measurement of EF and %SF provides information on global 
pump function based on dimensional changes. Derived param- 
eters such as VCF c and wall stress were developed in an attempt 
to yield information on myocardial and even fiber function. As 
all these parameters are based on calculations involving geomet- 
rical dimensions, their use in congenital heart disease is limited. 
As an alternative to measuring geometrical changes, Doppler 
data have been used to quantify ventricular systolic function. Ini- 
tially, blood pool velocity measurements were made, and more 
recently tissue Doppler was introduced to measure the velocity 
of myocardial motion. The advantage of these methods is that 
they can be obtained independently of ventricular geometry. 

One of the proposed blood pool measurements is maximal 
dP/dt based on a CW Doppler signal obtained through an AV- 
valve regurgitant jet. From invasive pressure measurements, 
the maximal rate of rise in LV pressure during the isovolumic 
contraction period (dP/dT max ) has been used as an invasive 
index for LV function. As Doppler velocity measurements rep- 
resent pressure gradients, the slope of the CW regurgitant jet 
represents the speed of pressure rise within the ventricle. Prac- 
tically, dt is calculated between 1 m/s and 3 m/s; dP between 
those two time points calculated by the Bernoulli equation is 
32 mm Hg. dP/dt can then be calculated by the following for- 
mula: dP/dt = 32 mm Hg/time interval in seconds. In the nor- 
mal LV, dP/dt is 1,200 mm Hg/s or more. The same calculation 
can be applied to the RV or the univentricular heart. As d PI 
dt is measured before aortic valve opening, it is independent 
from changes in afterload but its measurement is influenced 
by preload changes. As the time interval measured on the 
Doppler trace is very short and the settings used to obtain the 
spectral Doppler tracings can be variable, the reliability and 
accuracy of the method are limited. This confines its use in 
daily clinical practice. Assessment of cardiac function by meas- 
uring blood flow velocity during ventricular ejection is another 
logical approach. Doppler signals across the aortic and pulmo- 
nary valves can provide timing intervals that are used to assess 
ventricular function. The time period between the onset of the 
QRS-complex and the onset of outflow is called the pre-ejec- 
tion period. This period shortens when the function improves. 
When the preejection period is corrected for ET, the PEP/ET 
ratio is a parameter for systolic function. One of the problems 
is that ET is very sensitive to afterload changes and is heart 
rate dependent. Moreover, the PEP time interval is short and 


its measurement influenced by the spectral Doppler settings. 
A logical next step is to combine inflow and outflow Dop- 
pler measurements in the assessment of ventricular function. 
The myocardial performance index (MPI) was introduced as a 
nongeometrical index that incorporates both systolic and dias- 
tolic time intervals in expressing global ventricular function 

(29). MPI is defined as 

(ICT + IRTJ/ET 

where ICT is the isovolumetric contraction time, IRT is the 
isovolumetric relaxation time, and ET is the ejection time 
(Fig. 9.8). When systolic dysfunction is present, ICT will 
prolong and ET shortens resulting in a prolongation of MPI. 
When diastolic dysfunction is present, the effect of IRT is 
dependent on the type of diastolic dysfunction. A relaxation 
abnormality will increase ICT but elevated filling pressures 
will have the opposite effect as an increase in left atrial (LA) 
pressure will shorten IRT. Thus, IRT is strongly dependent on 
preload and filling pressures while ET is influenced by after- 
load. Normal MPI values for the LV are 0.35 ± 0.03 and for 
the RV are 0.28 ± 0.04. MPI has been proposed as an index 
for global ventricular performance as it incorporates systolic 
and diastolic function and will also be influenced by load- 
ing conditions. MPI has been shown to be a sensitive but not 
very specific marker of cardiac performance. Nevertheless, in 
certain diseases like pulmonary hypertension, amyloid heart 
disease, and pulmonary hypertension, it has strong predictive 
value (30,31). 
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Figure 9.8. Myocardial performance index (MPI). The sum of 
isovolumetric relaxation and contraction time is calculated by 
measuring mitral valve closure to opening time (MCO) and 
subtracting the LV ejection time (ET). The difference between 
these two intervals is the isovolumic time. The total isovolumic 
time divided by the ET gives the MPI. The MCO is measured 
on the mitral inflow pattern as shown in the upper part of the 
picture. The LVET is measured on the aortic outflow as illus- 
trated in the lower part of the figure. 
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Figure 9.9. Typical longitudinal tissue Doppler tracing 
obtained in the basal part of the interventricular septum from 
an apical four-chamber view. Alignment with longitudinal 
LV motion is extremely important to obtain reliable mea- 
surements. Peak systolic velocity (S') (3), peak early diastolic 
velocity (£') (1), and peak late diastolic velocity (A')(2) are 
measured. 


Apart from measuring flow velocities, Doppler has also 
been used for measuring myocardial velocities or tissue Dop- 
pler velocities. Tissue velocities are lower than most blood pool 
velocities but have higher amplitudes. Thus by adjusting Dop- 
pler filter settings, tissue Doppler velocities can be selectively 
measured (Fig. 9.9). Pulsed-wave tissue Doppler was devel- 
oped first, followed by color tissue Doppler. Pulsed Doppler 
typically measures velocities in a single segment while color 
tissue Doppler measures velocities in an entire wall or cham- 
ber. While pulsed Doppler measures peak velocities, color tis- 
sue Doppler measures mean velocities. Therefore, color tissue 
Doppler velocities are approximately 15% to 20% lower than 
pulsed Doppler velocities. Color Doppler has the advantage of 
measuring velocities in different myocardial segments simul- 
taneously while pulsed Doppler samples a single segment in 
a given time. Typically, pulsed tissue Doppler tracings are 
obtained at the mitral and tricuspid annulus or basal lateral 
wall and interventricular septal segments to study longitudi- 
nal motion in systole and diastole. A typical pattern of myo- 
cardial motion comprises an isovolumic spike followed by a 
systolic velocity wave. The systolic wave can be biphasic, espe- 
cially in the lateral wall segments. In diastole, early and late 


(during atrial contraction) diastolic velocities can be meas- 
ured. Experimental studies have confirmed that, for normal 
myocardium, changes in segmental systolic velocities are 
closely linked to changes in contractility but are also influ- 
enced by loading conditions. Cardiac translational motion 
and tethering between segments (a noncontractile segment 
passively pulled by a normally contracting segment) also influ- 
ences tissue Doppler velocities. As a Doppler technique, it is, 
by definition, angle dependent and influenced by machine set- 
tings and technical optimization. When the methods are well- 
standardized, tissue Doppler velocities can be measured with 
reasonable intra- and interobserver variability. Differences 
between different machines from different vendors have been 
described, especially for color Doppler measurements (32). At 
present, the use of systolic velocities is limited mainly to the 
assessment of ventricular dyssynchrony as will be discussed 
later in this chapter. Diastolic velocities, on the other hand, 
have become a key component in diastolic function assessment 
(see below). In the assessment of systolic function, the spike 
that occurs during the isovolumetric contraction period has 
been shown to be potentially useful (33). The mean accelera- 
tion of this spike, also called myocardial isovolumic accelera- 
tion (IVA), can be measured (Fig. 9.10) and has been described 
to be a relatively load-independent parameter for contractile 
function. As isovolumic contraction is a short-lived event (30 
to 40 ms), calculation of IVA requires obtaining images at high 
temporal resolution (>200 frames/s) and the reproducibility of 
the measurements can be difficult if the method is not well- 
standardized. An interesting physiologic characteristic of IVA 
is its heart-rate dependency. Contractility increases with heart 
rate as described by the force-frequency relationship and IVA 
has been shown to be able to study this relationship in normal 
children and in disease (34). This indeed may be its main appli- 
cation as, due to its heart rate dependency, baseline values of 
IVA are highly variable. The measurement thus requires heart 
rate manipulation with ventricular pacing or exercise testing. 

Ventricular Strain and Strain Rate 

To overcome the problem of cardiac motion and translation 
as well as to neutralize the effect of intersegmental tethering, 
myocardial strain imaging was developed. Strain is defined 
as the deformation of a myocardial segment and is a dimen- 
sionless unit. Strain rate is the speed at which the deformation 
occurs and is expressed as strain/second. Initially, strain calcu- 
lations were based on myocardial tissue Doppler velocities by 
measuring velocity gradients within the myocardium. In the 
radial direction, for instance, the endocardium moves faster 



Figure 9.10. Isovolumetric accel- 
eration measured in the RV 
lateral annulus from an apical 
four-chamber view. The measure- 
ment is performed using color 
tissue Doppler traced at high 
frame rates (>180 frames/s. The 
acceleration of the isovolumetric 
spike is measured from the base- 
line to the peak. 
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than the epicardium and the gradient between epi- and endo- 
cardial velocities correspond to radial strain rate. Temporal 
integration of the strain rate curve results in the measurement 
of strain. Tissue Doppler-derived strain measurements are quite 
cumbersome and require extensive off-line processing with 
large intra- and interobserver variability if not well standard- 
ized. Moreover, tissue Doppler velocities are angle dependent, 
limiting the measurement of myocardial deformation in certain 
directions (mainly longitudinal and radial). More recently, it has 
become possible to measure the strain and strain rate based on 
speckle tracking imaging. “ Speckles” are gray-scale reflectors 
within the myocardium and their motion can be tracked in two 
or three dimensions (Fig. 9.11). The change in distance between 
the speckles throughout the cardiac cycle can be measured and 
strain and strain rate derived. The advantage is that this tech- 
nique is angle independent and most vendors have developed a 
relatively user-friendly software interface that allows calculation 
of myocardial strain in different directions (longitudinal, radial, 
and circumferential). If well standardized, the reproducibility 
is reasonable but there are considerable differences between 
strain packages from different vendors, especially for radial 
strain measurements (35). Speckle tracking techniques perform 
reasonably well for longitudinal strain, but less well for circum- 
ferential and especially radial strain. Technical improvements 
are likely to occur. The first and probably most important appli- 
cation of strain imaging is quantification of regional myocardial 
function. This is especially useful when regional wall motion 
abnormalities are present due to regional myocardial perfusion 
problems or electromechanical dyssynchrony (Fig. 9.12). Other 
applications mainly relate to the early detection of myocardial 



Frame 1 


Frame 2 


Frame 3 


Figure 9.11. Speckle tracking. Speckles are reflectors within 
the myocardium. They can be tracked throughout the cardiac 
cycle frame by frame. The motion of the speckles in 2-D or 
even 3-D space can be used to calculate myocardial deforma- 
tion. This image is taken from an apical two-chamber view, 
and speckles within the inferior wall are magnified. The way 
these speckles move can be traced in 2-D on a frame-by-frame 
basis as illustrated in the right panels. 



Figure 9.12. Longitudinal LV strain in a 13-year-old girl who developed a myocardial infarction based on abnor- 
mal origin of the left coronary artery form the right cusp with posterior looping and intramural course. The 
left upper panel represents the strain curves obtained from the apical three-chamber view, the left lower panel 
represents the strain curves obtained from the apical two-chamber view, and the right upper panel represents the 
strain curves from the apical four-chamber view. Longitudinal strain measurements are significantly reduced in 
the inferolateral wall segments (light pink and blue areas). The figure on the lower right demonstrates the recom- 
mended method for displaying strain data with all 17 cardiac segments portrayed in a bull’s-eye type format. This 
allows an objective quantification of regional myocardial function. In this patient, the light pink and blue areas in 
the inferolateral wall segments represent the extent of the myocardial infarction on regional myocardial function. 
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dysfunction, where in certain diseases like Duchenne muscular 
dystrophy and patients exposed to anthracyclines, changes in 
systolic strain can be observed prior to changes in other cardiac 
parameters. Using strain imaging, a detailed study of myocar- 
dial wall mechanics is possible. When interpreting strain data, 
it should be remembered that strain measurements are influ- 
enced by ventricular size and loading conditions. The clinical 
usefulness of all deformation measurements still needs to be 
proven. 

Assessment of Right Ventricular Function 

The echocardiographic methods to assess ventricular sys- 
tolic function were mainly developed to assess LV function. 
The more complex geometry of the RV, its anterior position 
within the chest, its coarse trabeculations, and its different 
physiology, make it more difficult to apply these echocardio- 
graphic methods for the assessment of RV systolic function 
(16). Cardiac MRI is considered the current clinical reference 
standard for measuring RV volumes and EF. By echocardiog- 
raphy, RV function is often assessed by subjective “eyeball- 
ing.” A reasonable echocardiographic surrogate for EF is 
the measurement of percent fractional area change (%FAC) 
from an apical four-chamber view. The RV end-diastolic area 
(RVEDA) and RV end-systolic area (RVESA) are measured 
and %FAC is calculated as (RVEDA - RVESA)/RVEDA 
(Fig. 9.13). The %FAC has been shown to have a reasonable 
correlation with MRI EF, but as delineation of the RV lateral 
wall can be difficult, it can have significant interobserver vari- 
ability. The %FAC is not very reliable when the RV outflow 
tract is dysfunctional as this part of the RV is not imaged 
from the apical four-chamber view and not included in the 
measurement. 

As the RV fibers are more longitudinally oriented, longi- 
tudinal deformation in the RV is more important than radial 
and circumferential deformation, at least in the nonhypertro- 
phied RV. Thus, the study of longitudinal RV function seems 
more important compared to the study of LV longitudinal 



Figure 9.14. Tricuspid annular planar systolic excursion 
(TAPSE). An M-mode cursor is placed through the tricuspid 
valve annulus at the RV free wall and longitudinal displace- 
ment of the annulus is measured on the M-mode tracing ( lines 
on figure). In this case, TAPSE is 2.7 cm, which is within the 
normal range (>1.7 cm). 


function. The easiest method for assessing longitudinal func- 
tion is by measuring the tricuspid annulus systolic planar 
excursion (TAPSE) by M-mode (Fig. 9.14). In adults, the 
normal excursion is >17 mm. For children, TAPSE is depend- 
ent on ventricular size and normal values for children have 
been published (36). TAPSE is easy to measure and corre- 
lates relatively well with EF measurements if there is no sig- 
nificant regional RV dysfunction or tricuspid regurgitation. 
TAPSE is a potentially useful method for serial follow-up of 
patients. 



/ 


Figure 9.13. Right ventricular 
fractional area change (FAC). 
From the apical four-chamber 
view, the RV is imaged so that 
the endocardial borders can be 
tracked as well as possible. The 
RV area is measured at end dias- 
tole and at end systole and FAC 
is calculated as a percentage. 
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Systolic tissue Doppler velocities at the tricuspid annulus 
can also be measured with the same limitations as for the LV. 
IVA has been used in the RV but requires heart rate manipula- 
tion if the force-frequency response is to be studied. RV lon- 
gitudinal strain measurements have also been proposed and 
have been shown to correlate well with global EF in systemic 
RVs but less well in patients after tetralogy of Fallot (TOF) 
repair. This is probably related to the influence of more radial 
and circumferential strain in patients with more hypertrophied 
RVs (37). 

RV volumes and EFs can also be measured by 3-D echocar- 
diography or by 2-D-based 3-D reconstruction methods. Soft- 
ware for analysis of RV volumes is available and the volumes 
obtained using these methods have been shown to correlate 
well with MRI-derived volumes (Fig. 9.15). However, feasibil- 
ity is a problem as it can be very difficult to acquire the entire 
RV volume in a single volumetric data set. Another problem 
is endocardial border detection that can be challenging in the 
low-resolution 3-D data sets. Finally, it has been shown that 
3-D echo tends to underestimate RV volumes compared to 
MRI, especially in dilated RVs. 

Systolic Function of the Univentricular Heart 

With advances in surgical palliation of univentricular con- 
genital heart disease, patients now survive longer and the 
univentricular heart must support both the systemic and pul- 
monary circulations over many years. Functional evaluation 
of these ventricles is largely based on subjective assessment. 
Three-dimensional echocardiography using a method of disks 
analysis has been shown to correlate well with MRI-based 
volumetric calculations but requires extensive tracing of the 
myocardium and is cumbersome. Moreover, the feasibility of 
this method is limited by the difficulty of capturing the entire 
volume of the dominant ventricle into a single data set. More 
work is needed to develop a method to assess volumes in single 
RVs. Tissue Doppler and strain imaging are promising meth- 
ods to assess myocardial function in single ventricles but one 
of their major limitations is that abnormal geometry, ventricu- 
lar size, and loading conditions affect strain and strain rate 
values. Therefore, at present, there is no adequate quantitative 
method to assess the univentricular heart. 


Ventricular/ventricular Interaction 

In congenital heart, the ventricular-ventricular interactions 
are important for both systolic and diastolic function assess- 
ment. The interventricular septum is an important interface 
between both ventricles: in RV volume overload, the dias- 
tolic flattening of the interventricular septum interferes with 
LV filling and can influence LV output. In case of pulmonary 
regurgitation after TOF repair, RV dilation has been shown 
to influence LV filling and pulmonary valve replacement 
results in better LV filling and improvement in cardiac output 
(38). Systolic flattening of the interventricular septum is an 
important phenomenon in RV hypertension that influences 
LV systolic and also diastolic function (39,40). Description 
of the septal position in systole and diastole should therefore 
be part of the assessment of cardiac function. Apart from 
the influence of the interventricular septum, the epicardial 
fibers, which are shared between the RV and LV, also influ- 
ence interventricular cross-talk. In experimental electrically 
isolated hearts, it has been demonstrated that up to 20% to 
40% of the RV systolic pressure and volume output is gener- 
ated by LV contraction (41,42). How this is important for 
patients with congenital heart disease needs further explora- 
tion. The electrical interreaction between both ventricles is 
also very important as discussed further in the section on 
dyssynchrony evaluation. 


ASSESSMENT OF VALVE FUNCTION 


Semilunar Valves and Great Vessels 

Quantitative Morphometric Evaluation 

Quantitative anatomic assessment of the proximal great ves- 
sels and their branches is important in a number of circum- 
stances. It is routine to perform a quantitative evaluation 
of the aortic structures from the level of the valve annulus 
through the distal aortic arch. Evaluation of the aortic root 
itself consists of 2-D assessment of the aortic annular dimen- 
sion, dimension of the aorta at the level of the sinuses of Val- 
salva, and dimension of the sinotubular junction, ascending 


Figure 9.15. Three-dimensional 
echocardiography to calculate RV 
volumes. This is based on obtaining 
a full volumetric data set of the RV 
and using a semiautomated track- 
ing method to measure RV volume. 
The left panel represents the recon- 
structed RV volume with the tricuspid 
valve on the right and the pulmonary 
valve level on the left of the volume. 
The right panels represent the cuts 
through the volumetric data sets that 
are traced to reconstruct the RV vol- 
ume. The right upper is the coronal 
plane, the middle the transverse plane, 
and the lower the sagittal plane. 
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aorta, proximal and distal transverse aortic arch, and aortic 
isthmus. In general, 2-D axial resolution is superior to lateral 
resolution. Therefore, aortic root dimensions are best assessed 
in the parasternal long axis with the proximal ascending 
aorta and aortic root perpendicular to the ultrasound beam. 
Different techniques for measuring the aortic root have been 
proposed and when using normal data, it is important to 
know which technique was used to establish the reference 
values. Measurements can be obtained during early to 
midsystole as suggested by the pediatric guidelines (3), but 
most of the normal reference papers have used diastolic 
measurements of the aortic root. Roman et al. (43) and the 
more recent paper by Gautier et al. (44) both measured the 
aortic root at end diastole and also used a leading edge to 
leading edge technique, which means that they included the 
anterior wall of the aorta in the measurement but not the 
posterior wall. The alternative technique is to measure the 
aortic root between the anterior and posterior inner edges. 
This is the method used in other imaging modalities like car- 
diac MRI and cardiac CT and the increased image resolu- 
tion of echocardiography should allow use of the inner-edge 
technique. 

The aortic valve is magnified in the parasternal long-axis 
view and the annulus measured from the inner edge of the 
proximal valve insertion hinge point within the arterial root 
to the inner edge of the opposite hinge point (Fig. 9.16). The 
sinus of Valsalva and sinotubular junction are also measured 
from the parasternal long-axis view. To visualize the aortic 
root and ascending aorta, it may be necessary to move the 
transducer one or two intercostal spaces higher (high left 
parasternal view). The ascending aorta is measured at the 
level where it crosses the right pulmonary artery. Imaging of 
the transverse arch and isthmus is usually done in long-axis 
images of the aortic arch from the suprasternal notch window. 
Measurements should be performed at the level of the proxi- 
mal transverse arch (between the innominate and left carotid 
arteries), the distal transverse arch (between the left carotid 
and left subclavian arteries), and the aortic isthmus (the nar- 
rowest segment distal to the left subclavian artery). 

The pulmonary valve is best measured from the parasternal 
long-axis outflow view, although it can also be measured from 
the parasternal short-axis view (lower resolution) (Fig. 9.17). 



Figure 9.16. Measurement of the aortic valve annulus. 
A zoomed parasternal long-axis view of the aortic valve is 
used. The measurement is performed in early systole. The mea- 
surement is made at the aortic valve hinge points. 


1.4 cm 

* 

z-score 1.5 


Figure 9.17. Pulmonary valve measurement. In this parasternal 
short-axis view, the pulmonary valve annulus is measured at 
the hinge point of the valve leaflets in early systole. 


The main pulmonary artery can be measured between the 
sinotubular junction and the bifurcation. The proximal right 
pulmonary artery is best measured from the suprasternal view 
where it crosses behind the aorta. The left pulmonary artery is 
best measured from the suprasternal or ductal view. 

Semilunar Valve Stenosis 

Prior to measuring gradients, the level of obstruction needs to 
be determined by 2-D and color Doppler imaging. Subvalvar 
and supravalvar stenosis should be excluded. The severity of 
aortic and pulmonary valve stenosis in pediatric heart disease is 
based on Doppler measurement of the peak and mean transval- 
vular gradient. As with all Doppler assessments, interrogation 
of transvalvular flow jets should be performed with an angle 
of insonation as parallel to the direction of flow as possible to 
minimize underestimation of the valve gradient. As such, aortic 
valve gradients are most accurately assessed from either the api- 
cal window or from a high right parasternal window, with the 
ultrasound plane angled inferiorly toward the ascending aorta 
(Fig. 9.18). Suprasternal windows can also be helpful. For the 
pulmonary valve, the parasternal short- and long-axis views can 
be used and in infants and smaller children, subcostal imaging 
can be useful. The peak instantaneous Doppler velocity is meas- 
ured and the gradient calculated using the Bernoulli equation. 
This is different from the peak-to-peak gradient measured in 
the cardiac catheterization laboratory by pullback of the cath- 
eter across the valve. The peak instantaneous pressure gradi- 
ent is calculated from the peak instantaneous flow velocity that 
occurs across the semilunar valve at a single time point in sys- 
tole. When peak-to-peak gradients are measured by pullback 
of the catheter in the cardiac catheterization laboratory, the 
gradient is expressed as the difference between the peak pres- 
sure upstream of the valve (or point of obstruction) and peak 
pressure proximal to the valve, which does not occur simultane- 
ously in the cardiac cycle. The peak-to-peak gradient measured 
by echocardiography will often be higher compared to the peak- 
to-peak gradient measured by catheterization. The mean aortic 
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Figure 9.18. Continuous wave 
Doppler tracing obtained in 
patient with aortic stenosis from 
the right parasternal window 
with the patient in a right lateral 
decubitus position. This position 
and view frequently affords the 
best Doppler alignment with the 
aortic stenosis jet. Peak gradi- 
ent as well as mean gradient are 
measured on the tracing. 



gradient can be obtained by tracing the flow profile. Mean 
gradients correlate better with peak-to-peak gradients obtained 
in the catheterization laboratory. For the pulmonary valve, the 
peak instantaneous gradient correlates better with the peak-to- 
peak gradient on pullback — and this explains why for assessing 
severity of pulmonary valve stenosis, the peak instantaneous 
gradient is used — while for the aortic valve, the mean gradient 
is considered to better correlate with the peak-to-peak gradient. 

When interpreting gradients, it is important to consider the 
ventricular function. A low gradient across the aortic valve with 
poor LV systolic function can result in underestimation of the 
severity of stenosis. Any factor causing increased flow in the LV 
outflow such as hyperdynamic ventricular function, anemia, and 
associated aortic insufficiency will result in higher gradients. As 
cardiac catheterization is often performed under general anesthe- 
sia, it is not unusual to find significant differences in the gradient 
before and after induction of general anesthesia. Another factor 
influencing the assessment of Doppler gradients in children is the 
pressure recovery phenomenon. Potential energy is converted into 
kinetic energy when blood accelerates across the vena contracta. 
Some of this energy dissipates into heat related to turbulence and 
viscous losses. Some of the kinetic energy reconverts to potential 
energy, resulting in pressure increase distal to the stenosis. This 
phenomenon is more important when the aorta is smaller and 
results in overestimation of pressure gradients. Other formulas 
have been proposed that allow better prediction of the catheter 
peak-to-peak gradient, but have not been extensively validated. 

If there is uncertainty regarding the importance of a semilu- 
nar valve stenosis, it can also be useful to try to estimate right 
or LV pressure, using atrioventricular (AV) valve regurgitation. 
RV systolic pressure can be assessed by measuring the peak 
velocity of the tricuspid regurgitant jet. The RV systolic pres- 
sure = 4 (TR peak velocity) 2 + estimated right atrial (RA) pres- 
sure. In general, RA pressure is estimated to be around 5 mm 
Hg unless there is clinical evidence of elevated RA pressure. LV 
systolic pressure can be estimated based on the mitral regur- 
gitant jet using the same formula. It can, however, be more 
difficult to estimate LA pressure. 

Calculation of Valve Areas 

Because of the aforementioned factors influencing calcula- 
tion of pressure gradients, estimation of aorta valve area is 


recommended in the adult patient with aortic stenosis (45). 
The recommended method to measure aortic valve area is the 
continuity equation. This equation, based on the principle of 
conservation of mass, states that with no net loss of fluid from 
the system, the volumetric flow at area A must be equal to the 
volumetric flow at area B. The equation is therefore stated as 

AiV 1= A 2 V 2 , 

where A is the cross-sectional area of either position 1 or 2, 
and V is the mean velocity of the modal spectral profile at 
either position 1 or 2. 

As the mean flow velocity, V, equals the velocity— time inte- 
gral of flow divided by the ET, and as the ETs across both 
areas 1 and 2 are essentially the same, the continuity equation 
is further simplified as follows: 

A^VTIJ = A 2 (VTI 1 ), 

where VTI is the velocity— time integral of flow across either 
area 1 or 2. 

The continuity equation is most frequently used in clinical 
studies to estimate the effective aortic valve area in the setting 
of aortic stenosis. By rearranging the continuity equation, the 
effective valve area of a stenotic aortic valve can be solved for 
as follows: 

^AOV = (A.vot x VTI lvot )/VTI aov , 

where A aov is the cross-sectional area of the effective aortic 
valve orifice, A LVOT is the cross-sectional area of the LV outflow 
tract (LVOT), solved by measuring the diameter of the LVOT 
in the parasternal long-axis view, VTI lvot is the velocity-time 
integral of flow across the LVOT, and VTI aov is the velocity- 
time integral across the stenotic aortic valve. 

Using the continuity equation, it has been demonstrated that the 
aortic valve areas calculated in children by Doppler correlate well 
to aortic valve areas calculated by the Gorlin equation on cardiac 
catheterization, although Doppler methods tend to underestimate 
catheter areas slightly (46). In normal children and adolescents, 
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it has been shown that aortic valve area indexed to BSA is 
approximately 1.33 cm 2 /m 2 (47), which is very close to values 
obtained in normal adults (48). Due to the potential inaccura- 
cies in measurement of the LV outflow tract and the larger error 
associated with the assumption that the outflow tract is circular, 
the calculation of the valve area is not widely applied in pediatric 
echocardiography. Direct planimetry by 2-D and 3-D methods 
have been proposed but due to doming, funnel-type opening of 
the valve leaflets, the actual orifice is difficult to identify and true 
en-face views of the valves are difficult to obtain. Three-dimen- 
sional methods could potentially help to resolve this problem but 
have not been validated in pediatric cardiology. 

Aortic Valve Insufficiency 

Isolated aortic regurgitation in the pediatric population is rela- 
tively uncommon, but it can be seen, particularly in children 
with bicuspid aortic valves. More often, aortic regurgitation 
is seen in conjunction with an abnormal aortic valve that 
features both aortic stenosis and insufficiency. Evaluation of 
neoaortic insufficiency, however, can be important following 
aortic valve replacement by pulmonary autograft (Ross pro- 
cedure), in hypoplastic left heart syndrome following a Nor- 
wood reconstruction or following an arterial switch operation 
in transposition of the great arteries. In general, methods for 
assessing aortic regurgitation can be divided into (a) assess- 
ment of LV end-diastolic and end-systolic dimensions and 
volumes (see section above) and (b) assessment of the aortic 
regurgitation severity using Doppler methods. 

Hemodynamically significant aortic regurgitation results 
in enlargement of the LV with an increase in LV end-diastolic 
dimensions and volume. In case of preserved LV function, 
hyperdynamic LV function is often associated with LV dilata- 
tion (Frank-Starling relationship) causing the LV end-systolic 
dimension to remain low. With progressive aortic regurgitation 
and associated LV dysfunction, the end-systolic dimensions 
(and volume) will increase. In adult patients, it has been pro- 
posed that aortic valve replacement or repair be undertaken for 
end-systolic dimensions >55 mm to protect against irreversible 
myocardial damage and risk of sudden death (49). In children, 
a z-score of >4.0 has been suggested but this is not based on 
good prospective data. Due to the effect of loading conditions 
on most echocardiographic functional parameters, it is uncer- 
tain which parameter best detects early ventricular dysfunction. 

Apart from assessing the effect of chronic regurgitation on the 
LV size and function, the severity of aortic regurgitation needs to 
be assessed. Different methods should be combined for a com- 


prehensive assessment. Pulsed-wave Doppler flow patterns in 
the distal aortic arch and descending aorta can be used to assess 
severity of aortic regurgitation. Significant aortic regurgitation 
results in holodiastolic flow reversal in the distal aortic arch up 
to the descending aorta at the level of the diaphragm (Fig. 9.19). 
Color Doppler interrogation of the aortic insufficiency jet itself 
can also be performed and various measurements made on the 
color Doppler images: (a) Jet width or cross-sectional area. This 
is measured immediately below the aortic valve, within 1 cm 
of the valve (for adults). In the long- axis view, jet width rela- 
tive to the LV outflow tract dimension can be measured. From 
the parasternal short-axis view, the cross-sectional area relative 
to the LV outflow tract area can be measured. The criteria to 
define severe AR are ratios of >65% for jet width and >60% 
for jet area. This has not been well validated in pediatric aortic 
regurgitation, (b) Measurement of the vena contracta. The vena 
contracta is defined as the smallest diameter of flow at the level 
of the aortic valve, immediately below the region of flow con- 
vergence. It is different from the jet width that is measured in 
the LVOT. A vena contracta >0.6 cm in adults is associated with 
severe AI but no data are available for children, (c) CW Doppler 
of the regurgitant jet. The best signals are usually obtained from 
the apical windows. The most commonly used parameter is the 
pressure half-time of the aortic insufficiency velocity profile (the 
time required for the initial peak gradient between aorta and 
LV to decrease by half). A pressure half-time >500 ms usually 
indicates mild AR, whereas a value <200 ms is consistent with 
severe AR. The problem with this measurement is that it is influ- 
enced by LV end-diastolic pressure and the presence of diastolic 
dysfunction. Increased end-diastolic pressure will shorten the 
duration of regurgitant flow. 

Regurgitant volume, regurgitant fraction, and effective 
regurgitant orifice area can all be directly estimated by a com- 
bination of Doppler and 2-D echocardiography. Estimation of 
regurgitant volume and EROA can also be done using color 
flow Doppler imaging of the regurgitant jet and the proxi- 
mal isovelocity surface area (PISA). These methods are rarely 
applied in pediatric echocardiography laboratories due to high 
variability and inadequate validation. 

Pulmonary Valve Regurgitation 

In theory, all the techniques described for aortic valve regurgita- 
tion could be used to assess severity of pulmonary valve regur- 
gitation. In practice, pulmonary valve regurgitation is most 
commonly graded using color Doppler flow. Flow reversal in 
the pulmonary artery is assessed and, in general, the presence 
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Figure 9.20. Severe pulmonary regurgitation after TOF repair. A wide regurgitant jet can be seen in the main 
pulmonary artery originating distally from the right pulmonary artery. The Doppler pattern shows the protome- 
sodiastolic duration of the jet with its termination late in diastole. 


of flow reversal in the distal branch pulmonary arteries is seen 
in severe pulmonary regurgitation (Fig. 9.20). Jet width rela- 
tive to the RV OFT dimension can be measured. Finally pres- 
sure half-time and duration of the pulmonary regurgitant flow 
relative to the total time of diastole can be used to quantify 
severity of pulmonary regurgitation. These, however, are influ- 
enced by RV end-diastolic pressure. The impact of pulmonary 
regurgitation on RV dimensions and function can be assessed 
as discussed in the section on RV volume and function. Based 
on cardiac MRI data, a RV end-diastolic volume between 150 
and 170 mL/m 2 has been proposed as an indication for pulmo- 
nary valve replacement. 


ATRIOVENTRICULAR VALVE SIZE AND FUNCTION 
Quantitative Morphometric Evaluation 

The annuli of the tricuspid and mitral valves have an elliptical 
and saddle-like shape and are best measured from the apical four- 
chamber view and parasternal long-axis view (Figs. 9.21 and 
9.22). The diameters of the valves should be measured in early 
diastole at the frame after maximal excursion of the leaflets from 
inner edge to inner edge at the hinge points of the leaflets. The 
values should be expressed as z-scores. The area of valves can be 
calculated using the formula of an ellipse. Planimetry based on 


Figure 9.21. Measurement of the 
tricuspid valve in two planes. 
Left panel shows the apical four- 
chamber view and right panel the 
parasternal long-axis inflow view. 
The valve is measured in diastole 
with the leaflets open. 
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Figure 9.22. Measurement of the mitral valve in two planes. Left panel shows the apical four-chamber view and 
right panel the parasternal long-axis view. The valve is measured in diastole with the leaflets open. 


2-D or 3-D images can also be used to measure AV valve size. 
Tricuspid and mitral valves annular sizes are important in valve 
disease as well as in the assessment of ventricular size. 


Mitral or Tricuspid Stenosis 

Mitral and especially tricuspid valve stenosis are rare con- 
genital lesions. Echocardiography is used to define the 
mechanisms contributing to valvar narrowing and requires 
a detailed description of the supravalvar region (supraval- 
vular ring), leaflets (thickened, reduced mobility), chordae 


(short chordae in case of arcade mitral valve), and papillary 
muscles (parachute mitral valve). In patients with AV valve 
stenosis, the Doppler flow will usually be turbulent and its 
velocity elevated. The early peak velocity can be increased in 
cases of elevated filling pressures associated with LV diastolic 
dysfunction, which should be distinguished from mitral valve 
stenosis. The best method to assess AV-valve stenosis severity 
is by calculation of mean gradients using the mitral or tricus- 
pid inflow signal (Fig. 9.23). For the tricuspid valve, there can 
be considerable influence of respiration on the inflow gradient 
with an increasing gradient during inspiration and decreasing 
gradient during expiration. Therefore, the gradient should be 



Figure 9.23. Mitral stenosis. Continuous 
wave Doppler signal through the inflow in 
the LV. The mean gradient across the valve 
is calculated. 
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averaged over at least three to five cardiac cycles. Heart rate 
and associated AV-valve regurgitation will also influence the 
calculated mean gradient. The severity of mitral valve stenosis 
can also be assessed by calculating the pressure half-time (the 
time needed for the peak early diastolic pressure to decline by 
50%). A pressure half-time <60 ms is normal. A pressure half- 
time (T 1/2 ) >100 ms is indicative of significant mitral stenosis. 
Based on mitral valve pressure half-time, mitral valve area can 
be measured based on the formula (220/T 1/2 ). However, this 
calculation is not usually applicable in children due to higher 
heart rates influencing T 1/2 . Effective orifice size can also be 
measured by the continuity equation, although again, this is 
more problematic in children. Direct planimetry based on 2-D 
or 3-D short-axis views of the mitral valve has been proposed 
but has not been well validated. Therefore, in practice, the 
most commonly used method is calculation of the mean gra- 
dient across the valve. The presence of an atrial septal defect/ 
patent foramen ovale can lead to atrial decompression and 
lowering of atrial pressures resulting in a reduction of the gra- 
dient across the mitral valve. Therefore, in addition to the 
heart rate, the presence of an atrial communication should 
also be noted. 

Atrioventricular Valve Insufficiency 

In pediatric heart disease, assessment of AV insufficiency con- 
tinues to be largely semiquantitative based on color Doppler. 
In adult echocardiography, more quantitative methods have 
been proposed including measurement of the vena contracta, 
regurgitant jet area, calculation of the regurgitant volume, 
regurgitant fraction, and effective regurgitant orifice area from 
the continuity equation and from the PISA. However, the util- 
ity of these indices in children is limited, and none of these 
have been adequately validated. 


DIASTOLIC VENTRICULAR FUNCTION 

Diastolic function describes the ability of the ventricles to fill 
with blood from the atria and pulmonary or systemic veins 
under low pressure. Echocardiographic assessment of diastolic 
function is based on Doppler assessment of AV inflow and the 
pulmonary (or systemic) veins with supplemental assessment 
by tissue Doppler, color-M-mode, and deformation imaging. 
Despite the multitude of available indices and techniques, echo 
assessment of diastolic function remains a challenging area in 
pediatric cardiology. At the same time, as our understanding 
of the importance of diastolic function in both acquired and 
congenital pediatric heart disease evolves, there is a need to 
correctly assess diastolic function in children. 

Diastolic Physiology 

Ventricular diastole can be defined as the time between 
semilunar valve closure and AV valve closure. This period 
is further divided into isovolumic relaxation, rapid early 
filling , diastasis, and filling during atrial systole (Fig. 9.24). 
Although useful, this definition is simplistic in that relaxation 
begins in some ventricular segments while other segments are 
still contracting. Moreover, diastolic function is intimately 
connected to the preceding systole through recoil, restor- 
ing forces, and ventricular suction effects that are linked to 
energy built up in systole and also connected to ventricular 
contractile synchrony. Likewise, a prolonged systole due to 
ventricular dysfunction will compromise diastolic duration 
(50). Thus, systolic and diastolic functions are intimately 
linked (50,52). 
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Figure 9.24. Physiologic tracing of left ventricular (solid line), 
left atrial ( dotted line), and aortic ( dotted line) pressure during 
the cardiac cycle. Diastole is defined as the time between aortic 
valve closure (arrow, top left) and mitral valve closure (arrow, 
bottom right). Isovolumic relaxation (IVRT) occurs between 
aortic valve closure and mitral valve opening. ECG, electro- 
cardiogram; ICT, isovolumic contraction time. 


Diastole is a complex process with both active and pas- 
sive components. Ventricular relaxation is characterized by a 
decrease in ventricular pressure for a given ventricular volume. 
Initially, the pressure decrease is rapid and as the pressure in 
the ventricle falls below the pressure in the great vessels, the 
semilunar valves close. Mechanically, this initial decrease in 
ventricular pressure can be considered the onset of diastole. 
As the ventricular pressure declines further, it falls below the 
atrial pressure and the AV valves are swept open by blood 
rushing from the atria into the rapidly relaxing ventricles. 
Thus, a period exists between semilunar valve closure and 
AV valve opening characterized by a sharp fall in ventricular 
pressure without change in ventricular volume. In fact, most 
ventricular relaxation occurs in this isovolumic period. As the 
AV valves open, there is rapid filling in early diastole, which 
ceases temporarily when ventricular and atrial pressures equil- 
ibrate during diastasis. Further filling of the ventricle subse- 
quently occurs during atrial contraction. Thus, early diastole 
is dependent primarily on ventricular relaxation , while filling 
in late diastole is determined to a large degree by ventricu- 
lar compliance, defined as the change in pressure for a given 
change in volume. Overall, through their effect on the trans- 
mitral pressure gradient, ventricular relaxation and ventricu- 
lar compliance are the two major determinants of diastolic 
function. 

The timing and rate of ventricular relaxation are depend- 
ent on preload, afterload, myocardial relaxation, and 
mechanical synchrony. Myocardial relaxation is an active pro- 
cess involving rapid removal of intracellular Ca 2+ controlled 
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predominantly by the sarcoendoplasmic Ca 2+ -ATPase. Devel- 
opment of the sarcoplasmic reticulum and calcium handling 
in the myocyte is an age-dependent process that is relatively 
immature in the fetus and neonate. Age will therefore impact 
the rate of ventricular relaxation and the observed Doppler 
variables describing this phenomenon (53). The rate of relaxa- 
tion will also be influenced by the degree of systolic shorten- 
ing in the preceding cardiac cycle as well as by elastic recoil 
in early diastole from forces created in systole. In addition, 
the myocardium has viscous properties that require greater 
force to induce rapid expansion than more gradual expan- 
sion. These properties are likely most important when rapid 
filling occurs in early diastole and during atrial systole. Pas- 
sive filling is impacted by atrial pressure, heart rate, and the 
elastic properties of the ventricle. The degree of ventricular 
filling during atrial systole is further modified by ventricu- 
lar compliance and atrial function. The interplay of factors 
impacting diastolic function and affecting the transmitral gra- 
dient is portrayed in Figure 9.25. In turn, ventricular filling 
pressures are influenced not only by ventricular or myocardial 
properties, but by a variety of additional factors. This compli- 
cates isolated assessment of ventricular and myocardial dias- 
tolic properties by echo. Likewise, heart rate has a profound 
impact on diastolic duration (54,55). Therefore, growth and 
its associated change in heart rate will influence diastole and 
its assessment by echo. At high heart rates, there is exponen- 
tial shortening of the diastolic duration with elimination of 
diastasis and fusion of early and late AV inflow and tissue 
Doppler waves into a single summation wave. Fusion between 
early and late diastolic waves of AV inflow or tissue velocities 
limits echo assessment of diastolic function in children with 
high heart rates. 

History of Doppler Diastolic Assessment 

Our understanding of the progression of LV diastolic dysfunc- 
tion became clearer in 1992, when Appleton and Hatle (56) 
described the natural history of diastolic dysfunction. Using 
Doppler echocardiography, they demonstrated that diastolic 
dysfunction occurred in progressive sequence that could be 
characterized by Doppler echocardiography analysis of trans- 
mitral and pulmonary venous flow profiles. Subsequent work 
in additional techniques such as Tissue Doppler Imaging (TDI) 
(57-59) further refined assessment of diastolic ventricular 
function. 

In adults, ventricular diastolic dysfunction has been clas- 
sically described as progressing along a spectrum of increas- 
ing severity, divided into three main stages. In mild (stage I) 



Figure 9.25. Factors influencing diastolic function. 


diastolic dysfunction, the predominant abnormality is 
impaired ventricular relaxation. In moderate (stage II) dias- 
tolic dysfunction, pseudonormal function — described below — 
is noted. In the most severe (stage III) diastolic dysfunction, 
restrictive physiology is present. A fourth stage of irreversible 
restrictive physiology is also considered and portrays worse 
prognosis. Whether this paradigm of progressive diastolic 
worsening through these defined stages holds true for children 
is still under investigation. Our impression is that it is less 
common to see isolated stage 1 diastolic dysfunction in chil- 
dren, except in specific circumstances such as some children 
with ventricular hypertrophy secondary to hypertrophic car- 
diomyopathy or systemic hypertension (60). Rather, we often 
note concomitant abnormalities of relaxation and compliance, 
with predominance of decreased compliance. Nonetheless, the 
adult paradigm of staged progression currently provides the 
best working framework to assess and report diastolic dys- 
function and its severity (61). 

Echocardiographic Evaluation of Diastolic 
Function 

Regardless of the stage of diastolic dysfunction, a stand- 
ard protocol for evaluating LV diastolic function in chil- 
dren should be used (3). As no single echo index adequately 
describes diastolic dysfunction, a comprehensive examination 
is needed incorporating multiple parameters with interpreta- 
tion and integration of the information by the echocardiog- 
rapher. Echocardiographic assessment of diastolic function 
is usually centered on (a) transmitral Doppler flow, (b) pul- 
monary venous flow patterns, and (c) TDI of the lateral and 
medial mitral annulus. Color M-mode and deformation imag- 
ing are adjunct modalities. 

Transmitral Doppler Flow Evaluation 

Transmitral flow is obtained using a 1 to 2 mm pulsed Dop- 
pler sample placed between the tips of the mitral leaflets. 
A normal transmitral Doppler flow pattern (Fig. 9.26) features 
an early triangular diastolic E wave, with rapid acceleration 
and deceleration. The E wave includes the flow profile of early 
ventricular filling, while the E-wave deceleration phase reflects 
equalization between ventricular and atrial pressures. There- 
fore, an increase or decrease in filling pressures will shorten 
or lengthen the E-wave deceleration time, respectively. E-wave 
deceleration occurs after most early filling has occurred and is 
largely influenced by ventricular compliance. After cessation 
of the E wave, there is a period of diastasis (“separation” in 
ancient Greek), where little or no flow is seen. The quiescence 
of diastasis ends with the onset of the transmitral “A” wave, 
which begins after electrical activation of the atria (onset of 
the ECG P wave) and includes flow occurring during atrial sys- 
tole. In addition, by enlarging the pulsed-wave Doppler sample 
volume and positioning it more medially so that it straddles 
the LV inflow and outflow, a simultaneous display of both 
mitral inflow and LV outflow can be obtained. The isovolumic 
relaxation time (IVRT) can then be measured as the interval 
between cessation of systolic flow and onset of mitral inflow. 
For a comprehensive diastolic function evaluation, the peak 
E- and A-wave velocities, E-wave deceleration time, A-wave 
duration, and IVRT should be measured. The peak E-wave/ 
peak A-wave velocity ratio is also calculated (3). Although not 
commonly assessed, some authors advocate for measurement 
of the mitral flow velocity at the onset of atrial contraction. 
This “E at A” velocity affects the peak velocity and duration 
of the mitral A wave and hence important parameters such as 
the E/A ratio, the duration of pulmonary A-wave reversal rela- 
tive to mitral A-wave duration. 
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Figure 9.26. Mitral inflow at slow heart rate (panel A): Pulsed Doppler of the mitral inflow. The cursor is 
positioned at the tips of the mitral leaflets. Early (E) and late (A) diastolic waves are seen. Minimal flow is 
seen in diastasis — the period between the E and A waves. The isovolumic relaxation time (IVRT), measured 
from cessation of LV outflow to onset of mitral inflow and E-wave deceleration time (DT) are depicted. 
Mitral inflow at fast heart rate (panel B). Doppler of mitral inflow. Due to the fast heart rate, there is no 
diastasis and the E and A waves begin to overlap. At higher heart rates, these will merge into a single inflow 
wave. The asterisks depicts the “E at A” point. This is the point where the E and A waves merge when the E 
wave does not reach the baseline. 


Pulmonary Venous Doppler Flow Analysis 

Pulmonary venous flow is usually assessed from the apical 
four-chamber view by placing a 5-mm pulsed Doppler sample 
volume in the right pulmonary vein. The pulmonary venous 
flow features a low velocity phasic flow pattern consisting of 


a systolic S wave, an early diastolic D wave, and a late dias- 
tolic reversal during atrial systole (A-wave reversal). During a 
comprehensive diastolic function assessment, the peak S- and 
D-wave velocities and the duration and peak velocity of the 
pulmonary venous A wave are measured, and the S-wave/ 
D-wave velocity ratio is calculated (Fig. 9.27). Of these, the 



Figure 9.27. Pulmonary vein Doppler: Pulsed Doppler of a right pulmonary vein obtained from the apical view 
in a normal child. A systolic (S) and diastolic (D) wave are seen. In adults, a reduced S wave compared to the 
D wave would be abnormal and suggestive of delayed relaxation. However, this is commonly seen in normal 
children. The S wave often comprises an early and late component (SI, S2). This can be subtly discerned in the 
second cardiac cycle. Following the electrocardiographic P wave and atrial contraction, there is a small amount 
of flow reversal back into the pulmonary vein (AR). The duration and peak velocity of this flow reversal are 
measured as indirect indicators of ventricular compliance. 
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duration of the A-wave reversal relative to the mitral inflow 
A-wave duration is considered most useful as an indicator of 
ventricular compliance and reflects filling pressures in adults 
and in children (62). Of note, in the largest study of pediatric 
echo Doppler diastolic values to date, a small, but important, 
number of normal children were found to have increased dura- 
tion of pulmonary vein A-wave reversal (62). Data in healthy 
infants and young children are limited to a small number of 
children (63). 

Doppler Myocardial Velocity Assessment 

TDI is a Doppler modality in which myocardial motion can be 
displayed both by color Doppler velocity maps and by pulsed 
Doppler spectral display. Tissue motion features low velocity 
and high amplitude signals; therefore, TDI presets optimize 
low-pass filters and lower-gain amplification to allow display 
of tissue velocities. This is in contrast to blood flow velocities, 
for which high-velocity and low-amplitude signals require dif- 
ferent Doppler settings (Fig. 9.28). 

Color tissue Doppler is derived from mean velocities and 
values are approximately 20% lower than the peak values 
depicted by pulsed tissue Doppler. Both color and pulsed TDI 
are easy to acquire and can be readily incorporated into the 
routine clinical exam. Color TDI is more convenient to inter- 
rogate large areas of myocardium in a single acquisition with 
subsequent off-line analysis of regions of interest anywhere in 
the data set. However, to date, the largest pediatric data sets in 
normal children report pulsed TDI values (64-68). 

In addition, most literature investigating usefulness of TDI in 
relation to hemodynamics and in relation to clinical outcomes 
has used pulsed TDI. Therefore, for clinical assessment of LV 
diastolic function, it is conventional to use pulsed-wave Dop- 
pler assessment of the lateral and medial mitral valve annulus 
and to obtain the spectral display necessary for diastolic func- 
tion evaluation (Fig. 9.28). TDI yields an early and late dias- 
tolic wave, mirroring AV inflow, but in the opposite direction 
(from the apical window, diastolic tissue velocities are below 
the baseline-moving away from the transducer). Typically, the 
peak tissue E-wave (Ea[E']) and A-wave (Aa[A']) velocities 
are measured. While the peak E'/A'-wave velocity ratio can 
be calculated, most research has focused on the utility of the 
early diastolic velocity (E'). This early diastolic tissue motion 
reflects diastolic relaxation and peak E' values correlate with 
the time constant of pressure decay in the LV (tau) (69). Tis- 
sue velocities are influenced by afterload, and although they 


are also influenced by preload, they are less so than mitral 
inflow velocities. As abnormal loading is a hallmark of many 
types of congenital heart disease, thereby complicating inter- 
pretation of diastolic function through mitral inflow patterns 
alone, tissue Doppler velocities may play a useful adjunctive 
role. However, it should be noted that tissue Doppler veloci- 
ties are less influenced by loading when ventricular relaxation 
is impaired. In the presence of normal relaxation, loading will 
have a greater influence on diastolic tissue velocities. In adults, 
out of all the various echo indices, E' is one of the best dis- 
criminators between normal and abnormal. Therefore, in the 
American Society of Echocardiography guidelines, grading of 
diastolic dysfunction begins with the E' velocity as well as LA 
volume (61). Whether or not this technique is applicable in 
children remains to be shown. It should also be remembered 
that the E' is sampled at a specific location, but is used to reflect 
on “global” ventricular properties, which may not hold true in 
all individuals. Importantly, the E' velocity or the related E/E' 
ratio has also been shown to have prognostic value in a variety 
of adult and pediatric conditions including ischemic heart dis- 
ease, valvular disease, dilated cardiomyopathy, hypertrophic 
cardiomyopathy, LV noncompaction, transplant rejection, and 
diabetes (70-75). A major practical advantage of TDI is that it 
is easy to obtain and yields robust signals, even when imaging 
windows are poor. High temporal resolution ensures that peak 
velocities are captured even when heart rates are high. An 
important pitfall of TDI is that tissue velocities may arise from 
passive myocardial motion due to translational motion of the 
entire heart in the chest or tethering of the interrogated passive 
segment to adjacent actively contracting or relaxing segments. 
Measurement of longitudinal velocities partly overcomes teth- 
ering effects as longitudinal motion is less affected by tether- 
ing. Tissue velocities change rapidly over the first year of life 
and are highly correlated to LV end-diastolic dimensions and 
mass (65). These characteristics should be taken into account 
when interpreting E' peak values in children. In addition, the 
IVRT derived from tissue Doppler imaging (TDI) may be use- 
ful as a parameter of LV relaxation (76) and normal data are 
available in children (77). Likewise, the IVRT’/IVRT has been 
shown to correlate with LV filling pressures (76). 

Estimation of Left Atrial Volume 

In the absence of mitral stenosis or mitral regurgitation, esti- 
mation of LA volume is one of the most important param- 
eters to assess chronic elevation of LV filling pressures (78). 
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Figure 9.28. Color and pulsed Doppler in the assessment of diastolic function. Color (panel A) and pulsed (panel 
B) tissue Doppler sampled at the basal interventricular septum. In the color TDI image, aortic valve opening 
(AVO) and closure (AVC) are depicted (green lines). Systolic (Sa), early diastolic (E'), and late diastolic (A') waves 
are seen. Note that tissue velocity directions are a mirror image of atrioventricular valve inflow. 
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Figure 9.29. Continuous wave Doppler of mitral regurgitation 
in a child with dilated cardiomyopathy. The duration of mitral 
regurgitation represents the systolic duration (5). The remain- 
der of the cardiac cycle represents diastolic duration (D). In 
ventricular dysfunction, systolic duration is prolonged compro- 
mising diastolic duration. This problem is aggravated by the 
relatively fast heart rate of 124 beats per minute in this patient 
where systolic duration is twice that of diastolic duration. 


Normal values have been published in children (79) (Fig. 
9.29). As filling pressures are related in part to LV com- 
pliance, increased LA volume has been associated with 
increasing severity of LV diastolic function (80) in a vari- 
ety of conditions including in hypertrophic cardiomyopathy 
(79,81,82) and in both adult (81) and pediatric hypertension 
(83). Because increased filling pressures are related to clinical 
symptoms and outcomes, LA volume has been correlated to 
mortality in various types of heart disease in adults as well 
as in hypertrophic cardiomyopathy (84). LA volume can be 
measured using the biplane methods of discs (85), imaging 
the left atrium orthogonally in the apical two- and four- 
chamber views (Fig. 9.30), by the area length method or by 
3-D echocardiography (3,86). Echocardiographic estimates 
of LA volume correlate well with estimates by cineangiogra- 
phy (87) and computed tomography (88), and can be com- 
pared to published normal values (87,89). 


Color M~mode 

Normal ventricular relaxation propagates from apex to base 
and, as will be subsequently discussed, is enhanced by recoil 
and untwisting of the LV. These mechanics produce a suction 
effect that allows rapid filling of the ventricle at low filling 
pressures via creation of intraventricular pressure gradients 
from base to apex. These pressure gradients can be calculated 
from Doppler by solving for the Euler equation, a deriva- 
tive of the Bernoulli equation (90). The same phenomenon 
can be simply imaged by color M-mode as the flow propaga- 
tion into the LV. This is done most practically by placing a 
color Doppler map between base and apex and placing an 
M-mode cursor through the mitral inflow. The color scale 
is lowered and the slope of the first aliasing velocity line is 
measured as the propagation velocity (V p ) (Fig. 9.31). The 
V p is a measure of LV relaxation and has been found to cor- 
relate with tau in children with congenital heart disease (60). 
As the V p is related to relaxation, the E/ V p ratio can be used 
to estimate mean LA pressures much in the same way as the 
E/E' ratio. Some adult laboratories have proposed using a 
qualitative assessment of this measure (91), but in children, 
it has been our experience that qualitative assessment is dif- 
ficult. In adults, normal values are >50 cm/s. Although one 
pediatric paper found that age did not significantly impact 
V p , as for many diastolic parameters, a large range of values 
were found in normal children (92). As the mitral leaflets are 
opened by blood flowing into the ventricle, measuring the 
slope of mitral excursion in early diastole by M-mode may 
be a simple surrogate for V (93). 


Deformation Imaging 

The rate of diastolic tissue relaxation can be assessed dur- 
ing the isovolumic relaxation period using speckle track- 
ing to measure the global diastolic strain rate during IVRT 
(Fig. 9.32). This more direct assessment of LV myocardial 
relaxation will be less influenced by localized abnormalities 
at the mitral annulus or basal septum, where the E’ tissue 
velocities are measured (91), but is limited by use of relatively 
low frame rates in relation to a very rapid event. Likewise, 
the degree of myocardial expansion (relaxation) at certain 
time points in diastole can be used as indicators of myocar- 
dial relaxation. Accordingly, the percentage of strain in early 



Figure 9.30. LA volume by Simpson’s method. Left atrial volumes are calculated by Simpson’s method of discs). 
The left atrium is planimetered in two orthogonal planes (four-chamber view, left panel and two-chamber view, 
right panel) to obtain both area and length. Volume is then calculated as 0.85 A1 A2/L LA volume > 32 mL/m 2 
are abnormal. 
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Figure 9.31. The velocity of flow propagation (V p ) into the 
left ventricle (LV), an index of LV relaxation, is obtained by 
color M-mode. An M-mode scan line is placed from the LV 
apex through the mitral valve with simultaneous color Dop- 
pler flow. The color scale (Nyquist limit) is lowered until 
aliasing is obtained, The slope between the first and second 
aliasing velocity is measured as the V p . A more shallow slope 
indicates impaired relaxation. Normal data for pediatric V p 
are not available. 


diastole has been proposed as an index of relaxation (94). 
However, in children, diastolic strain and especially strain rate 
measurements are hampered by poor reliability (35). This is 
likely related in part to inadequate capture of the very rapid 
early relaxation, especially in young children, using relatively 
low frame rates currently accepted for 2-D speckle tracking 
echocardiography. Strain and strain rate are not currently rec- 
ommended for routine clinical assessment of diastolic function 
according to the guidelines of the American Society of Echo- 
cardiography (95). 

The LV contracts with a twisting motion, and the subse- 
quent rapid untwisting motion in early diastole contributes 
to LV filling. Twisting in systole and untwisting in diastole 
is calculated as the net difference in rotation between base 
and apex. Normal basal systolic rotation is clockwise (when 
viewed from the apex), whereas the apex rotates in the coun- 
terclockwise direction. In diastole, directions are reversed. 
Ventricular untwisting can be measured by color TDI tech- 
niques (96), but is more easily imaged using speckle tracking 
echocardiography (97) from rotation measured at the base 
and at the apex in short-axis images. The rate of untwisting 
may be an even more informative parameter and correlates 
with tau (98). In normal young children, one study has found 
especially vigorous untwisting and recoiling of the apex during 
isovolumic relaxation and early diastole (99). This contrasts a 
previous study that found slower untwisting during isovolu- 
mic relaxation in infants, with subsequent increase over age 
(100). Decreased rotation mechanics have been demonstrated 
in various diseases of myocardial dysfunction including hyper- 
tension, hypertrophic cardiomyopathy, and nonischemic and 
ischemic heart disease in adults (101,102), and dilated car- 
diomyopathy in children (103). However, as untwisting is 



Figure 9.32. Left ventricular early diastolic radial strain rate 
obtained from 2-D speckle-tracking echocardiography in a 
parasternal short-axis plane at the papillary muscle level. Peak 
early diastolic strain rate is marked by the arrow . The top left 
panel is the reference image. The lower left panel depicts strain 
rate in color M-mode format. The %-axis is time. The y-axis is 
the various myocardial segments with the top portion indicat- 
ing the anterospetum and continuing clockwise (around the 
transverse plane of the LV from top to bottom in the figure). 
The blue color depicts the diastolic strain rate and gives the 
same information shown in the curves. Although, this mea- 
surement reflects early diastolic relaxation, we do not advocate 
for its use as a routine clinical parameter as frame rates are low 
compared to the rapid sequence of the event. 


strongly related to systolic twisting and end-systolic volume, 
it is not a “pure” indicator of diastolic relaxation (97). While 
rotation mechanics values have now been published in normal 
children (99), validation studies and demonstration of the use- 
fulness of this index in clinical practice are still lacking. 

Normal Echocardiographic Diastolic Function 

In the normal LV, ventricular relaxation leads to a rapid fall in 
LV pressure during isovolumic relaxation creating a pressure 
gradient in early systole between the left atrium and LV. Early 
diastolic flow into the LV is driven by this pressure gradient, 
producing the mitral valve E wave. During diastasis, there is 
minimal pressure gradient between left atrium and LV with 
cessation of flow and lack of Doppler signal. During atrial sys- 
tole, a LA-LV pressure gradient recurs to produce late dias- 
tolic filling — the mitral valve A wave. 

The normal E-wave/A-wave velocity ratio in children 
between 3 years of age and adulthood is approximately 
2.3 ± 0.6, with mitral valve A-wave duration of approxi- 
mately 140 ± 21 ms (62). The normal pattern of mitral 
inflow is portrayed in Figure 9.26. It is optimal to interpret 
the E/A ratio when the mitral inflow velocity at onset of 
atrial contraction is <20 cm/s. However, this is dependent on 
heart rate and it is not feasible to lower heart rates in chil- 
dren for the purposes of this examination. Likewise, both 
IVRT and mitral E-wave deceleration time are heart rate 
dependent. Nomograms for deceleration time versus heart 
rate have been published (62). It has been proposed that cor- 
recting the IVRT for heart rate by dividing by the square 
root of the cardiac cycle length identifies a normal heart rate 
corrected IVRT of 63 ± 7 ms in children from several months 
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Figure 9.33. Fetal inflow pattern. A typical mitral inflow pat- 
tern on a fetal exam obtained from an apical four-chamber 
view with E < A and prolonged IRTs. 


to 20 years of age (104). In infants <2 months of age and 
in the fetus, myocardial immaturity produces a pattern of 
impaired relaxation with reversed E and A waves and TDI 
E' and A' waves. Thus, in the fetus and neonate, E-wave/A- 
wave ratios <1 and prolonged IVRTs are noted (Fig. 9.33); 
the degree to which these indices differ from normal children 
and adolescents is a function of myocardial maturity. Thus 
these changes are seen more dramatically in the fetus than 
in the newborn and in the newborn more than in the 2- to 
3-month-old infant. The maturation from fetal to childhood 
patterns generally occurs by 3 months of age (105). 

Normal pulmonary venous flow (Fig. 9.27) has typical 
S and D waves and usually a small atrial systolic A wave. The 
S wave may have two components: SI and S2. In younger 
children, the S-to-D velocity ratio is typically <1, a finding 
that differs from the older adolescent and adult population 
for which the S/D-wave velocity ratio in normal subjects is 
typically >1. The normal pulmonary venous S-wave/D-wave 
ratio in children 3 to 17 years of age is 0.8 ± 0.2. In chil- 
dren, a small atrial systolic flow reversal of short duration 
is often present (62,106). The pulmonary venous A-wave 
velocity is 21 ± 5 cm/s with duration of approximately 130 ± 
20 ms (102). 


TDI assessment of mitral annular velocities (Fig. 9.28) in 
the normal LV shows an E'-wave/A'-wave velocity ratio >1. 
Relaxation of the ventricle produces movement of the mitral 
valve annulus away from the transducer in the apical four- 
chamber view; atrial systole produces a mitral annular A' 
wave, reflecting the motion of the mitral annulus away from 
the transducer with late systolic ventricular filling. Normal 
values for both mitral and tricuspid annular velocities in chil- 
dren have been published (65,68,107). 


ABNORMALITIES OF LEFT VENTRICULAR 
DIASTOLIC FUNCTION 


Stage I Diastolic Dysfunction: Impaired Relaxation 

In the earliest stages of diastolic dysfunction, the rate of ven- 
tricular relaxation is impaired. Delayed LV relaxation results 
in a slower decline in LV pressure resulting in a diminished 
gradient between the left atrium and LV in early diastole and 
a diminished mitral E-wave velocity. The slow relaxation also 
results in a lengthening of the IVRT and E-wave deceleration 
time. As a result, there is a compensatory increase in late filling 
during atrial systole, producing an augmented mitral A wave. 
These changes occur when ventricular compliance and LA and 
LV end-diastolic pressures are at near normal levels. 

In the pulmonary veins, delayed relaxation results in 
reduced early diastolic flow, resulting in an augmented systolic 
S wave and a diminished D wave. This results in an increased 
S-/D-wave velocity ratio. This index should be interpreted 
with caution in children as many normal children have higher 
S than D waves in the pulmonary veins. As atrial pressures are 
near normal at this stage of dysfunction, atrial systolic flow 
reversal remains absent or small (Fig. 9.34). TDI of the lateral 
mitral annular velocities will demonstrate a decrease in the 
peak E' velocity, corresponding to decrease in early diastolic 
ventricular relaxation. The E'/A' velocity ratio will therefore 
be <1 in this setting (Fig. 9.35). 

Stage II: Pseudonormal Diastolic Dysfunction 

Diastolic function indices in stage II dysfunction are sum- 
marized in Figure 9.35. As diastolic dysfunction advances, 


Figure 9.34. Physiologic left ventricle (LV)/ 
left atrial pressure relation with normal dia- 
stolic function and two stages of diastolic 
dysfunction. A: Normal ventricular relation 
produces a normal rise in the pressure gra- 
dient between the left atrium and LV at the 
conclusion of isovolumic relaxation. This 
results in a normal mitral E wave. Normal 
atrial contraction at end-diastole produces 
a normal mitral A wave. B: Impaired relax- 
ation prolongs the IVRT and results in a 
diminished pressure gradient between the 
left atrium and LV in early diastole. This 
results in a diminished mitral E wave, with 
a compensatory increase in the mitral A 
wave during atrial systole. C: Rising left 
atrial pressure restores the early diastolic 
gradient between the left atrium and LV, 
resulting in a pseudonormal E-wave veloc- 
ity. LAP, left atrial pressure. 




B 
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Figure 9.35. Progression from normal 
diastolic function (A) to early (B,C) and 
advanced (D) phases of diastolic dysfunc- 
tion with demonstration of the associated 
changes in the mitral inflow, pulmonary 
venous flow, and mitral annular Doppler 
tissue imaging indices. TDI, Tissue Dop- 
pler Imaging; PV, pulmonary venous. 


ventricular compliance progressively diminishes along with 
continued abnormalities in ventricular relaxation. Ventricu- 
lar filling becomes dependent on a compensatory increase in 
LA pressure. The increase in LA pressure has several effects: 
an increase in the left atrium to LV pressure gradient in early 
diastole produces an increase in the mitral E-wave veloc- 
ity and a shortening of the IVRT by producing early mitral 
valve opening. Progressive decreases in ventricular compli- 
ance result in shortening of the E-wave deceleration time. 
These changes lead to so-called pseudonormalization of the 
mitral inflow Doppler pattern. Although tissue Doppler, 
deformation imaging, and color M-mode help differentiate 
pseudonormal from normal, inspection of the M-mode, 2-D 
echo, and mitral inflow Doppler themselves can be useful 
to differentiate normal from pseudonormal. A heart with 
vigorous left and right ventricular contraction, normal wall 
thickness, and normal left and right ventricular and atrial 
sizes is most likely normal. A normal-sized but “hyper- 
contractile” appearing left atrium, with increased annular 
excursion toward the pulmonary veins suggests reduced 
early diastolic LV filling and impaired ventricular relaxation. 
Likewise, in pseudonormalization, although the E/A ratio 
appears normal, the E wave is often higher than normal (due 
to the elevated atrial pressure), and higher than the LV out- 
flow velocity. Finally, the Valsalva maneuver that impairs LA 
filling, thereby reducing the E wave velocity, can be used to 
unmask delayed relaxation when a pseudonormal pattern is 
present. 

The pulmonary venous flow profile features a decrement 
in the magnitude of the S wave and an increase in the D 
wave, resulting in a diminished S-/D-wave velocity ratio. 
The pulmonary venous A-wave velocity and duration will 
increase as ventricular compliance worsens. In adult studies, 
pulmonary venous A-wave velocities of >35 cm/s or pulmo- 
nary venous A-wave durations that exceed the mitral A-wave 
duration by >30 ms have been reported to distinguish nor- 
mal mitral inflow profiles from pseudonormal mitral inflow 
profiles (61,108). In the pediatric population, the difference 
between pulmonary venous A-wave duration and mitral 
A-wave duration can identify children with elevated LV 
filling pressures. However, these methods are adequately 
predictive only when the LV end-diastolic pressures are 
>18 mm Hg (62). 

The pattern of mitral annular velocities remains largely 
unchanged in the setting of pseudonormal dysfunction. 
Abnormal relaxation will again result in a diminished E' 


velocity and an E'/A' velocity ratio of <1. Thus, TDI can be 
useful to distinguish normal from pseudonormal mitral valve 
inflow profiles (69,109). This is particularly true when obtain- 
ing technically adequate pulmonary venous A-wave profiles on 
transthoracic echocardiography proves difficult, or when LA 
pressure is modestly elevated. An additional index of diastolic 
function that has been correlated to elevations in ventricular 
filling pressures is the ratio of transmitral E wave to lateral 
mitral annular velocity (or the average of the lateral and septal 
velocities) — the E/E' ratio. This ratio was found to correlate 
with pulmonary capillary wedge pressures in the presence of 
delayed relaxation (110,1 11). However, in one study, the E/E' 
ratio did not successfully predict elevated pulmonary capillary 
wedge pressures in adults with decompensated advanced heart 
failure (112). In light of these findings, further validation is 
required in children to assess the usefulness of the E/E' ratio 
in specific conditions. The relation between the onset of mitral 
filling to the onset of mitral annular tissue motion can also be 
used to assess LA pressures and differentiate pseudonormal 
from normal. In the normal heart, there is vigorous relaxation 
with suction of blood early in diastole. Therefore, the E' wave 
will appear slightly earlier or simultaneously with the mitral E 
inflow. In the presence of impaired ventricular relaxation and 
with increased atrial pressure driving filling, the E wave will 
precede the tissue E' wave. 

Stage III Diastolic Dysfunction: 

Restrictive Physiology 

As diastolic dysfunction worsens, a restrictive pattern 
emerges. The changes on Doppler parameters are summarized 
in Figure 9.35. LA pressure and LV stiffness are very high. 
The increase in LA pressure results in rapid inflow of blood 
into the LV during early diastole, producing a tall E wave. 
However, low LV compliance causes premature termination 
of early ventricular filling with narrowing of the E wave and 
further shortening of the E-wave deceleration. Likewise, due 
to the low compliance, filling in late diastole is reduced result- 
ing in a small A wave. Transmitral Doppler findings therefore 
feature an increased E-/A-wave ratio, typically >2, and further 
shortening of the E-wave deceleration time, which is typically 
<150 ms in adult studies (108) and shorter still in children. 
Of note, severe restrictive physiology results in a rapid rise in 
intraventricular pressures during diastolic filling, which will 
occasionally produce diastolic mitral regurgitation, especially 
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when the AV conduction delay is prolonged. These findings 
can be appreciated on color flow-Doppler imaging (113,114). 

In the pulmonary veins, there is further worsening of the 
trend seen in pseudonormal dysfunction, with further decreases 
in the fraction of systolic pulmonary venous flow and further 
increases in the diastolic fraction, resulting in further reduction 
in the S-/D-wave velocity ratio. The magnitude and duration of 
the atrial systolic reversal frequently becomes quite pronounced. 

TDI in restrictive physiology will demonstrate decreased 
E' velocities (58,109). Overall, the magnitude of annular 
velocities — both E’ and A' waves — is low, given the combined 
effects of severely decreased relaxation and compliance. The 
E/E' ratio will be higher than in preceding stages of dysfunction. 

A further, more severe stage of restrictive physiology is pro- 
posed in the adult literature (stage 4). This stage is character- 
ized by similar or worse parameters than stage 3, but a negative 
response to the Valsalva maneuver, indicating irreversible disease. 

Difficulties in Distinguishing Normal from Abnormal 
Diastolic Function in Children 

Throughout this section we have discussed differences between 
adults and children and difficulties, especially in children, in inter- 
preting diastolic function. Patterns and values considered abnor- 
mal in adults are often found in normal children. In addition, 
parameters are affected by age, heart size, heart rate, variable 
loading conditions, the heterogeneity of congenital heart disease, 
and whether the disease process is acute or chronic, compensated, 
or decompensated. Although normal pediatric reference data are 
available, there is a wide range of normal values reported in the 
literature. This pertains both to Doppler-flow parameters, TDI 
parameters, and deformation parameters (62,64). Furthermore, 
large areas of overlap in many indices have been found between 
normal children and those with increased filling pressures (62). 
Lack of validation of adult paradigms and correlation of abnor- 
mal echo-diastolic parameters compared with invasive reference 
methods in various diseases are additional limitations. 

Constrictive Pericarditis 

Constrictive pericarditis, although uncommon in children, can 
manifest very similar diastolic findings to restrictive physi- 
ology. The transmitral flow pattern can be very similar and 
feature an increased E-/A-wave ratio and a shortened E-wave 
deceleration time. Several findings can help distinguish con- 
strictive pericarditis from restrictive cardiomyopathy. In con- 
strictive pericarditis, simultaneous respirometry will reveal 
increased variation in the mitral valve E-wave velocities 
(>25%) and augmentation of pulmonary venous flows during 
respiration, that are not seen with restrictive physiology (115). 
In addition, Doppler assessment of the hepatic venous flow 
will show increased atrial systolic flow reversal during expira- 
tion with constriction and during inspiration with restrictive 
physiology (116). TDI in constrictive pericarditis will show 
a normal E' velocity in constriction, where the myocardium 
is relatively normal, compared with a low E r velocity in the 
diseased muscle of restrictive physiology (109). It is impor- 
tant to remember that in constrictive pericarditis, there may 
be a normal E/E' ratio despite elevated filling pressures due to 
the normal E' velocity (117). It should also be noted that the 
aforementioned findings have not been validated in pediatric 
studies of constrictive and restrictive physiology. 

Assessment of Diastolic Function During Exercise 

The ability of the heart to increase its relaxation and suc- 
tion effect in response to the increased cardiac output during 
exercise, at a time when diastole is significantly shortened, is 


a key component of cardiac physiology. Therefore, assessment 
of diastolic function and diastolic reserve during the provoca- 
tive physiology of exercise may be valuable (118). In response 
to exercise, untwisting of the heart is augmented allowing 
rapid filling in a shorter time period (96). This augmentation 
is closely linked to increased systolic twisting demonstrated by 
speckle tracking (97,119). Although multiple diastolic param- 
eters can be assessed, the E/E' ratio is commonly used. Abnor- 
mal hearts will demonstrate relative worsening of relaxation 
with decreased E' velocities and an increased E/E' ratio. Stud- 
ies in children are limited. 

Doppler Assessment of Right Ventricular Diastolic 
Function 

Diastolic dysfunction of the RV (either in a systemic or pul- 
monary position or as a single ventricle) can also be assessed 
by Doppler techniques. However, it is less clear what specific 
findings are representative of normal baseline ventricular dias- 
tolic function in these instances. There has been work describ- 
ing diastolic dysfunction, for example, in the single ventricle 
(100,111), but it is likely that diastolic dysfunction will need 
to be stratified for severity within a specific diagnosis. Moreo- 
ver, variations of flow patterns with respiration are prevalent 
on the right side of the heart; therefore, diastolic findings will 
need interpretation in view of their phase of respiration. 

Diastolic function of the RV can be assessed by assessment 
of transtricuspid Doppler flow patterns, TDI of the lateral tri- 
cuspid annulus, and assessment of the systemic venous inflow. 
Unlike the LV, however, in which echocardiographic diastolic 
indices have been validated in large adult populations, assess- 
ment of RV diastolic dysfunction in children has historically 
been confined to assessment in several fairly heterogeneous 
circumstances such as, postoperative TOF (120-122), systemic 
RVs, and single RV physiology (123,124). As such, normal 
diastolic function is difficult to define in these circumstances, 
and diastolic findings are often compared within a specific 
population against other clinical parameters. In addition, the 
Doppler profile of tricuspid inflow is often less sharp than that 
of mitral inflow, making precise and reproducible measure- 
ments more difficult. Nonetheless, published normal values 
for both tricuspid inflow Doppler flow profiles (65,125,126) 
and tricuspid annular velocities (65,127) exist for the pediatric 
population, and can be used to evaluate RV diastolic func- 
tion in the same way as one would assess diastolic function of 
the LV. Both systemic venous and transtricuspid flow can vary 
significantly during respiration (125); diastolic assessments of 
the RV and systemic venous inflow should therefore be stand- 
ardized for phase of respiration using simultaneous respirom- 
etry. Respirometry can be particularly helpful in assessing 
systemic venous flow patterns, as these can often be important 
in distinguishing restrictive diastolic physiology from a more 
constrictive pattern as described above. Pulsed-wave Doppler 
assessment of flow in the proximal pulmonary artery is also 
useful when RV diastolic dysfunction is suspected, as ante- 
grade flow in the main pulmonary artery during atrial systole 
that occurs in both inspiration and expiration, has been asso- 
ciated with restrictive RV physiology in postoperative TOF 
(Fig. 9.36) (121,127). RA dilation in the absence of tricuspid 
regurgitation could be considered as an important parameter 
for RV diastolic dysfunction but in contrast to the left atrium, 
no good normal values are present for the pediatric age range 
and no good method has been developed for measuring RA 
volumes. RA area can be measured. Flow in the hepatic 
veins should also be recorded. Significant flow reversal in the 
hepatic veins during atrial contraction is a sign of elevated RV 
end-diastolic pressure but no specific cutoff values have been 
provided (Fig. 9.37). 
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Figure 9.36. Restrictive RV physiology in a patient after tetral- 
ogy of Fallot repair. Pulsed-wave Doppler tracing obtained 
at the level of the pulmonary valve. This patient had severe 
pulmonary regurgitation as indicated by the short pressure 
half-time and only early diastolic flow reversal. During atrial 
contraction antegrade flow across the pulmonary valve can be 
recorded {arrows). This suggests that RV end-diastolic pres- 
sure during atrial contraction exceeds pulmonary diastolic 
pressure, which is consistent with restrictive RV physiology. 



Figure 9.37. Pulsed Doppler sampled in the hepatic vein of a 
patient with hypertrophic cardiomyopathy. Respirometry is 
seen in green. Findings are consistent with restrictive features 
with systolic antegrade flow ( asterisks ), retrograde flow in 
early diastole {arrowheads ) , and marked flow reversal after 
atrial contraction {arrows). In this patient these abnormalities 
are present during inspiration and expiration. 


EVALUATION OF VENTRICULAR SYNCHRONY 

Normal cardiac activation and contraction is rapid and homo- 
geneous with coordinated contraction of the atria to fill the 
ventricles at end -diastole, homogenous contraction between the 
different segments of the systemic ventricle, and the activation of 
the left and RVs within 50 to 80 ms (129). Dyssynchrony refers 
to the incoordinate or heterogeneous activation and contrac- 
tion of the cardiac chambers, especially the ventricles. Electrical 
dyssynchrony refers to slow and inhomogeneous activation of 
the ventricles and is most commonly measured using the QRS 
duration from the surface electrocardiogram. Mechanical dys- 
synchrony refers to the heterogeneous contraction of the car- 
diac chambers and is most commonly and easily measured using 
echocardiography. With the increasing evidence and recognition 
that ventricular dyssynchrony is a risk factor for ventricular dys- 
function and increased morbidity and mortality in patients with 
heart failure (130,131), and with the advent of cardiac resyn- 
chronization therapy (CRT) using biventricular or multisite pac- 
ing to treat ventricular dyssynchrony (132,133), it has become 
important to diagnose dyssynchrony, identify likely responders 
to CRT, and to optimize pacemaker settings after implantation 
(134,135). Some studies have suggested that echo may be useful 
to guide the optimal site of lead placement during pacemaker 
implantation for CRT (136,137). Three levels of dyssynchrony 
are generally identified: (a) atrioventricular dyssynchrony — the 
timing between atrial systole and ventricular diastole, (b) inter- 
ventricular dyssynchrony — incoordinate contraction between 
the left and RVs, and (c) intraventricular dyssynchrony — incoor- 
dinate contraction between different segments of the LV or RV. 

QRS duration is the most widely accepted criteria to diag- 
nose ventricular dyssynchrony for the purposes of predicting 
response to CRT (138,139). However, approximately one-third 
of adult patients do not respond to CRT based on standard cri- 
teria using QRS duration (140). One assumption was that these 
patients may not have mechanical dyssynchrony and therefore 
did not respond to CRT or conversely that ECG might not be 
sensitive enough to detect the presence of regional abnormali- 
ties arising from distal conduction disease not reflected in the 
QRS duration. Therefore, echo criteria to determine mechani- 
cal dyssynchrony, especially LV intraventricular dyssynchrony, 


have been investigated in the hope of better identifying patients 
who may respond to CRT. Early trials based on single-center 
experiences and largely based on TDI of mechanical dys- 
synchrony showed that echo could identify patients likely to 
respond to CRT better than QRS duration alone (141-145). 
Unfortunately, this experience was not confirmed in a large 
prospective randomized multicenter trial (PROSPECT) using 
either clinical improvement or a decrease in ventricular vol- 
umes (reverse remodeling) as outcomes (146). Likewise, echo 
criteria of mechanical dyssynchrony failed to predict response 
to CRT in heart failure patients with a narrow QRS duration 
using an increase in peak oxygen consumption during exer- 
cise as the outcome (147). These trials have left the field with 
much uncertainty as to the role of echo in assessment of dys- 
synchrony and in choosing candidates for CRT. Currently, echo 
criteria are not recommended to implement or withhold CRT 
from a patient (148). Nonetheless, many authors believe that 
mechanical dyssynchrony is an important component of ven- 
tricular dysfunction, that CRT addresses this phenomenon, and 
that echo holds the greatest potential to measure mechanical 
dyssynchrony given its high spatial and temporal resolution, its 
availability, and the ability for serial measurements, especially 
in patients with an implanted pacemaker, which is currently a 
relative contraindication to MRI (135,149,150). Some authors 
have advocated for using a more broad-based echocardio- 
graphic approach, assessing atrioventricular, intraventricular, 
and interventricular dyssynchrony as possible discrete mecha- 
nisms that may be present in different patients, thereby tailor- 
ing CRT to the underlying type of dyssynchrony (151). The 
question remains what is the best way to evaluate abnormal 
electromechanical coupling, measure mechanical dyssynchrony, 
and what is the ability of any given method to predict response 
to CRT? Currently there is no simple or single answer to these 
questions. The field continues to evolve, and multiple echo indi- 
ces to measure mechanical dyssynchrony have been published. 
In children, answers are far more vague with limited data and 
there are no published values to predict response to CRT. 

In the following section, we will summarize the main echo 
indices and modalities currently used to measure mechanical 
dyssynchrony. Many other dyssynchrony indices have been 
investigated but are beyond the scope of this text. 
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ECHOCARDIOGRAPHIC ASSESSMENT OF THE 
ATRIOVENTRICULAR DELAY 


Assessment of the AV delay is most commonly assessed after 
CRT implantation when optimizing device settings. This 
assessment is not necessary in every patient (148). Although 
several methods are available, AV dyssynchrony is most easily 
measured using pulsed Doppler of the mitral inflow by the iter- 
ative method (visual assessment). Optimal filling occurs when 
the systemic inflow E and A waves are clearly identified and 
separated from one another. The end of the A wave should be 
aligned with the QRS complex and/or mitral valve click (148). 


ASSESSMENT OF INTERVENTRICULAR 
DYSSYNCHRONY 


The interventricular delay is measured as the delay between 
the onset of LV and RV ejection (Fig. 9.38). This is most eas- 
ily measured from the onset of ECG Q wave to the onset of 
pulsed Doppler flow in the LV and RV outflow tracts or proxi- 
mal aorta and pulmonary artery (148). Although this index 



Figure 9.38. The interventricular delay represents the delay in 
ejection between the left ventricle (LV) and the right ventricle 
(RV). This is calculated as the time difference between the 
onset on QRS complex as the reference (first white line) and 
the onset of pulmonary (RVOT, top panel) and aortic (LVOT, 
bottom panel) ejection, respectively. In this example there is a 
66 msec delay between onset of ejection of the RV and subse- 
quently the LV (second white line), which is prolonged. It is 
important to acquire the samples at the same heart rate. In this 
example there is a small difference in heart rate between the 
two images (<10%). The measurement cannot be used when 
heart rate is significantly different at time of sampling. 


has not traditionally been used to predict response to CRT, 
it is one of the most reliably measured indices, may identify 
adults with increased response to CRT, and may be important 
in children with congenital heart disease (152,153). 


ASSESSMENT OF INTRAVENTRICULAR 
DYSSYNCHRONY 

To date, echo assessment of mechanical dyssynchrony has 
largely focused on assessment of intraventricular dyssyn- 
chrony as this parameter is thought to be most predictive of 
CRT in adults. 


M-mode 

The most common M-mode dyssynchrony index is the sep- 
tal-posterior wall delay measured from peak excursion of the 
septum to peak excursion of the posterior wall. A delay of 
more than 130 ms is considered abnormal in adults (154). 
Assessment of a very limited segment of the heart, difficul- 
ties in identifying the peak excursion when wall motion is flat 
as is commonly seen in ventricular dysfunction, and motion 
arising from tethering of the interrogated segment to adja- 
cent segments limits the utility of this index. In the presence 
of left bundle branch block, a sharp thinning-thickening (or 
lengthening-shortening) motion of the septum in the preejec- 
tion period (termed the “septal flash”), which can be demon- 
strated by M-mode or by tissue-Doppler imaging, has been 
found by one group to have a high specificity for response to 
CRT in adults as judged be reverse LV remodeling (151). 

Tissue Doppler Imaging 

To date, TDI, usually by color TDI with off-line analysis, has 
been the most common method to assess mechanical intra- 
ventricular dyssynchrony. TDI indices can be measured at any 
point of the ventricular myocardium to give information on 
regional wall motion. Because of this feature, TDI indices are 
not only useful in the assessment of ventricular function, but 
may be valuable in assessing ventricular dyssynchrony and 
response to CRT (155). Multiple TDI dyssynchrony indices 
based on TDI have been published. These generally measure 
the time to onset or peak systolic motion in a varying number 
of LV segments using the QRS complex as a reference. One of 
the most commonly used indices calculates the time-to-peak 
systolic motion (during ejection) in 12 LV basal and mid seg- 
ments, assessed from the apical four-, three-, and two-chamber 
views, and expresses the heterogeneity of longitudinal motion 
as a standard deviation (Fig. 9.39) (156,157). Other indices 
measure the difference in time-to-peak systolic longitudinal 
motion between 2, 4, or 12 LV segments (143,148). However, 
indices based on the measurement of a single-tissue velocity 
point, which is often variable and difficult to identify, tend to 
have poor intra- and interobserver reliability (146). A promis- 
ing approach integrates multiple points along the LV velocity 
curve essentially analyzing the motion of the wall throughout 
the systole. The relative delay between the two segments of 
interest (the shift in curves) can then be calculated using cross- 
correlation computation (158). This computation is not yet 
routinely available on common commercial ultrasound analy- 
sis platforms. The major advantage of TDI for mechanical dys- 
synchrony analysis is the ability to easily and quickly obtain 
data from multiple segments simultaneously (in the same car- 
diac cycle) at high frame rates. Major disadvantages include 
difficulties in identifying peak systolic motion when multiple 
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Figure 9.39. Assessment of left 
ventricular (LV) intraventricular 
dyssynchrony using tissue Dop- 
pler to measure the left ventricu- 
lar dyssynchrony (Yu) index. 
Aortic valve opening and closing 
are marked by the green lines to 
delineate ventricular ejection. In 
panel A 12 tissue Doppler curves 
are obtained from the basal and 
mid regions from apical 4 (top), 
2 (middle), and 3 (bottom) cham- 
ber views. The time to peak veloc- 
ity is measured using the onset of 
the QRS complex as a reference 
point. The standard deviation of 
the time to peak velocity during 
ejection is measured as the dys- 
synchrony index. In this normal 
example, tissue velocities reach 
their peak nearly simultaneously 
so that the standard deviation of 
time to peak velocity curves is 
low. In contrast, panel B shows 
curves from a patient with dilated 
cardiomyopathy where differ- 
ent segments reach peak veloc- 
ity at different times. This would 
increase the standard deviation of 
time to peak velocity and indicate 
LV intraventricular dyssynchrony. 
For the sake of clarity, only 6 
of the 12 segments sampled are 
shown. 


peaks are present or when a clear peak is not visible. Wall 
motion profiles may differ between segments complicating 
analysis. These factors lead to poor reproducibility. Moreo- 
ver, motion of the interrogated segment may be passive due to 
translation of the entire heart or due to tethering of a noncon- 
tractile segment to adjacent segments. The importance of teth- 
ering in children, who generally do not have discrete regions 
of infarcted myocardium except in very specific circumstances, 
is unknown. 

Deformation Imaging 

Because of the poor results predicting response to CRT using 
tissue Doppler techniques and because of its high intra- and 
interobserver reliability, echo measurement of dyssynchrony 
using deformation imaging is increasing (159,160). One 
method measures the delay between time-to-peak radial 
strain between the septum and posterior wall (similar to the 
M-mode technique) at mid-ventricular level with a 130 ms cut- 
off quoted in the adult literature (Fig. 9.40) (161). Adding the 
radial septal to posterior wall delay to longitudinal assessment 
by TDI may increase the ability of echo to predict response to 
CRT (162). Other authors have used the delay between time- 
to-peak longitudinal strain in the septum and lateral wall. By 
measuring active contraction, strain imaging overcomes the 
problem of passive translational motion and tethering. How- 
ever, the utility of deformation imaging to predict the response 
to CRT in large populations and in multicenter setting needs 
validation. Other disadvantages include a lower frame rate 


than tissue Doppler (for speckle tracking), lack of standardi- 
zation for which segments to measure and as for TDI measure- 
ments, how large the region of interest should be (163), and 
relatively poor reproducibility. Despite the theoretical benefits 
of deformation imaging, our practical experience has been 
that it is difficult to obtain reliable strain curves for dyssyn- 
chrony measurements in a substantial proportion of children 
with ventricular dysfunction. 

Three-Dimensional Echocardiography 

LV dyssynchrony can be readily measured by 3-D echo in 
adults and children (164,165). The full LV 3-D volume is seg- 
mented by postprocessing software into subvolumes around 
the LV central meridional axis. The standard deviation of time 
to minimal volume between 12 and 16 subvolumes is then 
used as a dyssynchrony index (Fig. 9.41). To account for dif- 
ferent heart rates, the dyssynchrony index can be expressed as 
a percentage of the cardiac cycle length. Disadvantages of 3-D 
echo are the low frame rates and the indirect assessment of 
wall motion through assessment of volume change. 

Assessment of Mechanical Dyssynchrony 
in Children 

Dyssynchrony has been shown to be important in children 
and adolescents in a number of acquired and congenital condi- 
tions. Data on RV and LV dyssynchrony by various modalities 
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Figure 9.40. Radial strain curves 
obtained in six segments from a mid 
parasternal short-axis cut. Note that 
peak systolic strain occurs nearly simul- 
taneously in the six measured segments. 



derived from normal populations are emerging but are still 
limited (166-168). More importantly, to date, there are no data 
pertaining to mechanical dyssynchrony cut-points that may 
predict response to CRT in children. Likewise, the largest pub- 
lished CRT experience in children has not described mechani- 
cal dyssynchrony (169—171). Most studies have largely been 
restricted to investigating the prevalence of dyssynchrony in 
various conditions and investigating its impact on cardiac func- 
tion, exercise capacity, and clinical outcomes. In children with 
dilated cardiomyopathy, and in normal controls, the degree of 
radial deformation (which is related to contractility) was found 


to be related to the time it took to develop peak deformation, 
thereby providing a direct link between timing of contraction 
and regional function (172). Indeed, systolic dyssynchrony 
measured by TDI and by strain is prevalent in children with 
dilated cardiomyopathy, even when the QRS duration is nar- 
row (173,174). Mechanical dyssynchrony was not significantly 
linked to death or transplant in a relatively small study using 
TDI assessment (175), although by 3-D assessment, it has been 
linked to LV EF (165). Diastolic dyssynchrony has also been 
found to be prevalent in this population and is possibly linked 
to increased risk for death or transplant (176). 


Figure 9.41. Three-dimensional 
synchrony. Three-dimensional 
left ventricular (LV) full volume. 
After tracing the endocardial bor- 
ders, a LV volume is generated and 
tracked over the cardiac cycle. The 
post-processing software generates 
17 subvolumes around the meridi- 
onal axis. The change in each 
subvolume over the cardiac cycle 
is represented in the curves at the 
bottom of the figure. In this exam- 
ple, all subvolumes reach minimal 
volume at approximately the same 
time [arrow) depicting synchro- 
nous LV contraction. 
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Dyssynchrony, demonstrated by echo, is also important in 
children with congenital heart disease. RV wall motion abnor- 
malities are commonly found after repair of TOF and in the 
systemic RV after atrial switch procedures where pulsed tis- 
sue-Doppler has demonstrated opposing longitudinal motion 
in the RV free wall (177,178). These abnormalities were 
related to electrical activation (QRS duration) and risk for 
arrhythmia. Indeed, after surgical repair of TOF, where right 
bundle branch block is common, electromechanical interac- 
tions seem to be important, especially when involving the 
infundibulum as shown by pulsed tissue Doppler, M-mode, 
and deformation imaging (179,180). These wall abnormali- 
ties may also impact TOF patients' responses to exercise. 
During exercise, even asymptomatic TOF patients develop 
both RV and LV dyssynchrony as shown by TDI (181). Like- 
wise an increased interventricular delay has been linked with 
decreased exercise capacity and increased risk for ventricular 
arrhythmias during exercise (153). Wall motion abnormalities 
impacting ventricular function have also been found in the 
LV in TOF patients, where an increased delay between time- 
to-peak deformation between the lateral wall and septum has 
been associated with decreased global LV function (178). LV 
dyssynchrony and dysfunction in congenital disease affecting 
the RV may stem from adverse ventricular-ventricular inter- 
actions (182-185) as LV dyssynchrony was more prevalent 
in the presence of abnormal septal motion, more pulmonary 
regurgitation, larger RV volumes, and right bundle branch 
block (182,185). RV mechanical dyssynchrony has been dem- 
onstrated using vector velocity imaging, a form of deforma- 
tion imaging, in children with hypoplastic left heart syndrome 
(186). The amount of dyssynchrony differed between different 
stages of palliation. Whether this dyssynchrony constitutes a 
marker for later development of ventricular dysfunction in 
this population, is unknown. However, in the failing systemic 
RV, mechanical dyssynchrony may be an important compo- 
nent of the response to CRT (187). Acutely after surgery, 
biventricular pacing is likely superior to single-site pacing in 
terms of wall motion and hemodynamics, as assessed by TDI 
(155). Indeed, increased mechanical dyssynchrony by tissue 
Doppler and strain imaging may be associated with decreased 
cardiac output after congenital heart disease surgery, and this 
may respond to biventricular pacing. 


CORONARY ARTERY PHYSIOLOGY 

Coronary artery physiology and pathology play an important 
role in congenital conditions, and assessment of coronary 
artery physiology is gaining an increasingly important role for 
the pediatric and congenital echocardiographer. In children, 
coronary artery abnormalities are predominantly related to 
(a) an abnormal origin or course (e.g., left coronary artery 
arising from the right facing sinus), (b) inflammatory dis- 
eases (e.g., Kawasaki disease), (c) problems related to surgical 
reimplantation (e.g., repair of anomalous left coronary artery 
from the pulmonary artery, arterial switch procedure, pulmo- 
nary autograft (Ross) procedure), (d) early atherosclerosis, 
(e) reduced flow related to high end-diastolic pressure (e.g., LV 
outflow tract obstruction, cardiomyopathy), and (f) compres- 
sion of the coronary arteries (e.g., myocardial bridging in 
hypertrophic cardiomyopathy). The specific etiology in ques- 
tion will influence the type and extent of imaging performed. 
Two-dimensional and color flow echocardiography are useful 
for imaging coronary artery origins, course, aneurysms, and 
dilatation, but are less useful for detecting coronary artery ste- 
nosis, aside from perhaps coronary ostial stenosis. 


Coronary echocardiography or ultrasound can be divided 
into the following broad categories: 

1. Direct imaging of the coronary arteries 

2. Assessment of regional myocardial function at rest and 

during stress that may indicate perfusion abnormalities in 

specific myocardial territories 

3. Vascular imaging to detect early atherosclerosis 

In this section, we refer to general imaging of coronary artery 
physiology. Specific abnormalities are covered in the respective 
chapters. 

Coronary physiology can be assessed by studying periph- 
eral arterial structure and function or by direct interrogation 
of the coronary arteries themselves. 

The peripheral arteries serve as surrogate windows for the 
study of coronary artery physiology. Carotid intima-medial 
thickness is a precursor of atherosclerosis (188,189) and can 
be measured by high-frequency ultrasound (15 MHz). 

Peripheral arterial endothelial function is assessed by bra- 
chial artery flow-mediated dilation. This technique involves 
inflating a sphygmomanometer cuff placed on the forearm or 
upper arm to a pressure of 100 to 150 mm Hg above the sys- 
tolic pressure for 4 to 5 minutes. The brachial artery diameter 
immediately after cuff deflation is compared with the baseline 
diameter before inflation. The technique produces very subtle 
changes and must be performed in a highly controlled envi- 
ronment free of extraneous influences. Both carotid intima- 
medial thickness and brachial artery flow-mediated dilation 
have been used successfully to show impairment of vascular 
function, and therefore, presumably coronary arterial func- 
tion in children with insulin-dependent diabetes mellitus 
(190,191). Vascular function can also be assessed by applana- 
tion tonometry, a nonultrasound technique that necessitates 
noninvasive capture of a large artery waveform using high- 
fidelity transducers and from which cardiovascular risk can be 
assessed (192). 

Direct Assessment of the Coronary Arteries 

Two-dimensional and color-flow imaging of the coronary 
arteries can show anomalous origins, abnormal branch- 
ing patterns and courses of the coronary arteries, coronary 
aneurysms and/ or dilation, and coronary fistulae. Direct 
assessment of the coronary arteries is still limited and a cor- 
onary abnormality should be considered when other signs of 
myocardial ischemia or infarction are present, such as global 
or regional ventricular dysfunction, ventricular and atrial 
enlargement, the presence of mitral regurgitation, echogenic 
papillary muscles or myocardium, and flow reversal in the 
left anterior descending artery by color flow Doppler in 
anomalous origin of the left coronary artery from the pul- 
monary artery. 

Direct functional assessment of the coronary arteries 
largely rests on Doppler assessment of coronary flow although 
it is not routinely performed in most pediatric clinical institu- 
tions. Nonetheless, Doppler flow velocities have been found to 
correlate well with invasive measurements by Doppler guide 
wire in adults and in pediatric studies, albeit in a small number 
of subjects (193-195). Normal values for Doppler flow veloci- 
ties at rest in the left coronary artery have been published in a 
cohort of over 300 children (196), and have been studied in the 
branch coronary arteries (197). Velocities, which ranged up to 
60 cm/s in young children, decreased with age and increased 
with heart rate. 

Coronary flow reserve reflects the increase in coronary 
flow in response to stimuli such as pharmacologic agents 
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(e.g., adenosine triphosphate, and dipyridamole) and exercise. 
It is calculated as the ratio of the peak (or mean) diastolic veloc- 
ity after hyperemic stimulation to the baseline peak (or mean) 
diastolic velocity and reflects the resistance of the coronary bed, 
its ability to maintain constant flow when myocardial perfusion 
pressure changes (autoregulation), and the ability to augment 
blood flow in response to stress (198). Coronary flow reserve 
is affected not only by stenosis or compression of the proximal 
coronary arteries, such as in Kawasaki disease (195,199) or 
hypertrophic cardiomyopathy (200), but also by abnormalities 
in the distal coronary microvasculature such as in dilated car- 
diomyopathy, where decreased coronary flow reserve by Dop- 
pler echo has been linked to worse outcome (201,202). More 
reassuringly, normal coronary flow reserve has been found in a 
small study of children after arterial switch operation for trans- 
position of the great arteries, although a number of children 
with variant left coronary anomaly demonstrated abnormal 
coronary flow reserve by cardiac positron emission tomo- 
graphic imaging in response to adenosine (203). These normal 
findings in most children after the arterial switch operation mir- 
ror an invasive study using a Doppler guidewire and (204) may 
predict lower risk for atherosclerosis in the following decade 
(205). On the other hand, past publications have found that 
while coronary artery anatomy is not a determinant of outcome 
after the arterial switch operation, a portion of children may 
have silent ischemia without echocardiographic abnormalities 
at rest (206). Whether these children will demonstrate abnor- 
mal coronary flow reserve is unknown. Echo Doppler assess- 
ment of coronary flow reserve in the right coronary artery has 
also been shown to be feasible in an adult population, using a 
coronary Doppler flow wire as a reference (203). 

Given the important limitations of echocardiography in 
detecting coronary anomalies, especially those related to coro- 
nary stenosis and perfusion abnormalities, there should be a 
low threshold to proceed to other imaging modalities when 
there is a clinical suspicion of coronary stenosis or a perfusion 
abnormality. Alternative imaging modalities for this indica- 
tion include computerized tomography, cardiac MRI, nuclear 
imaging, and especially coronary angiography, which remains 
the reference standard. 

Coronary Perfusion 

One of the major uses of stress echocardiography is in the 
assessment of coronary perfusion (204). Myocardial ischemia 
develops when myocardial oxygen demand exceeds supply. 
Ischemia can manifest by angina (a relatively late manifesta- 
tion evident by patient history), a metabolic abnormality (a 
relatively early manifestation evident by positron emission 
tomography), or several intermediate manifestations such 
as ST-segment depression on the electrocardiogram or poor 
radioisotope perfusion on a thallium scan. On the echocardio- 
gram, ischemia is manifested by a new or worsening regional 
wall motion abnormality. In children, stress echocardiography 
for coronary assessment can be useful for a variety of indica- 
tions including Kawasaki disease, detection of coronary artery 
vasculopathy in the transplanted heart (205,206), and after the 
arterial switch operation. In children, although an abnormal 
DSE correlates relatively well with angiographic abnormalities 
in the coronary vessels (206), one of the main problems is the 
low pretest probability of an abnormality resulting in a low 
positive predictive value of the exam. It is currently our insti- 
tutional practice to limit routine dobutamine stress echocardi- 
ography for detection of transplant vasculopathy to patients 
who are more than 3 years after transplant and who have risk 
factors for rejection or previous rejection. 
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S ince publication of the previous edition of this textbook, 
the field of cardiovascular magnetic resonance imaging 
(CMR) has continued to experience rapid evolution in tech- 
nology and clinical applications. During the past decade, devel- 
opments in hardware design, computer sciences, and imaging 
sequences have led to a marked expansion of the clinical util- 
ity of CMR in patients with congenital and acquired pediat- 
ric heart disease. CMR is rarely used as the first or the sole 
diagnostic imaging test. It complements echocardiography, 
provides a noninvasive alternative to x-ray angiography, and 
overcomes many of the limitations of these modalities. For ex- 
ample, in contrast to echocardiography, acoustic windows and 
body size do not limit CMR, and, unlike cardiac catheteriza- 
tion, CMR does not use ionizing radiation. In today’s clinical 
practice, CMR is increasingly used in concert with other imag- 
ing modalities (most commonly echocardiography) for assess- 
ment of cardiac anatomy and function, measurements of blood 
flow, tissue characterization, and, more recently, evaluation of 
myocardial perfusion and viability. This chapter reviews com- 
mon CMR techniques and discusses the clinical applications of 
CMR in patients with congenital and acquired pediatric heart 
disease. 


INDICATION FOR MAGNETIC RESONANCE 
IMAGING EVALUATION OF CONGENITAL HEART 
DISEASE 


The indications for CMR in patients with congenital heart dis- 
ease (CHD) continue to expand. Given that CMR has been 
shown to provide helpful diagnostic information in most types 
of CHD, it is not practical to list individual anomalies in which 
the test is indicated. In general, the clinical reasons for a CMR 
examination fall into one or more of the following categories: 

1. When transthoracic echocardiography cannot provide the 
required diagnostic information 

2. When clinical assessment and other diagnostic tests are 
inconsistent 

3. As an alternative to diagnostic cardiac catheterization with 
its associated risks and higher cost 

4. To obtain diagnostic information for which CMR offers 
unique advantages 

In clinical practice, CMR is typically ordered after other imag- 
ing studies have been performed and additional diagnostic 
information is required. Table 10.1 summarizes the primary 
referral diagnoses in 1,334 consecutive CMR examinations 
performed in 1,183 patients at Children’s Hospital Boston in 
2003 to 2004 (1), illustrating the wide range of cardiovascular 
anomalies evaluated. 

It is worth noting that the role of CMR in infants 
and toddlers is more limited than that in older patients. 


Because poor acoustic windows are less common in infants, 
echocardiography can provide the necessary diagnostic infor- 
mation in most patients, and CMR under sedation or anes- 
thesia is reserved for those in whom additional information 
is necessary. A review of 99 consecutive CMR examinations 
in patients younger than 1 year of age during a 4-year period 
(January 1999 through December 2002) at Children’s Hospi- 
tal Boston found that delineation of the thoracic vasculature 
was the most common indication (55%), followed by assess- 
ment of airways compression (25%) and evaluation of cardiac 
tumors (6%) (272). In the future, CMR will likely assume a 
greater role in this age group, primarily as an alternative to 
diagnostic cardiac catheterization. Examples of such scenarios 
include delineation of sources of pulmonary blood supply in 
tetralogy of Fallot (TOF) with pulmonary atresia and preoper- 
ative assessment of candidates for a bidirectional Glenn shunt. 


MAGNETIC RESONANCE IMAGING TECHNIQUES 


Background 

In magnetic resonance imaging (MRI), magnetic fields and 
radiofrequency (RF) energy are used to stimulate nuclei in 
selected regions of the body to emit radio waves that are then 
processed to construct images. The primary source of signals 
used to construct MR images is derived from hydrogen pro- 
tons (*H). The * 1 2 3 4 H protons can be thought of as tiny bar mag- 
nets that, when placed in a strong magnetic field, will align 
and precess (rotate) around the axis of the magnetic field. The 
highest concentrations of J H protons are in water and fat. 
Through the use of a strong static magnetic field, much weaker 
but rapidly varying magnetic field gradients, and short pulses 
of RF energy, the *H protons (also referred to as spins) in 
selected regions of the body are stimulated to emit RF waves. 
These RF waves are then used to construct MR images 
(Fig. 10.1). The strength of the static magnetic field in most 
clinical scanners used for CMR is either 1.5 or 3.0 Tesla (T) 
(1 Tesla = 10,000 gauss [G]; the strength of earth’s magnetic 
field at its surface is ~0.5 G). 

As with any other diagnostic modality, an in-depth knowl- 
edge of underlying MRI physics is essential for maximizing its 
utility and understanding its pitfalls and limitations. This, in 
turn, enhances the quality of the interpretation of the imaging 
data. A detailed discussion of MRI physics is beyond the scope 
of this chapter and can be found in other sources (2,3). Selected 
imaging sequences commonly used in CMR are described 
together with their clinical applications later in this chapter. 

Cardiac and Respiratory Gating 

Because most CMR techniques acquire data over multiple heart- 
beats, cardiac and respiratory motions during image acquisition 
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Primary Referral Diagnoses 
in 1,334 CMR Examinations at 
Children's Hospital Boston 

Referral Diagnosis 

Number of 

Studies Percent 

Tetralogy of Fallot 

270 

20.2 

Aorta 


198 

14.8 

Coarctation 


116 


Other 


82 


Complex 2 Ventricle 

187 

140 

TGA 


78 


S/p arterial switch 

35 


S/p atrial switch 

43 


Single ventricle 


134 

10.0 

Septal defects 


72 

5.4 

ASD 


39 


VSD 


33 


Anomalies of the 

46 

3.4 

pulmonary veins 



Arrhythmogenic right 

41 

3.1 

ventricular cardiomyopathy 



Pulmonary atresia with 

29 

2.2 

intact ventricular septum 



Vascular anomalies 

25 

1.9 

(other than aorta) 



Kawasaki disease 

24 

1.8 

Congenital coronary 

22 

1.6 

anomaly 




Cardiac tumor/mass 

22 

1.6 

Vascular ring 


21 

1 6 

Other 


243 

18.2 


ASD f atrial septal defect; TGA, transposition of the great arteries; VSD, ventricular 
septal defect. 


result in image blurring. Several techniques have been devel- 
oped to overcome this problem. The most common approach 
to compensate for cardiac motion is to synchronize or “gate” 
image acquisition with the cardiac cycle. The cardiac cycle is 
tracked using either the electrocardiogram (ECG) or an optical 
pulse sensor placed on an extremity (called “peripheral gating”) 
(Fig. 10.2). Electrocardiographic gating can be accomplished 
with a high-quality standard ECG trace or with a vectorcardio- 
gram (VCG) signal (4). More recently, a new technique called 
“self-gating,” which relies on cardiac motion and avoids the use 
of ECG triggering altogether, has been described (5). Blurring 
due to respiratory motion can be avoided either by having the 
patient hold his breath for periods of 5 to 10 seconds during 
data acquisition or by synchronizing image data acquisition to 
the respiratory as well as to the cardiac cycle. Another approach 
that reduces blurring from respiratory motion is to repeat the 
image acquisition several times and average the data. Respira- 
tory motion can be tracked by either a bellows device placed 
around the abdomen or by MR navigator pulse that concur- 
rently tracks the position of the diaphragm or cardiac border 
(Fig. 10.3) (6). 


A more desirable approach to avoid motion-induced 
image blurring is to acquire the MR data fast enough so that 
cardiac and respiratory motions are adequately resolved. 
Advances in gradient coil performance, parallel acquisition 
techniques, and image reconstruction methods have allowed 
real-time CMR at 20 to 24 frames per second, albeit at the 
expense of spatial and temporal resolutions (7-10). Real- 
time imaging may be particularly useful when a patient has 
an irregular rhythm and to evaluate respiratory-related vari- 
ations in blood flow and septal position (11). This technol- 
ogy, which is now commercially available on some clinical 
scanners, may obviate the need for ECG and respiratory trig- 
gering. 


SEDATION AND MONITORING 


Patients undergoing CMR examinations must remain still in 
the scanner bore for up to 60 minutes to minimize motion 
artifact during image acquisition and allow planning of suc- 
cessive imaging sequences. Accordingly, the need for per- 
forming the examination under sedation or anesthesia and 
an assessment of the risk-benefit ratio for proceeding under 
these circumstances should be determined well before the 
examination date. Multiple factors are taken into account 
when deciding whether a patient should have an examina- 
tion with sedation, including the length of the anticipated 
examination protocol, the child’s developmental age and 
maturity, the child’s experience with prior procedures, and 
the parents’ opinion of their child’s capability to cooperate 
with the examination. True claustrophobia in the pediatric 
age group is rare. In general, most children 7 years of age 
and older can cooperate sufficiently for a good-quality CMR 
study. Parents should be provided with a detailed descrip- 
tion of the examination and asked to discuss it with their 
child in an age-appropriate manner in advance to increase 
the likelihood of a successful study. After proper screening, 
parents can be allowed into the scanner room to help their 
child complete the examination. Allowing patients to listen 
to music or watch movies through a specialized MRI-com- 
patible audiovisual system may reduce anxiety and improve 
patient cooperation (12). 

Strategies for sedation and anesthesia in CMR vary and 
often depend on institutional preference and resources such as 
availability of qualified pediatric anesthesiologists. Although 
it is possible to wait for young children to fall into a natu- 
ral sleep using a “feed and swaddle” approach, this method 
may be time-consuming and complicated by early awaken- 
ing. Sedation can be achieved with a variety of medications 
(e.g., pentobarbital, propofol, fentanyl, midazolam, chloral 
hydrate) and is a reasonable approach (13-19). Its principal 
drawbacks are an unprotected airway and reliance on sponta- 
neous respiratory effort with the associated risks of aspiration, 
airway obstruction, and hypoventilation. In addition, because 
images are often acquired over several seconds, respiratory 
motion will degrade image quality. This motion artifact can 
be reduced by synchronizing image data acquisition to the 
respiratory cycle tracked either by a bellows device around 
the abdomen or by navigator echoes that concurrently image 
the position of the diaphragm or heart. An alternative strat- 
egy to reduce respiratory motion artifacts is to acquire mul- 
tiple images at the same location and average them, thereby 
minimizing variations from respiration. The principal limita- 
tions of both these strategies are prolonged scan times and 
incomplete elimination of respiratory motion that can lead to 
reduced image quality. 

Because of these safety and image quality concerns, we 
and others frequently prefer to perform CMR examinations 
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Figure 10.1. From signal to image. Top panel: Outside the scanner’s magnetic field, the orientation of the spin- 
ning (precessing) protons is random. Once inside the scanner, the protons are aligned with the direction of the 
static magnetic field (B 0 ). Excitation by a brief pulse of RF energy perturbs the protons into a state of higher 
energy. Once the RF pulse ceases, the protons return to their original state of energy (relaxation) and emit RF 
energy. Lower panel: The emitted RF energy is captured by receiver coils (antennas) and undergoes through a 
series of electronic filters. The raw MR signal is stored as an array of numbers called “k-space.” By applying fast 
Fourier transformation (FFT), the raw MR data stored in k-space is translated into an image. 
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Figure 10.2. Cine MRI. A: Schematic 
representation of image data acquisi- 
tion. Using the ECG signal, the cardiac 
cycle is divided into multiple, equally 
spaced acquisition windows. Several 
lines of k-space are acquired during 
each acquisition window (a technique 
called segmented k-space). Over several 
heartbeats, a series of images spanning 
the cardiac cycle is reconstructed and 
viewed in cine loop mode (B). 
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Figure 10.3. Respiratory navigator. The navigator beam is 
positioned over the right hemidiaphragm and includes lung 
and liver tissues (top). The motion of the right hemidiaphragm 
is continuously displayed (bottom) along with the acceptance 
window (horizontal lines). Only data acquired when the posi- 
tion of the right hemidiaphragm is registered within the accep- 
tance window are used for image reconstruction. 


under general anesthesia in children who cannot undergo 
an awake examination (20,21). This approach, described 
in detail elsewhere (2,22), is safe, consistently achieves ade- 
quate sedation, protects the airway, and offers control of 
ventilation. Respiratory motion artifact can be completely 
eliminated by suspending ventilation in conjunction with 
neuromuscular blockade. Breath-hold periods of 30 to 60 
seconds are typically well tolerated, and allow multiple loca- 
tions to be scanned efficiently. 

When utilizing either sedation or anesthesia, it is impor- 
tant that both the nurses and physicians have sufficient expe- 
rience with these procedures in children with cardiovascular 
disorders. Continuous monitoring of the ECG, pulse oximetry, 
end-tidal carbon dioxide, anesthetic gases, blood pressure, and 
temperature with an MRI-compatible physiologic monitor- 
ing system is required (Fig. 10.4). MRI-compatible anesthe- 
sia machines are available that can be located in the scanner 
room and connected to the patient’s endotracheal tube by an 
extended breathing circuit. To maximize patient safety and 
examination quality, it is recommended that different health 
care providers be responsible for supervising the imaging and 
sedation/anesthesia aspects of the study and that both com- 
municate closely with each other. 


PATIENT PREPARATION 


Prior to bringing the patient into the scanner room, the phy- 
sician and technologists should review the patient’s history, 
safety screening form, and the most recent chest radiograph to 
identify implanted devices that may be hazardous in the MRI 
environment or produce image artifact. A detailed discussion 
on MRI safety can be found at the end of this chapter and 
elsewhere (23-25). 

Following safety screening, physiologic monitoring devices 
and hearing protection (for both awake and anesthetized 



Figure 10.4. MRI suite equipped with (1) MR-compatible 
anesthesia machine, (2) physiologic monitoring equipment, 
and (3) ceiling-mounted in-room scan controls and monitors. 


patients) are put in place. A high-quality ECG signal is essen- 
tial for optimum image quality in cardiac-gated sequences. 
The signal should be checked both when the patient is 
outside and then inside the scanner bore. In patients with 
dextrocardia, ECG leads are best placed on the right chest. 
Because young children dissipate body heat faster than 
adults, the scanner room temperature should be adjusted 
and prewarmed blankets applied to minimize heat loss. 

The imaging coil should be chosen to maximize the signal- 
to-noise ratio over the entire body region to be examined. 
Because CHD often involves abnormalities of the thoracic 
vasculature, the coil will usually need to be large enough to 
cover the entire thorax rather than just the heart. Adult head 
or knee coils are often appropriate for infants weighing <10 
kg, and adult cardiac coil for medium-sized children weigh- 
ing between 10 and 40 kg. More recently, multichannel coils 
designed specifically for cardiovascular imaging in infants 
and young children have become commercially available 
(Fig. 10.5). Adequate coil coverage and placement should be 
confirmed early in the examination by reviewing the local- 
izing images. 


SAFETY 

Standard clinical imaging scanners present no known hazards 
to biologic materials. Guidelines set by the Food and Drug 
Administration (FDA) keep the strength of the magnetic fields 
and the deposition of RF energy well below levels that could 
cause significant biologic effects. Animal studies evaluating the 
influence of static magnetic fields have not demonstrated sig- 
nificant biologic effects for fields of up to 2 T (26). Millions of 
patients have undergone MRI studies without any noticeable 
immediate or long-term sequelae. The incidence of complica- 
tions related to CMR examination in patients with CHD is 
low (1.6%), most of which are minor and transient (1). Not 
surprisingly, infants with severe cardiorespiratory compromise 
referred to CMR from the cardiac intensive care unit are more 
susceptible to adverse events such as transient hypotension 
and hypoxemia. 

Investigations on pregnant human subjects exposed to 
MR imaging or the MR environment have not demon- 
strated any adverse outcomes. Current guidelines state that 
pregnant patients can be accepted to undergo MR scans 
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Figure 10.5. Multichannel RF coils used in CMR imaging in infants, children, and adults. A: 8-channel knee coil 
used in infants weighing 4 kg or less; B: 8 -channel pediatric coil used in patients weighing between 4 kg and 10 kg; 
C: 5-channel cardiac coil used in patients weighing between 10 kg and 30 kg; and D: 32-channel cardiac coil used 
in patients weighing 30 kg or more. These body weights are approximates and other considerations are taken into 
account when selecting a coil for an individual patient. 


at any stage of pregnancy if the risk-benefit ratio to the 
patient warrants that the study be performed (27). Thus, 
when maternal and fetal health considerations necessitate 
diagnostic studies, MRI is preferable to methods that use 
x-rays, such as computed tomography (CT) or standard 
angiography. 

Gadolinium contrast is commonly used in CMR examina- 
tions in patients of all ages for angiography and for assess- 
ment of myocardial viability, first-pass perfusion, and diffuse 
fibrosis (28-30). It is important to note that the FDA has not 
approved the use of contrast agents in CMR; hence its use 
is off-label. The incidence of adverse events related to gado- 
linium contrast is very low. In patients with CHD, Dorfman 
et al. (1) reported an event rate of 0.84% — all were minor 
and transient events such as nausea, vomiting, or sensation 
of warmth. Anaphylactic reaction to gadolinium contrast is 


exceptionally rare (31). Nephrogenic systemic fibrosis (NSF), 
previously known as nephrogenic fibrosing dermopathy, is a 
well recognized but incompletely understood systemic dis- 
ease characterized by progressive multiple-organ fibrosis. An 
association between NSF and gadolinium administration was 
recognized in 2006 (32). Subsequent investigations found that 
patients with renal failure were at risk for developing this rare 
but severe complication (33,34). Consequently, most institu- 
tions have adopted a policy to avoid using gadolinium con- 
trast in patients with impaired renal function (35). A recent 
study has shown no new cases of NSF since the institution of a 
policy of avoiding use of gadolinium contrast in patients with 
glomerular filtration rate lower than 60 mL/min/m 2 (36). 

Implanted metallic objects are of particular concern in 
the MR environment since they could potentially undergo 
undesirable movements if the magnetic field were sufficiently 
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Safety Considerations and Image Artifacts due to Implanted Devices used in Patients 
] with CHD 

Device 

Safety 3 

Image Artifact* 

Comment 

Pacemaker 

RC 

2 

The assertion that presence of a pacemaker/ 

AICD 

Cl 

2 

defibrillator is an absolute contraindication to MRI 
has been challenged (23) 

Careful assessment of risks and benefits, informed 
consent, and proper precautions are required. 

Permanent pacemaker lead — no generator 

RC 

1 

Experiments in animal models found heating of 
permanent pacemaker leads (306) 

Temporary pacemaker lead — no generator 

OK 

1 


Sternal wire 

OK 

2 


Hemostatic vascular clips 

OK 

1-2 


Stent 

* 



Stainless steel 

OK 

3 


Non- or minimally ferromagnetic 

OK 

1 


Vascular occluding coil 

* 



Stainless steel 

OK 

3 


Nonferromagnetic (e.g., platinum, 
nickel-titanium, other composites) 

OK 

1 


Occluding devices 

* 



Rashkind occluder 

OK 

3 


Clamshell 

OK 

3 


CardioSEAL 

OK 

2 


StarFLEX 

OK 

2 


Amplatzer 

OK 

2 


Prosthetic heart valves 

OK 

2 



Cl, contraindication; RC, relative contraindication; OK, no known adverse events related to clinical MRI. 

^Safety grade in a 1.5T scanner with commercially available imaging sequences: 

^Extent of image artifact: 1) none or trivial; 2) small on standard gradient echo sequences (GRE) and minim al on spin echo (SE) sequences; 3) large (several centimeters) on 
GRE and remains substantial on SE sequences. 

* Some centers advocate avoiding MRI for an arbitrarily period of time after implantation (usually for several weeks), but such practice is not supported by conclusive published data. 
A decision to perform MRI examination shortly after cardiac surgery or implantation of a biomedical device must weigh the risk-benefit ratio for the individual patient (From Shellock 
FG. Metallic surgical instruments for interventional MRI procedures: evaluation of MR safety. J Magn Reson Imaging 2001;13:152-157, with permission from John Wiley and Sons.) 


strong and if they contained sufficient ferromagnetic mate- 
rial (Table 10.2). Fortunately, surgical clips and sternotomy 
wires implanted in the chest and abdomen are typically only 
weakly ferromagnetic. Furthermore, these devices quickly 
become immobilized by surrounding fibrous tissue, and MRI 
can safely be used to study patients with these implants. The 
wires and clips, however, may cause localized image artifact. 
Similarly, MRI can be used to image patients with implanted 
intravascular coils, stents, and occluding devices once the 
implants are believed to be immobile. Many centers choose to 
avoid exposing these patients to MRI for an arbitrarily chosen 
period of time after implantation (usually for several weeks), 
but such practice is not supported by conclusive published 
data. A decision to perform MRI examination shortly after 
cardiac surgery or implantation of a biomedical device must 
weigh the risk-benefit ratio for the individual patient (37). 

Several devices are considered either a relative or absolute 
contraindication to MRI (37-39). Presence of an intracranial, 
intraocular, and intracochlear metallic object is considered a 
contraindication to MRI. The presence of a cardiac pacemaker 
is also considered a contraindication to MRI (40) although 


some reports have suggested that scanning patients who have 
modern pacemakers may be possible (23,41-44). In 2011, the 
FDA gave conditional approval to a pacemaker designed spe- 
cifically to be MRI compatible (45). 

Because MRI scanners attract ferromagnetic objects, 
extreme caution should be used in approaching magnets with 
objects containing iron or other ferromagnetic materials. Only 
specially designed MRI-compatible physiologic monitoring 
equipment should be used in conjunction with MRI studies. 
There have been several reported cases of patient burns result- 
ing from the use of MRI-incompatible pulse oximeters and 
ECG monitoring devices. 


SUPERVISION AND INTERPRETATION OF MRI 
EXAMINATION 


Detailed pre-examination planning is crucial, given the wide 
array of imaging sequences available and the often-complex 
nature of the clinical, anatomic, and functional issues in 
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patients with CHD. The importance of a careful review of 
the patient’s medical history, including details of all cardio- 
vascular surgical procedures, interventional catheterizations, 
findings of previous diagnostic tests, and current clinical sta- 
tus, cannot be overemphasized. As with echocardiography 
and cardiac catheterization, CMR examination of CHD is an 
interactive diagnostic procedure that requires online review 
and interpretation of the data by the supervising physician. 
The unpredictable nature of the anatomy and hemodynam- 
ics often require adjustment of the examination protocol, 
modification of imaging planes, changing sequences, and 
adjustment of imaging parameters. Reliance on standard- 
ized protocols and postexamination review alone in these 
patients may result in incomplete or even erroneous inter- 
pretation. 


CLINICAL APPLICATIONS 


CMR Examination Techniques 

The building blocks of any MRI examination are called 
“pulse sequences” (Fig. 10.6). An MRI pulse sequence 
describes the way the magnetic field gradients and RF pulses 
are applied to produce images with particular characteris- 
tics. During the course of a CMR examination, the examiner 
selects the pulse sequences and prescribes imaging locations 
and planes to acquire the image data to address specific clin- 
ical questions. Some of the pulse sequences used in CMR 
practice are described below together with their clinical 
applications. 



Figure 10.6. Timing diagram of a SE pulse sequence. The 
x-axis represents time. The first step is the simultaneous 
application of a 90-degree RF pulse and a slice-selective 
gradient (G ss ) pulse. The next step is the application of a 
slice-selective 180-degree RF pulse to refocus the transverse 
magnetization that lost phase coherence due to inhomogene- 
ities in the magnetic field. To locate the MR signal in space 
(spatial localization), multiple frequency encoding (G PE ) and 
single-phase encoding (G FE ) gradients are applied. The time 
at which the MR signal (echo) is recorded is called echo 
time , or TE. This sequence results in the acquisition of one 
line of &-space data. The sequence is repeated N 2D times, 
each with a different phase-encoding value, until all lines 
of £-space are collected and a 2-D image is reconstructed. 
The time from onset of one sequence to the next is called 
repletion time , or TR. 


Assessment of Cardiovascular Anatomy 

Evaluation of cardiovascular anatomy and function in patients 
with CHD is often inseparable. Several MRI sequences can be 
used for anatomic delineation; each has particular advantages 
and provides specific information. In practice, the anatomy in 
question is often assessed by more than one imaging sequence, 
yielding overlapping information that increases diagnostic 
confidence. 

Spin Echo MRI 

With spin echo (SE) imaging, the MR signal is produced by 
applying a brief RF pulse that tips the magnetization vector 
of the hydrogen atoms (spins) 90 degrees relative to the axis 
of the main magnetic field, followed by a 180-degree refo- 
cusing RF pulse (Fig. 10.6). Because of the relatively long 
time interval between tissue excitation and data sampling, 
flowing blood will leave the image plane by the time the sig- 
nal is sampled. The result is an image in which flowing blood 
appears black, whereas more stationary tissues produce MR 
signals displayed in varying shades of gray or white (“black 
blood” imaging) (Fig. 10. 7A). Other features of SE pulse 
sequences include a single image per cardiac cycle (static 
imaging), high tissue contrast, and, compared with gradient 
echo pulse sequences, relative insensitivity to inhomogenei- 
ties in the magnetic field. In clinical practice, such inhomo- 
geneities are mostly owing to ferromagnetic implants such as 
sternal wires, prosthetic heart valves, stents, coils, or other 
implants. SE sequences can also be modified to alter tis- 
sue contrast and characterize the composition of structures 
(e.g., T1 and T2 weighting) (Fig. 10. 7B). Standard SE 
requires several minutes (usually 2 to 4 minutes, depending 
on heart rate and imaging parameters) to acquire an image 
dataset. Fast or turbo spin echo (FSE or TSE) requires a much 
shorter image acquisition time because instead of acquiring 
a single-phase encoding line for each 90 degrees RF pulse, 
multiple-phase encoding lines are acquired in rapid succes- 
sion (called “echo train”). As a result, image acquisition can 
be completed during 10 to 15 seconds of breath holding. In 
the TSE sequence, the blood signal is nulled by an inversion 
pulse (called double inversion recovery) rather than relying 
on blood flow alone. 

Standard SE was the workhorse of CMR during the 1980s. 
In today’s clinical practice, standard SE has been largely 
replaced by FSE or TSE with double inversion recovery (2). 
Examples of clinical applications include assessment of tissue 
characteristics (e.g., cardiac tumors), vessel wall imaging (e.g., 
aortic dissection), evaluation of the pericardium, and ana- 
tomic imaging in patients with metallic implants such as stents 
and prosthetic valves. 


Gradient Echo Cine MRI 

Gradient echo MR is a class of pulse sequences that produce 
bright blood images. The fundamental difference between 
SE and gradient echo sequences is that in the latter the initial RF 
pulse tips the spins at an angle (called flip angle) <90 degrees. 
Gradient echo sequences are generally faster than SE sequences 
because the time between spin excitation and signal detection 
(called “echo time” or TE) is much shorter. The signal from 
stationary or relatively slow-moving tissues (such as the myo- 
cardium) is gray because the spins within the selected slice have 
reduced signal intensity (i.e., partially saturated) by the rapid 
repetition of the RF pulse. This is because the spins do not 
have sufficient time to return to their original unexcited state 
during the short interval between RF pulses, which result in 
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Figure 10.7. Short-axis FSE image in a patient with hemangioma of the RVOT. A: Tl-weighted image showing a 
slightly hyperintense globular tumor (arrow); B: T2-weighted image showing the tumor is markedly hyperin tense, 
consistent with a vascular tumor. 


a relatively weak signal. On the other hand, blood that flows 
into the slice contains unsaturated spins that produce rela- 
tively strong signals, hence the term “bright blood” imaging 
(Fig. 10.8). An important feature of gradient echo sequences 
is high imaging speed, which allows reconstruction of multiple 
images during the cardiac cycle that can be displayed in cine 
loop format. Compared with SE techniques, gradient echo 
sequences have a relatively low tissue contrast and are more 
susceptible to inhomogeneities within the magnetic field. 

ECG- or VCG-triggered steady-state free precession (SSFP) 
is the most commonly used cine MRI technique for assessment 
of cardiovascular anatomy and ventricular function. The 
brightness of a given tissue in this case is determined primarily 
by the ratio of T2 to T1 relaxation times, which results in high 
contrast between the blood pool (T2/T1 = 360 ms/1200 ms = 0.3) 
and the myocardium (T2/T1 = 75 ms/880 ms = 0.085) and 
clearly depicts the boundaries of cardiovascular structures 
(Fig. 10.8) (46). This sequence is known by several propri- 
etary names, including true fast imaging with steady pre- 
cession, balanced fast field echo (bFFE), and fast imaging 
employing steady state acquisition (FIESTA). The acquisi- 
tion time of SSFP cine MRI is short, typically requiring 4 to 
10 seconds for each location depending on heart rate, spa- 
tial resolution, and other acquisition parameters. The SSFP 
sequence, however, is highly sensitive to inhomogeneities in 
the magnetic field such as those induced by implanted metal- 
lic devices. 

A segmented &-space fast (also termed “turbo”) gradi- 
ent recalled echo (fast GRE) sequence was used extensively 
during the 1990s, and its accuracy and reproducibility in 
measuring ventricular dimensions and function have been 
validated (47,48). Compared with SSFP, the distinction 
between blood and myocardium on fast GRE images is less 
sharp, the contrast-to-noise ratio and the temporal resolution 
are lower, image acquisition time is longer, and images are 
more susceptible to blood flow effects. On the other hand, 
fast GRE is less susceptible to inhomogeneities in the mag- 
netic field than SSFP. 


In clinical practice, an ECG-gated gradient echo cine MRI 
sequence is prescribed across the anatomy of interest to yield a 
stack of contiguous cross-sectional slices that can be displayed 
on a computer workstation in a multilocation, multiphase 
(cine loop) format. ECG-gated segmented &-space SSFP cine 
MRI is the sequence of choice for evaluation of cardiac anat- 
omy and function because of its excellent blood-myocardium 
contrast, high spatial and temporal resolutions, and short 
acquisition time. Use of a parallel imaging technique (e.g., 
sensitivity encoding or SENSE) further shortens acquisition 



Figure 10.8. ECG-triggered SSFP image in the axial plane in 
a patient with severe Ebstein anomaly. Note the apical dis- 
placement of the tricuspid valve ( black arrows ) , “atrialization” 
of the right ventricular inflow, markedly dilated right atrium 
(RA), and the compressed LV. 
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time (49). The SSFP sequence allows detailed imaging of the 
cardiac chambers, the atrioventricular and semilunar valves, 
the papillary muscles and chordae tendineae, the membranous 
septum, septum primum, and blood vessels (Fig. 10.8). The 
SSFP sequence, however, is relatively less sensitive to flow 
disturbances due to stenotic or regurgitant jets compared to 
fast GRE. Alternatively, a velocity-encoded cine (VEC) MRI 
sequence can be prescribed when further delineation of abnor- 
mal flow jets is desirable. 

Three-Dimensional Steady State Free 
Precession MRI 

This cardiac-triggered SSFP technique acquires a 3-D image 
volume over a period of 4 to 7 minutes of free breathing 
(50,51). The motion of the diaphragm is tracked with a navi- 
gator pulse and image data is accepted only when the position 
of the diaphragm lies within a narrow window defined by the 
operator (Fig. 10.3), thus avoiding artifacts from respiratory 
motion. The volume elements (voxels) of the image dataset 
are typically isotropic, which allows off-line reformatting of 
the image volume in any arbitrary plane. This imaging tech- 
nique does not require administration of contrast agents and 
provides high-resolution static imaging of both intracardiac 
and extracardiac anatomy (Fig. 10.9). 

Coronary Artery Imaging 

The origin and course of the epicardial coronary arteries can 
be evaluated by several MRI techniques. Most of the published 
experience with MRI evaluation of the coronary arteries is 
based on a cardiac-triggered, navigator-gated, free-breathing 
3-D magnetic resonance angiography (MRA) sequence (52). 
This technique has been used successfully in patients with vari- 
ous congenital anomalies of the coronary arteries (Fig. 10.10) 
and in Kawasaki disease (53-57). 

Contrast-Enhanced Three-Dimensional MRA 

Gadolinium (Gd)-enhanced 3-D MRA is ideally suited for 
imaging of extracardiac vascular anatomy. Examples of com- 
mon clinical applications include imaging of the aorta and 
its branches, pulmonary arteries, pulmonary veins, systemic 
veins, aortopulmonary and venous-venous collateral vessels, 
systemic-to-pulmonary artery shunts, conduits, and vascular 
grafts (14,58). Although this technique is mostly used for 
imaging of extracardiac anatomy, we have also found it use- 
ful in the evaluation of intra-atrial systemic and pulmonary 
baffles (e.g., Mustard or Senning operations and Fontan pal- 
liation), as well as for imaging of the outflow tracts (e.g., 
repaired TOF and the arterial switch operation [ASO]). In 
addition, Gd-enhanced 3-D MRA clearly delineates the spa- 
tial relationships between vascular structures, the tracheo- 
bronchial tree, chest wall, spine, and other landmarks that 
may be useful for planning interventional catheterization 
or surgical procedures (Fig. 10.11). More recently, imag- 
ing acceleration techniques have been applied to shorten 
the acquisition time to 2 to 5 seconds, thereby permitting 
multiple 3-D volume sets to be acquired as the contrast 
passes through the circulation, producing a “time-resolved” 
3-D MRA (59). However, given the trade-offs between spa- 
tial and temporal resolutions, the clinical utility of this imag- 
ing technique awaits further study. 

In practice, the contrast (e.g., gadopentetate dimeglumine 
0.2 mmol/kg) is infused through a peripheral intravenous 
cannula either by hand or by a power injector. The patient is 


instructed to hold his/her breath and imaging acquisition is 
initiated. The time delay between start of contrast injection 
and data acquisition is determined either by a magnetic reso- 
nance (MR) fluoroscopic method that allows real time visuali- 
zation of the arrival of the contrast bolus to the heart or by a 
bolus tracking technique. Two or more sequential 3-D MRA 
data acquisitions are usually obtained 10 to 15 seconds apart 
during suspended respiration. 

Ventricular Function 

Technique. ECG- or VCG-triggered SSFP is the preferred 
cine MRI technique for assessment of ventricular function. 
In patients in whom image artifacts from metallic implants 
obscure the ventricles, a fast (turbo) GRE sequence can be 
used because it is less susceptible to inhomogeneities in the 
magnetic field (60). ECG-triggered SSFP cine MRI is acquired 
during short periods of breath holding. Depending on heart 
rate and image acquisition parameters (matrix size, number 
of &-space lines per segment, and the scanner’s gradient sys- 
tem capabilities), high-resolution acquisition may last 7 to 
10 seconds per slice. A modest decrease in spatial and temporal 
resolutions will lower the acquisition time to 4 to 5 seconds 
while producing diagnostically acceptable images. The use 
of SENSE technology allows shorter acquisitions time by a 
factor of 2 to 4 seconds (at the expense of reduced signal- 
to-noise ratio), an increase in spatial or temporal resolutions 
while maintaining the same acquisition time, or a combina- 
tion of the two. Patients are instructed to hold their breath at 
end expiration to minimize variations in the position of the 
diaphragm and, consequently, the heart. In patients who are 
incapable of holding their breath, images are acquired dur- 
ing free breathing either with multiple signal averages, with 
respiratory triggering, or with real-time MR fluoroscopy 
(6 1 ,62.). 

Quantitative evaluation of ventricular function is achieved 
by obtaining a series of contiguous SSFP cine MRI slices that 
cover the ventricles in short-axis (Fig. 10.12). This involves the 
following steps: 

a. Two-chamber plane (also known as vertical long-axis 
plane)'. A slice is prescribed parallel to the plane of the 
interventricular septum based on previously obtained 
scout images in the axial (transverse) plane (Fig. 10.12A). 
In patients with a biventricular heart and a systemic left 
ventricle (LV), the slice extends from the center of the 
mitral valve to the LV apex. In patients with a systemic 
right ventricle (RV) (e.g., atrial switch operation for trans- 
position of the great arteries [TGA]), it is advantageous 
to place the slice between the center of the tricuspid valve 
and the RV apex. In patients with a single ventricle, the 
slice is placed between the center of the atrioventricular 
(AV) valve(s) and the ventricular apex. This acquisition 
accounts for the orientation of the ventricles in the trans- 
verse plane of the chest. 

b. Four-chamber plane (also known as horizontal long-axis 
plane): A stack of slices (usually four) is prescribed from an 
end-diastolic image of a slice acquired perpendicular to the 
previous two-chamber cine sequence (Fig. 10.12B). This 
acquisition accounts for the superior-inferior orientation 
of the ventricles in the chest. 

c. Short-axis plane: Multiple equidistant slices are pre- 
scribed from an end-diastolic image of the previous four- 
chamber cine sequence covering the ventricles from the 
plane of the AV valve(s) to the cardiac apex (Fig. 10.12C). 
The first slice is placed at the level of the AV annuli by 
connecting the right coronary artery (seen in cross sec- 
tion in the right AV groove) with the left circumflex coro- 
nary artery (seen in the left AV groove). Subsequent slices 
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Figure 10.9. Free-breathing 
(navigator-gated), ECG-trig- 
gered, isotropic, 3-D SSFP imag- 
ing in a patient with Mustard 
palliation of TGA. The 3-D 
data volume is reformatted off- 
line in multiple user-defined 
planes. A: Transverse view of 
the pulmonary venous pathway. 
B: Oblique view depicting the 
superior vena cava pathway. C: 
Oblique sagittal view of the left 
and right ventricular outflow 
tracts. 
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Figure 10.10. Free-breathing (navigator-gated), ECG-triggered, 
3-D coronary magnetic resonance angiogram (MRA) showing 
anomalous origin of the right coronary artery from the left 
aortic sinus of Valsalva. 

are positioned in equidistance through the cardiac apex 
(Fig. 10.12D). In most patients, 12 slices will cover the 
ventricles from base to apex with adjustment of slice 
thickness between 4 and 8 mm and the interslice spac- 
ing from 0 to 2 mm. Using these guidelines, the range 


of ventricular lengths covered is 4.8 to 12 cm. In some 
infants, the number of slices can be reduced, whereas in 
older patients with markedly dilated ventricles, or in those 
with abnormally shaped ventricles (e.g., basal RV “shoul- 
der” protruding past the plane of the tricuspid valve), the 
number of slices may need to be increased. We prefer not 
to increase the slice thickness >8 mm and interslice spacing 
>2 mm to avoid partial volume effect and to minimize 
extrapolation of interslice data. 

Image Analysis. Accurate determination of ventricular 
volume requires clear depiction of the blood-myocardium 
boundary. Adjustment of the image brightness and contrast 
on the computer screen can facilitate visualization of that 
boundary. By tracing the blood-endocardium boundary, the 
slice’s blood pool volume is calculated as the product of its 
cross-sectional area and thickness (which is prescribed by 
the operator). The left ventricular papillary muscles and the 
major trabeculations of the RV (e.g., septal and moderator 
bands) are excluded from the blood pool and are consid- 
ered part of the myocardium (63,64). Ventricular volume 
is then determined by summation of the volumes of all 
slices. The process can be repeated for each frame in the 
cardiac cycle to obtain a continuous time-volume loop or 
it may be performed only on end-diastolic (maximal area) 
and end-systolic (minimal area) frames to calculate diastolic 
and systolic volumes. From these data one can calculate left 
and right ventricular ejection fractions and stroke volumes. 
Since the patient’s heart rate at the time of image acquisition 
is known, one can calculate left and right ventricular out- 
puts as the product of stroke volume and heart rate. Ven- 
tricular mass is calculated by tracing the epicardial borders 
and calculating the epicardial volume, subtracting the endo- 
cardial volume, and multiplying the resultant muscle vol- 
ume by the specific gravity of the myocardium (1.05 g/mL). 



Figure 10.11. Gadolinium-enhanced 3-D MRA of scimitar syndrome. A: Subvolume maximal intensity projec- 
tion; B: 3-D volume rendering (posterior view). L, left; R, right. 
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Figure 10.12. Evaluation of ventricular volumes and mass. A: Using a localizing image obtained in the 
axial (transverse) plane, a two-chamber (also known as vertical long-axis) plane is prescribed as shown; 
B: Prescription of the four-chamber plane from an end-diastolic image of the previous two-chamber cine 
sequence; C: Prescription of the short-axis plane from an end-diastolic image of the previous four-chamber 
cine sequence extending from the plane of the AV valves through the cardiac apex; D: The short-axis stack 
is viewed in cine mode. 


Several approaches to measurements of biventricular size 
and function have been reported. In general, these can be 
divided into two broad categories: (a) methods that rely on 
summation of discs (Simpson principle) (65); and (b) meth- 
ods that rely on modeling the chamber or extrapolation of 
sparse data (66-68). In the first category, each of the slices 
covering the ventricles is contoured at least once at end dias- 
tole (largest volume) and at end systole (smallest volume). 
Some groups have advocated the use of images obtained in 
axial or oblique long-axis planes (69,70). The major advan- 
tage of this approach, as compared with analysis based on 
short-axis images, is the ease of determining the planes of the 
AV and semilunar valves. This advantage is likely responsible 
for the slightly higher reproducibility of measurements using 
older software (70). However, this approach limits evalu- 
ation of ventricular mass because the epicardial and endo- 
cardial borders of the diaphragmatic wall of the heart are 
not clearly defined. Recent development of techniques that 
incorporate cross-references between long-axis and short- 
axis images has greatly reduced the difficulty in determining 
valve plane on short-axis images (Fig. 10.12) (71). Moreover, 


most reports on normal values as well as the majority of 
the literature on ventricular size and function in CHD and 
acquired heart disease are based on analysis of short-axis 
images (63,72,73). 

In the second category, either a formula based on a geo- 
metrical model or extrapolation from sparse data is used to 
generate ventricular volumes (66-68). The major advantage of 
this approach is shorter analysis time but it is disadvantaged 
by reduced accuracy. 

In our center, ventricular volumes and mass are measured 
from short-axis cine SSFP images (64). Cross-referencing the 
short-axis images with left and right ventricular two-chamber 
(vertical long-axis) and four-chamber (horizontal long-axis) 
cine SSFP facilitates accurate determination of the AV and 
semilunar valves planes during systole and diastole (71). To 
optimize interstudy reproducibility in patients followed lon- 
gitudinally, contours should be compared side-by-side with 
those from previous studies. Saving the contour files along 
with previous studies facilitates this comparison. On average, 
total analysis time is approximately 25 minutes and decreases 
with operator experience (71). 
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Manufacturers of MRI scanners and several third-party 
companies offer software packages that automatically perform 
the above calculations. Development of algorithms for auto- 
matic border detection has facilitated the application of these 
techniques, but further refinements are required to improve its 
accuracy (74-77). 

Potential Sources of Errors in Determining Ventricular 
Volumes by MRI. Translational motion of the ventricles in 
the base-to-apex direction is most prominent at the base 
of the heart. Given that the prescribed short-axis slices are 
fixed in space, there is significant through-plane motion in 
the basal slices during the cardiac cycle. As a result, the 
first (and sometimes also the second) most basal slices may 
contain atrial blood pool during part of the cardiac cycle 
because the AV junction has moved out of the imaging 
plane during systole. To avoid erroneous inclusion of the 
atrial blood pool in the calculation of ventricular volume, 
the image dataset is examined to distinguish between ven- 
tricular and atrial structures. In general, when a slice con- 
tains a ventricular chamber throughout the cardiac cycle, 
the chamber’s cross-sectional area decreases in systole and 
its wall thickness increases. In contrast, in a slice containing 
ventricular myocardium in diastole and atrial blood pool in 
systole, the chamber’s cross-sectional area increases and wall 
thickness decreases. Recent development of techniques that 
incorporate cross-references between long-axis and short- 
axis images has greatly reduced the difficulty in determining 
valve plane on short-axis images (71). 

Another potential source of error in measurements of 
ventricular volumes is when the left ventricular papillary 
muscles and the right ventricular trabeculations are traced 
in an inconsistent fashion during systole and diastole. 
For example, exclusion of the papillary muscles from the 
blood pool in diastole, but not in systole, will lead to under- 
estimation of end-systolic volume, stroke volume, and ejec- 
tion fraction. 

Inconsistent position of the diaphragm during breath 
holding can lead to spatial variations m the location of the 
ventricles during acquisition of the short-axis images. This 
source of error in volume calculation can be minimized 
by instructing the patient to hold breath at end expiration 
(78,79). 

Accuracy, Reproducibility, and Reference Values of Ven- 
tricular Volumes and Function by CMR. The combination of 
a 3-D dataset, clear distinction between the blood pool and the 
myocardium, and high spatial and temporal resolutions allow 
for accurate measurements of any cardiac chamber regardless 
of its morphology and without geometric assumptions. Much 
research was performed in the late 1980s and early 1990s 
on in vitro phantoms, animal models, and in human sub- 
jects to validate the accuracy of CMR measurements of ven- 
tricular volumes and mass (80-86). More recently, attention 
has focused on investigating the test characteristics of CMR 
assessment of chamber dimensions and function, and on 
comparison of its accuracy and reproducibility with those of 
echocardiography and radionuclide techniques (87-90). Ger- 
main et al. (91) in a study of 20 patients with “good echocar- 
diographic windows,” found that the mean (±SD) interstudy 
variability of CMR measurement of left ventricular mass was 
6.75 ± 3.8% compared with 11 ± 6.4% for M-mode echo- 
cardiography. Bellenger et al. (92) calculated that the sample 
size required to detect changes in left ventricular volumes, 
ejection fraction, and mass by CMR in patients with heart 
failure were substantially smaller compared with published 
values for 2-D echocardiography. For example, to detect a 
10-mL change in end-diastolic volume (with 90% power 
and p < 0.05), 12 subjects must be studied by CMR ver- 
sus 121 patients examined by 2-D echocardiography; a 3% 
change in ejection fraction requires 15 CMR versus 102 


echocardiograms; and a 10-g change in mass requires 9 CMR 
versus 273 echocardiograms. Ioannidis et al. (93) compared 
the accuracy of single-photon emission computed tomog- 
raphy (SPECT) for assessment of left ventricular volumes 
and ejection fraction with that of CMR. Although the two 
modalities correlated well, compared with CMR, there was a 
substantial variation in individual measurements by SPECT. 
Half of the SPECT ejection fraction determinations deviated 
by at least 5% from CMR-obtained values and one in four 
deviated by at least 10%. In patients with CHD, Mooij et al. 
(71) demonstrated low interobserver coefficient of variations 
in 60 children, most with abnormalities affecting the right 
heart. The coefficient of variations for RV volumes and mass 
ranged from 6.4% to 11.3% and for LV volumes and mass 
from 3.6% to 10.5%. 

Because CMR techniques continue to evolve, different 
imaging sequences may yield different measurements of ven- 
tricular dimensions and function. Several studies have com- 
pared the normal range of left and right ventricular mass, 
volume, and ejection fraction measured by cine SSFP with val- 
ues obtained by the fast (turbo) GRE cine technique (94). In 
general, compared with fast GRE, measurements based on cine 
SSFP resulted in larger ventricular volumes, lower mass, and 
similar ejection fraction. Importantly, both intraobserver and 
interobserver variations were lower with SSFP measurements. 
The range of SSFP-based left and right ventricular volumes, 
mass, and ejection fraction in 60 healthy subjects ranging in 
age from 20 to 65 years was published by Alfakih et al. (63). 
Other groups have published similar data in healthy adults 
(72,95). Several reports on SSFP-based normal values of ven- 
tricular dimensions in children have been published (73,96,97), 
but data in infants and young children are still lacking. 

Assessment of Myocardial Function 

Although ejection fraction and other ejection phase indices 
such as shortening fraction and velocity of circumferential 
fiber shortening are useful markers of ventricular function 
and provide valuable prognostic information, they are influ- 
enced by preload, afterload, heart rate, and the contractile 
state of the myocardium. Moreover, load-dependent ejection 
phase indices such as ejection fraction can be normal despite 
depressed contractility and, conversely, can be depressed 
despite having normal contractility. Therefore, assessment 
of ventricular function by load-independent indexes pro- 
vides useful information on the contractile state of the myo- 
cardium. A detailed discussion of ventricular mechanics is 
beyond the scope of this chapter and can be found elsewhere 
(98,99). 

Assessment of the contractile state of the myocardium by 
CMR has been investigated by Setser et al. (100) using nor- 
malized maximal ventricular power. An alternative approach 
is to adjust ejection phase variables such as ejection fraction, 
velocity of fiber shortening, or wall strain to end-systolic 
stress. With knowledge of left ventricular end-systolic volume, 
mass, and pressure (estimated based on mean arterial blood 
pressure measured by sphygmomanometry), end-systolic stress 
can be estimated as follows (99): 

P= (2/3)<r p (ln V 0 - In V c ) 

where 

V c is cavity volume 

V 0 is chamber volume (cavity volume + myocardial volume) 

Op is average of orthogonal fiber stresses (cr ptf> -h cr p0 )/2. 

(o^ + cr e )/2. 

It should be noted that experience with this method in 
CMR is lacking. 
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Analysis of Regional Wall Motion 

A simple qualitative approach is to visually evaluate seg- 
mental ventricular wall motion and thickening imaged from 
long- and short-axis cine SSFP sequences. The LV is divided 
into 17 segments, as recommended by the American Heart 
Association (Fig. 10.13) (101) and the RV is divided into 
nine segments as described by Klein et al. (102) (Fig. 10.14). 
Ventricular wall motion is classified as normal (appropri- 
ate systolic wall motion normal to the local wall segment 
accompanied by myocardial thickening indicative of fiber 
shortening), hypokinesis (reduced systolic motion and wall 


thickening), akinesis (no appreciable systolic wall motion 
and no change in wall thickness), or dyskinesis (outward sys- 
tolic wall motion without myocardial thickening). A more 
objective approach is to define the endocardial and epicardial 
boundaries of the ventricles throughout the cardiac cycle, 
and, using commercially available software, quantitatively 
analyze wall motion and myocardial thickening (103). The 
main drawback of this approach is that it is time-consuming, 
which hinders its acceptance into routine clinical practice. 
However, improvements in automatic border detection can 
shorten the process and may lead to increased use of this 
technique. 
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Figure 10.13. Left ventricular wall segments. Ant, anterior; Inf, inferior; Lat, lateral; LV, left ventricle; MV, 
mitral valve; PM, papillary muscles; Post, posterior; RV, right ventricle; SAX, short-axis; Sept, septal. (Adapted 
and modified from Cerqueira MD, Weissman NJ, Dilsizian V, et al. Standardized myocardial segmentation and 
nomenclature for tomographic imaging of the heart: a statement for health care professionals from the Cardiac 
Imaging Committee of the Council on Clinical Cardiology of the American Heart Association. Circulation 
2002;105:539-542 with permission.) 
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Figure 10.14. Right ventricular wall segments. (Adapted and modified from Klein SS, Graham TP Jr, Lorenz 
CH. Noninvasive delineation of normal right ventricular contractile motion with magnetic resonance imaging 
myocardial tagging. Ann Biomed Eng 1998;26:756-763.) 


Analysis of Myocardial Strain and Stress 

Analysis of myocardial strain provides information on 
regional myocardial function. Although myocardial strain can 
be calculated from velocity information obtained by phase- 
velocity cine MRI technique (similar to tissue Doppler imag- 
ing), most investigators favor a technique called myocardial 
tagging using spatial modulation of magnetization (SPAMM) 
(104). This technique is a modification of cine gradient echo 
MRI that allows tracking of myocardial motion in two or 
three spatial dimensions over time. Using a preparatory RF 
pulse, saturation bands or “tags” that appear as dark lines or 
stripes are applied across the image at end diastole (Fig. 10.15). 
On subsequent images, the stripes (tags) will remain unchanged 
on stationary tissue such as the chest wall and spine but will 
change their position on moving tissues such as ventricular 
myocardium. As the myocardium moves during the cardiac 
cycle, the tags follow it and their rotation, translation, and 
deformation can be tracked allowing for calculation of myo- 
cardial strain and strain rate (105). This analysis can be done 
during systole or diastole and in two or three dimensions 
(106). Early studies with myocardial tagging were mostly done 
by manual tracking of the tags, a time-consuming process that 
hindered the clinical use of this technique. A modified tech- 
nique for the analysis of myocardial tagging data, harmonic 
phase imaging (FI ARP), greatly shortens analysis time because 
it does not require manual tracing of the tags (107). This tech- 
nique relies on automatic analysis of the raw MRI data for 
changes in phase between images. With recent advances in 
automatic analysis of the tag data and fast image acquisition 
and display techniques, it is now possible to evaluate myocar- 
dial strain in real time (10). 

Myocardial tagging has been shown to be an important 
research tool in the study of normal left (108-110) and right 
(102,111) ventricular mechanics in healthy volunteers. In the 
clinical arena, analysis of wall strain by myocardial tagging 
has provided useful information in patients with ischemic and 
valvular heart disease (112-115). In a study of 211 patients 
with chest pain, Kuijpers et al. (116) demonstrated that myo- 
cardial tagging detects more segments with regional wall 
motion abnormalities by dobutamine stress CMR (DSMR) 
than visual assessment alone. Evaluating patients with CHD, 
Fogel et al. (117-119) used myocardial tagging to characterize 
patterns of wall motion and strain in patients with functionally 


single ventricles. As new fast MRI techniques coupled with 
automatic analysis of myocardial tagging become more widely 
available, the clinical application of ventricular strain analysis 
will likely expand. Further research is required to determine 
the clinical implications of the strain data and how it can be 
used to assess prognosis and guide patient management. 

Tissue tracking, which is a relatively new method to assess 
myocardial motion and deformation by echocardiography (120), 
has recently been successfully applied to CMR (Fig. 10.16) (121). 
By comparing differences in signal intensities (speckles) from 
one frame to the next, specialized software tracks the motion of 
the myocardium and calculates displacement, strain, and strain 
rate in user-defined regions of the ventricles. Advantages of this 
technique include the ability to perform the analysis on existing 
cine CMR images and no requirement for additional sequences 
such as myocardial tagging. Using this technique, Ortega et al. 

(122) recently demonstrated in patients with repaired TOF that 
indexes of left ventricular dyssynchrony were associated with 
death and sustained ventricular tachycardia. 

Stress CMR 

There is a growing body of literature on the use of DSMR in 
the evaluation of myocardial ischemia in adults with coronary 
artery disease (see discussion in the section on myocardial 
ischemia below). Several studies have evaluated the use of stress 
CMR in patients with CHD. In a study of 32 children with 
congenital and acquired pediatric heart disease, Strigl et al. 

(123) demonstrated the feasibility of dobutamine CMR for 
evaluation of stress-induced wall motion abnormalities. Using 
a protocol that included dobutamine doses up to 40 ^ug/kg/min 
and atropine to attain a target heart rate (0.85 x [220-age]), 
the authors demonstrated excellent interobserver agree- 
ment (100%) for test positivity and good agreement (92%) 
for segmental wall motion score. Tulevski et al. (124,125) 
used a low-dose (15 /ig/kg/min) dobutamine to evaluate the 
functional reserve of the LV and RV in asymptomatic and 
minimally symptomatic patients with repaired TGA, physi- 
ologically corrected TGA, and pulmonary outflow obstruc- 
tion. Compared with controls, patients with systemic RV had 
decreased functional reserve. In another study from the same 
group, Dodge-Khatami et al. (126) showed that the functional 
reserve of the systemic ventricle is comparable in healthy 
adults and in patients with unoperated, physiologically 
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Figure 10.15. Myocardial tagging in a patient with hypertrophic 
cardiomyopathy. A: ECG-triggered, breath-hold SSFP image 
showing asymmetric septal hypertrophy. B: Diastolic frame 
showing the undistorted tags before the onset of systole; C: Sys- 
tolic frame showing distortion of the myocardial tags over the 
left ventricular free wall with little distortion of the tags over the 
septum, indicating reduced septal myocardial strain. 


corrected TGA. Roest et al. (127) demonstrated the feasibility 
of assessing biventricular dimensions and function by CMR 
during supine exercise, a method that provides an alternative 
to pharmacologic stress. 

Diastolic Function 

Diastole is a complex process during which the force of the 
myofibers is restored (128). A detailed discussion of diastolic 
ventricular mechanics is beyond the scope of this chapter and 
can be found elsewhere in this text. Researchers have utilized 


various modalities and a wide array of parameters to assess 
diastolic function, such as changes in pressure and chamber 
dimensions, wall thinning, myocardial velocities and strain, 
and a wide range of flow-derived variables obtained by Dop- 
pler interrogation of the AV valves and pulmonary veins. With 
the exception of direct pressure measurements, MRI can also 
evaluate all of the above variables (129-134). For example, 
Helbing et al. (129) used CMR to measure blood flow through 
the tricuspid and pulmonary valves as well as changes in right 
ventricular dimensions to assess diastolic function after TOF 
repair. Although the data derived from analysis of blood flow 
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Figure 10.16. Tissue tracking CMR. The software tracks the motion of the left ventricular myocardium through- 
out the cardiac cycle on short-axis cine SSFP images (top panel), analogous to speckle tracking echocardiography. 
The tissue velocity, strain, and strain rate versus time are calculated (lower three panels). 


and chamber dimensions by MRI are not fundamentally dif- 
ferent from similar data obtained by other techniques, MRI 
offers an advantage in terms of its ability to track tissue 
motion and deformation during the cardiac cycle using tis- 
sue tagging techniques (131,133,135). Fogel et al. (131) used 
myocardial tagging to study left ventricular diastolic strain in 
1 1 infants with structurally normal heart. They demonstrated 
inhomogeneities in both circumferential lengthening (£ 2 ) and 
radial thinning (£ 2 ). Another investigation has demonstrated 
in a canine model that measurements of the velocity of myo- 
cardial untwisting and recoil rate assessed by MRI using tissue 
tagging correlate closely with the time constant of relaxation 
or tau (t) (r = -0.86), was unaffected by left atrial pressure, 
and that % but not loading conditions was an independent 
predictor of the recoil rate (133). Thus, the rate of recoil of 
torsion derived by tissue tagging may provide a noninvasive 
preload independent isovolumic phase measure of ventricular 
relaxation. 

Flow Analysis 

Quantitative and qualitative assessment of blood flow is fre- 
quently used in functional MR evaluation of congenital and 
acquired pediatric heart disease (136). Qualitative evalua- 
tion of abnormal flow patterns is used to visualized turbulent 
flow jets related to stenotic or regurgitant valves or abnormal 
communications between cardiac chambers or blood vessels 
(e.g., septal defects, patent ductus arteriosus (PDA), systemic- 
to-pulmonary shunts, etc.). Site-specific quantification of flow 
rate, flow velocity, stroke volume, and minute flow can, in 
principal, be measured across any blood vessel within the cen- 
tral cardiovascular system. 


Technique. An ECG-gated VEC MRI sequence, a type of 
gradient echo sequence, can be used to measure blood flow 
velocity and quantify blood flow rate (136,137). The VEC 
MRI technique is based on the principle that the signal from 
hydrogen nuclei (such as those in blood) flowing through spe- 
cially designed magnetic field gradients accumulates a predict- 
able phase shift that is proportional to its velocity. Multiple 
phase images are constructed across the cardiac cycle in which 
the signal amplitude (intensity) of each voxel is proportional 
to mean flow velocity within that voxel. Using specialized 
software, regions of interest around a vessel are defined, and 
the flow rate is automatically calculated as the product of the 
mean velocity and the cross-sectional area (Fig. 10.17). 

In practice, an imaging plane is prescribed perpendicular 
to the vessel of interest and two sets of multiphase images 
are reconstructed following a VEC MRI acquisition: a set of 
magnitude images that provide anatomic information and a set 
of phase images in which the velocity information is encoded. 
For each acquisition, the operator prescribes the field of view, 
matrix size, and slice thickness, which, in turn, determine spa- 
tial resolution. Greil et al. (138), in an in vitro study using a 
pulsatile flow model, found that spatial resolution is important 
for accurate measurements of flow rate by VEC MRI with an 
optimal number of pixels within the cross section of the vessel 
of interest >16. Other variables such as the angle between the 
prescribed imaging plane and flow direction, velocity encoding 
range, flip angle, and slice thickness must also be considered. 
Other known caveats of quantitative assessment of blood flow 
by VEC MRI include flow aliasing and dephasing secondary to 
turbulent flow. Aliasing can be avoided by prescribing a veloc- 
ity encoding range higher than the maximal velocity within 
the target vessel. Avoiding dephasing secondary to turbulent 
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Figure 10.17. Flow velocity cine MRI. A: Schematic representation of phase velocity encoding. Left 
panel: A magnetic field gradient (G x ) is briefly applied in the velocity encoding direction (x) causing 
phase variations to develop. Right panel: The gradient is then reversed so that it has equal magnitude 
and duration but opposite polarity. In stationary tissue, there is no net phase shift because the rever- 
sal of the gradient field cancels the effect of the initial gradient application. In contrast, flowing blood 
in the vessel is now in a different location and is therefore exposed to a different gradient strength 
(shaded region). Consequently, a net phase shift will result that is proportional to flow velocity. 
B: A typical phase-velocity cine MRI pulse sequence diagram (rf, radiofrequency; G z , slice select 
gradient; G y , frequency select gradient; G x , phase encoding gradient; DAQ, data acquisition win- 
dow). C: Transverse (axial) view of phase-velocity cine MRI perpendicular to the ascending aorta. 
Top panel: Phase-sensitive image. The signal intensity in this image is linearly proportional to flow 
velocity. Flow direction is encoded in black (inferior-to-superior) or white (superior-to-inferior). 
Bottom panel: Magnitude image reconstructed based on the amplitude of the tissue signal intensity. 
To measure the flow in the ascending aorta, a region of interest ( circle ) is placed using off-line com- 
puter software. D: Flow-time curve. Instantaneous flow rates are calculated multiple times during 
the cardiac cycle by integrating the flow velocities across the vessel cross-sectional area. The area 
under the curve represents the stroke volume. Minute flow is calculated by multiplying the stroke 
volume by the heart rate. 
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blood flow can be achieved by shortening the echo time, pre- 
scribing a thinner slice thickness, or repositioning the imaging 
slice proximal or distal to the turbulent jet. 

Accuracy of Blood Flow Measurements by MRI. VEC 
MRI flow calculations have been shown by in vitro and in 
vivo studies to be accurate and reproducible (138-143). 
In vitro studies have demonstrated that measurements of 
continuous flow are accurate within 5% of reference stand- 
ard (144,145). Greil et al. (138) demonstrated that the 
accuracy and reproducibility of in vitro pulsatile flow meas- 
urements by VEC MRI is 0.8 ± 1.5%. Evans et al. (143) 
found a strong correlation (r 1 = 0.99) with a 95% confi- 
dence interval of ± 0.07 L/min over a range of flow rates 
0.125 to 1.9 L/min. Powell et al. (140), in a phantom model 
that mimics flow condition in the aorta of a child (flow rates 
1.25 to 3.5 L/min), found a similarly strong correlation, a 
close agreement (bias = -0.045 L/min), and 95% limits of 
agreement of -0.19 to 0.1 L/min. 

The accuracy of in vivo VEC MRI measurements of blood 
flow has been demonstrated by numerous studies. Investiga- 
tors have used ventricular stroke volume, thermodilution, 
Fick principle, indicator dilution, and flow probe measure- 
ments as reference standards, showing strong correlations 
with VEC MRI (140,146-152). Hundley et al. (151) found 
that ascending aorta flow in 23 adults was within 4% of flow 
measurements by the Fick method and within 5% measured 
by thermodilution. Evans et al. (143), in a study of 10 adult 
subjects, demonstrated an average difference between pulmo- 
nary (Q p ) and systemic (Q s ) flow ratio of 5%. Powell et al. 
(140), in a study of 20 healthy volunteers, found that Q p /Q s 
closely approximated unity (mean ± SD = 0.99 ±0.1, range 
0.85 to 1.19). Beerbaum et al. (139), in a study of 50 children 


with atrial or ventricular septal defects (VSDs) who underwent 
concomitant cardiac catheterization, reported a mean differ- 
ence between VEC MRI and oximetry of 2% (2SD = -20% 
to + 26%). Powell et al. (153), in a study of 20 patients with 
atrial septal defect (ASD), found a mean difference between 
VEC MRI and oximetry of 2.3% with a reproducibility of 
repeat VEC MRI flow measurements of 1.1 ± 4.2% in the 
main pulmonary artery and 0.7 ± 5.4% in the ascending aorta 
(Fig. 10.18). 

Clinical Applications. Measurements of blood flow are an 
integral element of functional assessment by MRI in a wide 
range of clinical scenarios. Examples include measurement 
of cardiac output (151,154), pulmonary-to-systemic flow 
ratio in patients with intra- and extracardiac shunts (139- 
141,153,155,156), regional flow to selected organs or vascular 
beds (e.g., patients with vascular malformations) (157-159), 
valvular regurgitation in patients with native and postopera- 
tive lesions (e.g., pulmonary regurgitation after TOF repair) 
(160-170), differential lung perfusion (e.g., branch pulmonary 
artery stenosis) (171-173), quantification of aortopulmonary 
collateral flow (174,175), AV valve inflow (129), estimation of 
pressure gradient (170,176,177), and a variety of other clini- 
cal scenarios. 

Keeping in mind the known limitations of VEC MRI 
(136,138,178), site-specific quantification of flow rate, flow 
velocity, stroke volume, and minute flow can provide useful 
hemodynamic information in a wide range of clinical scenar- 
ios. Pharmacologic stress can be used to provide additional 
information on functional reserve (179). For example, using 
either dipyridamole or adenosine for vasodilation of the cor- 
onary vascular bed, coronary flow reserve can be assessed 
(180). An inherent strength of functional assessment by MRI 



Figure 10.18. Accuracy of phase velocity cine (PVC) MRI measurements of blood flow in 20 patients 
with interatrial shunt (From Hundley WG, Meshack BM, Willett DL, et al. Comparison of quanti- 
tation of left ventricular volume, ejection fraction, and cardiac output in patients with atrial fibril- 
lation by cine magnetic resonance imaging versus invasive measurements. Am J Cardiol 1996;78: 
1H9-1123, with permission). A: Mean pulmonary-to-systemic (Q p /Q s ) flow ratio by oximetry versus mean Q p / 
Q s by PVC MRI. B: The difference in Qp/Q s versus mean Q p /Q s by PVC MRI and oximetry. The mean difference 
was 0.06 L/min (solid line) and ± 2 standard deviations from the mean (95% limits of agreement) were -0.42 
and 0.54 L/min (dashed lines). (Reprinted from Powell et al. Comparison between phase-velocity cine magnetic 
resonance imaging and invasive oximetry for quantification of atrial shunts. Am J Cardiol 2003;91:1523-1525, 
with permission from Elsevier.) 
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is the ability to measure the same variable by different meth- 
ods, thus allowing for internal validation of the functional 
data. For example, in a patient with an ASD, the pulmonary- 
to-systemic flow ratio can be assessed based on (a) flow 
measurements in the main pulmonary artery and ascending 
aorta; (b) flow measurements through the tricuspid and mitral 
valves (typically obtained in a single acquisition perpendicular 
to plane of the AV valves); and (c) LV and RV stroke vol- 
umes obtained by short-axis cine MR. Although standard 
VEC MRI techniques require 2 to 4 minutes of data acquisi- 
tion in each site, developments of faster imaging strategies 
(e.g., segmented k space acquisition and parallel processing) 
have greatly shortened the acquisition time (156,181-184). 
Although these techniques allow for data acquisition during a 
short period of breath holding (10 to 14 seconds), the physi- 
ologic effects of suspended respiration may alter intrathoracic 
pressure and affect flow measurements. Sakuma et al. (185) 
demonstrated that flow measurements during large lung vol- 
ume breath holding significantly underestimated cardiac 
output (4.47 ± 0.63 vs. 6.09 ± 0.49 L/min), whereas cardiac 
output measurements during small lung volume breath- 
holding was similar to that obtained during free breathing. 
Development of real-time velocity-encoded techniques has 
a potential utility analogous to color Doppler in echocardi- 
ography (169). This technique has recently proved valuable 
in providing unique physiologic information in patients with 
Fontan circulation (186). 

The preceding discussion focused on through-plane flow 
measurements. When velocity information is measured in the 
three orthogonal planes (anterior-posterior, superior-inferior, 
and through plane), multidimensional flow imaging and 
shear stress calculation can be accomplished (187-190). 3-D 
flow vector mapping is a useful adjunct to cine flow imaging 
because it provides dynamic 3-D flow maps that can readily 
detect abnormal flow patterns (Fig. 10.19). 


Myocardial Perfusion and Viability 

Compared with the adult population, myocardial ischemia 
related to coronary artery disease is uncommon in infants 
and children. In the pediatric population, ischemia may be 
associated with congenital coronary abnormalities such as 


anomalous origin of a coronary artery from the pulmonary 
artery or from the opposite sinus of Valsalva, or acquired 
conditions, most notably Kawasaki disease. Alternatively, the 
coronary circulation may be compromised in postoperative 
patients, especially those whose procedure involved relocation 
of the coronary arteries (e.g., ASO). Patients who have under- 
gone heart transplantation are also at risk for the development 
of accelerated coronary artery disease and abnormalities of the 
coronary microvasculature. 

In comparison with nuclear techniques, cardiac MRI is a 
relatively young tool for detection of myocardial ischemia and 
viability. As a result, one should remember during the subsequent 
discussion that the available data on its clinical utility and appli- 
cability are considerably smaller than for the more established 
techniques. This limitation is perhaps offset by the fact that data 
specific to children and young adults are scarce for all of the non- 
invasive techniques. The feasibility of assessing myocardial perfu- 
sion and viability by CMR in children and patients with CHD 
has been demonstrated with encouraging results (191-195). 

Myocardial Ischemia. Currently, the two most widely used 
CMR techniques to detect ischemia are DSMR and first-pass 
myocardial perfusion (196-198). DSMR is performed using a 
protocol similar to dobutamine stress echocardiography (DSE) 
with increasing doses of dobutamine up to 40 to 50 ^g/kg/min 
and the addition of atropine if necessary to reach the target heart 
rate. The goal of the test is to detect ventricular myocardium 
supplied by a stenotic coronary artery. At rest, the myocardial 
blood supply/demand ratio may be sufficient to allow normal 
wall motion and thickening. However, with increasing meta- 
bolic demand under pharmacologic stress, ischemia may be 
induced and wall motion is impaired. Imaging is usually per- 
formed with breath-hold cine SSFP MRI, thereby providing 
high-quality images of left ventricular wall motion and thicken- 
ing. Nagel et al. (199) compared the sensitivity and specificity 
of DSMR with that of DSE in 208 patients for the detection of 
>50% coronary artery stenosis determined by coronary angiog- 
raphy. Compared with DSE, DSMR was more sensitive (86.2% 
vs. 74.3%), had a higher specificity (85.7% vs. 69.8%), and 
better accuracy (86% vs. 72.7%) (p < 0.05 for all). CMR has 
a particular advantage over echocardiography in patients who 
have poor acoustic windows (up to 15% of studies in adults). 

First-pass myocardial perfusion CMR can also be used to 
diagnose myocardial ischemia. After intravenous injection of a 


Figure 10.19. 3-D flow vector mapping in the 
aortic root and proximal ascending aorta in 
a patient with Marfan syndrome. The origin 
of the flow is depicted as a blue dot and the 
red line represents the direction and velocity 
of the flow. 
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Figure 10.20. First-pass myocardial perfusion in a patient with anterior septal myocardial infarc- 
tion. A: Four short-axis slices (top frame, basal slice; bottom frame, apical slice) before arrival of the 
contrast; B: The contrast enters the RV; C: The contrast enters the LV but not the coronary arteries 
(note the bright signal from the blood pool but not from the myocardium); D: Segments with well- 
perfused myocardium show bright signal whereas the hypoperfused anterior septal segment remains 
dark (arrows). 


gadolinium-based contrast agent, the enhancement pattern of 
the myocardium is evaluated during the first transit of the bolus 
through the heart. The appearance of contrast will be attenu- 
ated, both in amplitude and rate, in regions of compromised 
coronary blood flow (Fig. 10.20). In practice, the contrast (e.g., 
gadopentetate dimeglumine 0.05 to 0.1 mmol/kg) is infused 
through a large bore cannula using a power injector at a rate 
of 3 to 5 mL/s. With the patient holding his or her breath, the 
heart is rapidly imaged in multiple planes for approximately 
30 seconds using a cardiac-triggered fast gradient hybrid echo- 
planar or cine SSFP pulse sequences. An inversion preparation 
pulse is also used which minimizes the signal from myocar- 
dium and thus enhances the relative increase in signal intensity 
produced by the T1 -shortening effects of the contrast agent. 
Because exercise stress cannot be readily done in the MRI scan- 
ner, most perfusion studies are performed with vasodilators 
such as adenosine or dipyridamole. Both qualitative and quan- 
titative analysis have been reported; the latter is done typically 
by constructing time-intensity curves of myocardial regions 
and calculating a perfusion reserve index (200,201). 

Myocardial Viability. In addition to detection of ischemia, 
CMR can also be used to differentiate viable from nonvi- 
able myocardium. Myocardial delayed enhancement (MDE) 
imaging, also known as late gadolinium enhancement (LGE) 
imaging, has become the dominant MRI technique to assess 
viability (202). It is based on the observation that in necrotic 
myocardium and in areas where the myocardium is replaced 


by collagen (e.g., scar tissue) the washout kinetics of gado- 
linium-based MRI contrast agents is delayed and its volume 
of distribution is increased. Consequently, nonviable myo- 
cardium appears bright or hyperenhanced compared with 
viable myocardium when imaged with a segmented inver- 
sion recovery fast gradient echo sequence after contrast injec- 
tion (Fig. 10.21). In practice, MDE imaging is performed 10 to 
20 minutes after administration of 0.1 to 0.2 mmol/kg of gadolin- 
ium-based contrast. The optimal inversion time is selected using 
inversion-recovery fast muitishot echo-planar imaging, such as a 
Look-Locker sequence (203). Using this inversion time, MDE is 
then performed in ventricular short- and long-axis planes. 

Several studies in both animals and humans have shown that 
this technique is effective at identifying the presence, location, and 
size of acute and chronic myocardial infarction (204-213). Klein, 
et al. (214) found close agreement between MDE imaging and 
positron emission tomography (PET) scar size measurements in 3 1 
patients with ischemic heart failure. Because of its superior spatial 
resolution, MDE is more sensitive than SPECT in patients with 
small or subendocardial infractions (215). Most importantly, the 
transmural extent of MDE can be used to predict improvement in 
contractile function after revascularization in patients with acute 
and chronic coronary artery disease (216-219). Another prom- 
ising clinical application of MDE imaging is detection of myo- 
cardial fibrosis in patients with hypertrophic cardiomyopathy 
(220). Kim et al. (221) demonstrated that the extent of myocar- 
dial fibrosis assessed by MDE can be used to stratify risk in these 
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Figure 10.21. MDE imaging in a 4-year-old patient with Kawasaki disease complicated by coronary artery 
aneurysms and occlusion of the left circumflex coronary artery. A: Short-axis view showing enhancement of the 
inferior wall ( arrow ), consistent with transmural myocardial infarction; B: Long-axis view showing the base-to- 
apex extent of the infarct. 


patients. Other groups have recently found similar results (222- 
225). In pediatric and CHD patients, Prakash et al. (191) studied 
30 patients with a median age of 13 years (range 0.3 to 
40 years) whose diagnoses included repaired CHD in 15, cardio- 
myopathy in 6, cardiac tumor in 3, dysplastic LV in 2, congenital 
coronary anomaly in 2, and coronary artery aneurysm follow- 
ing Kawasaki disease in 2. They found good agreement between 
MRI evaluation of myocardial perfusion and viability and analy- 
sis of segmental wall motion, as well as coronary angiography 
(n = 10) and SPECT (n = 6). More recently, studies have demon- 
strated the usefulness of MDE imaging to evaluate endomyocar- 
dial scar tissue in patients with systemic RV (193), repaired TOF 
(192,226,227), endocardial fibroelastosis in hypoplastic left heart 
syndrome (228), and late after Fontan operation (194). 

Diffuse Myocardial Fibrosis. Although contrast-enhanced 
MDE imaging has been shown to accurately evaluate myocar- 
dial necrosis and scar tissue in ischemic and nonischemic heart 
disease, the technique cannot evaluate diffuse interstitial fibrosis. 
Several groups have recently developed CMR techniques to meas- 
ure diffuse myocardial fibrosis based on postgadolinium T1 map- 
ping (29,229-231). Myocardium with more fibrosis will have a 
higher concentration of gadolinium contrast and thus a shorter 
Tl. Azevedo et al. (232), in a study of 54 adult patients with aor- 
tic valve stenosis, demonstrated good agreement between CMR 
and histologic measurements of diffuse left ventricular fibrosis. 
Given that this technique holds promise as a noninvasive means 
to measure diffuse myocardial fibrosis, further studies address- 
ing its accuracy, reproducibility, and clinical usefulness in patients 
with acquired and CHD are warranted (229). 


Tissue Characteristics 

Assessment of the myocardium, pericardium, blood vessels 
wall, and extracardiac tissue for pathologic changes can be 
valuable in a variety of clinical circumstances. MRI offers a 
distinct advantage over other modalities for the evaluation 
of soft tissues because of its ability to discern even minor 
changes in tissue composition. By manipulations of Tl and 
T2 weightings and by applying a variety of prepulses or 
suppression of signals from specific tissue elements such as 
fat or water, tissue composition can be evaluated. Clinical 
applications include assessment of myocardial architecture 


(e.g., myocardial noncompaction (233,234) and ventricular 
aneurysm (235,236), evaluation of cardiac and pericardial tumors 
(Fig. 10.22) (237,238), vessel wall imaging (e.g., aortic dis- 
section (240,241), assessment of the myocardium for fatty 
infiltration or other pathologic changes (e.g., arrhythmogenic 
right ventricular cardiomyopathy (242,243), evaluation of the 
pericardium (e.g., constrictive pericardium (244,245), and 
assessment of myocardial iron load (245). 

In practice, MRI assessment of tissue characteristics is based 
on the use of several imaging sequences. FSE sequence is used 
for morphologic imaging of the myocardium, pericardium, 
blood vessel walls, and extracardiac structures. Manipulations 
of image contrast (Tl, T2, or proton density weighting) and 
the addition of prepulses (e.g., triple inversion recovery, T2 



Figure 10.22. Coronal plane Tl-weighted FSE image in a 
patient with pericardial teratoma (T). Note the compressed 
RA. LV, left ventricle. 
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Figure 10.23. MRI assessment of myocardial and liver iron 
using T2* mapping in a patient with thalassemia major. Note 
the high signal intensity in the liver and in the left ventricu- 
lar myocardium, corresponding to high iron concentrations in 
these organs. 

preparation, and fat or water saturation) result in highlighting 
or suppression of specific tissue characteristics. T2* mapping 
is used to evaluate myocardial and liver iron concentrations 
(Fig. 10.23) (246-248). Gradient echo sequences provide infor- 
mation on signal intensity and, more important, on motion of 
the tissue in question. First-pass myocardial perfusion, early 
and late enhancement after intravenous administration of gad- 
olinium-based contrast, and myocardial tagging can provide 
additional diagnostic information about tissue characteristics. 

EXAMPLES OF CLINICAL APPLICATIONS OF CMR 
Shunt Lesions 
Atrial Septal Defect 

CMR can be helpful in selected patients with a known or sus- 
pected ASD, usually adolescents and adults with inconclusive 
clinical and echocardiographic findings. For example, CMR 
provides a noninvasive alternative to transesophageal echo- 
cardiography and to diagnostic catheterization in patients 
with right ventricular volume overload, in whom transtho- 
racic echocardiography cannot demonstrate the source of 
the left-to-right shunt (249-253). CMR can visualize differ- 
ent types of atrial-level defects, including secundum, primum, 
sinus venosus, and coronary sinus septal defects. In patients 
with sinus venosus defect, CMR can provide all the necessary 
information required for surgical planning. The goals of the 
CMR examination include delineation of the location and 
size of the ASD, its relations to key neighboring structures, its 
size, suitability for transcatheter versus surgical closure, and 
functional assessment of the hemodynamic burden, including 
pulmonary-to-systemic flow ratio, and RV size and function. 

Although SE sequences have been used to diagnose ASDs, 
thin structures such as septum primum may not be clearly 
demonstrated, leading to an overestimation of the defect’s 


size or to a false positive diagnosis. Cine MRI using SSFP is 
capable of providing high-quality imaging of the atrial sep- 
tum and the adjacent anatomic structures, including the vena 
cavae, pulmonary veins, and the AV valves. The atrial sep- 
tum is imaged in at least two planes by obtaining a stack of 
ECG-triggered multiphase SSFP images, a stack in the axial or 
four-chamber planes, and a stack in an oblique sagittal plane 
(Fig. 10.24). Additional cine SSFP imaging is performed in 
the short-axis plane across the ventricles to quantify LV and 
RV volumes and function. This stack also allows qualitative 
assessment of RV systolic pressure based on the configuration 
of the interventricular septum. The septal geometry is con- 
cave toward the RV when the RV/LV pressure ratio is low and 
assumes a flat configuration, or even a concave shape toward 
the LV, as the RV/LV pressure ratio increases. Interpretation 
of the hemodynamic significance of septal configuration may 
be confounded by factors such as inhomogeneous contraction 
of the RV, intraventricular conduction delay (e.g., right or left 
bundle branch block, preexcitation), and a high LV pressure. 

Measurement of the pulmonary-to-systemic flow ratio 
(Qi/Qs) IS clinically helpful in patients with ASD. Several stud- 
ies have shown that flow measurements in the main pulmonary 
artery (Q p ) and ascending aorta (Q s ) using VEC MRI agree 
closely with catheterization-based oximetry (139,153,254,255). 
In the absence of AV valve regurgitation or an additional shunt, 
Qf/Qs can also be measured by VEC MRI in the ventricular 
short-axis plane perpendicular to the mitral (Q s ) and tricuspid 
valve (Q p ) inflows. A third option is to compare the RV and LV 
stroke volumes obtained by the short-axis cine SSFP. In clini- 
cal practice, it is recommended to measure the Q p /Q s ratio by 
more than one method in order to evaluate the data for internal 
consistency. Flow velocity mapping across the ASD using VEC 
MRI can be used to further delineate the defect. Color-coded 
in-plane flow velocity mapping (Fig. 10.24B) or 4-D flow veloc- 
ity mapping can characterize the flow across the defect (256). 

Non-ECG triggered Gd-enhanced 3-D MRA sequence 
is not ideally suited for evaluation of secundum ASDs due 
to blurring of thin intracardiac structures. However, this 
sequence is helpful in the evaluation of sinus venosus septal 
defects, especially since these defects invariably involve the 
pulmonary veins (Fig. 10.25). 

Ventricular Septal Defect 

CMR is rarely used primarily for the evaluation of a VSD. In 
our experience, only 7 of 1,119 CMR examinations (0.6%) 
were requested for evaluation of an isolated VSD, primarily 
for assessment of ventricular dimensions and function and 
Q p / Q s measurement in patients with inadequate or inconsist- 
ent echocardiographic data. Many other CMR studies, how- 
ever, were performed for other indications in patients in whom 
a VSD was present. 

VSDs can be imaged by gradient echo (preferably SSFP) 
or SE sequences obtained in any combination of planes 
(Fig. 10.26). The four-chamber plane provides a base-to- 
apex view of the septum, whereas the short-axis plane 
images the interventricular septum from anterior-superior to 
posterior-inferior. Additional imaging in other planes should 
be performed if the location of the defect and its relation to 
neighboring key structures (e.g., AV or semilunar valves) is 
not demonstrated by imaging in standard planes. Measure- 
ment of ventricular dimensions and function is a key element 
of the CMR evaluation in a patient with VSD. Quantification 
of Qp/Q s provides additional hemodynamic information and 
can be achieved either by VEC MRI flow measurements in the 
ascending aorta and main pulmonary artery, across the mitral 
and tricuspid valves, or by comparison of the LV and RV 
stroke volumes. In the presence of additional shunts (e.g., ASD 
or PDA) or valve regurgitation, calculation of Qp/Q s must be 
adjusted to account for the effect of the additional flow. 
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Figure 10.24. Secundum ASD. A: Oblique sagittal SSFP image showing a centrally located defect (arrow); B: 
Color-coded phase -velocity cine MRI showing flow from the left atrium (LA) to the RA through the defect. LA, 
left atrium; IVC, inferior vena cava; RA, right atrium; RPA, right pulmonary artery; SVC, superior vena cava. 


Patent Ductus Arteriosus 

CMR is seldom requested primarily for assessment of an iso- 
lated PDA. In several types of complex CHD, evaluation of the 
ductus arteriosus is an important element of the examination. 
For example, in patients with TOF and pulmonary atresia, the 



Figure 10.25. Maximal intensity projection Gd-enhanced 3-D 
MRA showing drainage of right pulmonary veins (RPVs) to 
the cardiac end of the right superior vena cava (RSVC) in a 
patient with sinus venosus defect and bilateral superior vena 
cavae. LSVC, left superior vena cava. 


ductus arteriosus can be an important source of pulmonary 
blood supply (257,258). Gd-enhanced 3-D MRA is a partic- 
ularly helpful imaging technique in these patients because it 
allows accurate delineation of all sources of pulmonary blood 
supply, including a PDA, aortopulmonary collateral vessels, 
and the central pulmonary arteries (259). Another clini- 
cal circumstance in which MRI evaluation of a PDA may be 
requested is the adult with CHD in whom limited acoustic 
windows can hamper echocardiographic evaluation. Imag- 
ing of a PDA can be accomplished by several MRI sequences 
(Fig. 10.27). If a PDA is detected, it is vital to also evaluate 
the direction of flow across the duct by VEC MRI, to assess 
the hemodynamic burden by measurements of ventricular vol- 
umes and function, to measure the Q p /Q s , and to assess RV 
pressure by septal position in the short-axis plane. 

Anomalies of the Aorta 
Coarctation of the Aorta 

The use of MRI to image anomalies of the aortic arch dates 
back to the early 1980s (260). While those studies pro- 
vided mostly static anatomical information, the advent of 
new imaging sequences has greatly expanded the diagnostic 
capabilities of CMR to include comprehensive anatomic 
and functional evaluation. In adults with CHD, Therrien et 
al. (261) have shown that the combination of clinical assess- 
ment and MRI provides a better “cost-effective” yield com- 
pared with a combination that relies on echocardiography as 
the primary imaging modality. Others have shown the utility 
of CMR in infants and children with coarctation and other 
anomalies of the aortic arch (176,262,263). 

The objectives of the CMR evaluation of suspected or 
repaired aortic coarctation include (a) detailed imaging of the 
aorta including the proximal brachiocephalic arteries and the 
descending aorta to the level of the renal arteries; (b) imaging 
of blood flow throughout the thoracic aorta to detect high- 
velocity flow jets suggestive of stenosis; (c) detection of collat- 
eral vessels that bypass the coarctation site; (d) assessment of 
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Figure 10.26. ECG-triggered, breath-hold, cine SSFP imaging of VSD. A: Small membranous VSD ( arrow); 
B: Large muscular VSD {arrow). 


left ventricular mass, volumes, and function; and (e) detection 
of any associated lesions. 

Much of the anatomic information is gleaned from the 
Gd-enhanced 3-D MRA, including the anatomy of the aorta, 
imaging of collateral vessels, and cross-sectional measure- 
ments of the aorta in various locations (Fig. 10.28). A 3-D 
SSFP sequence provides an alternative to contrast MRA when 
an intravenous cannula cannot be placed or if there is a con- 
traindication to the use of Gd. A SE sequence with double 
inversion recovery provides high-resolution imaging of the 



aortic wall. This may be particularly important in cases with 
discrete coarctation comprised of a thin “shelf” that protrudes 
into the aortic lumen and in patients with atypical location of 
the coarctation such as in the abdomen (Fig. 10.29). Gradient 
echo sequences are helpful for detection of signal void due to 
high-velocity turbulent jets. 

Evaluation of the hemodynamic significance of coarcta- 
tion is an important element of the CMR examination. Several 
investigations compared the anatomic features and the extent 
of collateral blood flow with coarctation diameter measured 



Figure 10.27. MRI evaluation of PDA. A: Cine SSFP in an oblique sagittal plane showing small PDA; 
B: Color-coded cine phase velocity MRI showing flow from the aortic isthmus (Ao) to the main pulmo- 
nary artery (MPA). 
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Figure 10.28. Gadolinium-enhanced 3-D MRA in patients with severe aortic coarctation. A: Maximal intensity 
projection; B: 3-D volume rendering showing prominent internal mammary arteries (arrow) and collateral vessels 
to the descending aorta ( arrowheads ). 


by x-ray angiography (262,263), blood pressure measure- 
ments by sphygmomanometry (264), and Doppler assessment 
of flow velocity (265). Riquelme et al. (266) showed a correla- 
tion coefficient of 0.99 between gradient echo cine MRI meas- 
urement of coarctation diameter and angiography. Simpson 
et al. (262) and Mendelsohn et al. (263) reported correlation 
coefficients of 0.9 and 0.91, respectively. Other groups have 
focused on the percent increase in descending aorta flow from 
collateral vessels to assess CoA severity. Steffens et al. (267) 
reported that the percent increase in flow correlated with the 


diameter of the CoA segment (r = 0.94), with arm-to-leg blood 
pressure difference (r = 0.84), and with Doppler gradient (r = 
0.76). More recently, Araoz et al. (264) demonstrated that the 
percent increase in descending aorta flow in 19 patients with 
repaired coarctation more accurately reflected the degree of 
narrowing than arm-to-leg blood pressure measurements. We 
have developed a CMR-based model to predict the probability 
of hemodynamically significant coarctation defined as a pres- 
sure gradient >20 mm Hg measured by catheterization (268). 
The combination of the smallest cross-sectional area of the 



Figure 10.29. FSE imaging showing severe long-segment abdominal coarctation in a 5-year-old patient with 
Takayasu arteritis. A: Sagittal view; B: Axial (transverse) view showing marked thickening of the aortic wall. 
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Figure 10,30. Evaluation of coarctation severity based on flow pattern in the descending aorta and the small- 
est cross-sectional area of the coarctation segment (268). A: Imaging plane for flow measurements in the 
ascending and descending aorta; B: Descending aorta flow pattern in a patient with repaired coarctation and 
no residual obstruction. Note the sharp upstroke and short deceleration phase; C: Descending aorta flow 
pattern in a patient with severe coarctation. Note the shallow upstroke and prolonged deceleration. 


aorta (measured from the Gd-enhanced 3-D MRA) and the 
heart rate-adjusted mean deceleration of flow in the descend- 
ing aorta (measured by VEC MRI distal to the CoA) (Fig. 
10.30) predicted coarctation severity group with 95% sensi- 
tivity, 82% specificity, 90% positive and negative predictive 
values, and an area under the receiver-operator characteristics 
curve of 0.94. Muzzarelli et al. (269) recently demonstrated 
that the optimal location for assessing the flow profile in the 
descending aorta is at the level of the diaphragm. 

Aortic Aneurysm and/or Dissection 

Severe dilation, aneurysm formation, and dissection can com- 
plicate the course of some congenital cardiac defects such 
as bicommissural aortic valve and TOF, and are common in 
patients with Marfan syndrome and other connective tissue 
disorders. CMR is an ideal modality for longitudinal nonin- 
vasive assessment of the aorta, especially in adolescents and 
adults in whom the echocardiographic windows are often 
limited. In contrast to CT, CMR does not expose the patients 
to the risks of ionizing radiation and can also provide func- 
tional information such as measuring aortic regurgitation frac- 
tion and left ventricular dimensions and function. In patients 
with suspected acute dissection who may require emergent 
intervention, CT angiography might be more readily available. 

The imaging strategy for assessment of aortic aneurysm 
is modified from the protocol used for aortic coarctation. 
Both spin and gradient echo sequences are acquired in planes 
perpendicular and parallel to the long-axis of the aorta (Fig. 
10.31 A). The branch vessels of the aorta are also examined 


to determine for extension of an aneurysm, dissection, or 
obstruction. A stack of thin-sliced ECG-triggered SSFP cine 
is acquired perpendicular to the aortic root and ascend- 
ing aorta. This sequence allows accurate measurements of 
orthogonal dimensions of the dilated aortic segment during 
systole. In addition, the aortic wall is examined in detail for 
evidence of dissection and VEC MRI is used to evaluate aortic 
valve function. This technique can also be used to distinguish 
between flow in the true and false lumen of aortic dissection. 
Gd-enhanced MRA is particularly helpful for evaluation of 
tortuous aortic segments and branch vessels (Fig. 10.31B). 

Vascular Rings and Pulmonary Artery Sling 

Vascular rings constitute an uncommon form of congenital vas- 
cular anomaly in which the trachea and esophagus are encircled 
completely by vascular structures. Rings are formed by abnor- 
mal persistence and/or regression of components of the aortic 
arch complex. MRI is ideally suited for evaluation of vascular 
rings and LPA sling because it provides good visualization of the 
airways and the vasculature, imaging can be performed in any 
plane, and there is no exposure to ionizing radiation (270,271). 
The main drawback of MRI is the need for sedation given that 
most patients with vascular rings are too young to cooperate. 
Although vascular rings account for fewer than 1 % of patients 
with CHD, they account for 10% of all CMR examinations in 
our laboratory in patients younger than 1 year of age (272). 
Although multirow detector CT with contrast can provide 
excellent imaging of the airways and vasculature, this technique 
is associated with a significant exposure to ionizing radiation. 
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Figure 10.31. Large aneurysm of the descending aorta in a patient with connective tissue disorder who under- 
went replacement of the ascending aorta and transverse arch. A: SSFP cine MRI in multiple planes; B: Volume 
rendered reconstruction of Gd-enhanced 3-D MRA. The left panel shows an anterior view and the right panel 
shows a posterior view. 


On the other hand, the potential ability of CT to obtain good 
quality images without general anesthesia and endotracheal 
intubation is advantageous (see Chapter 11). 

MRI evaluation of vascular rings and left pulmonary 
artery sling can be accomplished by a combination of SE, free- 
breathing isotropic 3-D SSFP, and Gd-enhanced 3-D MRA 
(Fig. 10.32A). Thin (2 to 3 mm) contiguous FSE with double 
inversion recovery slices provide excellent visualization of the 


trachea, main stem bronchi, and the vasculature. In addition 
to the axial plane, imaging of the trachea in oblique coro- 
nal and sagittal planes parallel to its long axis can be help- 
ful. Occasionally, FSE imaging may not be able to distinguish 
stenotic from atretic aortic segments with confidence. Gd- 
enhanced 3-D MRA can be used to determine if any segment 
of the vascular ring does not have luminal continuity and is 
ideally suited for 3-D reconstruction (Fig. 10.32B). 



Figure 10.32. Vascular ring consisting of a double aortic arch. A: FSE with double inversion recovery sequence in 
the coronal plane showing tracheal compression and cross-sections of the larger right and the smaller left arches; 
B: Volume rendered reconstruction of Gd-enhanced 3-D MRA. The left panel shows a posterior view and the 
right panel shows a superior view. 
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Pulmonary Artery Anomalies 

Most anomalies of the pulmonary arteries occur in association 
with other CHD. For example, stenosis, hypoplasia, and/or 
discontinuity of the branch pulmonary arteries are commonly 
associated with TOR Congenitally absent branch pulmonary 
artery without additional CHD is a rare anomaly. It is char- 
acterized by absence of the mediastinal pulmonary artery on 
the opposite side of the aortic arch in most cases (Fig. 10.33) 
(273). A ligamentum arteriosum can usually be found between 
the base of the subclavian artery and peripheral pulmonary 
arteries at the hilum of the ipsilateral lung. Early diagnosis 
and establishment of vascular continuity between the main 
pulmonary artery and the peripheral branches on the affected 
side may promote growth of the pulmonary vascular bed and 
reduce the likelihood of complications. Another condition 
where a branch pulmonary artery is absent is agenesis of the 
corresponding lung. In contrast to congenitally absent branch 
pulmonary artery without associated anomalies, in agenesis 
of a lung, the ipsilateral pulmonary veins are absent as well. 


Other rare anomalies of the branch pulmonary arteries include 
origin from the ascending aorta (so-called hemitruncus) and 
crossed pulmonary arteries. 

Spin and gradient echo cine sequences can be used to assess 
the central pulmonary arteries but these techniques may have 
a limited ability to depict very small and tortuous vessels, 
especially in infants (see discussion on MRI evaluation of pre- 
operative TOF). Gd-enhanced 3-D MRA provides excellent 
depiction of the pulmonary arterial tree, including the second- 
and third-generation branches. This sequence has been shown 
to image pulmonary arterial branches as small as 1 mm even 
in the absence of antegrade blood flow, as is the case in con- 
genitally absent branch pulmonary artery without associated 
anomalies (Fig. 10.29) (259). 

Systemic and Pulmonary Venous Anomalies 

Although referral to CMR primarily for evaluation of the pul- 
monary veins accounts for only 3.4% of cases in our hospi- 
tal, evaluation of the systemic and pulmonary veins is integral 




Figure 10.33. Congenitally absent right pulmonary artery. 
A: Axial (transverse) view of a cine MRI showing a dilated left 
pulmonary artery (LPA) and absence of a right pulmonary artery 
behind the ascending aorta (AAo) and superior vena cava (SVC); 
B: Subvolume maximal intensity projection Gd-enhanced 3-D 
MRA in the coronal plane. Note the ductal dimple at the base 
of the right innominate artery ( asterisks ) and the markedly hypo- 
plastic distal right pulmonary artery at the hilum of the right lung 
(arrow); C: Aortopulmonary collateral vessels to the right lung. 
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Figure 10.34. Volume rendered reconstruction of Gd-enhanced 
3-D MRA in a patient with partially anomalous pulmonary 
venous connection of the left upper pulmonary vein (arrow) to 
the left innominate vein. 

to a comprehensive CMR evaluation in patients with CHD. 
Venous anomalies are often associated with other CHD and 
unsuspected, but clinically important, abnormalities can be 
detected on examinations performed for other indications. 
Gd-enhanced 3-D MRA is particularly helpful for anatomic 
evaluation of systemic and pulmonary venous anomalies 
(Fig. 10.34) (58,274). Gradient echo sequences can be used to 
depict an abnormal blood flow pattern such as a turbulent jet. 
A FSE sequence can be used to provide high-resolution imag- 
ing of vessel wall, such as in patients with pulmonary veins 
stenosis. VEC MRI is used to measure blood flow in selected 
vessels to assess regional blood flow (274). Applications 
include measurement of Q p /Q s , the fractional flow to each 
lung in patients with pulmonary veins stenosis, and the direc- 
tion of flow in the azygous vein in a patient with narrowing of 
the superior vena cava. 

Tetralogy of Fallot 

TOF is the most frequent diagnosis among patients referred 
for CMR evaluation at Children’s Hospital Boston (Table 
10.1). Unlike infants in whom echocardiography generally 
provides all the necessary diagnostic information for surgical 
repair (258,275), MRI assumes an increasing role in adoles- 
cents and adults with TOF in whom the acoustic windows 
are frequently limited (160). CMR is useful in both preopera- 
tive and postoperative assessment of TOF, but the focus of the 
examination is different. 

Preoperative MRI 


vessels, and the ductus arteriosus. Several studies have shown 
that SE and 2-D gradient echo cine MRI techniques provide 
excellent imaging of the central pulmonary arteries and major 
aortopulmonary collaterals (257,276). However, these MRI 
techniques require relatively long scan times for complete 
anatomical coverage, and small vessels (<2 mm) may not be 
detected. Furthermore, these 2-D techniques are not optimal 
for imaging long and tortuous blood vessels. Gd-enhanced 
3-D MRA is ideally suited to image these vessels (Fig. 10.35). 
Compared with conventional x-ray angiography, MRA has 
been shown to be highly accurate in depicting all sources of 
pulmonary blood supply in patients with complex pulmonary 
stenosis or atresia, including infants with multiple small aor- 
topulmonary collaterals (259). 

Cine SSFP is used to assess ventricular dimensions and 
function, the right ventricular outflow tract (RVOT) as well 
as dynamic flow imaging of valve function. When the origins 
and proximal course of the left and right coronary arteries are 
not known from other imaging studies, they should be imaged 
either by a coronary MRA sequence or by a FSE sequence in 
the axial or aortic root short-axis planes. Particular attention 
is paid to the exclusion of a major coronary artery crossing 
the RVOT. 

Postoperative MRI 

CMR has been used extensively for assessment of postopera- 
tive TOF patients of all ages, but its greatest clinical utility is 
in adolescents and adults (168,277,278). Many studies have 
shown that the degree of pulmonary regurgitation measured by 
VEC MRI is closely associated with the degree of RV dilation 
(149,279-281). Another factor that affects RV function is the 
presence and extent of an aneurysm in the RVOT (226,282). 
Quantitative assessment of RV and LV dimensions and func- 
tion is a key element of CMR evaluation in patients with 
repaired TOF (Fig. 10.36) (64). The degree of RV dysfunction 
is an important determinant of clinical status late after TOF 
and is also closely associated with LV function, likely through 
ventricular-ventricular interaction (283,284). Taken together 
with clinical assessment and electrophysiologic data, informa- 
tion derived from CMR on pulmonary regurgitation fraction, 
RV and LV dimensions and function, presence and extent of 
a RVOT aneurysm, and presence of branch pulmonary artery 
stenosis is used to direct clinical care in patients with repaired 
TOF (192,278,285-287). 

The goals of the CMR examination, therefore, include 
quantitative assessment of left and right ventricular volumes, 
mass, stroke volumes, and ejection fraction; imaging the 
anatomy of the RVOT, pulmonary arteries, aorta, and aor- 
topulmonary collaterals; and quantification of pulmonary 
regurgitation, tricuspid regurgitation, pulmonary-to-systemic 
flow ratio, and detection of scar tissue, especially in the RVOT. 
CMR examination protocols for evaluation of repaired TOF 
have been published (277,278). 

Transposition of the Great Arteries 

CMR is seldom requested for preoperative assessment of 
infants with D-loop TGA because echocardiography usually 
provides all necessary diagnostic information (288). In post- 
operative TGA, CMR assumes an increasing role due to its 
ability to noninvasively evaluate most clinically relevant issues 
(124,193,289-291). 

Postoperative Atrial Switch (Senning or Mustard 
Operation) 


In most patients with unrepaired TOF, the central question for 
the CMR examination is to delineate all sources of pulmonary 
blood flow — pulmonary arteries, aortopulmonary collateral 


The goals of CMR evaluation of postoperative atrial switch 
include (a) quantitative evaluation of the size and func- 
tion of the systemic RV (Fig. 10.36A) (292); (b) imaging of 
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Figure 10.35. Subvolume maximal intensity projection Gd-enhanced 3-D MRA showing aortopulmonary 
collateral vessels (arrows) in a newborn with TOF and pulmonary atresia. A: Coronal plane; B: Axial 
(transverse) plane. 


the systemic and pulmonary venous pathways for obstruc- 
tion and/or baffle leak(s) (Fig. 10.36B); (c) assessment of 
tricuspid valve regurgitation; (d) evaluation of the left and 
right ventricular outflow tracts for obstruction; (e) detec- 
tion of aortopulmonary collateral vessels and other associ- 
ated anomalies; (f) evaluation of the coronary arteries (293); 
and (g) detection of myocardial fibrosis and/or scar tissue 
(193,293). The response of the systemic RV to pharmaco- 
logic stress (dobutamine) or to exercise can be tested by 
CMR, but the clinical utility of this information awaits fur- 
ther study (125,289). 


Postoperative Arterial Switch 

The long-term concerns in patients after the ASO relate pri- 
marily to the technical challenges of the operation — transfer 
of the coronary arteries from the native aortic root to the 
neoaortic root (native pulmonary root) and the transfer of 
the pulmonary arteries anterior to the neoascending aorta. 
Consequently, the goals of CMR evaluation of postoperative 
arterial switch include (a) evaluation of global and regional 
LV and RV size and function; (b) evaluation of the left and 
right ventricular outflow tracts for obstruction; (c) qualitative 
estimation of RV systolic pressure based on the configuration 



Figure 10.36. Short-axis, 
ECG-triggered, breath- 
hold, cine SSFP imaging in 
a patient with TOF, severe 
pulmonary regurgitation, 
and markedly dilated RV. 
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Figure 10.37. ECG-triggered, breath-hold, cine SSFP imaging in a patient with Mustard palliation of D-loop 
TGA. A: Short-axis view showing the dilated and hypertrophied RV, which compresses the thin-walled 
LV; B: Baffle leak [arrow) with flow from the pulmonary venous chamber (PVC) to the systemic venous 
chamber. 


of the interventricular septum; (d) imaging of the great ves- 
sels with emphasis on evaluation of the pulmonary arteries for 
stenosis and the aortic root for dilation (Fig. 10.38); (e) detec- 
tion of aortopulmonary collateral vessels and other associated 
anomalies; (f) evaluation of the origins and proximal course 



Figure 10.38. Volume rendered reconstruction of Gd-enhanced 
3-D MRA in a patient with ASO for D-loop TGA. Note the 
relationship between the pulmonary arteries and the ascending 
aorta resulting from the Lecompte maneuver. 


of the coronary arteries (51,294); and (g) detection of myo- 
cardial ischemia, fibrosis, and/or scar tissue (290). The role of 
myocardial perfusion and viability imaging in this population 
deserves further study, especially with regard to the sensitivity, 
specificity, and predictive values of these techniques for detec- 
tion of myocardial ischemia and the prognostic implications 
of myocardial fibrosis and/or scar tissue detected by delayed 
myocardial enhancement. 

Single Ventricle and Fontan 
Before Stage I Palliation 

CMR has an important role in the diagnostic evaluation and 
follow-up of patients with anatomic and functional single 
ventricle. Echocardiography is the primary imaging tool dur- 
ing the initial evaluation since most patients present in the 
newborn period or early infancy and their acoustic windows 
are typically adequate. CMR is used before the first palliative 
procedure only in selected cases, usually to evaluate incom- 
pletely diagnosed extracardiac anatomy such as anomalies of 
the aortic arch, pulmonary arteries, and venous anomalies. 

Before Stage II Palliation 

The role of CMR increases after the first palliative surgical 
procedure. CMR may be requested to assess potential com- 
plications or sequelae of the first operation such as residual 
or recurrent aortic arch obstruction, stenosis or compres- 
sion of branch pulmonary arteries or pulmonary veins, 
aortopulmonary or ventriculopulmonary shunts, airway 
compression, and others. In patients who are candidates for 
a bidirectional Glenn shunt or a hemi-Fontan procedure 
(second-stage palliation), CMR can substitute routine diag- 
nostic catheterization in selected patients (295). Evidence 
from two retrospective studies suggests that in a substantial 
number of patients who are candidates for a second-stage 
palliation cardiac catheterization data do not change the 
surgical plan (296,297). Although some of these patients 
undergo a concomitant transcatheter intervention (e.g., 
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balloon dilation of coarctation or coil occlusion of aortopul- 
monary collaterals), the indications for and the clinical ben- 
efits from such procedures are not clearly defined. Whereas 
echocardiography can provide much of the anatomic and 
functional information in these patients, there are circum- 
stances in which parts of the anatomy may not be fully 
defined and additional quantitative functional data may be 
desired. CMR can potentially fulfill these goals (Fig. 10.39). 
Brown et al. (298) in a prospective randomized clinical trial 


of CMR versus routine catheterization showed that CMR is 
a safe, effective, and less costly alternative to routine cath- 
eterization in the evaluation of selected patients before bidi- 
rectional Glenn operation. Another retrospective analysis 
showed that a noninvasive diagnostic algorithm effectively 
screened for patients who are unsuitable for a Fontan opera- 
tion and that omission of routine preoperative hemodynamic 
assessment at catheterization did not impair prediction of 
adverse postoperative outcomes (299). 




Figure 10.39. MRI evaluation of hypoplastic left heart syndrome after stage I palliation. A: Volume rendered 
reconstruction of Gd-enhanced 3-D MRA showing the RV-to-pulmonary artery conduit (arrow) and the arte- 
rial anastomoses; B: maximal intensity projection of a modified right Blalock-Thomas-Taussig shunt (BTTS); 
C: maximal intensity projection image in the axial (transverse) plane showing the branch pulmonary arteries; 
D: maximal intensity projection image showing the anastomosis between the main pulmonary artery and the 
native ascending aorta; ( Continued ) 
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Figure 10.39. ( Continued ) E: maximal intensity projection 
image of the reconstructed aorta showing mild coarctation 
(arrow). AAo, ascending aorta; DAo, descending aorta; LPA, 
left pulmonary artery; MPA, main pulmonary artery; RIA, 
right innominate artery; RPA, right pulmonary artery. 


The goals of the CMR examination in patients who are 
candidates for a second-stage palliation include the following: 
(a) anatomy of the systemic and pulmonary veins; (b) anatomy 
of the branch pulmonary arteries; (c) anatomy of the thoracic 
aorta with an emphasis on exclusion of arch obstruction; (d) 
presence and distribution of aortopulmonary and venous col- 
laterals, including quantification of collateral flow (174,175); 
(e) quantitative assessment of systemic ventricular function; (f) 
quantitative assessment of valve regurgitation; (g) evaluation 
of the atrial septum for restriction; and (h) detection of myo- 
cardial fibrosis or scar tissue (228). 

Before and after Fontan Palliation 

The role of CMR in the evaluation of patients before and 
after the Fontan operation is growing (300). Several inves- 
tigators explored the use of clinical criteria and noninvasive 
imaging to supplant routine cardiac catheterization in low- 
risk patients before a Fontan operation (299,301,302). These 
studies noted that a substantial proportion of patients can 
undergo surgery without a preceding catheterization and 
emphasized the role of CMR. After Fontan, CMR is increas- 
ingly used for surveillance of late complications (198,303). 
Several reports have used CMR as an investigational tool to 
study blood flow dynamics within the Fontan pathways and 
to delineate the distribution of inferior and superior caval 
flow to each lung (171,172,186,187,303,304). Myocardial 
tagging has proved an important investigational tool in the 
evaluation of myocardial mechanics in patients with func- 
tional single ventricle and Fontan circulation, demonstrating 
asynchrony and impaired regional wall motion (117). Cine 
SSFP is the preferred method for assessment of ventricular 



Figure 10.40. Subvolume maximal intensity projection image of Fontan pathway in a patient with 
atriopulmonary anastomosis. A: Oblique sagittal view showing the atriopulmonary anastomosis 
(curved arrow); B: Oblique transverse view showing the atriopulmonary anastomosis and branch 
pulmonary arteries. Ao, aorta; LPA, left pulmonary artery; PAs, pulmonary arteries; RPA, right pul- 
monary artery. 
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size and function (305) and LGE imaging is used for assess- 
ment of myocardial scar (194). 

The goals of the CMR examination in patients with the 
Fontan circulation include (a) assessment of the pathways 
from the systemic veins to the pulmonary arteries for obstruc- 
tion and a thrombus (Fig. 10.40); (b) detection of Fontan 
baffle fenestration or leaks; (c) evaluation of the pulmonary 
veins for compression; (d) measurements of systemic ventricu- 
lar volumes, mass, and function; (e) detection of myocardial 
fibrosis; (f) imaging of the systemic ventricular outflow tract 
for obstruction; (g) quantitative assessment of the AV and 
semilunar valve(s) for regurgitation; (h) imaging the aorta for 
obstruction or an aneurysm; (i) measurement of aortopulmo- 
nary collateral flow; and (j) detection of systemic venous or 
systemic-to-pulmonary venous collateral vessels. 

An important limitation of CMR in patients with Fontan 
circulation is the frequent presence of metallic implants 
(e.g., stainless steel coils, stents, occluding devices) that produce 
image artifacts. Garg et al. (60) reviewed the CMR studies 
of 120 consecutive CMR examinations from 1996 to 2003 
and found that artifacts from metallic implants were present 
in 54% of the studies. Major artifacts (mostly caused by stain- 
less steel coils) were present in 36% of patients, and in 20% 
the artifact precluded complete volumetric assessment of the 
systemic ventricle. More recently, however, use of nonferro- 
magnetic coils has greatly reduced the frequency imaging arti- 
facts in patients with Fontan circulation. CT can be used as 
an alternative to CMR in patients with large image artifacts 
as well as in those with relative contraindications to CMR 
(e.g., pacemaker). 
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INTRODUCTION 


Computed tomography (CT) and magnetic resonance imag- 
ing (MRI) are advanced imaging techniques that can provide 
3-D representations of cardiovascular anatomy and functional 
hemodynamic information that is not limited by field of view 
or acoustic window as can occur with echocardiography, the 
primary modality for imaging children with congenital heart 
disease (CHD). Thus, CT and MRI are supplementary exami- 
nations to echocardiography that may substitute the need for 
more invasive catheter angiography (1-4). The most common 
clinical indications for CT are to evaluate the extracardiac vas- 
cular anatomy (thoracic, coronary, and pulmonary artery and 
vein connections). In addition, CT and MRI can provide quan- 
titative hemodynamic information that is more accurate and 
reproducible than echocardiography in following disease pro- 
gression and timing intervention in children with CHD (5,6). 

Assuming equal expertise and access to state-of-the-art hard- 
ware, the choice of whether to perform a CT or MRI exam 
depends upon the unique advantages or disadvantages of CT 
versus MRI for each individual patient (Table 11.1). Due to the 
theoretical risk of ionizing radiation in causing cancer, which is 
greater in infants and children than in adults, MRI is the pre- 
ferred exam when all other considerations are equal (7). The chief 
advantages of CT over MRI are much shorter examination times, 
2 to 15 seconds versus 30 to 45 minutes, and greater spatial reso- 
lution, 0.4 x 0.4 x 0.4 mm versus 0.9 x 1.1 x 1.2 to 2.4 mm (8,9). 

The short examination time may preclude the need for seda- 
tion. Thus, CT may be preferred in critically ill infants who may 
not tolerate a longer MRI procedure or who can be examined 
without sedation or in emergent situations such as in the evalu- 
ation of suspected aortic dissection (10). Because of the better 
spatial resolution, CT may be preferred to image small structures 
such as the coronary arteries or the small vascular structures in 
newborns and infants (Figs. 11.1 and 11.2). CT is the modality 
of choice for imaging the lung parenchyma and airways, to eval- 
uate peripheral pulmonary artery and vein stenosis, and pulmo- 
nary emboli (6). Of course, CT should replace MRI in patients 
with metallic clips, coils, and stents that are not proven safe for 
MRI or result in unacceptable degradation of MR image quality 
due to magnetic susceptibility artifacts. MRI is specifically con- 
traindicated in patients with pacemakers or defibrillators. MRI 
is the modality of choice for quantifying ventricular volumes and 
function, blood flow, and myocardial perfusion and viability (6). 


METHODS AND TECHNIQUE 


CT Angiography (CTA) Protocol 

Both CT and MRI can be considered advanced imaging tech- 
niques not only because of the highly detailed 3-D diagnostic 
information that they provide but also because their successful 


performance requires special expertise and careful technique. 
The CTA protocol includes a number of factors: patient prep- 
aration and positioning, whether ECG-gating or sedation is 
used; the amount, rate, and timing of intravenous contrast 
injection; and other parameters such as pitch, slice thickness, 
and radiation exposure settings. All of these factors are highly 
dependent on the type of scanner used and the size of the 
patient (11). In general, a 0.5- to 1.2-mm collimation or slice 
thickness with a pitch of 1 to 1.5 is used with 8 -320 detec- 
tor scanners to maximize spatial resolution (11). Other major 
factors are described in detail below. 


Sedation and Controlling Respirations 

Motion of any kind creates artifacts and blurring that degrade 
images. In infants and young children, the inability to hold still 
and to breath hold may significantly degrade image quality. 
A child may suddenly move, start crying, or just suddenly take 
in a big breath, particularly during contrast injection. Fast 
scan speeds cannot compensate for such gross movements. 

In infants and young children who are free-breathing and 
who do not make sudden movements, the fast scan speeds 
using 8- to 16-slice or greater multidetector scanners can 
usually compensate for respiratory motion. Adequate chest 
CTA studies have been reported in free- breathing infants using 
only oral or rectal sedation or without any sedation. Some 
institutions report acquiring successful CT exams in neonates 
without sedation by feeding the infant and wrapping him/her 
in a blanket (12). The possibility to perform the exam with- 
out sedation represents a major potential advantage of CT 
over MRI. 

In general, we sedate our pediatric patients with CHD 
with the assistance of general anesthesia. This level of support 
optimizes the safety of our patients who tend to be high-risk 
infants with complex CHD and who may be hemodynami- 
cally unstable. At the same time, image quality is optimized by 
ensuring that the patient will remain still. 

Other advantages of anesthesia assistance include the abil- 
ity to acquire the CT examination at optimized inspiratory 
and expiratory lung volumes, depending on the indication. In 
general, the vascular anatomy is better displayed during an 
inspiratory breath hold. Exams done during an expiratory 
breath hold are used to evaluate for tracheomalacia, bron- 
chomalacia, and air trapping. In addition, anesthesia assis- 
tance can make intravenous access nontraumatic to the child. 
IV access is often difficult in infants with CHD as in other sick 
children. With anesthesia assistance, the IV can be placed after 
inhalation induction that has the benefit of having a vasodila- 
tory effect (13). 

Anesthesiologists also have access to very short-acting sed- 
ative drugs (sevoflurane, propofol, and remifentanil) that are 
better suited for the short duration of a CT scan (13). In addi- 
tion, by using short-acting drugs, endotracheal intubation can 
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MRI ... 


Spatial resolution >1 mm: more likely for older children, great 
vessels, follow-up 

Functional evaluation 

CT ... 

Spatial resolution 0.5 mm: primary diagnostics 
Lung diagnostics, associated complications 
Stents, pacemaker, small and critically ill children 

Always, when a rapid cardiac evaluation is necessary ! 


be avoided by providing facemask ventilation. Breath holding 
can be achieved while performing facemask ventilation using 
controlled ventilation technique (14,15). Controlled ventila- 
tion involves positive-pressure face mask hyperventilation to 
induce a transient respiratory pause. During an induced breath 
hold, we apply positive airway pressure of 15 to 25 cm water 
pressure to inflate the lungs. By titrating short- acting agents 
so that spontaneous respirations are not completely sup- 
pressed, atelectasis, or partial/complete collapse of the lung, 
can be minimized. Endotracheal intubation with complete 



Figure 11.1. An 8-month-old boy with type B interrupted aor- 
tic arch after Damus-Kaye-Stansel anastomosis, aortic arch 
repair, pulmonary homograft, and aortic stent placement (two 
“overlapping” stents in blue). Three-dimensional volume- 
rendered images shown were acquired during controlled ven- 
tilation with deep conscious sedation on an eight-slice MDCT 
following 25 mL contrast by hand injection. The 6-second 
scan demonstrates in a single shot the following relevant infor- 
mation (in order from top to bottom, left to right): correct 
position of the stent, mild left subclavian artery stenosis, left 
ventricle (LV) outflow tract to the native aorta, LV outflow 
tract to the neoaorta (Neo-Ao) (appreciate the small ventricu- 
lar septal defect marked by the arrow) and coronary arteries 
(small arrows). Ao, aorta; LA, left atrium; LPA, left pulmo- 
nary artery; MPA, main pulmonary artery; PV, pulmonary 
vein; RPA, right pulmonary artery; RV, right ventricle; SVC, 
superior vena cava. 


suppression of spontaneous respirations often results in large 
areas of dependent atelectasis that may obscure vascular anat- 
omy, especially the assessment of the pulmonary veins. 

Intravenous Contrast Injection 

The usual dose of intravenous iodinated contrast media is 
2 mL/kg with an iodine concentration of 240 to 370 mg/mL. 
The greater the iodine concentration, the better the vascular 
enhancement, but this also increases the contrast viscosity. 
Nonionic contrast media is used exclusively to decrease the 
risk of anaphylaxis, contrast-induced nephropathy, gastro- 
intestinal upset, and complications from potential contrast 
extravasation into the soft tissues (11,16,17). 

CTA image quality is critically dependent on the level of 
aortic enhancement that requires adequate delivery and timing 
of the intravenously administered bolus of iodinated contrast 
media. In general, the more rapid the rate of contrast injec- 
tion, the greater will be the level of vascular enhancement. 
The degree of enhancement is inversely related to body weight 
(17), which is an advantage when imaging small infants. 

Contrast injection rate is limited by the size and location 
of the peripheral intravenous line. The antecubital location is 
the preferred location due to larger vein size. If this site is not 
feasible, a forearm/hand vein and foot vein are alternatives. 
When possible, the right upper extremity should be used to 
limit streak artifact across the aortic arch (11). 

The optimal injection rate for CTA is 1 to 5 mL/s depending 
on the age of the patient and indication. For example, injection 
rates of 1 mL/s are sufficient for studies in infants and can be 
obtained by hand injection through a 24-gauge angiocatheter 
(12). Rates of >2 mL/s, which are optimal for older infants and 
young children, require the use of a power injector and at least 
a 22-gauge peripheral angiocatheter (Fig. 11.3). Rates of 3 to 
5 mL/s require a 20-gauge catheter (18,19). Rates of approxi- 
mately >5 mL/s are usually used for coronary artery evaluation 
or to detect pulmonary emboli in adult-sized patients (20). 

The use of indwelling central venous and percutaneously 
inserted central catheter (PICC) lines for contrast injection 
is in general avoided because the lines limit contrast injec- 
tion rates to <1 mL/s as per manufacturing guidelines (21). 
Power PICC lines that are designed to be power injected are 
exceptions to this rule. Umbilical venous catheters (UVC) 
have been used when peripheral venous access is not possible. 
A potential problem could arise if the UVC line terminates 
in an occluded ductus venosus (12). Diagnostic CTA exams 
can be performed, although with difficulty, while a patient is 
treated with extracorporeal membrane oxygenation (22). 

Timing of the Contrast Bolus 

The objective is to synchronize imaging with the delivery of 
the bolus of intravenous contrast when the region of interest 
is at its peak of enhancement. Various methods of timing have 
been used and include automated bolus tracking, the use of 
a precontrast test bolus, and empiric methods (17). In older 
children and adults, almost any method will work well, but in 
infants, it is much more difficult due to the greater potential 
differences in cardiac output and the small size of the contrast 
bolus. For example, in infants, the test bolus may be the size 
of the study bolus, and bolus tracking may be limited by the 
post trigger delay in scan initiation. When injecting a small 
amount of contrast for infants weighing <10 kg, the delay 
from the start of injection to start of scanning can be empiri- 
cally estimated by the circulation time of 12 to 15 seconds. 
When injecting a large amount of contrast in an adult-sized 
patient, empirically starting the scan at the end of contrast 
injection should capture near peak aortic enhancement (17). 
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Figure 11.2. A 3-kg newborn with heterotaxia and total anomalous pulmonary venous drainage to the portal 
vein. Three-dimensional volume-rendered images obtained on a 64-slice MDCT scanner following hand injection 
of 6 mL of contrast in the UVC. A: Images (right to left and top to bottom) show the aortic valve ( arrows ) and 
ventricular septal defect (VSD) as well as a ductus and MAPCAs arising from the aorta to supply the lung and the 
pulmonary arteries. B: Image shows the confluence of the pulmonary veins (PV) draining across the diaphragm 
to the liver. Appreciate the size of <1 mm of the PV. Ao, Aorta; HV, hepatic veins; RA, right atrium; LV and 
RV, left and right ventricle. 



Figure 11.3. A 5-month-old boy with pulmonary stenosis 
[arrow). Coronal reformatted MIP image obtained using a 
22-gauge IV in left hand at 2 mL/s by power injector (20 mL 
Optiray 320) using a 64-slice MDCT. Contrast enhancement 
exceeded 600 HU. 


A method that utilizes the contrast-covering time concept 
makes use of the advantages of bolus tracking but compen- 
sates for the trigger delay by adjusting the injected flow rate of 
contrast. This requires a dual power injector (9). 

In patients who have undergone a Fontan procedure, the 
lack of proper contrast mixing in the right atrium due to the 
sluggish, slow blood flow through the Fontan circuit often 
results in suboptimal contrast enhancement of the pulmonary 
arteries and may mimic a thrombosis. By employing simultane- 
ous injections of contrast in both upper- and lower-extremity 
veins and by monitoring enhancement of the pulmonary arter- 
ies by using bolus tracking, this problem can be minimized 
(23). One may need to be ready to perform a delayed second- 
phase CT scan if the dual injection method is unsuccessful. 
Because intravascular contrast enhancement persists longer 
when using gadolinium and MRI, evaluation of Fontan anat- 
omy is easier with MRI (24). 

Radiation Protection 

In part because of the success and proliferation of CT for 
medical imaging, safety concerns regarding the potential haz- 
ards of ionizing radiation from frequent and indiscriminate 
use of diagnostic CT examinations have in recent years come 
to the forefront. Because of the uncertainty of what risks, if 
any, can be attributed to repeated exposures of low levels of 
ionizing radiation used for medical imaging, a conservative 
approach has been adopted by health professionals to limit 
radiation exposure as low as reasonably achievable(ALARA) 
(7,25). 
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Dose Reduction - a multifactorial issue 



Figure 11.4. Dose reduction — a multifactorial issue. 


The radiation exposure from a given exam is influenced by 
many factors (Fig. 11.4): the type of scanner, for example, dual 
source, electron beam etc.; the vendor of the scanner; the use 
of shielding; the use of dose modulation software; the kilovolt 
potential (kVp); tube current or milliamps (mA); collimation; 
rotation speed and pitch; and whether ECG or other type of 
gating is used (26). There are a number of suggested ALARA 
protocols in the literature (9,11,12). 

The radiation dose received is proportional to the square 
root of the kilovolt potential (kVp) and is directly related to 
tube current or milliamps (mA) times the duration of exposure 
(seconds). Because of the reduced x-ray attenuation secondary 
to lower body mass in children, the exposure settings can be 
reduced without loss in image quality (Figs. 11.5 and 11.6). 
When intravenous contrast is used, a lower kVp is advanta- 
geous in that it accentuates the beam absorption properties 
of the high atomic weight of iodine (16). Reducing the kVp 
to 80 in infants and small children thus allows reduction in 
dose while at the same time enhancing vascular contrast. The 
ALARA principle dictates that the milliamps used should be 
adjusted according to patient weight (27). 

The estimated effective doses of CTA using pediatric 
ALARA protocols in infants ranges from 1.1 to 1.7 mSv using 
nongated and 2.2 to 3.4 mSv for gated multidetector com- 
puted tomography (MDCT) (9). With a dual-source scanner, 
effective doses for gated and nongated CT are <1 mSv. To put 
these radiation dose exposures in perspective, the average nat- 
ural background dose for living 1 year in Ohio is estimated to 
be 3 mSv and in Germany 2.3 mSv. 

Electrocardiograph Gating 

A non-ECG-gated acquisition is optimal for most CT exams 
in CHD, which are obtained to evaluate the extracardiac vas- 
culature. Not only is there no radiation dose penalty but also 
nongated exams are faster and extracardiac structures are 
more susceptible to respiratory motion than cardiac pulsation 
artifact. 

With the fast temporal resolution of 165 ms using 64-slice 
MDCT, electrocardiographic (ECG) gating is possible. Retro- 
spective ECG gating is necessary for a comprehensive evalua- 
tion of the coronary arteries and allows reconstruction of the 



Figure 11.5. A 6-month-old boy with history of pulmonary 
atresia and small right pulmonary artery (RPA). A 1.25 mm 
axial image obtained during controlled ventilation with deep 
conscious sedation on an eight-slice MDCT following 15 mL 
contrast by hand injection at 120 kVp and 40 mAs (effective 
dose estimate of 150 mrem). 


CT data so as to be able to perform functional analyses such 
as ventricular wall motion and ventricular volume and ejec- 
tion fraction calculations, typically the domain of MRI. Few 
studies have compared MRI and CT in functional assessment. 
One such study found no difference between MRI and CT in 
assessing right ventricle function in adults with tetralogy of 
Fallot (28,29). 



Figure 11.6. A 3-month-old boy with hypoplastic right heart 
syndrome and small right pulmonary artery (RPA). A 1.25 mm 
axial image obtained during controlled ventilation with deep 
conscious sedation on an eight-slice MDCT following 10 mL 
contrast by hand injection at 80 kVp and 20 mAs (effective 
dose estimate 28 mrem). The radiation dose was decreased 
80% compared with example shown in Figure 11.5 without 
loss of diagnostic quality. 
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Figure 11.7. Three-dimensional volume-rendered image of 
the coronaries in a 3-month-old boy with heart rate of 111 
acquired in 3 seconds using EC G gating without sedation on a 
64-slice MDCT scanner (GE Volume CT). Ao, aorta. (Images 
courtesy of Dr. Hauschield, San Diego Children’s Hospital.) 


In retrospective gating, the tube current is on during the 
whole cardiac cycle, for approximately five heart beats using 
a 64-MDCT system, so that data can be reconstructed during 
the most motion-free phases. This boosts the radiation dose 
three to four times compared to a nongated exam. The dose 
can be lessened by approximately 25 % by using tube current 
modulation that reduces the beam strength during nonoptimal 
phases, near end-diastole and end-systole (20). There are limi- 
tations in successfully retrospective gating if the heart rate is 
too fast, which depends on the particular scanner used, with 
an upper limit of approximately 110 beats per minute on a 
64-slice scanner (Fig. 11.7). 

In prospective ECG gating, there is no dose penalty, but 
one cannot perform functional analysis, and the heart rates 
permissible are limited to <65 to 80 beats per minute. The 
x-ray beam is on only during a predetermined phase of the car- 
diac cycle with significant radiation dose savings (77 to 87%) 
(30,31). In adults, prospective gating resulted in images of 
similar quality to retrospectively gated coronary artery exams 
(30). The improved temporal resolution of dual-source scan- 
ners of <100 ms allows prospective gating in the systolic phase 
to image coronary arteries in babies who have high heart rates. 
Dual-source prospective gating mode may allow the entire 
thorax of a baby to be scanned in 1.3 seconds at a low radia- 
tion exposure of 0.5 mSv (32). 

CT Scanners 

Electron beam CT scanners are rarely used in CHD evalua- 
tion due to their poorer spatial resolution (3 mm). MDCT 
scanners are the current mainstay for cardiac imaging. Sixty- 
four channel scanners have the necessary spatial and temporal 
resolution for coronary imaging. The use of two simultane- 
ous x-ray sources (dual source) coupled with two correspond- 
ing detectors allows a temporal resolution of <100^ because 
each of two arrays travels only 90 degrees to acquire sufficient 
data. The latest generation MDCT scanners utilizing 128 to 


320 detectors have the potential to image the heart of an adult- 
sized patient almost instantaneously but the gantry is too wide 
to be of practical use for a small infant’s heart. 

Postprocessing CT Data Set 

MDCT acquires a large volumetric isotropic data set of high 
spatial resolution, submillimeter in all three planes. Thus, 
MDCT excels at 3-D modeling. Interactively reviewing this 
data set at an independent workstation adds considerable 
diagnostic value, particularly in the setting of complex CHD 
in small children. The important relationships gleaned from 
this analysis can be saved as multiplanar two-dimensional 
(2-D) or 3-D reconstructions, which are ideal for discussions 
in case conferences and in therapeutic planning. A combina- 
tion of 2-D multiplanar and 3-D maximum-intensity projec- 
tion and volume-rendered images is most commonly used in 
the evaluation of CHD (4). A clear understanding of how the 
various reconstruction algorithms work and their pitfalls is 
necessary in order to avoid misrepresentation of the data due 
to partial volume averaging or artifacts (33). 


INDICATIONS FOR CARDIAC CT 


Problems in defining intracardiac morphology by echocardi- 
ography are usually handled with MRI even in infants because 
of the added functional information provided. The most com- 
mon indications for CT are to evaluate the extracardiac vascu- 
lature in newborns and infants. 

Pulmonary Arteries 

The creation and maintenance of good pulmonary blood flow 
is a central theme in the management of CHD and is the goal of 
several common surgical procedures used to treat CHD: modi- 
fied Blalock-Thomas-Taussig shunt, Glenn shunt, and Fontan 
procedure. Problems with the pulmonary arteries often occur 
postoperatively, such as with the arterial switch procedure, or 
are prevalent in certain conditions, such as tetralogy of Fal- 
lot. In children with pulmonary atresia/severe tetralogy, CT 
is helpful in identifying the source of pulmonary blood flow 
by determining the confluence and location of the mediastinal 
pulmonary arteries (5,34,35), the presence and size of a pat- 
ent ductus arteriosus, and the presence and location of major 
aortopulmonary collaterals (MAPCAs) (36) and to identify 
pulmonary artery stenosis prior to surgery or as a postsurgical 
complication (Figs. 11.8-11.10). 

Systemic and Pulmonary Veins 

Left superior vena cava is more common in patients with CHD 
(37,38). In children with total or partial anomalous pulmonary 
venous return, CT is helpful in delineating the course and con- 
nections of the pulmonary veins and site of insertion of the 
draining vein and can identify postoperative vein obstruction 
(39-42). Total anomalous pulmonary venous return (TAPVR) 
is associated with heterotaxy syndrome (Figs. 11.11 and 11.12). 

Aorta and Vascular Rings 

Aortic coarctation may be difficult to differentiate from 
hypoplasia or interrupted aortic arch by echocardiog- 
raphy, particularly in the setting of a large patent ductus 
arteriosus. Echocardiography may also have difficulty 
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Figure 11.8. A 2-year-old boy with history of tetralogy of Fal- 
lot status after complete repair. Digital angiography spot film 
following injection of the right ventricle shows bilateral pul- 
monary artery stenoses (white arrow , right pulmonary artery; 
black arrow , left pulmonary artery). 


Figure 11.10. Same child as in Figure 11.8. A 1.25 mm axial 
image obtained during controlled ventilation with deep con- 
scious sedation on an eight-slice MDCT scanner following 
angioplasty and placement of bilateral pulmonary artery 
stents. Note lack of major stent artifacts. 
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Figure 11.9. Same child as in Figure 11.8. The 3-D volume- 
rendered image of heart (posterior view) obtained during 
controlled ventilation with deep conscious sedation on an 
eight-slice MDCT depicts the nature and extent of bilat- 
eral pulmonary artery stenoses (arrows) more clearly.MPA, 
main pulmonary artery; RPA, right pulmonary artery; LPA, 
left pulmonary artery; PV, pulmonary vein; LA, left atrium; 
AAo, ascending aorta; SVC, superior vena cava. 



Figure 1 1 .1 1 . A 2-year-old boy who presented with right-sided 
heart failure. A 1.25-mm axial image obtained during con- 
trolled ventilation with deep conscious sedation on an eight- 
slice MDCT scanner at 100 kVp and 40 mAs shows stenoses of 
the pulmonary veins at their insertions into LA. Ao, aorta; LA, 
left atrium; LLL-PV and RLL-PV, left and right lower lung- 
pulmonary vein; LUL-PV and RUL-PV, left and right upper 
lung-PV; LV, left ventricle. 
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Figure 11.12. Three-dimensional volume-rendered posterior 
coronal image of the same child as in Figure 11.11. MPA, main 
pulmonary artery; RPA, right pulmonary artery; LPA, left pulmo- 
nary artery; PV, pulmonary vein; LA, left atrium; AAo, ascending 
aorta; SVC, superior vena cava; IVC, inferior vena cava. 


assessing the branching pattern of the great vessels in these 
disorders. Some vascular rings may have subtle findings 
(Fig. 11.13). There may be critical aortic aneurysmal dilata- 
tion in infantile Marfan syndrome, critical aortic stenosis 
(supra valvular and diffuse) in Williams syndrome, or small 
pseudoaneuryms as a complication of surgical or intravas- 
cular treatment. 

Airway Abnormalities 

Airway stenosis or malacia may occur secondary to prolonged 
intubation or to a vascular ring (Fig. 11.14) or extrinsic com- 
pression by dilated pulmonary arteries or therapeutic stents. 
CT may also identify a tracheal bronchus (43) or a bridging 
bronchus (44), which are associated with CHD (Fig. 11.15). 
A bridging bronchus is a lobar or segmental bronchus that 
arises from the contralateral bronchus. 

Coronary Arteries 

In infants and children, there is often no need for a compre- 
hensive evaluation of coronary artery anatomy as in adults 
with atherosclerotic disease with the exception of aneu- 
rysms as a complication of Kawasaki disease (Fig. 11.16). 
Rather, it is important to delineate the origin and course 
of the proximal coronary arteries to identify anomalies 
that may interfere with a safe surgical correction or that 
may result in sudden death as in a young athlete. Potential 
anomalies of significance include anomalous origin from 
the contralateral aortic sinus (Fig. 11.17), single coronary 
artery, interarterial course of a coronary artery, pulmonary 
artery origin, high takeoff, and multiple ostia of the coro- 
nary arteries (45,46). 
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Figure 11.13. A 2-year-old with situs inversus and dextrocardia had acute respiratory distress and suspected vas- 
cular ring. Left side (A) shows a volume rendering of the vascular anatomy depicting a double aortic arch with 
a dominant left-sided and a hypoplastic right-sided arch. The ring encloses the trachea marked by an asterisk. 
B:Virtual tracheobronchoscopic views and fly through of the trachea upon rerendering the same CT dataset. The 
arrows show the place and direction of the tracheal impression due to the pulsations of the ring. The pink arrows 
mark the position of the corresponding view. AAo and DAo, ascending and descending aorta, SVC, superior vena 
cava; MPA, main pulmonary artery. 
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Figure 11.14. A 3.5-month-old boy with pul- 
monary artery sling. Multiple volume-rendered 
images show compression of trachea (green) 
by the anomalous course of the left pulmo- 
nary artery (LPA). Note virtual bronchograms 
of lungs (turquoise) highlighting the capability 
of CT to simultaneously assess both heart and 
lungs. Left in anterocranial and right in a left 
lateral view. MPA, main pulmonary artery; LPA, 
left pulmonary artery and RPA, AAo and DAo, 
ascending and descending aorta. 



The ability to visualize the proximal coronary arteries is 
inconsistent on nongated MDCT but better the older the child 
especially if they are capable of a breath hold (45,47). Gated MRI 
exams, particularly with good navigator sequences, are often suc- 
cessful in this regard in older children. In neonates, infants, and 
young children, gated CT exams are necessary to reliably assess 
the proximal coronary arteries (48). This requires fast temporal 



Figure 11.15. A 1.5-year-old child with bridging bronchus. Vir- 
tual tracheobronchoscopic views. The pink arrows mark the 
position of the corresponding view into and down the tracheo- 
bronchial system. After the “first” bifurcation (or the origin 
of a so-called bronchus suis or pig bronchus [arrow ]) , stenosis 
and cartilaginous tracheal rings could be appreciated (funnel 
trachea). The bronchial tree is getting wider with the origin 
of the “bridging bronchus” (the “real” right main bronchus). 


resolution such as a 64 or greater MDCT or dual-source scanner 
(49). Breath holding may not be necessary in neonates (48). 

There is an increased incidence of coronary artery anoma- 
lies in CHD. Presurgical identification is particularly important 
in patients with transposition of the great vessels, tetralogy of 
Fallot, truncus arteriosus, and pulmonary atresia with intact 
ventricular septum (45). 



Figure 11.16. Three-dimensional volume-rendered image of 
the coronaries of a young adult patient 15 years after Kawa- 
saki disease: giant aneurysm of the right coronary artery and 
fusiformal aneurysm of the left coronary artery including its 
bifurcation. The small images show curved MPR (multiplanar 
reconstruction) of the both arteries. Calcifications could be 
appreciated as wide spots in the vessel wall. 
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Figure 11.17. A 12-year-old boy was assessed with a 256-slice 
MDCT in a 3 -second scan with prospective ECG gating (heart 
rate of 75 beats per minute). CTA shows an unknown anomaly 
of the coronary arteries. Left side; in a curved MP reformatted 
image, the left circumflex artery (LCX) arises from the right 
coronary artery (RCA) and follows a retroaortic pathway. On 
the ride side, volume-rendered image shows the origins of all 
the coronary arteries. RIVA, ramus interventricularis anterior. 
(Courtesy of Dr. G. Gitsioudis, Heidelberg.) 

Stents 

Transcatheter placement of endovascular metallic stents is a 
common nonoperative way to treat stenoses of the pulmonary 
and systemic arteries and veins in children with CHD (50). 
A frequent complication of stents is the development of in- 
stent luminal narrowing due to intimal hyperplasia, stent 


fracture (Fig. 11.18), and stent-related vascular narrowing or 
aneurysms (51,52). Conventional digital angiography is the 
gold standard for identifying in-stent restenosis, but it is not 
practical for long-term follow-up due to the fact that it is inva- 
sive and results in radiation exposure. In contrast to sonogra- 
phy and MRI, MDCT is surprisingly free of artifacts from the 
metallic component of stents (Fig. 11.19). (52). CT has been 
shown to accurately identify in-stent restenosis, even in small 
coronary arteries (53-55), but it is limited in detecting very 
mild intimal proliferation due to volume averaging from the 
metallic struts (56-58). 

The ability of MRI to evaluate stents is dependent on the 
magnetic susceptibility of the material used as well as on the 
geometry and orientation of the struts and on the orientation 
of the stent in the main magnetic field (58,59). Stent artifacts 
are due not only to the induced magnetic field inhomogeneity 
but also are caused by radiofrequency shielding. For example, 
an MR black-blood imaging sequence, which is resistant to 
field inhomogeneity, still results in poor images due to shield- 
ing. MR seems to be able to provide diagnostic information 
on stent patency in stents made out of nitinol and tantalum 
and when high flip angle magnetic resonance angiography 
sequences are used (60,61). 


CONCLUSION 


CT technology continues to evolve new hardware and soft- 
ware modifications that result in faster scan times to reduce 
the need for sedation and to image better the coronary arter- 
ies while at the same time significantly lowering the radiation 
dose. With current ALARA protocols and MDCT scanners, 
CT provides a 3-D submillimeter evaluation of the heart and 
great vessels in a matter of seconds with little motion artifacts, 
potentially without the need for general anesthesia, and with 
much less radiation exposure than commonly thought. This 
powerful diagnostic tool plays an important role in infants 
and young children and the most critically ill children with 
CHD as a supplement to ultrasound evaluation and thereby 
decreases the number of diagnostic cardiac catheterizations 
needed and the radiation dose and sedation times utilized in 
the interventional cardiac lab. 



Figure 11.18. A 7 -year-old girl with history 
of aortic coarctation postangioplasty and aor- 
tic stent placement (green). Multiple volume- 
rendered images from an eight-slice MDCT 
obtained during a voluntary breath hold of the 
aortic arch show inward collapse of lumen of 
stent (arrows) on coronal projection not seen on 
sagittal views or on digital angiogram (top mid- 
dle). MPA, main pulmonary artery; RPA, right 
pulmonary artery; Ao, aorta. 
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Figure 11.19. A 4-year-old child with an LPA stent. A: Digital angiogram shows narrowing or a moderate in 
stent restenosis which is greatest at its mid-portion. B: CTA 2-D multiplanar reconstruction of stent. C: Three- 
dimensional volume rendering shows stent (blue dashes). 
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C ardiac catheterization has a long and illustrious history, 
beginning in 1929 when Werner Forssmann (1), a surgi- 
cal resident and future urologist, performed the first cardiac 
catheterization from an arm vein — on himself. He was sub- 
sequently awarded the Nobel Prize for his discovery. In the 
1950s, the catheterization laboratory was used to understand 
the physiology of congenital heart defects. By the 1960s to 
1970s, advances in cardiac surgery required more detailed 
anatomic information, which was addressed using axial an- 
giography (2,3). In the 1980s, 2-D echocardiography made it 
possible for many patients to be diagnosed and treated without 
cardiac catheterization. In the 1990s, transesophageal echocar- 
diography, computerized tomography, and magnetic resonance 
imaging were used to produce detailed cardiac images, fur- 
ther decreasing the need for diagnostic cardiac catheterization. 
However, as more complex cardiac conditions are treated, 
more detailed physiologic data are necessary for the evaluation 
and treatment of children with congenital or acquired heart 
defects. This chapter discusses the acquisition of hemodynamic 
data and angiographic images. Interventional techniques are 
discussed separately in Chapter 13. 

DIAGNOSTIC CARDIAC CATHETERIZATION 
AND ANGIOGRAPHY 

Indications 

A thorough diagnostic cardiac catheterization provides com- 
plete physiologic and anatomic data. With the appropriate 
team, the risk of cardiac catheterization is low — usually less 
than the risk associated with clinical decisions based on inad- 
equate information. The three major indications for perform- 
ing a diagnostic cardiac catheterization are as follows: 

1. A complete anatomic diagnosis or necessary hemodynamic 
information cannot be obtained by noninvasive methods. 

2. Clinical signs and symptoms are not consistent with a 
patient’s diagnosis. 

3. A patient’s clinical course is not progressing as expected. 

Indications for catheterization in specific lesions are cov- 
ered subsequently in the relevant chapters pertaining to each 
lesion. 

Techniques 

Planning the Study 

In order to acquire complete and accurate information from 
cardiac catheterization, the cardiologist must have a clear 
understanding of the specific question(s) to be answered. Nec- 
essary preparation before cardiac catheterization includes a 


thorough review of the patient’s complete history and physi- 
cal examination, including all previous pertinent noninvasive 
studies, cardiac catheterizations, and reviewing operative notes 
from all prior surgeries. Additional laboratory studies should 
be obtained as indicated by the clinical findings including elec- 
trolytes in patients taking diuretics, blood urea nitrogen and 
creatinine if there is concern for renal insufficiency, and blood 
typing for any patient in whom the complication risk is sig- 
nificant or in whom intervention potentially may be needed. 
Patients referred for cardiac catheterization may be severely ill 
or have various comorbidities. Recognition of these coexisting 
conditions and appropriate anticipation of potential complica- 
tions is vitally important. Precatheterization planning should 
incorporate discussion of the case with the anesthesiologist. 
Airway management and the use of conscious sedation versus 
general anesthesia should be discussed and planned in advance 
of the catheterization procedure. 

If a patient is anemic, transfusion prior to cardiac cath- 
eterization can optimize the baseline hemodynamic condition. 
Cyanotic patients who have significantly elevated hemoglobin 
levels are at increased risk of stroke during cardiac catheteriza- 
tion, due to polycythemia. Partial exchange transfusion may 
be considered prior to catheterization, but currently is rarely 
performed. 

Premedication, Sedation, and Anesthesia 

Physicians and institutions vary in their approaches to pre- 
medication, sedation, and anesthesia. Management is influ- 
enced by the diversity of cardiac defects and the expertise of 
the cardiologist and anesthesiology team. The goals of pre- 
medication and sedation or anesthesia are to decrease anxi- 
ety, facilitate parental separation, ensure comfort, promote 
amnesia, and facilitate the safe and efficient performance of 
the procedure. At the same time, sedation and mechanical ven- 
tilation may affect intracardiac hemodynamic measurements 
and can influence the applicability of the data acquired during 
the catheterization. The level of sedation during the catheteri- 
zation and the use of supplemental oxygen should be discussed 
explicitly with the anesthesiologist before the beginning of the 
procedure. It is now standard to assign a person other than 
the primary cath physician to be responsible for sedation and 
airway monitoring. In most cases, this should be a cardiac 
anesthesiologist, particularly for patients with complex con- 
genital heart disease, elevated pulmonary vascular resistance, 
or depressed myocardial function. 

Prior to the catheterization, in general, pediatric patients 
should not have solid food for 8 hours, but may have milk or 
infant formula up to 6 hours prior, breast milk up to 4 hours 
before, with clear liquids up to 2 hours before the procedure. 
Certain patients should have an intravenous (IV) line placed in 
(preferably in an upper extremity) before arriving in the cath 
lab; this facilitates administering IV fluid (to ensure hydration) 
and sedation, especially in cyanotic or polycythemic patients. 
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Premedications can be administered orally or intravenously. 
Some children are best treated with mask induction first, prior 
to IV placement. The periprocedure management should be 
individualized for each patient based upon his or her age, level 
of anxiety, and specific cardiac defect/physiology. 

Local anesthesia is administered prior to starting percutane- 
ous access. Lidocaine is the usual anesthetic, which is painful 
when initially injected. Premedication diminishes the discomfort 
to lidocaine infiltration, as does buffering the lidocaine with 
sodium bicarbonate, pretreatment with a topical anesthetic 
cream (lidocaine 2.5% and prilocaine 2.5%), use of a small nee- 
dle (25 gauge) to infiltrate the skin prior to infiltrating deeper 
tissues, and a slow rate of lidocaine infiltration. The dose of lido- 
caine should not exceed 6 mg/kg, as an excessive dose or acci- 
dental IV administration can cause seizures. Care should also 
be taken to assure that lidocaine is not injected intravascularly. 

Effective sedation and analgesia can be maintained during 
the procedure using various IV medications, including fenta- 
nyl, midazolam, ketamine, and propofol. Cardiac depressant 
agents (e.g., propofol) must be used cautiously or avoided in 
patients with depressed cardiac function. Vasodilator agents 
should typically be avoided in patients with tetralogy of Fallot 
or similar physiology due to severe pulmonary outflow obstruc- 
tion where systemic vasodilation may produce increasing right- 
to-left shunt. Conversely, ketamine can increase the systemic 
vascular resistance and may be useful in certain clinical set- 
tings. When administering sedative medications, it is important 
to observe any changes in heart rate, blood pressure, and pulse 
oximetry and to have appropriate airway support immediately 
available. In the current era, the majority of congenital cardiac 
catheterization procedures in pediatric patients are performed 
with general anesthesia, so the involvement of a cardiac anes- 
thesiologist is paramount to assure a safe procedure. 

Vascular Access 

Establishing reliable vascular access is a vital early step to 
conducting a safe and efficient cardiac catheterization. Partic- 
ularly in young children and neonates, hurried attempts at vas- 
cular access can result in significant bleeding or vessel damage, 
which in turn makes access more difficult. 

Vascular access is most commonly obtained in the femoral 
system, with the catheterization procedure described as ante- 
grade from the venous system or retrograde from the arterial 
system. Right heart catheterization is performed in an ante- 
grade fashion through the great veins. Left heart catheteriza- 
tion is often performed in a retrograde fashion, but can also be 
accomplished antegrade across an atrial septal defect, patent 
foramen ovale (PFO), or via transseptal puncture. The type 
and location of vascular access necessary to perform the study 
are dictated both by the patient’s particular anatomy and the 
objectives of the catheterization. For example, patients with 
a bidirectional cavopulmonary superior vena cava (SVC) to 
pulmonary artery anastomosis require internal jugular (IJ) or 
subclavian vein access to enter the pulmonary arterial tree. 

Patients with congenital heart disease who have under- 
gone multiple prior catheterizations and surgical operations 
may have obstruction of the systemic veins or femoral arteries, 
complicating vascular access. Previous catheterization reports 
can provide insight into difficulty with vascular access and 
whether complete vessel occlusion has been documented. Cer- 
tainly, it is helpful to future operators if this is documented in 
the medical record, if not also with a digital record of the hand 
injection of contrast in the femoral venous system for confirma- 
tion. In such cases, alternative sites of vascular access should 
be explored. Occasionally, vascular ultrasound with color flow 
Doppler or other imaging modalities may be necessary prior to 
catheterization to identify available sites. The most common 
sites of venous access for cardiac catheterization are femoral, 


IJ, and subclavian. Percutaneous arterial access is almost 
exclusively achieved via the femoral artery. Other modes of 
venous access include use of the umbilical vein or artery in the 
newborn or transhepatic route in patients who have multiple 
obstructed systemic veins. 

Femoral Approach 

Atraumatic percutaneous entry of the femoral vessels should 
be possible in nearly all pediatric patients. This requires knowl- 
edge of the anatomy, attention to detail, excellent technique, 
and patience. The most common approach, using a plain bev- 
eled needle with Seldinger technique, is described here (4). 

The patient is positioned on the catheterization table with 
the hips elevated slightly, and the legs restrained in a straight 
or slightly inward rotation. Conversely, some physicians prefer 
to have the legs rotated outward in a more “ frog-legged” posi- 
tion; this displaces the femoral vessels to a more lateral posi- 
tion. The anatomic landmarks are identified both before and 
after draping the patient. Consistent landmarks for determin- 
ing the site of vessel entry are the anterior superior iliac spine, 
the symphysis pubis, the inguinal ligament, and the femoral 
pulse. In small patients, the inguinal ligament is palpable. The 
femoral vessels should be entered 1 to 2 cm below the inguinal 
ligament to ensure reliable hemostasis at the completion of the 
procedure. Vessel entry above the inguinal ligament is likely to 
result in a labial or scrotal hematoma or the more significant 
complication of retroperitoneal bleeding. 

After the skin has been cleansed and a sterile field estab- 
lished, bony and soft tissue landmarks are again palpated to 
locate the femoral neurovascular bundle. This bundle courses 
vertically in the upper thigh and passes below the inguinal 
ligament approximately midway between the symphysis pubis 
and the anterior superior iliac spine. The femoral artery lies 
lateral to the vein and medial to the femoral nerve. Palpating 
the femoral pulse provides a reliable landmark for infiltration 
of anesthetic and, ultimately, needle puncture of the vein or 
artery. Ideally, the right femoral vein is accessed, as it provides 
a straight course to the right atrium (except in patients with 
situs inversus). Ultrasound with color flow Doppler can help 
determine vessel patency prior to attempted needle puncture. 
In the event that vessel patency cannot be documented by 
ultrasound, attention should be turned to the left-sided femo- 
ral vessels, which should also be evaluated by ultrasound. Due 
to the risk of complications, the use of ultrasound guidance for 
femoral access is becoming more commonplace (5) except in 
very young infants in whom the ultrasound probe may com- 
press the vessels. 

Once the vessel and surrounding landmarks have been 
identified, the overlying skin is infiltrated with a small amount 
of lidocaine, administered gradually to minimize the pain 
associated with administration. Too large a volume of lido- 
caine, particularly in small children, can distort the underly- 
ing vessels and make access more difficult. Once the skin is 
appropriately numbed, a hollow-bore needle, preferably with 
a short bevel, is introduced at a 30- to 45-degree to the skin, 
1 to 2 cm below the inguinal ligament. The needle should 
be inserted using an “advance and wait” technique, observ- 
ing for backflow of blood between 1- and 2-mm advances. 
If no backflow of blood occurs, once the needle is advanced 
to the bone, it should be withdrawn slowly and blood return 
monitored. It is also possible to advance the needle slowly 
with application of gentle aspiration using a syringe at this 
point if one is not used initially. Once consistent blood return 
is obtained, the needle is stabilized, and the soft end of the 
guide wire is advanced through the needle into the vessel 
lumen. The wire should advance freely; any resistance should 
be investigated. When accessing the femoral vein, the wire 
position can be confirmed with brief fluoroscopic imaging, 
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typically advancing the wire into the distal IVC. When access- 
ing the femoral artery, it should be advanced to the lower 
abdominal aorta. Once the wire position has been confirmed, 
the needle is removed and an appropriate-sized hemostatic 
sheath is placed over the wire and advanced until the sheath 
hub is at the skin. The sheath is cleared of air by drawing 
back on a syringe attached to the sheath. Prompt blood return 
again confirms the position of the sheath within the vessel 
space, and connection to the monitoring pressure transducer 
confirms venous or arterial pressure. 

When advancing the introducer wire through the needle, if 
the wire meets resistance immediately upon leaving the needle 
tip, it is most likely in the extravascular space and should be 
removed. If there is resistance to removing the wire, then the 
entire system should be removed to be sure that the wire is 
not sheared off beyond the end of the needle bevel. However, 
if the wire extends well beyond the tip of the needle before 
meeting resistance, the vessel may be obstructed. Obstruction 
can be confirmed by a small injection of contrast through the 
needle, using a slip-tip syringe, and imaged under fluoroscopy. 
This image of the obstructed vessel should be recorded and 
documented in the catheterization report for future reference. 

Internal Jugular Approach 

The IJ vein is the most common approach used when femo- 
ral veins are obstructed. It is the preferred approach for right 
ventricular endomyocardial biopsies (except in very young 
patients). The IJ vein is entered outside the thorax, so there 
is a low risk of pneumothorax. For appropriate positioning, 
the patient’s head must remain turned to one side; thus in a 
sedated patient (particularly an infant), the airway may be 
compromised. Therefore, general anesthesia with endotracheal 
in tubation is commonly used for IJ access. The right IJ vein 
is preferred (to the left) because it offers a more direct course 
into the right atrium, and the apex of the lung is lower on 
the right side. The patient is positioned with a soft towel roll 
under the neck to slightly hyperextend it with the head turned 
to the left. Landmarks to be identified before and after draping 
the patient are the carotid pulse and the two divisions of the 
sternocleidomastoid muscle. The right IJ vein lies below the 
sternocleidomastoid muscle, anterior and lateral to the carotid 
artery. Ultrasound guidance is mandatory for IJ access, and 
the IJ vein is visualized just lateral to the carotid artery. This 
spatial relationship is not universal, however. A growing body 
of evidence mandates that ultrasound guidance be used during 
puncture of the IJ vein to improve access success and decrease 
vascular complications (6-9). The IJ vein is distinguished from 
the carotid artery as gentle pressure with the transducer com- 
presses the vein, and the artery has obvious pulsations with 
the heart rate. The skin is infiltrated with a small amount of 
lidocaine. With simultaneous ultrasound guidance, the access 
needle is advanced with constant gentle aspiration on the 
syringe until a free flow of blood return is obtained. Using 
fluoroscopic guidance, a guide wire is passed through the nee- 
dle, into the vein, and is then advanced into the right atrium 
(or pulmonary artery in a cavopulmonary anastomosis). 

Subclavian Approach 

The subclavian vein is posterior to the clavicle, superficial and 
inferior to the subclavian artery, lying partly on the pleura. As 
a result, complications of subclavian vein access include pneu- 
mothorax, hemothorax, and intravascular air. Complications 
are more likely to occur when there is pulmonary parenchymal 
disease, pulmonary hypertension, or anatomic thoracic abnor- 
malities (including previous surgery). 

The patient is positioned with a small roll under the shoul- 
ders. Airway adequacy is verified before proceeding. Prior to 
draping the patient and again before vessel entry, one should 


identify important landmarks, specifically the suprasternal 
notch and the depression at the lateral third of the clavicle. 
With the usual anatomy of a right SVC and left innominate 
vein, left subclavian vein access is preferred. In the region of 
clavicular depression, the skin, subcutaneous tissues, and cla- 
vicular periosteum are infiltrated with lidocaine. The needle, 
with attached syringe, is advanced gently through the skin 
until it contacts the clavicle, then it is “walked” under the 
clavicle. The needle must be oriented anteriorly to avoid enter- 
ing the subclavian artery or the apex of the lung. Once under 
the clavicle, the needle is advanced slowly with constant gen- 
tle aspiration until a steady venous blood return is obtained. 
Using fluoroscopic guidance, the soft end of a wire is advanced 
through the vein into the right atrium (or the pulmonary artery 
in a cavopulmonary anastomosis). Due to negative intratho- 
racic pressure, air will be sucked into the vein if the needle is 
left open to air or if there is a mismatch between the size of the 
needle lumen and the wire diameter, especially if the patient is 
breathing spontaneously. Because of the risk of intravascular 
air, a sheath with a bleedback valve is always used. 

Umbilical Approach 

Umbilical venous access is generally possible until the third 
day of life. The umbilical artery may be cannulated up to 
1 week of age. It is best to avoid maneuvering a wire directly 
through the umbilical vessels. Often, infants arrive in the cath 
lab with umbilical lines in place. An indwelling umbilical vein 
catheter with its tip in the right atrium can be exchanged over 
a 0.018- to 0.021-in guide wire for a sheath and dilator; the 
sheath should be long enough to cross the ductus venosus 
and just enter the right atrium, but not so long as to puncture 
the right atrium. An indwelling umbilical arterial line may be 
exchanged over a wire; however, the circuitous course of this 
vessel makes catheter exchanges difficult. The use of a sheath 
in the umbilical artery is optional. 

Catheter manipulation is difficult from the umbilical ves- 
sels. An umbilical venous catheter is directed toward the roof 
of the left atrium, across the PFO. Directing it to any other 
location will usually require the use of a deflecting wire. With 
an umbilical arterial catheter, the initial inferior loop that the 
umbilical artery takes before joining the internal iliac artery 
limits the ability to manipulate the catheter. It is important to 
use very gentle technique during cardiac catheterization in the 
newborn heart, as the cardiac walls are very thin-especially in 
the atria and left ventricular apex-and the chambers are small. 
Since small sheaths and catheters (3 and 4 Fr) can be placed in 
the femoral vessels, the benefits of improved catheter manipu- 
lation make a femoral approach preferable in most cases, even 
when the umbilical vessels are available. 

Hepatic Approach 

In the mid to late 1990s, transhepatic venous access was first 
described as an alternative to traditional venous access sites in 
limited clinical situations (10,11). When femoral, jugular, or 
subclavian venous access to the right atrium is not possible, a 
hemostatic sheath can be placed within a hepatic vein. This is 
particularly useful for device closure of an atrial septal defect 
when the IVC is interrupted or thrombosed. Overall, however, 
transhepatic venous access is infrequently used. 

After the appropriate sterile preparation and local anes- 
thesia (including infiltration of into the hepatic parenchyma), 
the skin is punctured along the mid to anterior axillary line at 
the subcostal margin using a long 21 or 22 gauge needle with 
or without an obturator. The needle is directed posteriorly, 
superiorly, and medially, toward the left shoulder. Historically, 
the needle is advanced under fluoroscopic guidance, but some 
have advocated for ultrasound guided access (12). When the tip 
of the needle is approximately 1 cm from midline, the obturator 
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is removed. Blood return with or without gentle aspiration 
suggests that the needle is in the vascular space. Positioning is 
then confirmed with a contrast injection; if contrast flows to the 
heart, the needle is in an appropriate hepatic vein, whereas if 
contrast flows into the liver parenchyma, the needle is in a portal 
vein and should be repositioned. Once the needle is found to be 
within an adequately sized hepatic vein, a 0.0 18 -in wire is passed 
through the needle into the right atrium or SVC. With the needle 
removed, a stiff introducer is advanced over the wire, which is 
then exchanged for a larger 0.035- or 0.038-in wire. The intro- 
ducer is then exchanged for the necessary hemostatic sheath with 
the tip of the sheath positioned in the low right atrium. 

Catheter manipulation through hepatic venous access may 
be more troublesome than traditional femoral venous access. 
Directing catheters into the right ventricle and pulmonary 
arteries frequently requires creative use of preshaped catheters 
and deflecting wires. 

Hepatic venous access also carries the risk of some unique 
complications, including intraperitoneal bleeding, hemobilia, 
gall bladder perforation, portal vein thrombosis, and liver 
abscess or peritonitis. Closure of the hepatic tract following 
sheath removal may depend on the need for ongoing antico- 
agulation, size of sheath used, and hemodynamic status; often 
hemostasis may be obtained with pressure (13). 

Catheters and Wires 

Functioning competently in the congenital cardiac catheteriza- 
tion lab requires an understanding of the various equipment 
and tools available to the cardiologist. Specifically, the cardi- 
ologist needs a practical familiarity with the different catheters 
and wires available in the cath lab. 

For the most part, catheters are hollow, allowing for trans- 
mission of pressure measurements, sampling of blood, and 
infusion of medications or contrast. In general, catheters can be 
classified as end-hole or side-hole. For the most part, end-hole 
catheters are used for hemodynamic measurements, blood gas 
sampling, and contrast injection into smaller vessels by hand. 
Angiographic injections are primarily performed using side- 
hole catheters. Catheters may be straight or shaped. Figure 12.1 
illustrates some examples of different catheter shapes. 

Right heart catheterization is typically performed using soft, 
balloon-tipped catheters. An end-hole balloon wedge catheter 


is used for hemodynamic pressure measurement and blood gas 
sampling. When the balloon is inflated with a small volume of 
C0 2 and with small amount of manual torque, the catheter will 
follow the flow of venous blood into right atrium, across the 
tricuspid valve into the right ventricle and from the right ven- 
tricle into the pulmonary arteries. With the balloon-tipped end- 
hole catheter positioned in a distal branch pulmonary artery, 
gentle balloon inflation of the balloon allows for measurement 
of pulmonary artery wedge pressure. Angiography of the right 
heart is usually performed using a balloon-tipped angiographic 
catheter, which has side holes proximal to the balloon. 

Left heart catheterization is typically performed using 
smaller caliber, thin-walled, but more rigid, catheter. A pig- 
tail catheter is advanced to the descending aorta over a wire. 
With the wire removed, the catheter end is curled, allowing it 
to be advanced and withdrawn in the aorta without engag- 
ing smaller branch arteries. However, in order to advance the 
pigtail catheter into the left ventricle, a soft, typically tight-J- 
tipped wire is used to cross the aortic valve to prevent leaflet 
damage. Pressure measurements, blood sampling, and angiog- 
raphy can all be performed using the pigtail catheter. 

Wires can be used to direct or stabilize catheters. Like catheters, 
wires come in many different diameters. Most wires have a soft 
distal end, which comes in various contours, including straight, 
J-tipped, and angled. Wires advanced through hollow catheters 
are used to probe and enter vessels that may be otherwise difficult 
to access with the catheter alone, such as stenotic branch pul- 
monary arteries or tortuous collateral vessels. Wires can also be 
used to cross a PFO for access to the left atrium and pulmonary 
veins. Stiff wires are used to stabilize catheters for angioplasty and 
valvuloplasty. Stiff, extra-long wires are valuable for maintaining 
position while exchanging one catheter for another. 

Many other catheters and wires of various sizes, lengths, 
and contours are available for use depending upon the specific 
clinical scenario, but an expansive discussion is beyond the 
scope of this chapter. 

Catheter Manipulation 

A detailed discussion of catheter manipulation is beyond the 
scope of this chapter, but several points deserve mention. In the 
neonate and infant, cardiac tissue is thin. Perforation can occur 
easily, especially in the atrial appendages, right ventricular 



Figure 12.1. A: Angiographic catheters, the NIH catheter (USCI, Billerica, MA), and the Berman angiographic 
catheter (arrow, Reading, PA) have side holes but no end hole. The NIH catheter is a relatively stiff catheter, 
and with the angled tip, it responds well to torque maneuvering. The Berman catheter is soft and balloon tipped; 
it can be flow directed but it is more difficult to effectively torque. B: Pigtail catheters (Medi-Tech, Watertown, 
MA; and UMI, Ballston Spa, NY). These are thin-walled catheters that have both end and side holes, designed to 
deliver a large volume of contrast quickly for ventriculography. They may be angled and may have radio-opaque 
markers to facilitate making measurements. Note the smaller diameter curve on the right catheter, which is better 
for neonates and infants. C: Balloon wedge pressure catheter (arrow). This is an end-hole, balloon-tipped catheter 
that is not used for angiographic purposes; however, it may be used for hand injections (with or without balloon- 
occlusion). D: End-hole catheters. There are many preformed end-hole catheters designed for selective entry of 
noncoronary vessels. The catheters may be used for selective angiography by hand injection. Pictured are Cobra 
and Berenstein (Medi-Tech) catheters. E,F: Coronary artery catheters. These catheters are designed for selective 
hand injection of normally originating right and left coronary arteries. Pictured are the Amplatz left and right 
(E) and the Judkins left and right (F) (Cook, Bloomington, IN) coronary catheters. 
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outflow tract, left ventricular apex, and aortic valve cusps. 
The risk of perforation can be decreased by gentle catheter 
manipulation, using small movements, the use of balloon cath- 
eters, and a thorough understanding of the cardiac anatomy 
and the desired catheter route and destination. The importance 
of reviewing all previous imaging studies before the catheteri- 
zation cannot be overemphasized. If a catheter is too straight 
to manipulate to the desired location (e.g., across the tricuspid 
valve), it may be safely curved outside the body, in a hepatic 
vein, or using a tip-deflecting or shaped wire, rather than 
within the heart. The small catheters used in infants and chil- 
dren can be damaged by vigorous manipulation. Thin-walled 
catheters, such as pigtails, should be advanced over a wire. 
Large catheter loops in the atrium or right ventricular outflow 
tract can cause hemodynamic instability owing to reflex brady- 
cardia or tricuspid valve insufficiency; therefore, one needs to 
pay attention to all parts of the catheter, not just the tip. 

Collection of Hemodynamic Data 

The purpose of a diagnostic heart catheterization is to col- 
lect data that will be used to define the patient’s condition and 
make management decisions. The calculations made using data 
obtained during catheterization assume that blood samples and 
pressure measurements were obtained at a steady physiologic 
state. Changes in oxygenation, ventilation, heart rate, and blood 
pressure will directly affect these calculations and may produce 
inaccurate data that, in turn, can result in suboptimal patient 
management. Because a true “steady state” is rarely encoun- 
tered in the cath lab, it is important to recognize any changes 
in heart rate, blood pressure, and oxygen saturation and how 
these changes will affect the accuracy of the data. The patient’s 
condition, oxygen saturation (or blood gas) samples, and hemo- 
dynamic data must be continually assessed for validity. The oper- 
ator should be constandy aware of the patient’s hemodynamic 
state, and inconsistencies in the data must be clarified before the 
catheters are removed. Initial interpretation of all data obtained 
should be performed before leaving the cath lab to be certain that 
the information deemed necessary has been obtained. Although 
separated for purposes of discussion, the collection of hemody- 
namic/pressure data and oxygen sampling occurs simultaneously 
during the initial phases of the catheterization procedure. 

Diagnostic heart catheterization typically begins with assess- 
ment of the initial arterial blood pressure, venous filling pres- 
sures, and measurements of oxygen saturations in the SVC 
and femoral artery. These data provide immediate information 
about the patient’s initial hemodynamic status, which is a cru- 
cial aspect of the procedure. One needs to assess initial blood 
pressure to be sure that the hemodynamic data recorded will be 
valid. Detection of shunts and quantifying resistance depends on 
the measurement of various flow indices, and for the purposes of 
this discussion, oxygen content (saturation) will be used as the 
primary indicator with respect to these calculations (see further 
discussion below). Children with an SVC saturation <60% or 
arterial saturation <70% have limited cardiac reserve. All fac- 
tors influencing their conditions (i.e., body temperature, venti- 
latory status, acid-base balance, and volume status) should be 
assessed at the start of the procedure and maintained at an opti- 
mal steady state during the procedure. Since variation in any of 
these factors can affect the data obtained during catheterization, 
all procedures should be completed as expeditiously as possible. 

Any abnormal data must be verified promptly in the cath 
lab. Abnormal pressure tracings should be compared to those 
expected or to baseline, and transducers recalibrated fre- 
quently to be sure they are properly zeroed. When sampling 
saturations, for instance, elevated pulmonary artery saturation 
should prompt the operator to identify whether the catheter 
was partially wedged or whether there is a left-to-right shunt. 
In addition, a significant “step-up” in saturation between 



Difference in arterial-venous oxygen saturation 

Figure 12.2. Graph displaying the relationship between cardiac 
index and varying arteriovenous oxygen saturations using an 
assumed oxygen consumption =140 mL/min/m 2 . Note the 
greater cardiac index with a hemoglobin of 12 g/dL ( diamonds ) 
compared with 16 g/dL (circles). 

consecutive cardiac chambers suggests the presence of a left- 
to-right shunt. 

After collecting all saturations and pressures, and before pro- 
ceeding to angiography, it is important to assess the pulmonary 
and systemic flows, resistances, and flow ratios. Systemic flow 
index can be estimated by recognizing that an arterial-venous 
(A-V) oxygen (0 2 ) saturation difference of 20% to 25% cor- 
responds to a “normal” cardiac index of approximately 
3.5 L/min/m 2 . A larger A-V 0 2 difference correlates with a lower 
cardiac index. In addition, for a given A-V 0 2 difference, the 
higher the hemoglobin level, the lower the flow index (Fig. 12.2). 
A simple formula to estimate pulmonary flow index (Q p ) com- 
pared to systemic flow index (Q s ) is the ratio of pulmonary 
A-V 0 2 divided by systemic A-V 0 2 . Details of calculations for 
flow indices and resistance are discussed later in this chapter. 

Measurement of Hemodynamic Variables 

The primary goals of any detailed hemodynamic catheteriza- 
tion are to measure pressures in all of the pertinent cardiac 
structures/chambers and to obtain oxygen samples in these 
structures, in order to calculate systemic and pulmonary flow 
indices and vascular resistance. 

Pressure Measurements 

In the cath lab, pressures are most often measured using fluid- 
filled catheters connected to pressure-sensitive transducers. The 
change in pressure (force/unit area) in the cardiac chamber or ves- 
sel is transmitted along a column of incompressible fluid (saline 
or blood) contained within a nonexpansile tube (catheter) to a 
transducer. The transducer contains a diaphragm that moves a 
small distance (in a linear fashion) in response to change in pres- 
sure. The movement of the diaphragm is transmitted to an elec- 
tronic strain gauge. The strain gauge converts pressure changes 
into voltage changes. These voltage changes are then converted 
into an electric signal, which is displayed as a waveform over 
time on a computer monitor. Systolic and diastolic pressures are 
measured instantaneously as the peak and trough, respectively, 
of the waveform. A mean pressure is obtained by electronic 
damping of the signal over several cardiac cycles. The system is 
calibrated to a zero point at level of the center of the heart. It is 
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important to understand potential sources of error and artifact in 
the pressure tracings obtained. Two important concepts are fre- 
quency response (the ratio of output amplitude to input ampli- 
tude over the range of frequencies of the input pressure wave) 
and damping (the dissipation of the energy of oscillation of a 
pressure measurement system). Inaccurate pressure waveforms 
frequently are related to deterioration of the frequency response 
or to overdamping or underdamping. Other references contain a 
more complete discussion of these principles (14). Eight poten- 
tial sources of pressure tracing artifact and recommendations for 
identifying the source of artifact and error are listed below: 

1. Loose connections in the system: These usually result in an 
overdamped tracing. Backup of blood into the transducer 
tubing is an indication of a loose connection. 

2. Air in the system: This is probably the most common cause 
of measurement error. Air may be introduced into the sys- 
tem at any of the connections, or dissolved air may come 
out of the saline used to flush the system. Air is compress- 
ible and its presence in the system lowers the frequency 
response. As a result, information inherent in the applied 
pressure wave is lost, producing what is commonly referred 
to as a damped tracing. Another indication of air in the sys- 
tem is the amplification of high-frequency input, producing 
overshoot or “fling” in the tracing. The appearance of a 
small amount of blood with obvious pulsatility in the trans- 
ducer tubing is an indication that there is air in the system. 

3. Inaccurate calibration or baseline drift: Even if the trans- 
ducers are properly calibrated or “zeroed” at the begin- 
ning of the procedure, movement of either the patient or 
the transducers, or electric drift of the baseline, may result 
in inaccurate pressure recordings. Although small errors in 
calibration may be inconsequential in arterial recordings, 
they can have a significant impact in the measurement of 
venous pressures and pulmonary vascular resistance. 

4. Partial catheter obstruction: This is usually the result of 
the catheter clotting or kinking. This usually occurs when 
small or thin-walled catheters are used. If blood is allowed 
to remain in the catheter lumen for any length of time, 
deposition of fibrin or platelets will reduce the lumen size, 
decreasing the frequency response. 

5. Catheter “fling”: The appearance of fling (a tall, narrow spike) 
on a pressure recording has many causes. Overshoot, pro- 
duced by air in the system, has been discussed. Rapid move- 
ment of the catheter tip, which may occur if the tip lies in a 
turbulent jet, can result in superimposition of high-frequency 
oscillations on the pressure recording. If the catheter is con- 
tacted by a cardiac structure (such as the mitral valve), the 
superimposed oscillation can alter the waveform dramati- 
cally. At times, these conditions are unavoidable. To minimize 
this error, use the mean systolic pressure rather than the peak 
systolic pressure, or inject a small amount of blood or contrast 
media in the tubing to intentionally damp the system. 

6. End-hole artifact: When a column of blood stops suddenly 
against an end-hole catheter, kinetic energy is transformed 
into pressure energy, and the recorded pressure is falsely 
elevated. Similarly, when a column of blood is moving 
away from an end-hole catheter, the pressure recorded will 
be less than the true intravascular pressure, in proportion 
to the velocity of flow. This explains why the pressure in a 
stenotic proximal pulmonary artery has a lower peak sys- 
tolic pressure than the distal larger vessel. 

7. Peripheral pulse wave amplification: Both the peak systolic 
pressure and the pulse pressure are amplified with increas- 
ing distance from the aortic valve. The mean pressure, how- 
ever, remains the same. This phenomenon is demonstrated 
by recording the pressure tracing during a pullback around 
the aortic arch, where the systolic pressure increases from 
the ascending to the descending aorta. While peripheral 


pulse wave amplification is a physiologic phenomenon and 
not an artifact, per se, it may lead one to incorrectly inter- 
pret pressure data. When comparing the ascending aorta 
systolic pressure with the femoral or radial artery systolic 
pressure, failure to take into account pulse wave amplifica- 
tion will result in underestimation of a pressure gradient 
across an aortic valve or coarctation of the aorta. 

8 . Catheter entrapment: An end-hole catheter placed in a small 
or heavily trabeculated ventricle can trap a small volume of 
fluid, resulting in an exaggerated pressure elevation during 
systole. This error can be eliminated by slightly withdraw- 
ing the catheter or deflating the balloon (if a balloon-tipped 
catheter is used). If these maneuvers are not possible, the 
pressure should be recorded using a side-hole catheter, pro- 
vided that all of the side holes are within the chamber or 
vessel of interest. 

Transducer-tipped wire catheters, such as the Radi wire, 
allow direct pressure measurement without relying on the 
propagation of fluid waves through a fluid-filled catheter (15). 
Such wire catheters consist of a floppy wire end distal to the 
transducer, which prevents the manometer from being dam- 
aged or puncturing the vessel or chamber wall. The pressure 
wire is connected to an analyzer system that displays numeric 
pressures and waveforms on a monitor. The pressure wire is 
introduced through an end-hole catheter. When the manometer 
reaches the end of the catheter, the wire and catheter pressures 
are calibrated on the monitoring system. The pressure wire is 
then advanced from the catheter into the vessel or chamber 
in question. Pressure wire manometry allows simultaneous 
pressure measurements in two contiguous locations, such as 
simultaneous ascending and descending aorta pressures in a 
patient with coarctation of the aorta. This technique may also 
be used to carefully record the pressure differential across a 
mechanical valve, with very gentle manipulation of the wire 
across the prosthetic valve opening. In the case of an aortic 
prosthesis, the retrograde catheter remains in the ascending 
aorta, whereas the pressure wire is advanced retrograde across 
the valve into the left ventricle. The thin pressure wire is also 
useful for obtaining pressure measurements distal to narrow 
communications that may be difficult to access with a catheter 
alone, such as the pulmonary artery pressure in child whose 
sole source of pulmonary blood flow is via a modified Blalock- 
Thomas-Taussig shunt (16). 

Right Heart Catheterization 

Characteristic right heart waveforms are shown in Figure 12.3 
and normal hemodynamic pressure values for children are 
shown in Table 12.1. There are three characteristic waves in 
the right atrial tracing; a, c, and v waves. The a wave represents 
atrial systole and occurs just after the P wave on the electrocar- 
diogram. The c wave is due to either right ventricular contrac- 
tion or tricuspid valve closure, whereas the v wave results from 
filling of the right atrium against a closed tricuspid valve. The 
decrease in pressure after the a wave is the x descent, which 
is due to atrial relaxation. The decrease in pressure after the 
v wave is the y descent, which represents the opening of the 
tricuspid valve in early diastole. 

Normally, the right atrial a wave exceeds the v wave by 2 
to 3 mm Hg, neither wave exceeds 8 mm Hg, and both waves 
are within 5 mm Hg of the mean right atrial pressure. An 
elevated a wave is seen in the context of restricted right ven- 
tricular filling, such as tricuspid stenosis or a noncompliant 
right ventricle (e.g., pulmonic stenosis, pulmonary atresia, or 
pulmonary hypertension). So-called cannon a waves may be 
seen with certain arrhythmias, when atrial contraction occurs 
after right ventricular contraction has closed the tricuspid 
valve. Elevated v waves are seen with tricuspid regurgitation, 
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Figure 12.3. Right heart pressures (each horizontal line = 2 mm Hg). A: Right atrium: a wave = 3, c wave = 1, v 
wave = 2. B: Right ventricle: 20/0.2. C: Pulmonary artery: 20/10. D: Pulmonary capillary wedge: a wave = 14, 
v wave = 16. 


Ebstein anomaly, or a left ventricular-to-right atrial shunt. 
The right atrium and venae cavae are compliant structures 
that can accept a large volume of blood with minimal change 
in pressure; thus, the v wave may not necessarily be elevated 
in the aforementioned conditions. Elevation of the mean pres- 
sure is seen with any condition that elevates the a wave or v 
wave, or in the context of myocardial failure. Low right atrial 
pressure (<1 to 2 mm Hg) suggests hypovolemia. Marked vari- 
ability of the a wave and mean pressure may be seen with atri- 



Normal Hemodynamic Pressure 
Measurements in Children 


Chamber/Vessel 

Systolic 

Diastolic 

Mean 

Right atrium 



3 ± 1 

Right ventricle 

25 ±5 

4 ± 2 


Pulmonary artery 

22 ±4 

10 ± 3 

13 ±3 

PA wedge 



8 ± 2 

Left ventricle 

110 ± 12 

9 ± 2 



Values are compiled from data published in references. All pressures are in mm 
Hg. PA, pulmonary artery. 


oventricular dissociation or with obstructive airway disease. 
A patient who is breathing spontaneously but has significant 
airway obstruction may have negative intrathoracic pressure 
and subatmospheric right atrial pressure, which may result in 
the introduction of air into the system if the catheter is not 
properly connected or the hub is maintained below the level 
of the chamber. 

The right ventricular pressure tracing has a rapid upstroke 
during isovolumic contraction, a plateau during systolic ejec- 
tion, a decline to near zero during isovolumic relaxation, and 
a slow rise to the end-diastolic pressure during diastolic filling. 
Normally, the peak systolic pressure is <30 mm Hg, and the 
end-diastolic pressure is <8 mm Hg. Except in the context of 
tricuspid valve stenosis, the end-diastolic pressure corresponds 
to (and should be equal to) the right atrial a wave. Right 
ventricular systolic pressure is elevated in the presence of a 
large ventricular septal defect , right ventricular outflow tract 
obstruction, and pulmonary hypertension. Recordings should 
be obtained in the apex and in the outflow tract to confirm the 
absence of any intracavitary gradient. 

The normal pulmonary artery systolic pressure is equal to 
the right ventricular systolic pressure (<30 mm Hg), and the 
mean pressure is <20 mm Hg. Pulmonary artery diastolic pres- 
sure begins with the dicrotic notch caused by valve closure, 
and the end-diastolic pressure is typically 2 to 3 mm Hg higher 
than the wedge pressure. Increased pulmonary artery pressure 
occurs with distal obstruction to flow, such as with peripheral 
pulmonary stenosis, pulmonary arteriolar obstruction, pul- 
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monary thromboembolism, pulmonary venous obstruction, 
or left atrial hypertension (due to other causes such as cor 
triatriatum, mitral stenosis, or left ventricular diastolic dys- 
function). Pulmonary artery pressure is also elevated in the 
presence of aorta-pulmonary artery communications (such 
as patent ductus arteriosus or aortopulmonary window) or 
a significant ventricular septal defect (if there is no pulmonic 
stenosis). In the presence of pulmonary hypertension, a pulse 
pressure of <40% of the peak systolic pressure suggests a fixed 
resistance, whereas a wide pulse pressure (>60% of the peak 
systolic pressure) suggests high flow and low resistance. 

Systolic pressure gradients between right ventricle and 
pulmonary artery are due to right ventricular outflow tract 
obstruction, although gradients of 5 mm Hg may be normal. 
Gradients <10 mm Hg may be seen with structurally normal 
pulmonary valves and increased blood flow, as with a large 
atrial septal defect. In the setting of very severe branch stenosis 
or a very tight pulmonary artery band, the catheter may pro- 
duce enough obstruction of the vessel as it crosses the stenosis 
that the pressure distally resembles the wedge pressure tracing. 

Pulmonary artery wedge pressure is usually a good reflec- 
tion of the left atrial and left ventricular end-diastolic pressures 
because of the absence of valves in the pulmonary circulation. 
When an end-hole catheter is appropriately wedged in a pul- 
monary artery branch, the distal pulmonary venous pressure is 
transmitted retrograde through the capillary bed and arterioles 
to the catheter tip. When using a balloon-tipped wedge cath- 
eter (end-hole), the catheter is advanced as far as it can into the 
distal pulmonary artery and the balloon is partially inflated 
while monitoring the tracing for its characteristic appearance. 
The wedge tracing should have the characteristic a and v wave 
appearance of an atrial tracing (Fig. 12.3). The wedged cath- 
eter position is confirmed by observation of the characteristic 
left atrial waveform or by withdrawal of fully saturated blood. 
When small catheters are used, it may not be possible to with- 
draw a blood sample from the wedged position. Interpretation 
of the wedge pressure must be guided by an understanding of 
the anatomy. The pulmonary artery wedge pressure does not 
reflect the left ventricular end-diastolic pressure when there is 
pulmonary vein stenosis, cor triatriatum, mitral stenosis, or 
anomalous pulmonary venous return. When the wedge pres- 
sure is elevated, these lesions must be confirmed or ruled out 
by direct measurement of the left atrial or left ventricular end- 
diastolic pressure. 

Left Heart Catheterization 

Characteristic left heart waveforms are shown in Figure 12.4 
and normal pressure values for are shown in Table 12.1. The 


normal left atrial mean pressure is 6 to 10 mm Hg (depending 
on age), which is several mm Hg higher than the right atrial 
mean pressure. In contrast to the right atrium, the left atrial 
v wave is usually higher than the a wave, and neither is 
>5 mm Hg above the mean pressure. An elevated a wave is seen 
with defects resulting in left atrial outflow obstruction (mitral 
stenosis, supravalve mitral membrane) or with diseases that 
impair left ventricular compliance (aortic stenosis, coarctation 
of the aorta). The a wave may be dominant with an atrial 
septal defect, as a large atrial septal defect allows transmission 
of pressure across the septum, or with diseases that elevate 
the right atrial a wave. Elevated v waves typically occur with 
mitral regurgitation. Elevation of the left atrial mean pressure 
(and both the a and v waves) may be encountered with large 
left-to-right shunts at the ventricular or great vessel level or as 
a sign of left ventricular failure. If the end-diastolic pressures 
in the left atrium and left ventricle are not equal, some form 
of mitral valve obstruction is present. Higher gradients (>8 to 
10 mm Hg) suggest structural mitral stenosis, whereas lower 
gradients suggest physiologic stenosis due to increased blood 
flow across the valve, such as from a large ventricular sep- 
tal defect. When transseptal technique is used to enter the left 
atrium, one can use a smaller diameter catheter to advance 
into the left ventricle and simultaneously measure left atrial 
and left ventricular pressure. 

The peak systolic pressure in the left ventricle should be 
equal to or up to 5 mm Hg greater than the peak systolic 
pressure in the ascending aorta. A gradient between the left 
ventricle and the aorta is present in dynamic left ventricular 
obstruction (as in hypertrophic cardiomyopathy), subaortic 
stenosis, or aortic valve stenosis. The normal aortic pressure 
is a reflection of left ventricular stroke volume and systemic 
vascular resistance. Near the aortic valve, the arterial wave- 
form displays a relatively slow upstroke, a broad peak, and a 
near-linear drop to end-diastole. In the distal arteries, the peak 
becomes sharper, the dicrotic notch (representing the decrease 
in pressure with closure of the aortic valve) becomes more 
obvious, and pulse wave amplification occurs. 

The pulse pressure in the ascending aorta is usually 
25 to 50 mm Hg, or <50% of the peak systolic aortic pres- 
sure. Increased pulse pressure and low diastolic pressure may 
be seen with aortic insufficiency, a ruptured sinus of Valsalva, 
or conditions in which there is a low-resistance diastolic run- 
off such as patent ductus arteriosus, aortopulmonary collater- 
als, aortopulmonary window, truncus arteriosus, and systemic 
AV fistula. A narrow pulse pressure may be encountered in 
pericardial tamponade or low cardiac output states. A gra- 
dient between the ascending and descending aorta suggests 
coarctation of the aorta. 




Figure 12.4. Left heart pressures. A: Left atrium (each horizontal line = 2 mm Hg): a wave = 13, v wave = 16. 
B: Left ventricle (each horizontal line = 10 mm Hg): 98/0.6. C: Aorta (each horizontal line = 10 mm Hg): 98/50. 
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Derived Hemodynamic Variables 

Measurement of cardiac output, in terms of pulmonary and 
systemic blood flow, is a necessary first step to quantifying 
shunt volume and vascular resistance. Because cardiac output 
cannot be measured directly, it can be estimated using the indi- 
cator dilution technique described by Fick (17). The indicators 
most commonly used are oxygen or cold saline (thermodilu- 
tion) (18). Various analogies have been used to explain the 
concept of the Fick principle. In one analogy, a coal-bearing 
train, representing blood, passes through a coal-loading sta- 
tion (capillary bed) at a constant but unknown rate (cardiac 
output). The train consists of a series of cars (hemoglobin), 
each of which have a known load of coal (oxygen content). 
By knowing the rate of delivery of the coal (oxygen uptake) 
and the amount of coal in the cars before and after the station, 
one can easily calculate the rate at which the train is moving 
through the station. In quantitative terms, cardiac output can 
be calculated as follows: 

■ Blood flows at an unknown rate. 

■ An indicator is present in the blood in a measurable con- 
centration. 

■ The indicator is added or removed at a known rate. 

■ Measurement of the change in concentration of the indica- 
tor allows one to calculate flow as follows: 

Rate of addition or removal 

Flow = — 

Change in concentration 


Oxygen in the Blood 

Oxygen is the most common indicator that is used for pur- 
poses of calculating flow and resistance in the congenital car- 
diac patient. Because the quantity of oxygen in the blood that 
is being sampled directly affects the calculation of cardiac flow 
rates, it is important to be able to accurately measure or esti- 
mate the oxygen content of a blood sample. 

Oxygen is carried in the blood in two forms: either attached 
to hemoglobin or dissolved in plasma. The amount of oxygen 
bound to hemoglobin is influenced by many factors including 
the partial pressure of oxygen (p0 2 ). In addition, the affinity 
of hemoglobin for oxygen is inversely affected by hydrogen 
ion concentration, partial pressure of carbon dioxide, level of 
2,3-diphosphoglycerate (DPG), and temperature. Affinity for 
oxygen is also affected by the type of hemoglobin. For exam- 
ple, hemoglobin F (fetal hemoglobin) has a higher affinity for 
oxygen than the more common hemoglobin A. 

The term oxygen capacity refers to the amount of oxy- 
gen that can be bound by hemoglobin in blood; maximum 
oxygen capacity is 1.36 mL 0 2 per 1 g of hemoglobin. Thus, 
oxygen capacity (mL 0 2 /dL) can be calculated as 

Oxygen capacity (mL0 2 / dL)= Hemoglobin (g / dL) 

x(l.36 mLO z / gof hemoglobin) 

The actual amount of oxygen bound to hemoglobin in a given 
sample of blood is calculated as the oxygen capacity multiplied 
by the oxygen saturation of hemoglobin. Oxygen saturations 
in the blood samples are measured spectrophotometrically. 
Oxidized hemoglobin and reduced hemoglobin have different 
spectral absorptions at 650 nm but similar ones at 805 nm. 
Oximeters measure the absorption at 650 nm to represent the 
amount of oxidized hemoglobin and the absorption at 805 nm 
to represent total hemoglobin; the ratio of these two numbers 
is the oxygen saturation. The method is most accurate at 
oxygen saturations between 60% and 95%, as long as there 
are no other substances in the blood that affect the spectral 
absorption (e.g., carboxyhemoglobin). 


It is important to remember that oxygen saturation values 
report only the amount of oxygen that is bound to hemoglobin 
and does not account for dissolved 0 2 . In room air, the vast 
majority of oxygen in the blood is bound to hemoglobin, 
whereas the amount of dissolved oxygen is very small, so dis- 
solved 0 2 is typically ignored in calculations made in room 
air at baseline. In contrast, if the patient is inhaling 100% 
oxygen, with p0 2 values that may reach 500 mm Hg, dis- 
solved oxygen becomes very important relative to the amount 
bound to hemoglobin, and this must be accounted for in the 
calculations. 

Dissolved oxygen in plasma is determined by the solubil- 
ity coefficient of oxygen, temperature, and the p0 2 . At 37°C 
(body temperature), the amount of oxygen dissolved in blood 
is 0.003 mL/mm Hg/dL. As mentioned, the amount of oxy- 
gen dissolved in plasma is usually not significant enough to 
include in the calculations for the patient breathing room air, 
but accounting for dissolved oxygen becomes very important 
when the patient is breathing 100% oxygen or has low hemo- 
globin. To put this in perspective, in arterial blood with a p0 2 of 
100 mm Hg (typical for an oxygen saturation of 100% in 
room air), there is only 3 mL of dissolved oxygen per liter . 
This amount of oxygen is small relative to the amount of oxy- 
gen bound to hemoglobin. However, if the patient is receiving 
supplemental oxygen, with the p0 2 >100 mm Hg, dissolved 
oxygen contributes more significantly to the total oxygen con- 
tent and must be considered in hemodynamic calculations. In 
this situation, for example, if the arterial p0 2 is 500, there 
will be 15 mL of dissolved oxygen per liter, a much greater 
percentage that must be accounted for in assuring accurate 
calculations. Dissolved oxygen should also be considered in 
the setting of low hemoglobin, as the carrying capacity of the 
blood is lower; therefore, the relative percentage accounted for 
by dissolved oxygen is higher. 

The total oxygen content in a sample of blood is the sum 
of dissolved oxygen in the blood and the oxygen that is bound 
to hemoglobin: 


Oxygen content 


(mLO, / L) = 


(Oxygen capacity x Sp0 2 ) + 
(p0 2 x 0.003 mL/mm Hg/dL) 


xlOdL/L 


In room air, one typically uses only the oxygen content of 
hemoglobin for calculations instead of the total oxygen content 
of the blood , due to the fact that dissolved oxygen contributes 
very little. The use of the expanded formula for oxygen con- 
tent in calculations is mandatory in the patient with (or with- 
out) a left-to-right shunt in whom the hemodynamic study is 
repeated in 100% oxygen in order to determine pulmonary 
vasoreactivity. If dissolved oxygen is not accounted for in flow 
calculations, the amount of flow/shunt may be overestimated. 
Conversely, the resistance estimated based on these flow cal- 
culations will be underestimated , a very important issue for 
decisions that are made based on the data obtained. 

For example, if the hemoglobin is 11.5 g/dL, the femoral 
artery oxygen saturation is 99%, and the Pa0 2 is 106 mm Hg, 
the oxygen content is calculated as follows: 


Oxygen capacity = 1 1.5 g / dLx 1.36 mL /g 
= 15.6 mL0 2 / dL blood 


Dissolved oxygen = 106 mm Hg x 0.003 mL / mm Hg / dL 
= 0.32 mL 0 2 / dL blood 


Oxygen content = [(15.6 mL / dL x 0.99) + 0.32 mL / dL] 
x 10 dL/L = 154 + 3.2 

= 157 mL0 2 /L blood 
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Oxygen Consumption by Age (Boys) 



If the femoral artery Pa0 2 is 566 and the oxygen saturation is 
100%, the oxygen content is calculated as follows: 

Oxygen capacity = 1 1.5 g / dL x 1.36 mL / g 
= 15.6 mL 0 2 / dL blood 

Dissolved oxygen = 566 mm Hg x 0.003 mL / mm Hg / dL 
= 1.70 mL 0 2 / dL blood 

Oxygen content = [(15.6 mL / dL x 1.0) + 1.70 mL / dL] 
xlO dL/L = 156 + 17 

= 173 mL 0 2 / L blood 

Oxygen Method for Calculation of Cardiac Output 

When cardiac output is calculated using the Pick method, 
the indicator is oxygen. The rate of change of the indicator 
is the oxygen consumption (V0 2 ). It is assumed that meas- 
urements are taken at a steady-state condition; thus V0 2 
by tissues equals oxygen uptake by the lungs. V0 2 may be 
measured or assumed. In the current era, it is most com- 
mon to use the assumed values for purposes of calculations 
because the actual measurement of V0 2 is quite cumber- 
some. It is often difficult to maintain a steady state in the 
pediatric patient in order to measure a reliable V0 2 . Fur- 
thermore, measurement of VO z requires spontaneous res- 
pirations, and since procedures are often performed under 


general anesthesia, this measurement would have to be per- 
formed at a different time than when the oxygen saturation 
samples are being obtained. Assumed values that are most 
often used for calculations are based on the formulas of 
Lafarge and Meittinen (19) and are derived from measure- 
ments made in 879 patients using the Douglas bag method. 
Values for patients 3 to 18 years of age and at various heart 
rates are listed in Figures 12.5 and 12.6. 

There are specific equations for applying the Fick principle to 
the calculation of the systemic and pulmonary flow (Table 12.2). 
Possible sources of error include inaccuracy of the value used for 
oxygen consumption, inaccurate sample for the mixed venous 
saturation, and absence of a steady-state condition. 

The systemic flow (Q s ) is equal to the V0 2 divided by the 
change in oxygen content across the body (oxygen content of 
the aorta minus the SVC). 

Q s = V0 2 /( oxygen content of aorta — oxygen content of SVC) 

If the patient is breathing room air, the amount of dissolved 
oxygen can be ignored, simplifying the equation to: 

Q s = V0 2 / [hemoglobin x 1.36 x 10 
x (aorta sat - SVC sat)] 

Similarly, the pulmonary flow (Q p ) is equal to the V0 2 divided 
by the change in oxygen content across the lungs (oxygen con- 
tent of the pulmonary vein minus oxygen content of the pul- 
monary artery). 


268 SECTION II ■ Diagnostic and Therapeutic Methods 


Oxygen Consumption by Age (Girls) 



Q p = V0 2 / (pulm vein oxygen content 

- pulm art oxygen content) 

And if ignoring dissolved oxygen: 

Q p = V0 2 / [hemoglobin x 1.36 x 10 

x (pulm vein sat - pulm art sat)] 

It is important to remember the units assigned to each fac- 
tor in these equations. The unit for cardiac output is L/min. 
The unit for V0 2 is mL 0 2 /min. Oxygen content is measured 
as mL 0 2 /L of blood. Though not illustrated in the above 
equations, final flow index in children is normally reported 
as cardiac index, which is obtained by dividing the output by 
the patient’s body surface area (BSA) given in m 2 . Since flows 
are indexed to BSA, inaccurate measurement of patient length, 
especially in infants, may be another source of error. Note: if 
the final V0 2 value that is used in this formula is not indexed 
to BSA, the final cardiac output calculation is divided by the 
BSA to index the value accordingly. This correction does not 
need to be done if the V0 2 is already indexed! The factor of 
10 in the denominator converts the value from g/dL to g/L in 
order to report the cardiac index value in L/min/m 2 . 

Thermodilution Method 

With the thermodilution method, the indicator is tempera- 
ture. A double-lumen thermodilution (Swan-Ganz) catheter is 
used. A bolus of cold saline of a known temperature (room 


temperature, -21 °C) is injected through the proximal port 
(positioned in the right atrium). A thermistor for measuring 
temperature is located near the catheter tip (positioned in the 
pulmonary artery). Saline cools the blood as they mix together; 
the degree of cooling of the blood is inversely proportional to 
the magnitude of flow and directly proportional to several fac- 
tors: the volume of saline injected, the temperature difference 
between the injectate and the blood, and the specific heats of 
the injectate and the blood. The thermodilution cardiac output 
measurement is an automated system (including the injector) 
and the calculations are performed by a computer. To min- 
imize error, three to five sequential injections of cold saline 
are performed over 1 to 2 minutes. The technique is simple, 
precise, and easily allows serial measurements to compare 
interventions in the cath lab or intensive care unit. The ther- 
modilution method (as with any indicator dilution method) 
requires complete mixing; thus, it is most accurate when there 
is a mixing chamber proximal to the thermistor (i.e., the right 
ventricle). The thermodilution method is used in patients who 
do not have intracardiac or great vessel level shunts or signifi- 
cant tricuspid/pulmonary valve insufficiency. Possible sources 
of error include inconsistent volume of injectate, variable tem- 
perature of the blood or injectate, apposition of the thermis- 
tor to a vessel wall, and inadequate mixing. Thorough mixing 
is particularly problematic in venous systems with low flow 
(e.g., bidirectional cavopulmonary anastomosis, Fontan cir- 
culation). This method of determining cardiac output is less 
frequently used in the congenital cardiac patient because of all 
of these factors. 
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Commonly Used Equations for 
Calculating Flow, Resistant 
and Shunt 

Oxygen capacity 

0 2 Capacity (mL 0 2 /dL) = Hemoglobin (g/dl_) x 1.36 
Dissolved oxygen 

Dissolved 0 2 (mL 0 2 /dL) = 0.003 x p0 2 (mm Hg) 

Oxygen content 

0 2 content (mL 0 2 /L) = [(0 2 Capacity x Sp0 2 ) + Dissolved 0 2 ] x 10 
Systemic blood flow 

a,- 

SA 0 2 Content - MV 0 2 Content 


TABLE 12.2 


Pulmonary blood flow 

a= ^ 

P V 0 2 Co ntent - PA 0 2 Content 

Q P /G S estimation 

Aosat-SVCsat 
p s PV sat -PA sat 

Effective systemic/pulmonary blood flow 

q es =q ep m 

PV 0 2 Content - MV 0 2 Content 

Shunt volume 

4.-R = 0 ?- ^EP ^-R=^P-QeP 


Shunt percentage 
Shunt, R = 

Q p 


Shunt 


Q*~<k 

RL a 


s. 


PVsat-PAsat 
PV sat -MV sat 
Aosat-MVsat 
PV sat -MV sat 


Systemic vascular resistance 

R PAo M 3n-pRA mean 

S Os 

Pulmonary vascular resistance 

o _pPA mean -pLA mea „ 


p0 2 , partial pressure of oxygen; V0 2 , oxygen consumption (mL 0 2 /min); G s , 
systemic blood flow in (L/min); SA, systemic arterial; MV, mixed venous; Gp, 
pulmonary blood flow (L/min); PV, pulmonary vein; PA, pulmonary artery; G ES , 
effective systemic blood flow; G £P , effective pulmonary blood flow; G L .„, left- 
to-right shunt volume (IVmin); G R L , right-to-left shunt volume (L/min); Shunt L . R , 
left-to-right shunt percentage; Shunt R . L , right-to-left shunt percentage; /? s , 
systemic vascular resistance (Wood units); pAo mean , mean aortic pressure; 
pRA mean , mean right atrial pressure; Rp, pulmonary vascular resistance (Wood 
units); pRA mean , mean pulmonary artery pressure; pLA^, mean left atrial 
pressure. 


Intracardiac Shunts 

For practical purposes, it is assumed that with normal cardio- 
vascular connections, the oxygen saturation in all right heart 
structures (i.e., SVC, right atrium, right ventricle, and pul- 
monary artery) would be equal. Similarly, the oxygen satura- 
tion in the left heart structures (pulmonary veins, left atrium, 
left ventricle, and aorta and its branches) would be equal. 


In reality, oxygen saturation varies between the SVC and coro- 
nary sinus, and complete mixing does not occur until systemic 
venous return reaches the pulmonary artery. An increase in 
oxygen saturation between different sites of the right heart 
would give precise information on the location and magni- 
tude of left-to-right shunts, whereas a decrease in saturation 
between successive chambers of the left heart would define a 
right-to-left shunt. 

To evaluate possible intracardiac shunts in the cath lab, it 
is necessary to understand four assumptions inherent in these 
calculations and to be certain they are applicable. The first 
assumption is that the patient is at steady state. While this may 
be true if the patient is asleep or resting quietly, as conditions 
change during the measurements, errors may be introduced. 
Therefore, it is best to obtain all samples as rapidly and safely 
possible to minimize perturbations in patient steady state. 
The second assumption is that an oxygen saturation sample 
is an accurate representation of the chamber or vessel. This 
is often the case, but oxygenation sampling is fraught with 
difficulty; scattered areas of pulmonary parenchymal disease 
or atelectasis may lead to inhomogeneous oxygenation of pul- 
monary artery flow. Similarly, the right atrium is a difficult 
site for obtaining a representative sample because of streaming 
from the highly saturated renal vein, the less saturated hepatic 
vein, and the very low saturated coronary sinus. Inferior vena 
cava saturation is usually higher at rest than the SVC satura- 
tion, but during general anesthesia, the SVC saturation may 
be higher. The third assumption is that all blood entering a 
chamber does so in an anterograde fashion, and, therefore, the 
sample is not “contaminated” by blood from a distal chamber. 
Certainly, this is not the case when there is atrioventricular 
or semilunar valve regurgitation. For example, a right ventri- 
cle saturation may be falsely elevated when there is pulmo- 
nary regurgitation and a patent ductus arteriosus. The fourth 
assumption is that the patient’s hemodynamic state in the cath 
lab represents the baseline hemodynamic state. This is prob- 
ably the most difficult assumption to support; at one end of 
the spectrum, inadequate sedation results in a terrified or com- 
bative child, while at the other end of the spectrum is general 
anesthesia. Neither condition represents a normal physiologic 
state. The best an operator can do is to establish the conditions 
of the cardiac catheterization, then maintain these same condi- 
tions in a “steady state” until a complete set of measurements 
has been obtained. 

Quantitative Assessment of Shunts 

Use of the Fick principle to calculate pulmonary flow (Q ) 
and systemic flow (Q s ) has been discussed. Calculation of left- 
to-right and right-to-left shunts requires understanding the 
concept of effective pulmonary flow (Q ep ) and effective sys- 
temic flow (Q es ). The formulas discussed subsequently are also 
presented in Table 12.2. The Q ep is the volume of systemic 
venous return (i.e., “blue” blood) that flows to the lungs to 
be oxygenated. Q ep is calculated by using the oxygen satura- 
tion of the “red” blood flowing out of the lungs (pulmonary 
vein) minus the saturation of the “blue” blood flowing into the 
lungs (SVC) using the following equation: 

Q ep = V0 2 / [hemoglobin x 1.36 x 10 
x (pulm vein sat - SVC sat)] 

Therefore, if the patient has no left-to-right shunt, the mixed 
venous saturation and pulmonary artery saturation are the 
same, and all of the pulmonary blood flow is “effective,” that 
is Q p = Qep- 

The Q es is the volume of pulmonary venous return (i.e., 
“red” blood) that flows to the body. For all patients in a steady 
hemodynamic state: 
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Qep = Qes 

Simply stated, the amount of “blue” blood that flows to the 
lungs is equal to the amount of “red” blood that flows to the 
body. 

When there is a left-to-right shunt, some oxygenated blood 
recirculates through the lungs, thus Q p > Q ep . The volume of 
a left-to-right shunt is the difference between the total pulmo- 
nary flow (Q p ) and the effective pulmonary flow (Q ep ): 

Ql-R = Qp “Qep 

Similarly, when there is a right-to-left shunt, some of the 
deoxygenated “blue” blood bypasses the lungs and recircu- 
lates through the body, thus Q s > Q es . The volume of a right- 
to-left shunt is the difference between the total systemic flow 
(Q s ) and the effective systemic flow (Q es ): 

Qr-L = Qs “Qes 

Since Q ep = Q es , then: 

Qr-L = Qs “ Qep 

Mathematically, the ratio of pulmonary flow to systemic 
flow is Q p /Q s . Calculating the Q p /Q s is simple and can be 
done immediately once the appropriate saturation samples are 
obtained when assessing shunt lesions. Since the oxygen con- 
sumption is in the numerator of both the Q p and Q s equations, 
it cancels out, leaving the following equation: 

Q p / Q s = systemic A - V oxygen difference / 
pulmonary A — V oxygen difference 

If the patient is breathing room air, dissolved oxygen is neg- 
ligible, and the calculation of Q /Q s can be stated in terms of 
oxygen saturation samples as follows: 

Q p / Q s = (Aorta sat - SVC sat) / 

(pulm vein sat - pulm art sat) 

When the pulmonary blood flow is markedly increased 
(e.g., pulmonary artery saturation 89%), the difference in pul- 
monary vein and pulmonary artery saturation is small (e.g., 
99% to 89%), so the normal error of 2% to 3% that may 
occur with each measurement becomes significant. Thus, when 
there is a large left-to-right shunt, the Q p /Q s is simply reported 
as “greater than 3:1.” 

Qualitative Assessment of Shunts 

During right heart catheterization, some degree of variabil- 
ity in oxygen saturation from one chamber to the next is 
expected, typically between 1% and 2% from sample to sam- 
ple. In a seminal study from 1979, Freed et al. investigated 
the normal variation between oxygen samples throughout the 
right heart in over 1,000 catheterizations in children with aor- 
tic or pulmonic stenosis who had no intracardiac shunts (con- 
firmed by dye curves or angiography) (20). The mean oxygen 
saturations were similar in the SVC, right atrium, right ventri- 
cle, and pulmonary artery. The oxygen saturation sample in 
the proximal chambers was subtracted from the pulmonary 
artery sample to determine the variability in the absence of a 
left-to-right shunt. The standard deviation of the pulmonary 
artery and SVC difference was 2.9%, that of the pulmonary 
artery and right atrium difference was 1.8%, and that of the 
pulmonary artery-right ventricle difference was 1.8%. Thus, 
in the absence of a shunt, a step-up of > 6 % at the atrial level, 
4% at the ventricular level, and 4% at the great vessel level 
will occur <5% of the time (i.e., twice the standard deviation). 


Increases of >9%, 6%, and 6%, respectively (i.e., three times 
the standard deviation), would be expected no more than 1% 
of the time, thus would be highly unlikely in the absence of 
intracardiac shunting. Qualitatively, if there is a step-up in 
oxygen saturations in the right heart, there is a left-to-right 
shunt. Conversely, there is a right-to-left shunt if there is a 
step-down in oxygen saturations in the left heart. Quantitative 
methods are discussed later in the chapter, and must be used if 
one wants to define the caliber of the shunt. 

The sample in the true SVC is taken in the mid-portion, 
superior to the entrance of the azygous vein and inferior to the 
innominate vein (both of which may have a higher saturation 
than the mid-SVC). Sampling too high in the SVC, near the 
IJ vein, will provide a “falsely” low value for mixed venous 
saturation use in calculations because of cerebral extraction. 
However, general anesthesia can also result in a higher than 
normal SVC saturation. High mid-SVC saturation also may 
be seen in the presence of a high-output state, partial or total 
anomalous pulmonary venous return to the SVC or innomi- 
nate vein, or an arteriovenous fistula. A low mid-SVC satura- 
tion may be present when the systemic arterial saturation is 
low (pulmonary venous desaturation, right-to-left shunt) or 
with a low cardiac output state (high tissue extraction). 

The right atrial sample should be obtained at the lateral 
midatrial wall to avoid the low saturation stream from the 
coronary sinus and to facilitate mixing from the inferior and 
superior venae cavae streams. A step-up of >9% is highly sug- 
gestive of a left-to-right shunt from an atrial septal defect, 
anomalous pulmonary venous connection, a left ventricle-to- 
right atrium shunt, a ventricular septal defect with tricuspid 
insufficiency, or a shunt from the aorta (ruptured sinus of Val- 
salva aneurysm, coronary artery fistula). However, the absence 
of a significant step-up in the right atrium does not completely 
rule out a left-to-right shunt. 

The right ventricular saturation should be approximately 
equal to that in the right atrium; a step-up of >6% suggests 
a left-to-right shunt. A step-up at the ventricular level may 
be seen with a low atrial septal defect (where the oxygenated 
blood preferentially streams into the right ventricle), a ven- 
tricular septal defect, a ruptured sinus of Valsalva aneurysm, 
a coronary AV fistula draining into the right ventricle, or a 
left-to-right shunt at the great vessel level with significant pul- 
monary valve insufficiency. 

A step-up of >6% at the pulmonary artery level is seen with 
a high outlet ventricular septal defect, patent ductus arterio- 
sus, aortopulmonary window, coronary artery fistula into the 
pulmonary artery, anomalous origin of the coronary artery 
from the pulmonary artery also with fistula, or a surgical aor- 
topulmonary communication. 

Similar data for the qualitative detection of right-to-left 
shunts are not available. If the aortic saturation is <92% 
(sea level, normal ventilation) or if there is >3% decrease in 
oxygen saturation on the left side of the heart, a right-to-left 
shunt is likely present. Pulmonary vein desaturation results 
most commonly from hypoventilation (sedation), pulmonary 
parenchymal disease, or pulmonary edema. Administering 
100% oxygen will increase the pulmonary vein saturation 
and the systemic artery saturation, allowing one to distinguish 
between pulmonary parenchymal disease and a right-to-left 
shunt. Pulmonary vein desaturation that does not resolve with 
administration of 100% oxygen suggests an intrapulmonary 
shunt, such as from a pulmonary arteriovenous malforma- 
tion. Left atrial desaturation, with normal pulmonary vein 
saturation, usually results from a right-to-left shunt through 
an atrial septal defect or PFO. This is a necessary shunt with 
tricuspid atresia and is seen frequently with tricuspid stenosis, 
Ebstein anomaly of the tricuspid valve, pulmonary atresia or 
severe pulmonic stenosis, or severe pulmonary vascular dis- 
ease. Right-to-left atrial shunt may be seen with any disease 
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that markedly decreases right ventricular compliance or leads 
to right ventricular failure. Occasionally, right-to-left atrial 
shunting can occur even in the presence of normal right-sided 
pressures and resistances. This condition, called platypnea- 
orthodeoxia syndrome, produces cyanosis and dyspnea, which 
is due to cyanosis from right-to-left shunting across a PFO as 
one changes position from supine to sitting. A rare congenital 
defect, a persistent left SVC to the left atrium, also can cause 
left atrial desaturation. 

Left ventricular desaturation may occur with any lesion 
that produces desaturation in the pulmonary veins or left 
atrium. Right-to-left shunting at the ventricular level occurs 
when the right ventricular systolic pressure is equal to or 
greater than left ventricular systolic pressure (e.g., a ventricu- 
lar septal defect and elevated pulmonary vascular resistance 
or right ventricular outflow tract obstruction). Right-to-left 
shunting can occur during diastole if the right ventricular dias- 
tolic pressure exceeds that of the left ventricle, even if the right 
ventricular systolic pressure is less than that of the left ventri- 
cle. Occasionally, the streaming effect of a right-to-left shunt 
through a ventricular septal defect is such that the desatura- 
tion is not detected at the ventricular level but is detected in 
the ascending aorta (e.g., tetralogy of Fallot). 

A decrease in oxygen saturation between the left ventricle 
and aorta requires both a communication between the aorta 
and the pulmonary artery and increased pulmonary vascular 
resistance. Typically, this is a patent ductus arteriosus or aor- 
topulmonary window, combined with either pulmonary vas- 
cular obstructive disease or peripheral pulmonary stenosis. 
A decrease in saturation from the ascending to the descending 
aorta occurs with the combination of a patent ductus arterio- 
sus and coarctation of the aorta; this right-to-left shunt from 
the pulmonary artery to the descending aorta causes differen- 
tial cyanosis — saturated, pink upper extremities and desatu- 
rated, blue lower extremities. 

Equal oxygen saturations in the aorta and pulmonary 
artery occur with lesions that cause complete mixing at any 
level. Occasionally, even when complete mixing is expected, 
different saturations may be found in the pulmonary artery 
and aorta due to intracardiac streaming patterns. For example, 
most patients with truncus arteriosus have preferential stream- 
ing, resulting in lower saturation in the pulmonary artery and 
higher saturation in the aorta. 

In children who have transposition of the great arteries with 
intact ventricular septum, the pulmonary artery saturation is 
always higher than the aortic saturation, defining “transpo- 
sition physiology.” With transposition of the great arteries 
and a large ventricular septal defect, there may be complete 
mixing, thus equal saturations in the pulmonary artery and 
aorta, but in some patients, streaming may still produce less 
favorable mixing, thereby increasing the importance of atrial 
level mixing in these patients to improve aortic saturations. If 
the saturation in the descending aorta is higher than that in 
the ascending aorta, the child has transposition of the great 
arteries with a patent ductus arteriosus and coarctation of the 
aorta (or interrupted aortic arch), causing reversed differential 
cyanosis — desaturated, blue upper extremities and saturated, 
pink lower extremities. 

Vascular Resistance 

Cardiac catheterization may be needed in children to assess 
pulmonary vascular resistance in order to determine operabil- 
ity or to plan therapy (e.g., in the setting of primary pulmonary 
hypertension). It is crucial that the data used for this calcu- 
lation are collected meticulously, calculations are performed 
correctly, and the limitations of the resultant value are appreci- 
ated. The basic formula for vascular resistance shows us that 
resistance is related to the pressure drop across the vascular 


bed divided by the flow across the vascular bed. Mathematical 
assessment of vascular resistance is based on laws of Poiseuille 
and Ohm (which describes electrical resistance). Poiseuille’s law 
states that the resistance to flow across a vascular bed is related 
to the difference in mean pressure at inflow to outflow divided 
by the amount of flow. Neither concept perfectly describes 
a biologic system for several reasons. Blood flow is pulsatile 
(i.e., not constant) and not laminar, vascular walls are distensi- 
ble (not rigid), and blood is not a homogeneous fluid. In addi- 
tion, vascular resistance is not a fixed entity; it is a dynamic set 
of blood vessels changing in response to numerous mechani- 
cal and neurohormonal factors. Adapting these equations and 
applying them to the vascular bed results in the currently used 
simplified equation for calculation of vascular resistance (R): 

R = A P/Q 

where 

A P = change in pressure across the vascular bed 
Q = flow in the vascular bed 

Specific formulas for vascular resistance are found in 
Table 12.2. One can see from this formula, if rearranged as 
R x Q = A P, that increases in pressure difference (AP) across 
a vascular bed may be due either to resistance (R) or flow 
(Q) or both. Normal values for vascular resistance have been 
developed, and it is against these values that any one patient’s 
hemodynamic situation is compared. 

For example, if a sedated patient in the cath lab is hypoven- 
tilated, hypercarbia and acidosis develop; both factors cause an 
elevation of pulmonary vascular resistance. Another important 
factor affecting pulmonary resistance is pulmonary capillary 
recruitment that requires a minimal distending pressure. When 
there is decreased pulmonary flow or pressure (e.g., tetralogy 
of Fallot, restrictive aortopulmonary shunt, cavopulmonary 
anastomosis), there is derecruitment of capillaries in the pul- 
monary vasculature, resulting in an elevated resistance (21). 
There is no method to predict if (and how much) the pulmo- 
nary resistance will decrease with increased flow or pressure. 
Nevertheless, the concept of vascular resistance is very impor- 
tant in managing patients with congenital heart defects. 

The pulmonary vascular resistance (R ) equation is 

R p = A Pulmonary pressure / Pulmonary blood flow 

where A pulmonary pressure is the change in pressure across 
the pulmonary vascular bed (i.e., pulmonary artery mean pres- 
sure - left atrial mean pressure), often called the transpulmo- 
nary gradient. 

Similarly, the equation for systemic vascular resistance is 

R s = A Systemic pressure / Systemic blood flow 

where A systemic pressure is the change in pressure across the 
systemic vascular bed (i.e., systemic arterial mean pressure — right 
atrial mean pressure). 

When assessing the pulmonary vascular reactivity to vari- 
ous medications, a drop in pulmonary pressure may be related 
to the medicine decreasing the systemic resistance. In such situ- 
ations, calculating the relative resistances of the pulmonary 
and systemic vasculature may provide useful information: 

R p / R s = Pulmonary vascular resistance / 

Systemic vascular resistance 

This “hybrid” vascular resistance unit, the Wood unit, is 
defined in mm Hg/L/min; it is used for pediatric hemodynamic 
calculations. Because of the considerable size range of pediatric 
patients, Wood units are indexed to BSA by multiplying by the 
BSA and are reported as “Wood units-m 2 ” (mm Hg/L/mm-m 2 ). 
Indexing these units allows for comparison between patients 
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of different sizes (22). The normal range for indexed pulmo- 
nary resistance is 1 to 3 Wood units *m 2 . The normal range for 
indexed systemic resistance is 20 to 28 Wood units-m 2 . 

When calculating the pulmonary vascular resistance in 
patients with normal pulmonary artery pressures, the numera- 
tor (i.e., Apressure) is a small number (4 to 10 mm Hg), similar 
in magnitude to the denominator (i.e., the pulmonary blood 
flow, 2 to 8 L/min). Thus, a 1- to 2-mm Hg error in pressure 
measurement can result in a large error in the calculated R p . 
Thus, it is crucial to make sure the pulmonary artery and left 
atrial pressures are measured accurately. If there is concern for 
measurement error, recalibrate or change transducers to verify 
the pressures obtained. 

Oxygen and Nitric Oxide Inhalation Studies 

For patients with pulmonary hypertension, it is not only 
important to calculate pulmonary vascular resistance but also 
to identify whether elevated pulmonary vascular resistance is 
fixed or reactive to certain pharmacologic interventions. To 
answer this question in the cardiac cath lab, patients who 
have elevated pulmonary vascular resistance are given 100% 
inhaled oxygen or nitric oxide (usually 20 to 80 ppm). These 
drugs have pulmonary vasodilatory effects as is discussed in 
Chapter 20. Hemodynamic measurements (and baseline calcu- 
lations) are performed first in room air and then repeated after 
giving oxygen and/or nitric oxide for several minutes. Patients 
with elevated pulmonary vascular resistance that is fixed may 
not exhibit a significant increase in left-to-right shunt (if pre- 
sent) or significant decrease in resistance after receiving oxy- 
gen or nitric oxide. On the other hand, patients with reactive 
pulmonary hypertension will show a significant decrease in 
pulmonary vascular resistance index and R p /R s (23). 

Valve Area and Pressure Gradient 

The pressure gradient across a valve is a function of both 
the flow across the valve and the orifice size. At normal flow 
rates, cardiac valves offer little resistance to flow. As the flow 
increases, a small pressure gradient may develop across a nor- 
mal valve (e.g., a large left-to-right shunt through a ventricular 
septal defect resulting in a flow gradient across a normal pul- 
monary valve). Conversely, at low flow rates (e.g., shock), there 
may be little pressure gradient across a severely obstructed valve 
(e.g., neonatal critical aortic stenosis). Adult cardiologists 
describe valve stenosis in terms of the valve area, rather than the 
pressure gradient, as the valve area calculation takes into con- 
sideration flow rate. In general, the orifice area for most valves is 
2.5 cm/m 2 . However, most pediatric cardiologists describe valve 
gradients in terms of the peak pressure gradient across the valve. 
These pressure gradients are meaningful only when considered 
in conjunction with the trans valvar flow or cardiac output. 

Valve area is calculated using the Gorlin formula (Table 12.3) 
that incorporates cardiac output, heart rate, and pressure curves 
on either side of the stenotic lesion (incorporating time lines, in 
order to calculate systolic ejection or diastolic filling time, and 
calibrated for pressure) (24). Flow across a valve is not con- 
tinuous throughout the cardiac cycle. Flow occurs across the 
aortic and pulmonary valves, in systole, and across the mitral 
and tricuspid valves in diastole. The systolic ejection time is 
the period during which the aortic valve is open and blood is 
flowing across the valve and it is determined from simultaneous 
pressure tracings of the left ventricle and ascending aorta. The 
two points at which the ventricular tracing crosses the aortic 
tracing represent the opening and closing of the aortic valve. 
The time between these points is the systolic ejection time. The 
diastolic filling period is the time during which the mitral valve 
is open and blood is flowing across the valve. It is determined 
from simultaneous pressure tracings of the left atrium and left 
ventricle. The two points at which the left ventricular tracing 


TABLE 


12.3 


Calculation of Valve Areas Using 
the Gorlin Formula 


Calculation of the aortic valve area: 


Determine cardiac output (in mL), systolic ejection time (in 
s/beat), and R-R interval (in seconds). 

Calculate systolic flow: 


Systolic flow 


cardiac output x R-R interval 
60 x systolic ejection time 


Determine mean aortic valve gradient (mm Hg, by planimetry): 

... . 2 l systolic flow 

Aortic valve area (cm ) = ' ' . = 

44.5 x^/ mean systolic gradient 


Calculation of mitral valve area: 

Determine cardiac output (in mL), diastolic filling time 
(in s/beat), and R-R interval (in seconds). 

Calculate diastolic flow: 


.. .. cardiac output x R-R interval 

Diastolic flow = - 

60 x diastolic filling time 


Determine mean mitral valve gradient (mm Hg, by planimetry): 


Mitral valve area = 


Diastolic flow 

37.8 x sj mean diastolic gradient 


crosses the left atrial tracing represent the opening and clos- 
ing of the mitral valve. The time between these points is the 
diastolic filling period. Because the left atrium is rarely directly 
entered except in the presence of an atrial septal defect or 
PFO, it is more common to utilize simultaneous pressure trac- 
ings of the left ventricle and the pulmonary artery capillary 
wedge. These tracings must be realigned to compensate for the 
time delay of the pulmonary wedge tracing. In adult patients 
(who have slower heart rates), the wedge tracing is delayed by 
50 to 70 ms; in pediatric patients (who have faster heart rates), 
the wedge tracing is moved to the left so that the v wave is 
bisected by or just precedes the downstroke of the left ventricu- 
lar tracing. Once the appropriate ejection or filling period is 
determined, flow across the valve is calculated from the Gorlin 
equation according to the formulas provided in Table 12.3. 

The mean aortic valve gradient is most accurately deter- 
mined by planimetry of the area between the left ventricular 
and aortic tracings during the systolic ejection time. The mean 
mitral valve gradient is most accurately determined by planim- 
etry of the area between the left ventricular and the left atrial 
(or pulmonary capillary wedge) tracings during the diastolic 
filling period. Previously, planimetry was done by manual trac- 
ing or averaging multiple parallel lines; now computer pro- 
grams easily perform planimetry. 

In patients with congenital heart defects, particularly intra- 
cardiac or extracardiac shunts, determining the valve area is 
challenging, as the flow may be different across each valve. For 
example, with a ventricular septal defect, flow across the mitral 
valve is greater than flow across the aortic valve as a portion of 
left ventricular preload is ejected across the defect rather than the 
aortic valve. When the flow across a valve cannot be accurately 
determined, the valve area cannot be calculated. However, most 
of this information can be obtained from noninvasive means 
such as detailed 2-D and Doppler echocardiography. 
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ANGIOGRAPHY 


Basic Concepts 

In this era of highly developed noninvasive imaging tech- 
niques, the role of cardiac and vascular angiography is com- 
plementary and remains essential for the evaluation and 
management of selected conditions. The goals of angiography 
should be defined prior to the procedure, as determined by the 
information that is available from noninvasive studies, such as 
echocardiography, magnetic resonance imaging, and computer 
tomographic imaging, and further delineated during the proce- 
dure based on the hemodynamic and oximetric data obtained. 

This section covers basic angiography issues, including 
contrast agents, radiation exposure, catheters, and camera 
angles. Angiographic imaging of selected defects is discussed. 

Contrast Media 

Contrast media are radiopaque due to the iodine content and 
classified as either ionic (high osmolality) or nonionic (low 
osmolality) compounds. Both types yield excellent image qual- 
ity but have widely different side effect profiles. The main 
hemodynamic and cardiovascular effects of contrast agents are 
directly related to osmolality, sodium content, and the agent’s 
effect on serum calcium. For this reason, it is important to 
measure the most important portion of the hemodynamic data 
prior to use of a significant amount of contrast. 

The relative advantages and disadvantages of ionic versus 
nonionic contrast media have been discussed extensively in the 
literature (25). Ionic media are generally not recommended 
for use in the pediatric patient due to their more significant 
adverse physiologic and hemodynamic effects. The effects 
of using ionic media include: a rapid shift of interstitial and 
intracellular fluid into the vascular space, binding of serum 
calcium, an increase in pulmonary artery and left atrial pres- 
sures, reflex tachycardia, a sensation of intense heat or pain, 
coughing (pulmonary artery injection), and the potential for 
exacerbation of pulmonary hypertension. Nonionic media are 
routinely used for the pediatric or complex congenital patient, 
as these agents are safer, well tolerated, but more expensive. 
The older published guidelines for maximum contrast dosage 
typically state a maximum of 4 mL/kg as a limit for routine 
angiography during a procedure; however, studies using the 
newer contrast agents (with lower side effect profile) have not 
been conducted (26). It is prudent to assure that each patient 
receives adequate hydration during and after the catheteriza- 
tion procedure. 

Allergic reactions to contrast agents are unusual without 
prior exposure. If a patient has had a known allergic reaction 
to contrast, a premedication regimen that includes administra- 
tion of a corticosteroid and antihistamine should be utilized. 
Careful observation for any allergic reaction in such patients 
following injection of a very small dose of contrast should be 
performed before administering a bolus of contrast for angi- 
ography. Repeat dosing of these medications may be necessary 
depending on the length of the procedure. Allergy to shellfish 
may portend sensitivity to iodine, which is usually present in 
contrast media. 


Radiation Dose and Exposure 

Compared with other diagnostic procedures performed in 
pediatric patients, cardiac catheterization produces a relatively 
large dose of radiation. In adults, the cardiac catheterization 
radiation dose is about 600 times the dose of a chest x-ray 
view (27). Pediatric patients undergoing complex diagnostic 


evaluation or therapeutic cardiac catheterization are typically 
exposed to longer fluoroscopy times, thus a higher radiation 
dose. Thus, it is imperative that the catheterization goals 
be defined as well as possible ahead of time to minimize 
the exposure to radiation. For certain complex conditions 
(e.g., pulmonary atresia, complex functional single ventricle 
physiology), an increasingly aggressive treatment approach 
may result in an increased number of catheterizations at an 
earlier age, particularly in those patients who need interven- 
tion. Although it is difficult to quantitate the risk from radia- 
tion exposure in the cath lab, the probability of a fatal cancer 
per fluoroscopically guided procedure has been reported at 
approximately 0.07% (28). 

Factors that affect the radiation dose include the duration 
of exposure, the BSA exposed, and the current (mA) and volt- 
age (kV) used to generate the image. Although the patient’s risk 
associated with the radiation exposure should be less than that 
associated with untreated congenital heart defects or incom- 
plete diagnosis, the cardiologist must be aware of issues that 
affect both the patient and staff exposure to radiation, doing 
everything possible to minimize this exposure. As technology 
has advanced, technical modifications that have reduced 
radiation exposure during cardiac catheterization include 
the transition to digital-only systems, high-power x-ray tubes 
that allow copper filtration (inserted to reduce skin dose), last 
image storage, and improved detector efficiency (28,29). 


Patient Dose 

Cineangiography is associated with a markedly higher radi- 
ation dose per unit time than fluoroscopy, typically about 
15 times higher (29,30). Thus, in a simple diagnostic cath- 
eterization, cineangiography accounts for most of the radia- 
tion exposure. However, in lengthy interventional cases, 
fluoroscopy time contributes significantly to the total radia- 
tion dose. Simultaneous biplane imaging (either with fluor- 
oscopy or cineangiography) doubles the radiation dose 
compared with single-plane imaging. Similarly, the radiation 
dose increases with frame rate; pulsed fluoroscopy at 30 
frames per second is twice the dose of pulsed fluoroscopy at 
15 frames per second. For basic catheter manipulation, the 
fluoroscopic frame rate can be set lower, if extensive pro- 
cedure time is anticipated; however, this will detract from 
image quality. By selecting the lowest frame rate necessary 
(fluoroscopy and cineangiography) and judiciously minimiz- 
ing the use of biplane fluoroscopic imaging, the cardiologist 
can significantly reduce the radiation dose to the patient and 
cath lab personnel. One must always balance radiation dose 
with image quality (29). 

Recent improvements in cath lab equipment also have 
reduced the radiation dosage. In particular, the use of digital 
flat panel imaging systems has decreased the radiation dos- 
age from 25% to 50% when compared to prior use of con- 
ventional film systems (28). Collimation of the x-ray beam 
is another important factor in reducing radiation exposure. 
When the beam is collimated to the smallest area needed to 
view the pertinent structures, there is not only reduction in 
the volume of patient tissue exposed and radiation scatter to 
personnel, but there is improvement in image quality. Current 
modern systems allow for virtual collimation based on the last 
image stored, so that additional exposure is not needed to set 
these fields (28). Wedge filters should be positioned in the cor- 
ners of the radiographic field to further improve image quality, 
but should not be considered a major strategy for reduction of 
radiation exposure. One must remember that electronic mag- 
nification modes will increase patient radiation dosage, so it is 
recommended that the lowest level of magnification that pro- 
vides good image quality be used (29). 
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Cath Lab Personnel Exposure 

The previous discussion of radiation exposure is not only 
relevant to the patient but to the staff in the cath lab. The 
following considerations also apply to the protection of 
personnel. 

Scatter of the x-ray beam is the major source of person- 
nel exposure in the cath lab, although as a general rule the 
intensity of scatter to the operator is 1/1,000 of the patient 
skin dose. It is approximately 10 times greater with cineangi- 
ography than with fluoroscopy. Increasing patient size, field 
size, and angled views will all increase scatter. Lead shield- 
ing and increased distance from the patient provide the best 
protection against exposure from x-ray scatter; the radiation 
dose decreases rapidly as one moves away from the patient 
(1/r 2 ) (27). Distance from the patient is more easily maximized 
during angiography when using an automatic injector system, 
thereby reducing exposure. The operators’ hands should not 
be seen in the x-ray field (29). 

All staff working in the cardiac cath lab must wear “lead” 
aprons. New aprons, which are not made of lead, can be 
as much as 50% lighter than a lead apron, making them 
more comfortable to wear and producing less fatigue. They 
are made from several layers of very light fabric; each layer 
absorbs a different wavelength of radiation but covers the 
same radiation spectrum as a lead apron. Those personnel 
likely to have their backs to the patient during the procedure 
(e.g., staff obtaining equipment, performing transesophageal 
echocardiography) should wear lead aprons that completely 
wrap around them. A thyroid collar reduces the exposure risk 
to the thyroid by approximately one half. Wraparound leaded 
eyeglasses reduce ocular exposure by approximately one-fifth. 
Regular eyeglasses with glass lenses provide some protection; 
eyeglasses with plastic lenses provide virtually no protection. 

Additional measures that are helpful to reduce the overall 
amount of radiation exposure to both the patient and the staff 
include 

1. Intermittent use of the fluoroscopy with reduction in fluor- 
oscopic frame rate to the minimum needed for visualization 
of pertinent catheter course and cardiac structures 

2. Careful attention to catheter pressure tracings by the 
operator in order to correlate with catheter course on 
fluoroscopy 

3. Use of biplane fluoroscopy only when necessary 

4. Cineangiography for recording essential information, with 
the use of either cineangiography at a lower frame rate or a 
“store fluoroscopy” capability for less important functions, 
such as recording balloon inflations. 

5. The field of interest should be centered in the detector, with 
appropriate filters, collimators in use, and the detector as 
close to the patient as possible. 

6. Liberal use of lead shields for positioning between the oper- 
ator’s hands and the x-ray beam and for shielding of other 
cath lab personnel, such as anesthesia at the head of the 
cath lab table. 


Angiography 

The importance of good technique when performing angi- 
ography cannot be overemphasized. It is critical to assess 
the status of the patient prior to and during angiography, 
making sure that the patient is properly positioned on the 
table and will not move significantly during the injection 
of contrast. It is preferable to deliver the bolus of contrast 
within one cardiac cycle, where feasible, in order to provide 
the opacification needed for detailed angiography. Catheters 
used for angiography are thin walled and have multiple side 


holes to allow rapid delivery of contrast media at relatively 
high pressures without catheter recoil (Fig. 12.1). If cath- 
eter recoil is anticipated, then the rate of contrast injection 
can be slowed or the rise time to maximum pressure can be 
increased. Catheter tips should be free within the cardiac 
chambers or vessels (to prevent staining or injection into tis- 
sue), the body or shaft of the catheter should be positioned 
to support the catheter during injection to prevent excessive 
recoil, and the catheter should be positioned in or just proxi- 
mal to the area of interest. When positioned in a ventricle, a 
balloon-tipped angiographic catheter may cause less ectopy 
than other catheters. 

It is common during interventional procedures to make 
calibrated measurements of structures that are defined angi- 
ographically. During diagnostic studies, vessel size and ven- 
tricular function also can be quantitated in order to provide 
a thorough assessment of anatomy and function. A given 
catheter’s French size (1 Fr = 0.33 mm) may be used as a ref- 
erence for calibration to determine the x-ray magnification, 
allowing absolute measurements to be made from the angio- 
gram; however, small errors in measurement may contrib- 
ute to larger calibration errors since many structures being 
measured in the congenital patient are larger than the cath- 
eter itself. More accurate measurements may be obtained 
using a marker catheter, which has radio-opaque bands 
placed 1 or 2 cm apart (compared with a catheter that may 
be only 1 to 3 mm in diameter), but the x-ray beam must 
be perpendicular to the catheter to avoid foreshortening, 
which causes a calibration error. The most accurate method 
of calibration is that which is built into the imaging system 
itself, with the patient positioned at isocenter on the table, 
whereby automated calibration references allow for meas- 
urement of structures or vessels from stored fluoroscopic or 
angiographic images. 


Imaging of the Biventricular Heart 

Position of the Camera, Image Intensifier/Detector, 
and Radiographic Source 

Camera angles refer specifically to the angles of the flat panel 
detectors with respect to the table or patient’s chest. As viewed 
from the flat panel detector, the image plane is perpendicular 
to a line drawn between the x-ray tube and the detector. For 
example, in a straight frontal view, the frontal plane detector is 
positioned at 0 degree and the lateral detector is positioned at 
90 degrees for the corresponding orthogonal view. These sys- 
tems allow independent positioning of the tubes; however, a 
90-degree relationship between the two detectors is most often 
maintained so as to provide corresponding orthogonal views 
of complex congenital structures. 

The importance of angled views for imaging congenital 
heart lesions was first described by Taussig in the 1940s (31). 
Subsequently, several manuscripts have described the use of 
angled views (axial angiography) in the cardiac cath lab (28). 
While increasingly complicated surgical and transcatheter 
interventional techniques require more sophisticated angled 
views and camera adjustment, certain standard angles may be 
used for common lesions and traditional structural orienta- 
tion. Again, familiarity with the anatomy and structures that 

need to be defined during angiographic assessment is required , 
so that adjustments in camera angles can be made to optimize 
structural definition. Understanding the views needed and 
planning ahead may reduce overall radiation exposure (29). 
An exhaustive discussion of the use of angled views in congen- 
ital heart disease is beyond the scope of this chapter; however, 
basic imaging of the biventricular heart and of several other 
common defects is discussed below. 
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Figure 12.7. Infant with tetralogy of Fallot. A: Straight AP frontal plane view of right ventricular injection shows 
the infundibular stenosis and thickened pulmonary valve leaflets ( arrow ), in addition to the pulmonary artery 
bifurcation. B: 90-degree straight lateral projection again shows right ventricle well in addition to the right-to-left 
shunt through the VSD (* ) with filling of the left ventricle (LV). 


Right Ventricle and Pulmonary Arteries. The right ventricle 
is most often imaged in the frontal and straight lateral views 
(Fig. 12.7). Occasionally, 0 to 25 degrees of cranial angulation 
is added to the frontal plane detector to provide better defini- 
tion of the outflow tract. Note the following: 

1. Neither view displays the interventricular septum well as 
the normal right ventricle wraps around the left ventricle. 
The interventricular septum should be imaged from a left 
ventricular injection (unless there is simple transposition of 
the great arteries). 

2. The right ventricular outflow tract and main pulmonary 
artery (MPA) take a posterior course from the heart. With- 
out cranial angulation, there may be overlay of structures 
(Fig. 12.8); this is most accentuated when the MPA is 
dilated. The straight 90-degree lateral view displays the 
infundibulum (Fig. 12.8) and the pulmonary valve well in 
almost all patients. 

3. The right pulmonary artery (RPA) courses posterior to the 
ascending aorta and travels laterally into the right chest, 
alongside of and anterior to the right bronchus. It is well 
seen in the frontal view and almost completely foreshortened 
in the lateral view. For example, maintaining the detectors at 
a 90-degree relationship, if the catheter in the RPA is fully 
foreshortened in the lateral view (adjusted LAO so one is 
looking “down the barrel” of the catheter), then one can be 
assured that the frontal plane view (simultaneously adjusted 
with right anterior oblique [RAO] angulation) will fully dis- 
play the length of the vessel for accurate measurement. 

4. The left pulmonary artery (LPA) courses posteriorly in the 
chest, anterior to the descending aorta, over and behind 
the left bronchus. Its most proximal portion may not be 
well seen in the frontal plane but is better visualized in the 
lateral view, sometimes with LAO angulation to prevent 
foreshortening (similar, but “opposite,” to the technique to 
visualize the RPA). The distal portion of the LPA can be 


seen well in a straight lateral view but is foreshortened in 
the frontal view. 

Left Ventricle and Aorta. The left ventricle is imaged using 
RAO and left anterior oblique (LAO) with cranial angulation 
(Fig. 12.9A). For an RAO view, the frontal image intensifier 
has 20 to 30 degrees of straight rightward angulation, whereas 
the lateral image intensifier has 60 to 70 degrees of leftward 
angulation with 20 to 30 degrees of cranial angulation. Images 
created with these projections are shown in Figure 12.9B-F. 
Note the following: 

1. The RAO view displays the anterior portion of the inter- 
ventricular septum (between the arrowheads in Fig. 12. 9B). 
An anterior muscular ventricular septal defect or a defect 
arising from conal septal hypoplasia would be displayed in 
this view as a jet of contrast coursing superiorly into the 
right ventricular outflow tract. The mitral valve is visual- 
ized, and mitral insufficiency (if present) would be noted. 

2. The LAO/cranial view displays the membranous, 
midmuscular, and apical portions of the ventricular septum 
(Fig. 12. 9D). A qualitative assessment of left ventricular 
function can be performed in this view, and when calibrated 
systems are in place, the ventricle can be measured in dias- 
tole and systole to provide ejection fraction and volumes. 

3. Neither view optimally profiles the inlet portion of the ven- 
tricular septum. 

4. The right coronary artery can be seen in both the RAO 
and LAO/cranial views, outlining the position of the tri- 
cuspid valve. The left main coronary artery is seen in the 
LAO/cranial view coursing posteriorly from the aortic 
root, bifurcating into the left anterior descending branch 
anteriorly and the circumflex branch posteriorly. 

5. The aortic valve is imaged well from a left ventricular injec- 
tion, and the leaflets should be thin and barely visible when 
normal (Fig. 12.9E,F). 
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Figure 1 Right ventricular (RV) angiogram in an infant with severe pulmonary valve stenosis. In the frontal 
projection (A), the right pulmonary artery (RPA) is seen well, but the left, which courses posteriorly, is foreshort- 
ened. Note the hinge points (arrows) of the thickened pulmonary valve that domes in systole and the narrow jet 
of contrast passing through the valve. The lateral projection (B) displays the thickened, doming pulmonary valve 
(arrows). Most of the left pulmonary artery (LPA) is seen well in this view, but the right pulmonary artery is 
more foreshortened. There is a prominent ductus diverticulum (double arrow). C,D: RV angiogram in an older 
child with long-standing pulmonary stenosis following balloon valvuloplasty. Frontal plane view (C) shows very 
dynamic infundibular stenosis (arrows) with hyperdynamic RV function and prominent trabeculations. Lateral 
view demonstrates the dynamic infundibular narrowing well (arrows). In both views, there is significant postste- 
notic dilation of the main pulmonary artery. 
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For atrioventricular septal defects (which are not commonly seen 
in the cath lab for purposes of diagnostic angiography but for 
determination of pulmonary resistance in the older patient) and 
posterior muscular ventricular septal defects, visualization of the 
inlet portion of the ventricular septum is required. This requires 


more cranial and more vertical angulation than the usual LAO/ 
cranial view and is best displayed in the hepatoclavicular view 
(Fig. 12.10). For this, the lateral detector is moved to 40 degrees of 
leftward angulation and 40 degrees of cranial angulation, whereas 
the frontal camera has 30 degrees of rightward angulation. 




Figure 12.9. A: Biplane cardiac cath lab with the c-arms positioned for right anterior oblique (RAO) and long 
axial oblique projections. The frontal flat panel detector has 20 degrees of rightward angulation, while the lateral 
flat panel detector has 70 degrees of leftward and 25 degrees of cranial angulation. B: Retrograde left ventricu- 
logram, RAO projection. The anterior muscular septum is indicated by the two arrowheads; a ventricular septal 
defect in this region would appear as a superiorly directed contrast jet. The mitral valve is indicated by the open 
arrow , and mitral insufficiency (if present) would be seen in this view. C,D: Retrograde left ventriculogram in 
a child with tricuspid atresia, normally related great arteries and a restrictive muscular ventricular septal defect 
(VSD). Frontal plane (C) with 27 degrees RAO angulation shows contrast appearing in the pulmonary artery 
(PA), but the ventricular septum is not profiled well from this angle. The corresponding LAO view (D; 61 degrees 
LAO, 19 degrees cranial) profiles the ventricular septum well and shows both the midmuscular VSD ( arrows ) and 
the tiny apical trabecular VSDs (*) in addition to the hypoplastic right ventricular chamber (RV). 
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Figure 12.9. (Continued) E,F: Retrograde LV injection in an infant with a complex vascular ring shows thin aor- 
tic valve leaflet in the RAO projection (E) with competent mitral valve (three arrows). LAO projection (F) shows 
the intact ventricular septum very well; the right coronary (arrowheads) courses anterior to the right ventricle 
(which is not opacified in this patient with intact septum). 



Figure 12.10. Hepatoclavicular view. A: Left ventriculogram in a child with a complete atrioventricular septal 
defect. The left ventricle is densely opacified, and contrast has crossed a large ventricular septal defect to outline 
the common atrioventricular valve (as negative contrast or dark appearance). The right ventricle is not yet fully 
opacified in this frame. B: Left ventriculogram in a child with tricuspid atresia. The large ventricular septal defect 
and moderately hypoplastic right ventricle are well seen. 
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Figure 12.11 . Straight AP (A) and lateral (B) views of a right ventricular injection in a patient with d-transposition 
of the great arteries, ventricular septal defect, and complex upstairs-downstairs ventricular arrangement. Both 
great arteries fill from the RV injection, although the aorta is more densely opacified and appears directly in front 
of the pulmonary artery in the frontal plane (A). In the straight lateral plane (B), it is now possible to appreciate 
the direct anterior (aorta, Ao)/posterior (pulmonary artery, PA) relationship of the great vessels more easily than 
in a complex angled view. Using such views will aid surgical planning when reoperation is necessary, so that the 
surgeon may appreciate the relationship of the great vessels to the sternum. 


Specific Techniques 

Aorta and Pulmonary Arteries 

In more complex arrangements of the great vessels, it is 
often preferred to perform angiography in straight PA and 
lateral planes in order to define the left-right relationship of 
the vessels as defined in the frontal plane and, correspond- 
ingly, the anterior-posterior relationship in the lateral plane 
(Fig. 12.11). 

Central Pulmonary Arteries 

In some patients, particularly those who have tetralogy of 
Fallot, it is not possible to obtain sufficient cranial angula- 
tion to display the pulmonary artery bifurcation in the frontal 
plane view. Although routine catheterization of infants with 
tetralogy of Fallot is uncommon, postoperative angiography 
may be performed if pulmonary branch stenosis is suspected 
and warrants intervention. The catheter must be positioned 
beyond the right ventricular outflow tract, as contrast in the 
right ventricle will obscure the pulmonary arteries. Preferably, 
RAO and LAO projections, both with cranial angulation, may 
display the proximal right and left branch pulmonary arter- 
ies, respectively. In other cases, where this does not provide 
adequate visualization of the individual branches, extreme 
caudal angulation may display the central pulmonary artery 
bifurcation. Selective pulmonary artery injection will usually 
be necessary before intervention is undertaken so that detailed 
anatomy and calibrated measurements can be accurately 
obtained (Fig. 12.12A,B). In the case of very severe branch ste- 
nosis, balloon occlusion angiography with the catheter posi- 
tioned in the contralateral PA may be used to fill the stenotic 
vessel (Fig. 12.12C,D). 


Left SVC or Venous Collateral Vessels. Definition of the 
venous drainage of the upper body is necessary prior to a 
cavopulmonary anastomosis. An angiogram in the left innomi- 
nate vein will display a left SVC or venous collateral vessels, if 
they are present. The angiogram may be performed using either a 
side-hole angiographic catheter positioned at the junction of the 
left IJ and subclavian veins or with an end-hole catheter using a 
balloon-occlusion technique. The balloon catheter is positioned 
in the innominate vein just medial to the left jugular vein, the bal- 
loon is inflated (occluding the innominate vein), 2 to 5 mL of con- 
trast is hand injected, and then the balloon is deflated, allowing 
the contrast to drain via the right SVC into the heart (Fig. 12.13). 

Pulmonary Angiography through a Sano, Modified Blalock- 
Thomas-Taussig Shunt, or Cavopulmonary Anastomosis 

Current Norwood stage I palliation for hypoplastic left heart 
syndrome is carried out with either a Sano modification or a 
modified Blalock-Thomas-Taussig shunt as a source for pul- 
monary blood flow. In patients with the Sano modification, a 
right ventricular injection may show the pulmonary arteries 
fairly well but the Sano shunt is better visualized in the lateral 
projection due to overlap of the structures in the frontal plane 
projection (Fig. 12.14). A modified Blalock-Thomas-Taussig 
shunt can be easily accessed with a soft-tipped catheter in order 
to perform an angiogram in the shunt; this provides definition 
of the shunt caliber and pulmonary artery branch anatomy. 
With retrograde access, an angled-tip, 0.025 in, hydrophilic 
wire and a 4 Fr end-hole catheter (such as an internal mam- 
mary artery catheter or Judkins right) facilitates this procedure 
and minimizes negative hemodynamic effects. It is possible 
to directly measure pulmonary artery pressure if the catheter 
can be advanced through the shunt without hemodynamic 
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Figure 12.12. Examples of pulmonary artery branch stenosis. A, B: Selective left pulmonary artery (LPA) injec- 
tion in a patient with proximal LPA stenosis. With the frontal plane detector angled at 16 degrees cranial/6 
RAO, the proximal LPA stenosis {arrow) is completely foreshortened (A). This assures the operator that the 
orthogonal view (B) fully depicts the stenosis ( arrows ) and that measurement of this segment will be accurate. 
C,D: Severe right pulmonary artery (RPA) stenosis in a patient who had repair of anomalous left coronary 
originating from the mid-RPA. Balloon occlusion is performed with the angiographic catheter in the proximal 
LPA to occlude flow distally (C, open arrows ), forcing contrast into the tightly stenotic RPA (arrowheads). 
Note the reduced perfusion of the RPA branches, which appear fully distributed (D), and is better seen on the 
corresponding AP view). 


embarrassment, and the tip is free without pressure dampening. 
A selective pulmonary artery injection can also be performed 
by hand. Additional hand injections can be performed in the 
shunt with this catheter in order to demonstrate the anatomy 
more specifically (Fig. 12.14D). In some cases, the pulmonary 
arteries may be imaged without crossing the shunt, particu- 
larly if the patient has low saturations (unless intervention 


is anticipated). A balloon-tipped angiographic catheter can 
be advanced antegrade through the heart into the subclavian 
artery, distal to the origin of the shunt. The balloon is inflated, 
occluding the distal subclavian artery, while a power injection 
of 0.5 to 1 mL/kg of contrast is performed. Positioning the side 
holes directly over the shunt origin prevents dense filling of the 
aorta, which would obscure the pulmonary arteries. 
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Figure 12.13. A,B: Balloon occlusion hand injection of contrast in the innominate vein fills a diminutive left 
superior vena cava (SVC) that drains to the coronary sinus. Lateral view (B) demonstrates posterior course of 
the left SVC to coronary sinus. 



Figure 12.14. A,B: Right ventricular angiography in an infant with hypoplastic left heart syndrome, following 
Norwood Stage I with Sano modification (right ventricle to pulmonary artery conduit). A: In the straight frontal 
plane view, the Sano shunt ( arrows ) lies directly in front of the descending aorta, making it very difficult to see 
if there is stenosis in the Sano shunt. B: Lateral view nicely demonstrates the position of the Sano shunt ( arrows ) 
without evidence of stenosis in the Sano conduit itself (prominent right ventricular muscle bundles are present at 
origin). This view also shows the entire neoaortic arch very well. 
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Figure 12.14. (Continued) C: More selective catheter injection in the proximal Sano shunt fills the pulmonary 
arteries well. D: Retrograde end-hole catheter injection by hand into the mid-portion of a Modified Blalock- 
Taussig shunt shows typical stenosis (double arrow ) in the right pulmonary artery immediately adjacent to the 
shunt insertion; pulmonary arteries are well distributed. 


For patients who have advanced through stage II pal- 
liation, usually a conversion to bidirectional cavopulmonary 
anastomosis, IJ access is needed and the pulmonary angiogram 
is performed with the angiographic catheter positioned in the 
distal SVC (Fig 12.15). 


Pulmonary Vein Wedge Angiography 

When the pulmonary arteries cannot be imaged by direct 
injection or by injection of an aortopulmonary shunt or 
aortopulmonary collateral, pulmonary vein wedge angiography 




Figure 12.15. A ,B: Injection via the angiographic catheter positioned in the distal superior vena cava to pulmo- 
nary artery anastomosis shows normal-size and normally distributed pulmonary arteries. MPA, main pulmonary 
artery; RPA, right pulmonary artery; LPA, left pulmonary artery. 
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Figure 12.16. Pulmonary vein wedge injection with the capil- 
lary bed filling retrograde into a very diminutive left upper lobe 
artery (arrow) in a patient with complex pulmonary atresia / 
ventricular septal defect. 


may be necessary (32). An end-hole catheter is advanced ante- 
grade into the pulmonary vein, typically through the patent 
foramen or atrial septal defect. With free flow of blood upon 
drawing back on the syringe, a 5- to 12-mL syringe contain- 
ing 1 to 4 mL of contrast (0.3 mL/kg, maximum 4 mL) is 
held in vertical position and a small amount of blood is drawn 
into the syringe. The contrast forms a separate layer in the 
syringe below the blood and the pulmonary vein is occluded 
by advancing the catheter. The contrast and saline are slowly 
hand injected to backfill the pulmonary capillary bed and 
pulmonary artery (Fig. 12.16), continuously watching the 


appearance of the vascular bed on the monitor. If the contrast 
is injected too rapidly, the capillaries may rupture into the air- 
ways, causing coughing and respiratory distress. On the other 
hand, if there is significant flow to that pulmonary artery from 
an aortopulmonary collateral vessel, visualization by a hand 
injection may be difficult and it may be necessary to balloon- 
occlude the collateral vessel during the vein wedge injection. 

Selective Coronary Arteriography 

In some pediatric patients, adequate imaging of the coronary 
arteries is achieved with an aortic root injection, or even a 
left ventriculogram. Indications for selective coronary angiog- 
raphy include a coronary artery fistula (including pulmonary 
atresia with intact ventricular septum), Kawasaki disease, 
heart transplant, and coronary ischemia (Fig. 12.17). Coro- 
nary catheter size refers to the diameter of curvature of its 
preformed distal end: a Judkins Left or JL-2 catheter is pre- 
formed to access the left coronary artery with a 2-cm diameter 
of curvature of the distal tip. The proper size catheter is a func- 
tion of the aortic root diameter. Some pediatric patients who 
require selective coronary angiography (e.g., previous arterial 
switch procedure, heart transplant) have atypical locations 
of the coronary artery origins. Successful cannulation of the 
coronary arteries requires an understanding of the anatomy 
and choosing the appropriate catheter for this anatomy; often 
an aortic root injection will provide a good road map if there 
is difficulty with selective cannulation. When the aorta arises 
from the right ventricle (transposition of the great arteries), 
antegrade selective coronary angiography can be performed, 
but the retrograde approach is still preferred. 

Definition of Aortopulmonary Collateral Vessels 

In patients with obstructed pulmonary flow (tetralogy of Fal- 
lot, pulmonary atresia, complex single ventricle), accurate 
definition of the collateral supply to the pulmonary arteries 
is crucial prior to surgical or transcatheter intervention. Ini- 
tially, an aortogram is performed to display all aortopulmo- 
nary collateral vessels. In an infant, this may be accomplished 



Figure 12.17. Selective coronary artery angiography in a patient with history of infantile Kawasaki disease and 
giant coronary aneurysms seen on echocardiography. A,B: Right coronary injection shows two large aneurysms 
(arrow). 
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Figure 12.17. ( Continued ) C,D: Left coronary injection shows large proximal aneurysm in the left anterior 
descending branch ( double arrow) with more distal smaller aneurysm ( arrowhead ); there is a small saccular 
aneurysm in the circumflex artery [arrow). 


by an antegrade angiography (Fig. 12.18A), balloon-occlusion 
injection in the descending aorta (Fig. 12.1 8B), or with a ret- 
rograde aortic angiogram (Fig. 12.18C). Once the collateral 
vessels are identified, individual selective hand injections are 
typically performed in each of the collaterals, defining the 


pulmonary segments supplied by the collateral and whether 
there is communication with the “true” pulmonary arteries 
(Fig. 12.18D). Aortopulmonary collateral or dilated bronchial 
vessels can occur in patients with transposition of the great 
arteries, although in most cases, they are of no physiologic 



Figure 12.18. A: Antegrade angiography with catheter advanced from right ventricle into ascending aorta in 
an infant with tetralogy of Fallot/pulmonary atresia and a large tortuous patent ductus arteriosus supplying 
diminutive but confluent pulmonary arteries (subsequent angios, not shown, did not demonstrate collaterals). 
B: Balloon occlusion aortogram in an infant with very complex pulmonary atresia/intact ventricular septum/ 
Alagille syndrome. Injection is performed with the catheter-advanced antegrade through the atrial septal defect, 
left ventricle, and aortic valve, with the catheter positioned just above the diaphragm. The balloon is inflated so 
that contrast fills the proximal descending aorta outlining the very complex collateral supply. 
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Figure 12.18. (Continued) C: Retrograde aortogram in complex pulmonary atresia/VSD provides a “road map” 
of the collateral vessels before selective angiography is undertaken. D: Selective hand injection with an end-hole 
catheter fills the true pulmonary artery confluence in this same patient (as in panel C). 


significance; a descending aortogram should identify these 
vessels, which can then be selectively injected and potentially 
coiled if hemodynamically important (33). 

Complications 

Although patients referred for cardiac catheterization are now 
smaller and have more complex cardiac abnormalities, the 
procedure has become safer. Complication rates are higher for 
interventional procedures than diagnostic procedures and are 
more frequent in neonates and infants than older patients. The 
most common complication is related to vascular access (34). 
Mortality rates, currently reported at approximately 0.25% 
to 0.29%, are usually related to the severity of illness in this 
population (34,35). 

Arrhythmias 

Arrhythmias during cardiac catheterization are common and 
are usually related to catheter contact with the atrial wall 
or ventricular myocardium. Such benign arrhythmias resolve 
with catheter repositioning. Careful catheter manipulation 
and, in some lesions, using tip-deflector wires or balloon- 
tipped catheters to diminish irritation of the myocardium are 
helpful in avoiding arrhythmias. Catheter-induced atrioven- 
tricular block can easily occur in children with atrioventricu- 
lar discordance (S, L, L), but can also occur in children with 
D-transposition of the great arteries (S, D, D) and tetralogy 
of Fallot, particularly during passage of a catheter from the 
right ventricle to the aorta. Atrioventricular block generally 
resolves spontaneously, but if prolonged or associated with 
hemodynamic compromise, temporary transvenous pacing 
may be necessary (34). 

Hypoventilation 

The combination of pharmacologic sedation and physi- 
cal immobilization during cardiac catheterization may 
foster hypoventilation. In the current era, approximately 


three-fourths of congenital cardiac catheterizations will be 
performed with general anesthesia, which minimizes these 
risks (35). Continuous pulse oximetry saturation monitor- 
ing, end-tidal C0 2 monitoring (in intubated patients), and 
arterial blood gas sampling all aid in assuring maintenance 
of stable airway status during the procedure. The position of 
the endotracheal tube should be checked during initial fluor- 
oscopy. Regardless of whether conscious sedation or general 
anesthesia is utilized, careful attention to airway management 
is required in all cases. 

Embolism 

Although pulmonary or systemic emboli are rare during car- 
diac catheterization in children, the potential for an embolic 
event is real, and the results can be devastating. Air, thrombus, 
broken wires, or catheters all can embolize. Conditions that 
increase the risk of an embolic event include the use of large 
sheath size (particularly when placed in the left heart or with 
a right- to-left shunt), cyanosis with erythrocytosis or anemia, 
and prolonged catheter manipulation in the ascending aorta or 
transverse arch. Precautions that decrease the risk of an embo- 
lism include systemic heparinization (50 to 100 U/kg as an 
initial bolus dose with appropriate monitoring of the activated 
clotting time according to locally available assays), frequent 
aspiration and flushing of catheters, use of carbon dioxide to 
inflate balloon catheters, and positioning the arterial catheter 
distal to the brachiocephalic vessels. 

Cardiac Perforation 

Improved catheter technology and better noninvasive defini- 
tion of the cardiac anatomy have resulted in fewer complica- 
tions, including cardiac perforation. The most common sites 
of cardiac perforation are the atrial appendages (especially if 
the heart is viewed in only one plane), the right ventricular 
outflow tract of small infants, the right ventricle during endo- 
myocardial biopsy (particularly in smaller children with myo- 
carditis), the left ventricular apex, and the aortic valve cusps. 
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Pushing a wire or Brockenbrough needle through the wall of 
the heart usually does not cause a problem as the puncture site 
is very small; however, passage of anything larger (e.g., dila- 
tor, catheter, sheath) through the atrial wall is likely to require 
surgical repair. Perforations in the ventricle are more likely to 
seal over without needing surgery. 

When hypotension occurs during or shortly after cardiac 
catheterization, cardiac perforation resulting in tamponade 
must be considered. An echocardiogram should be obtained 
immediately. Fluoroscopically, there are two clues to alert 
the staff about a pericardial effusion: an enlarged cardiac 
silhouette with absent movement of the cardiac silhouette. 
Therefore, it is important to know the cardiac size, shape, 
and motion prior to starting the catheterization. When car- 
diac perforation occurs, initial treatment includes removal 
of the catheter and observation. Any coagulopathy should 
be corrected. If clinically indicated, pericardiocentesis is per- 
formed and a pericardial drain (pigtail catheter) is placed. By 
connecting a stopcock and sterile IV tubing to the pericardial 
drain, the blood can be reinfused into a venous catheter to 
aid in maintaining hemodynamic stability while monitoring 
the rate of persistent bleeding closely. If there is continued 
accumulation of pericardial blood, surgical repair should be 
immediately arranged. 

Hypercyanotic Episode 

Despite appropriate precautions (hydration, sedation, 
careful catheter manipulation), infants and children with 
tetralogy of Fallot and some forms of double-outlet single 
ventricle with infundibular pulmonary stenosis are at risk 
for a hypercyanotic episode (“tet spell”) during or shortly 
after cardiac catheterization. This complication occurs more 
frequently in small, cyanotic infants. Often, thorough echo- 
cardiographic assessment will have determined much of the 
anatomy, leaving one or more specific remaining questions 
to be expeditiously answered during catheterization (e.g., 
coronary artery anatomy, distal pulmonary artery anatomy, 
additional ventricular septal defects, and collateral vessels). 
If possible, avoiding deliberate catheter manipulation across 
the tightly stenotic pulmonary outflow tract may lessen cath- 
eter-induced hypoxemia. Increasing cyanosis, fluctuating 
arterial oxygen saturations, metabolic acidosis, all can be 
indications of an impending hypercyanotic episode. Appro- 
priate treatment includes administration of volume (saline, 
or red blood cells if very anemic), IV phenylephrine or other 
peripheral vasoconstrictors, sodium bicarbonate (for aci- 
dosis), and intubation (if not already performed). General 
anesthesia can be helpful but may not “break” a hypercy- 
anotic episode in a patient who was consciously sedated for 
the procedure. 

Patient with Pulmonary Vascular Disease 

It has been long documented that there is an increased risk 
associated with cardiac catheterization in patients with 
markedly elevated pulmonary vascular resistance (36). The 
periprocedural mortality has been reduced significantly by 
advances in airway management, sedation, and pharmaco- 
logic management of pulmonary hypertension, in addition 
to a safe procedure carried out by a team of experienced 
pediatric cardiologists and cardiac anesthesiologists. Indi- 
cations for catheterization include baseline hemodynamic 
evaluation, assessment of pulmonary reactivity using phar- 
macologic agents, and uncommonly, potential for inter- 
vention to create an atrial septal defect. In most cases, 
pulmonary artery angiography should be avoided, as it 
could precipitate acute, sometimes fatal, pulmonary artery 
vasoconstriction. 


Peripheral Vascular Injury 

Vascular complications are among the most common complica- 
tions following congenital cardiac catheterization (34). Factors 
contributing to peripheral vascular injury include small vessel 
size (in infants), large catheter or sheath size, multiple previ- 
ous entries into the vessel, multiple catheter exchanges, and 
improper technique for achieving vascular access or hemosta- 
sis. Measures that reduce the incidence and severity of periph- 
eral vascular injury should include attention to the following: 
skilled percutaneous access, use of ultrasound to visualize the 
vascular structures, use of finely tapered sheaths and dilators 
over appropriate-sized wires, systemic heparinization, and effi- 
cient execution of the procedure minimizing the time catheters 
are in the vessel (37). At the end of the procedure, the catheters 
and sheaths should be aspirated to remove any thrombus and 
then removed, allowing the vessel to bleed back briefly. Hemo- 
stasis is achieved by applying pressure with one or two fingers 
cephalad to the site of percutaneous entry, which should be 
at the site of entry into the vessel. Routine use of sandbags or 
mechanical devices to apply pressure to percutaneous sites is 
contraindicated in pediatric catheterization procedures. 

After a diagnostic catheterization, pulse loss is rare. Even 
in small infants, the use of a 3 Fr pigtail catheter tapered to a 

0.021 -in wire should allow a safe retrograde arterial catheteri- 
zation (although the catheter flow rate is low). When loss of 
a pulse occurs, heparin is continuously infused until the pulse 
returns or for 12 to 24 hours. There is likely a component of 
arterial spasm, and heparin may prevent thrombus formation 
at the site of spasm. If the pulse does not return, treatment 
with an thrombolytic agent may be instituted unless contrain- 
dications are present (38,39). 

Latex Allergy 

Latex allergy can result in a wide range of symptoms, from 
contact urticaria to life-threatening anaphylaxis. Overwhelm- 
ing anaphylaxis generally occurs during surgery and results 
from patient exposure to surgical latex gloves. This problem 
has occurred in patients who previously had minor symptoms 
caused by contact with latex (38). However, there have been 
no reports of anaphylaxis from the use of intravascular latex 
catheter balloons. For any patient with any history of latex 
allergy undergoing cardiac catheterization, standard institu- 
tional protocols for latex precautions should be observed. 
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C atheter-based techniques, whether palliative or corrective, 
are now the accepted therapy for many congenital cardiac 
defects. Interventional or, better termed, therapeutic catheter- 
izations were initiated by Dotter and Judkins (1), who first 
reported the treatment of peripheral vascular lesions during a 
catheterization in 1964, when they dilated a stenotic peripheral 
vessel through a cut-down on the vessel. The next major in- 
novative accomplishment and the first intracardiac therapeutic 
catheterization procedure for pediatric congenital heart dis- 
ease (CHD) was the balloon atrial septostomy (BAS) done by 
Rashkind and Miller (2) in 1966. This procedure really “set 
the stage” for all therapeutic catheterization procedures used 
today. In 1968, Porstmann et al. (3) reported the first non- 
surgical corrective procedure in the catheterization laboratory 
with their description of a technique for closure of a patent 
ductus. Vascular occlusion coils were introduced by Gianturco 
et al. (4) in 1975, and in 1976, King et al. (5) were the first 
to describe the closure of atrial septal defects (ASDs) in the 
catheterization laboratory. Even though their device has not 
found widespread use, it set the stage for future development 
of transcatheter devices. One of the largest contributions to 
interventional cardiology has probably been made by Gru- 
entzig, a Swiss native who in 1976 reported on dilation of 
peripheral vessels with noncompliant balloons. This initiated 
a rapid innovative spurt within the congenital cardiac com- 
munity during which narrowed lesions at various locations 
were treated with balloon angioplasty, frequently initially in a 
noncontrolled fashion. In 1982, Dr. Jean Kan (6) reported the 
first successful transcatheter static balloon pulmonary valvu- 
loplasty (BPV) and Dr. James Lock et al. (7) in 1988 used the 
clamshell device to occlude a ventricular septal defect (VSD) 
using a percutaneous approach. Dr. Charles Mullins intro- 
duced endovascular stents into the management of patients 
with congenital cardiac lesions (8), and the long list of innova- 
tions reached another milestone when Dr. Phillip Bonhoeffer 
et al. (9), a German cardiologist working in France in 2000, 
performed the first transcatheter pulmonary valve replacement 
in a human. Transcatheter valve therapies and other interven- 
tional therapies to treat patients with structural heart disease 
have rapidly increased over the past few years. Another mile- 
stone was reached when the Melody valve (Medtronic, Min- 
neapolis, MN) gained Food and drug administration (FDA) 
Humanitarian device exemption (HDE) approval in January 
2010. These therapies are not limited anymore to patients 
with CHD. In fact, transcatheter aortic valve implantations in 
adults have overtaken transcatheter valve therapies in the con- 
genital population, with several thousands of implantations of 
the Core Valve (Medtronic, Minneapolis, MN) in adults having 
been performed thus far. 

In this section, the most important therapeutic catheteri- 
zation procedures performed as of this writing are discussed. 
This chapter is not intended as a complete and exhaustive 
textbook of interventional techniques, but instead should give 
the reader a general overview of therapeutic catheterization. 


It should be emphasized that not every pediatric cardiologist, 
or, for that matter, every center, should offer every therapeu- 
tic catheterization procedure. For any procedures to be per- 
formed at any particular institution, minimal specific skills are 
required, special techniques must be mastered and maintained, 
and a large inventory of specialized and expensive catheters 
and devices must be stocked to offer the patient an optimal 
procedure. Absence of appropriate qualifications and equip- 
ment can result in unnecessary risk to the patient without a 
reasonable chance of the therapeutic catheterization procedure 
being successfully accomplished. In fact, even if the patient 
is not acutely harmed by the attempt, it is important to be 
aware of the fact that the next procedure in a more appropri- 
ate setting might be compromised by a previously unsuccessful 
attempt. 

We have used and expanded upon this chapter published in 
other editions of this textbook and therefore acknowledge the 
previous contributions made by Drs. Nancy Bridges, Martin 
O’Laughlin, Charles Mullins, and Michael Freed. 


ADVERSE EVENTS AND QUALITY 
IMPROVEMENT 

For many years, reporting of procedure-related adverse events 
was limited mostly to single-center retrospective experiences, 
often without any clearly and consistently applied criteria of 
what would be considered an adverse event, and how its sever- 
ity should be defined (10-12). Over the years, several multi- 
center registries have captured procedural outcomes including 
efficacy and occurrence of adverse events, which included 
the Valvuloplasty and Angioplasty of Congenital Anomalies 
(VACA) registry, Mid-Atlantic Group of Interventional car- 
diology (MAGIC), and Congenital Cardiovascular Interven- 
tional Study Consortium (CCISC) (13—15). The data derived 
from these registries often provided the only prospective mul- 
ticenter outcome data for many types of procedures. 

A more systematic capture of procedure-related adverse 
events was accomplished recently through the Congenital 
Cardiac Catheterization Project on Outcomes (C3PO) multi- 
institutional registry (16), using definitions for event severity 
and preventability as defined in the International Pediatric 
Congenital Cardiology Code nomenclature (17). This regis- 
try documented not insignificant rates of adverse events, 10% 
for diagnostic cases and 20% for interventional procedures. 
Higher severity (level 3 to 5) adverse events occurred in 9% of 
interventional cases and 5% of diagnostic cases. 

However, to accurately compare adverse event rates and 
outcome between institutions and operators, an adjustment for 
case mix and hemodynamic vulnerability is required. Using con- 
sensus-based and empirical methods and methods derived from 
the C3PO dataset, Bergersen et al. (18) recently reported on 
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procedure-type risk groups, separating different types of 
diagnostic and interventional procedures into four different 
risk groups, ranging from diagnostic procedures performed in 
patients over 1 year of age (Risk Group 1) to balloon angioplasty 
of four or more pulmonary artery branches (Risk Group 4). 

Following the definition of procedure-type risk groups, 
Bergersen et al. reported on hemodynamic variables associ- 
ated with vulnerability for AE, which were determined based 
on an empirical analysis of the C3PO data set. The combi- 
nation of variables that were identified to offer the best pre- 
dictive performance for high severity adverse events included 
systolic main PA pressure >45 mm Hg (two-ventricle) or 
mean PA pressure >17 mm Hg (single-ventricle), systemic 
ventricular end-diastolic pressure >1 8 mm Hg, mixed venous 
saturations <60% (two- ventricle) or mixed venous satura- 
tion <50% (single-ventricle), and systemic saturations <95% 
(two-ventricle) or <78% (single-ventricle) (19,20). 

However, incidence of adverse events and efficacy of an 
interventional procedure do not exclusively depend on patient- 
specific characteristics and procedure type. In fact, Holzer et 
al. (20,21) found that operator experience of <10 years was 
an important independent risk factor for procedure-related 
higher severity adverse events for both pulmonary artery reha- 
bilitation and BPV. 

These various quality improvement efforts have culminated 
in the development of Improving Pediatric and Adult Con- 
genital Treatment Registry and National Cardiovascular Data 
Registry, which were designed to capture all catheterization 
procedures performed nationwide within the United States in 
pediatric and adult patients with CHD. While the registry is 
only in its first year of data collection, hopefully it will eventu- 
ally allow operators and institutions to compare performance 
objectively on a national level (22). 

THE INTERVENTIONAL ARMAMENTARIUM 

General Considerations 

The spectrum of transcatheter procedures available for 
the treatment of children and adults with CHD has rapidly 
increased over the last three decades. While the technical skills 
of the operator combined with a sound anatomic and hemody- 
namic understanding of a patient’s condition remain without 
a doubt the most important ingredients for the successful out- 
come of an interventional catheter procedure, the choice of the 
appropriate equipment is almost equally important for a suc- 
cessful outcome. With rapid progress that is being made in the 
development of new and more refined equipment, the operator 
has an inherent responsibility to keep up-to-date with these 
development efforts and to avoid procedural failures in situa- 
tions where the use of a different type of equipment may lead 
to a very different outcome. Even though most interventional 
meetings center on new device developments, the choice of 
a PP ro P r i ate balloons, catheters, sheaths, and wires is in many 
situations even more important for a successful outcome. It is 
beyond the scope of this discussion to describe all available 
balloon catheters, but operators have to make a well-informed 
decision on which balloon to use based on profile, rated maxi- 
mum pressure, available lengths, and degree of compliance 
and adjust their choices to suit specifically the therapeutic 
intervention that is intended. For example, balloon-in-balloon 
(BIB) catheters (NuMED, Hopkinton, MA) are specifically 
suited for stent deployment, but the family of high-pressure 
Mullins balloons (NuMED, Hopkinton, MA) or ultrahigh- 
pressure Atlas balloons (Bard Peripheral Vascular, Inc., Tempe, 
AZ) aid exquisitely when high-pressure balloon angioplasty or 
stent re-expansion to a larger diameter is required. 


Even though transcatheter devices have long been available 
for the management of congenital cardiac lesions, the great- 
est progress has been made through introduction of a large 
variety of newer devices that were specifically developed for 
individual congenital cardiac lesions over the past 10 years. 
This progress has enabled many procedures to be safely per- 
formed in a much wider range of clinical centers. In this chap- 
ter, a variety of device-specific sections have been taken with 
permission from an article on this topic that was published in 
“Expert Review of Medical Devices” (23). 

The following discussion is centered on transcatheter 
devices that are presently approved or investigated within the 
United States and includes a discussion of devices available 
for occlusion of septal defects as well as occlusion of vascular 
structures. The spectrum of devices that is discussed below is 
not intended to be complete, but rather represents subjective 
choices of the authors. 


Devices for Occlusion of Septal Defects 

The development of transcatheter devices for the occlusion 
of septal defects has been progressing at a rapidly accelerat- 
ing pace, ever since King et al. (5) first described a percuta- 
neous technique to close ASDs. Various devices are presently 
approved by the FDA, either for regular use or under a HDE, 
while others are presently being evaluated in phase I and II 
clinical trials. Even though devices are usually developed to 
address a specific type of septal defect, it is not uncommon 
that they are also used for occlusion of other types of defects 
on an “off-label” basis, once regular premarket approval 
(PMA) has been obtained. 

The AMPLATZER Septal Occluder (ASO) gained FDA 
approval in December 2001 for occlusion of secundum ASDs 
as well as fenestrations after surgical completion of a Fon- 
tan-type circulation. It is presently the most frequently used 
transcatheter device for occlusion of septal defects within 
the United States and worldwide. Modifications of the prin- 
ciple device design have since been developed to accom- 
modate the specific requirements of patent foramen ovale 
(PFO) (AMPLATZER PFO Occluder), multifenestrated ASD 
(AMPLATZER Cribriform Septal Occluder), muscular VSD 
(AMPLATZER Muscular VSD Occluder), perimembranous 
VSD (AMPLATZER Membranous VSD Occluder), and post- 
myocardial infarction VSD (AMPLATZER Muscular VSD 
(Postmyocardial Infarction) Occluder), most of which are 
presently undergoing or have just completed phase I or phase 
II FDA-sponsored clinical trials. The AMPLATZER Muscu- 
lar VSD Occluder is approved for use in “high-risk” muscular 
VSDs. Figure 13.1 shows the family of AMPLATZER devices. 
(All of these devices are manufactured by AGA Medical Cor- 
poration, Golden Valley, MN.) 

The CardioSEAL ASD occlusion device (Nitinol Medical 
Technologies, Boston, MA) was developed as a successor 
to the Clamshell device. At the same time as the ASO 
was approved, the CardioSEAL device gained regular use 
approval by the FDA for occlusion of “high-risk” muscu- 
lar VSDs, under a registry requirement. Furthermore, it 
gained HDE approval for occlusion of PFO in patients with 
associated recurrent stroke who were taking therapeutic 
Warfarin. A self-centering modification of the CardioSEAL 
device, the STARFlex Occluder had been evaluated for the 
treatment of PFO and stroke (CLOSURE I) but is no longer 
marketed (24,25). 

Another device that has recently acquired FDA PMA for 
the occlusion of ASD is the HELEX Septal Occluder (W.L. 
Gore & Associates, Flagstaff, AZ) (26). A variety of other 
devices have been used outside the United States but have not 
gained FDA approval (27-30). 
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Figure 13.1. AMPLATZER Devices. (A) AMPLATZER Septal Occluder, (B) AMPLATZER PFO Occluder, (C) 
AMPLATZER Muscular VSD Occluder, (D) AMPLATZER Membranous VSD Occluder, (E) AMPLATZER 
Duct Occluder, and (F) AMPLATZER Vascular Plug. The images were provided by AGA Medical Corporation, 
Golden Valley, MN. 


AMPLATZER Septal Occluder 

The ASO, first described in 1997, is a double-disc device 
formed of 0.005-inch Nitinol mesh (31,32). It consists of two 
discs that are linked to each other through a central connect- 
ing waist. Dacron fabric is incorporated into each disc as well 
as the connecting waist to enhance thrombosis. The device size 
is defined by the diameter of the connecting waist and is avail- 
able in sizes from 4 to 38 mm. A 40-mm device is available 
outside the United States. The connecting waist has a length 
between 3 and 4 mm with the diameter of the left atrial disc 
exceeding the connecting waist by 12 to 16 mm, while the 
diameter of the right atrial disc exceeds the connecting waist 
by 8 to 10 mm. 

AMPLATZER Cribriform Septal Occluder 

A device that is less frequently used, the AMPLATZER Cri- 
briform Septal Occluder, has very specific characteristics that 
make it an excellent choice for closing multifenestrated ASDs. 
The device was introduced in 2003 and has recently gained 
FDA PMA after completing phase II clinical US trials (33). Its 
design resembles the AMPLATZER PFO Occluder, with the 
notable exception of both discs being equally sized. It is avail- 
able in sizes of 18, 25, and 35 mm diameter. The thin central 
connecting waist allows a much larger area of the device to 
be available to cover the atrial septum when compared to the 
ASO, while at the same time avoiding any septal distortion 
through the central connecting waist. This not only makes 
it an excellent choice for multifenestrated ASDs but it also 
allows stabilization of an associated aneurysmal atrial septum. 
However, placement of the device through the most central 
defect is important and therefore high-quality transesophageal 


echocardiography (TEE) or intracardiac echocardiography 
(ICE) guidance is imperative to achieve the desired result. 

AMPLATZER PFO Occluder 

The design of the AMPLATZER PFO Occluder, albeit similar 
to the ASO, accommodates very specific morphological char- 
acteristics of the PFO. Similar to the ASO, the PFO Occluder 
is a double-disc device formed of 0.005-inch (18- and 25-mm 
device) or 0.006-inch (35-mm device) Nitinol wire mesh. How- 
ever, it is non-self-centering and consists of two discs that are 
linked to each other through a central connecting waist, with 
Dacron fabric being incorporated into each disc. The connect- 
ing waist is thin with a length of 3 mm, thereby accommodat- 
ing the tunnel-type morphology of a PFO without distorting 
the atrial septal anatomy. In contrast to the ASO, the right 
atrial disc is equal or larger in size than the left atrial disc. The 
device is available in three size configurations of right and left 
atrial disc: 18/18 mm (18-mm device) (34), 25/18 mm (25-mm 
device), and 35/25 mm (35-mm device). The relatively large 
size of the discs in relation to the connecting waist makes this 
device particularly useful to flatten any coexisting atrial septal 
aneurysm. Its clinical use was first described in 2000 by Waight 
et a I. (35). The device has investigational device exemption 
approval and is being evaluated in the RESPECT trial. 

AMPLATZER Muscular VSD Occluder 

The AMPLATZER Muscular VSD Occluder was added to 
the interventional armamentarium in 1999 (36,37). Similar to 
most AMPLATZER devices, it is a double-disc device made 
of 0.0005-inch Nitinol mesh wire. Both discs are equal in size 
and exceed the diameter of the central connecting waist by 
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8 mm. Dacron fabric is incorporated into both discs as well as 
the central connecting waist, which has a length of 7 mm to 
accommodate the increased septal thickness of muscular VSD. 
This determines the size of the device, which is available from 
4 to 18 mm. 

AMPLATZER Muscular VSD (Postmyocardial Infarction) 
Occluder 

The AMPLATZER Muscular VSD (Postmyocardial Infarc- 
tion) Occluder was first described in 2003 in a small series by 
Goldstein et al. (38). It was developed as a modification of the 
AMPLATZER Muscular VSD Occluder to take account of the 
increased septal thickness in adults. It is a double-disc device 
made of 0.0005-inch Nitinol mesh wire. The discs are sym- 
metrical and slightly larger than those of the muscular VSD 
device and exceed the connecting waist by 10 mm. The length 
of the central connecting waist is 10 mm, which is longer than 
the waist of the muscular VSD Occluder. The device is avail- 
able in sizes from 16 to 24 mm. Similar to the muscular VSD 
device, Dacron fabric is incorporated into both discs and the 
central connecting waist. 

AMPLATZER Membranous VSD Occluder 

The inherent morphological and anatomical characteristics 
of perimembranous VSD in the past have resulted in subop- 
timal outcomes of attempts at percutaneous device closure 
(39). The AMPLATZER Membranous VSD Occluder is the 
first device that has been specifically designed for occlusion of 
these defects. It was first described in a natural swine model in 
2000 with Hijazi et al. (41) reporting the first clinical experi- 
ence in 2002 (40). 

In contrast to other AMPLATZER devices, the Membra- 
nous VSD Occluder is an asymmetrical double-disc device 
made of 0.004-inch Nitinol wire mesh. The asymmetrical left- 
ventricular disc exceeds the central connecting waist at the 
superior, aortic end by just 0.5 mm and at the inferior, apical 
end by about 5.5 mm. A platinum marker is incorporated into 
the apical end of the left ventricular (LV) disc to aid device 
positioning. In contrast, the right ventricular (RV) disc is sym- 
metrical in relation to the connecting waist and exceeds its 
diameter by a total of 4 mm. The connecting waist has a length 
of just 1.5 mm and the device is available with the diameter of 
the connecting waist ranging from 4 to 18 mm. 

HELEX Septal Occluder 

The HELEX Septal Occluder was first described by Zahn et al. 
(26) in 2001. Its frame is made of a long Nitinol wire, with a 
strip of polytetrafluoroethylene (PTFE) fabric attached along- 
side. Three “eyelets” are embedded along the device to facili- 
tate accurate positioning, one at each end and one in central 
position between both discs. In its deployed status, the device 
forms two circular discs that are composed by the spiraling 
Nitinol wire with its attached PTFE membrane. The device 
is available in sizes from 15 to 35 mm (diameter of discs) in 
5-mm increments with a device to defect ratio of 1.7 to 2:1 
being recommended. When compared to the ASO, this device 
has a lower profile and a more atraumatic contour. It is deliv- 
ered through a 9 Fr catheter, rather than relying on a long 
sheath. Its also creates less distortion of the atrial septum prior 
to its release. 

Devices for Occlusion of Vascular Structures 

Porstmann et al. (3) introduced a technique of transcatheter 
closure of the ductus arteriosus in 1968. The procedure was 
complicated and required a large arterial cannulation and as a 
result, this technique never found widespread use. 


Rashkind and Cuaso, while still working on the septos- 
tomy balloon, also developed a device for closure of the patent 
ductus. This device was a small umbrella that attached to the 
ductus by tiny hooks at the ends of the umbrella arms. The 
first successful use of this early device was reported in 1979 
(42). It was modified into a double umbrella that is fixed in the 
ductus by a spring mechanism of the arms expanding against 
the vessel walls. Even though the device had undergone exten- 
sive trials, resulting in more than 700 prospectively monitored 
patent ductus arteriosus (PDA) occlusion procedures per- 
formed in the United States, it never quite made it to regu- 
lar use approval (43,44). However, the extensive experience 
gained in this process formed the basis upon which virtually 
all subsequent devices have been developed. 

A large variety of devices have been developed to facilitate 
occlusion of vascular structures. Embolization coils have been 
used by general interventional radiologists for almost three 
decades (4). However, it was not until the 1980s that these 
were introduced into the interventional armamentarium of the 
pediatric cardiologist, initially for occlusion of abnormal col- 
lateral vessels (45) and subsequently in 1992 for the occlusion 
of patent arterial ducts in children (46). Gianturco coils are 
available in a variety of sizes but the lack of a controlled release 
mechanism ultimately stimulated the development of Jackson 
coils, which are presently only available outside the United 
States (47), and its US counterpart, the Flipper coil (Cook, 
Bloomington, IN). An MRI compatible modification of the 
Gianturco and Flipper coils, the MReye coil (Cook, Blooming- 
ton, IN) was introduced in 2006 and has since evolved as the 
most commonly used coil to date, mainly due to the notably 
lower incidence of MRI artifact (48). 

Even though coils were and still are used “off-label” for 
the occlusion of the patent arterial duct, it was not until 2003 
that a custom-made device designed specifically for the occlu- 
sion of the PDA gained FDA PMA (49). The AMPLATZER 
Duct Occluder (ADO) (AGA Medical Corporation, Golden 
Valley, MN), which was first introduced into clinical use in 
1997, has since remained the only device approved specifically 
for this indication (49). However, a modification of the device, 
the ADO II (AGA Medical Corporation, Golden Valley, MN) 
is presently undergoing phase II clinical trials in the United 
States (50-52). In addition, the Nit-Occlud PDA occlusion 
device (pfm AG, Cologne, Germany), a modification of the 
Duct-Occlud device, has undergone phase II clinical trials with 
promising results (53,54). An additional “coil modification,” 
the Gianturco-Grifka Vascular Occlusion Device (GGVOD) 
(Cook, Bloomington, IN) has gained FDA approval, even 
though its cumbersome delivery technique has prevented its 
widespread use. A large variety of additional coils is avail- 
able for regular use, such as Target coils (Target therapeutics, 
Fremont, CA), Tornado coils (Cook, Bloomington, IN), and 
Nester coils (Cook, Bloomington, IN). However, these are less 
frequently used in congenital cardiac interventions and there- 
fore are not discussed further in this chapter. 

Further additions to the interventional armamentarium 
include the AMPLATZER Vascular Plug, which was first 
described in 2003. It has since acquired regular use approval 
for peripheral arterial and venous embolizations (55). A 
modification, the AMPLATZER Vascular Plug II (AGA Medi- 
cal Corporation, Golden Valley, MN) has since gained PMA 
approval. Other devices are available internationally, but not 
approved in the United States. 

AMPLATZER Duct Occluder and Duct Occluder II 

The ADO was first introduced into clinical use in 1997 (49). 
It is, at present, the most commonly used device to close 
medium- or larger-sized PDA. The device is mushroom-shaped 
and made of 0.005-inch Nitinol wire mesh. The central skirt 
of the device is cone-shaped with the pulmonary end being 
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about 1 to 2 mm smaller than the aortic end. A microscrew for 
attachment of the delivery cable is recessed into the pulmonary 
end of the device. The device is further expanded at the aortic 
end through a symmetrical retention disc, in which the diam- 
eter exceeds the size of the aortic end of the skirt by about 

4 to 6 mm. Dacron fabric is incorporated into the retention 
disc and the skirt. The size of the device, defined by a com- 
bination of the diameters at aortic and pulmonary end of the 
skirt, is available from 5/4 to 16/14 mm. The total length of 
the device ranges from 5 to 8 mm. 

The ADO II was first described in 2009, and is presently 
undergoing phase II clinical trials within the United States 
(50-52). In contrast to the standard Duct Occluder, the ADO 
II is a double-disc device with a central connecting waist. The 
connecting waist has a length of either 4 or 6 mm and a diam- 
eter between 3 and 6 mm. The two discs exceed the diameter 
of the connecting waist by 6 mm. The device is made from 
triple layered mesh of braided 144 Nitinol wire and does not 
incorporate any polyester fabric. Due to its symmetric shape, 
it can be delivered antegrade as well as retrograde, using 4 or 

5 Fr delivery catheters. 

AMPLATZER Vascular Plug and Vascular Plug II 

The use of the AMPLATZER Vascular Plug in transcatheter 
therapy of congenital cardiac lesions was first reported in 
2003 (55). The device is cylindrical in shape and formed of 
0.0015- to 0. 003-inch 144 Nitinol wire mesh. It is available 
in diameters from 4 to 16 mm in 2-mm increments, with a 
device length of 7 to 8 mm. In contrast to other AMPLATZER 
devices, Dacron fabric is not incorporated into the device. 

The AMPLATZER Vascular Plug II is a modification of the 
standard vascular plug, consisting of three segments instead 
of just one. It is made of a triple layered mesh of braided 
144 Nitinol wire and is available in diameters from 3 to 22 mm. 
The device can be delivered through 5 to 9 Fr Guide catheters. 
The Plug II has shown excellent occlusive properties, even for 
higher flow arterial structures that could not be occluded with 
the standard vascular plug (56,57). 

Embolization Coils 

Stainless steel coils for embolization of vascular structures have 
been introduced in the early 1970s (4) and have since under- 
gone few modifications. At present, “Gianturco” embolization 
coils (Cook, Bloomington, IN) are made of stainless steel spring 
wire (0.004 to 0.008 inch) with synthetic Dacron fibers being 
added for increased thrombogenicity. Each extended spring 
coil has a stiffening “core” wire that facilitates the forming 
of a coil of variable length and diameter, once the extending 
forces are removed. The coils are delivered in their extended 
length, requiring delivery catheters of 0.025, 0.035, 0.038, or 
0.052 inch, depending on the size of the spring coil. The coils 
are available in diameters between 2 and 15 mm and a length 
that allows formation between 1.1 to 5.3 loops. Even though 
the 0.035- and 0.038-inch varieties are most frequently used, 
0.025- and 0.052-inch coils have maintained their usefulness 
for very specific occasions. The detachable Flipper coil (Cook, 
Bloomington, IN) is a variation of the standard 0.035-inch 
Gianturco coil and includes a controlled release mechanism. 
It became available in the United States in 2001. However, 
early versions of this coil lacked thrombogenic Dacron fibers, 
and the 0.035 coil remains less robust than the 0.038 inch 
standard Gianturco coil (58). Modifications of the standard 
Gianturco and the Flipper coils were first described in 2008 
(48). These coils include the MReye coil and the MReye Flip- 
per coil (Cook Medical, Bloomington, IN), which are made of 
MReye super alloy with a very similar design to the standard 
coils. However, the MReye coil is only available in the 0.035- 
and 0.038-inch varieties. 



Figure 13.2. Nit-Occlud PDA occlusion system. The image 
shows the aortic spiral disc with the device still attached to the 
delivery system. 


Nit-Occlud 

The Nit-Occlud PDA occlusion system, developed as a succes- 
sor to the Duct-Occlud device, was introduced in 2001. The 
device is made up of wound 0.01 inch Nitinol wire, which forms 
a secondary helix-type loop, thereby conforming to a “double 
opposing cone” shape (Fig. 13.2) (53,54,58). The device has 
reinforced distal windings at the aortic end that prevent it from 
pulling through the PDA, while tighter and softer central wind- 
ings allow the device to conform to the narrow portions of the 
PDA at the pulmonary end, thereby allowing more efficient 
occlusion of the duct. No fabric is attached to the device, with 
occlusion being facilitated through the metal windings alone. 
The device is available in three principal versions, the Nit- 
Occlud Flex, the Nit-Occlud Medium, and the Nit-Occlud Stiff, 
which differ from each other through an increasing stiffness. 
The devices are available in various dimensions, with the distal 
(aortic) diameter ranging from 4 to 14 mm, while the proximal 
pulmonary winding diameter ranges from 4 to 6 mm. A phase 
II clinical trial evaluating the Nit-Occlud has been completed in 
the United States and results are expected soon. 

Other Devices and Device Modifications 

In 1995, Grifka et al. (59) reported on the evaluation of a new 
vascular occlusion device in a canine model. The “Gianturco- 
Grifka Vascular Occlusion Device” is essentially an oblong 
nylon bag that is filled with a long, stainless steel spring guide- 
wire. The length of the wire determines the size of the device, 
which is available in diameters of 3, 5, 7, and 9 mm. A radio- 
opaque marker is attached to the proximal end of the bag. The 
GGVOD has been used to occlude a variety of tubular struc- 
tures, including shunts and pulmonary AVMs, but its design 
and cumbersome delivery technique make it less suitable for 
occlusion of the standard type A PDA (58,60,61). 

In addition to the aforementioned, a wide variety of devices 
has been used “off-label” to occlude the patent arterial duct and 
other vascular communications, including the AMPLATZER 
Muscular VSD Occluder (62), the AMPLATZER Septal 
Occluder (63), the buttoned device (64), and the AMPLATZER 
Vascular Plug (55). 

Endovascular Stents 

Charles E. Mullins, MD pioneered the introduction of end- 
ovascular stents into the armamentarium of the congenital 
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cardiac interventionalist in the late 1980s and early 1990s 
(8,65). The most common indications for stent placement 
include rehabilitation of branch pulmonary artery stenosis 
as well as treatment of primary and recurrent coarctation of 
the aorta or aortic arch obstructions. However, stents are also 
used to rehabilitate stenotic lesions in systemic and pulmo- 
nary veins and to maintain patency of structures that would 
otherwise close, such as the arterial duct or a foramen ovale. 
Endovascular stents are particularly helpful in locations that 
are either inaccessible to surgical techniques or where the scar- 
ring resulting from surgical intervention is unlikely to achieve 
an improvement of the lesion, which applies to thin-walled 
vessels such as distal pulmonary arteries or pulmonary veins. 

Virtually all approved stents that are used in the US in tran- 
scatheter therapy of congenital cardiovascular lesions have not 
been designed specifically for these indications and are there- 
fore used on an “off-label” basis. The choice of which stent 
to use for a particular lesion depends not only on age and 
size of the patient but also on expected adult dimensions of 
the vascular structure that is being treated, the morphology of 
the specific lesion, the presence of side branches that need to be 
crossed, expected future surgical procedures as well as previ- 
ous surgical, and transcatheter procedures and their outcome. 

An ideal stent would combine a variety of characteristics 
that are often exclusive to each other and may require oppos- 
ing design goals: 

■ Low profile that allows introduction through small delivery 
sheaths. 

■ Easy crimpability or availability as premounted stents. 

■ Possibility for re-expansion with maximum achievable 
diameter being sufficient to accommodate the growth of a 
vessel to adult size. 

■ High degree of flexibility for placement around curved 
structures. 

■ Allow rehabilitation of vessels that are overlapped by the 
placed stent through the stent meshwork/cells (e.g., open 
cell design). 


■ High radial force to accommodate very tight and scarred 
lesions. 

■ Rounded atraumatic edges that avoid damage to the vessel 
and the balloon upon which it is mounted. 

■ Nonexisting or low degree of stent-shortening during 
expansion. 

■ Stent material that is MRI compliant, noncorrosive, and 
does not lead to increased blood levels of metal. 

■ Low risk of neointimal proliferation, possibly through 
internal coating. 

■ Possibility of biodegradable material with a platform to 
sustain drug coating to minimize tissue reaction. 

Unfortunately, the ideal stent does not exist; therefore, a 
careful decision has to be made on which to use. Dr. Charles 
Mullins always emphasized that the interventional cardiologist 
should not create a later surgical stenosis by failure of the stent 
to be able to be dilated to the adult-sized diameter of the vessel. 
However, it is important to note that the use of premounted 
and smaller diameter stents as a “palliative” procedure to 
relieve critical vascular narrowing in small infants and chil- 
dren, who will have later surgery as a “staged repair” or con- 
duit change, is now a very important treatment option. When 
judging the suitability of stent implantation, one always has 
to remember that suboptimal balloon angioplasty may result 
in impaired interval growth of the pulmonary arterial tree. 
Furthermore, recent studies have shown that small diameter 
stents can be intentionally fractured when necessary with the 
use of high-pressure balloons (66). In addition, surgeons are 
well equipped to excise or patch a stent when necessary (67). 

Table 13.1 summarizes the most important characteris- 
tics of those larger diameter stents that are presently most 
frequently used in treatment of CHD in the United States. 
The Cheatham-Platinum (CP) stent (NuMED, Hopkinton, 
NY), as well as its covered variety, is available in the United 
States for compassionate and investigational use (COAST II 
trial) only, but is approved outside the United States as the 
only stent specifically approved for the treatment of CHD, 



Name 

(Manufacturer) 

Material 

Max 

Diameter 

(mm) 

Available 
Length (mm) 

Profile 

Radial 

Force 

Flex 

Short 

Nontraumatic 

Edges 

Crimp 

Cells 

Genesis XD 
(Cordis) 

Stainless 

steel 

18 

19, 25, 29, 39, 59 

+ 

+ 

0 

- 

0 

++ 

Closed 

Palmaz XL 
(Cordis) 

Stainless 

steel 

25+ 

31,40, 50 

- 

++ 

- 

- 

- 

+ 

Closed 

IntraStent 
DoubleStrut LD 
(EV3) 

Stainless 

steel 

18 

16, 26, 36, 56, 76 

+ 


++ 

++ 

+ 

0 

Open 

Mega LD 
(EV3) 

Stainless 

steel 

18 

16, 26,36 

0 

+ 

++ 

++ 

+ 

0 

Open 

Max LD 
(EV3) 

Stainless 

steel 

25 

16, 26, 36 

- 

++ 

+ 

++ 

+ 

- 

Open 

Cheatham 
Platinum 8z 
(NuMED) 

Platinum/ 
Iridium + 
Gold 

25 

22-45 


++ 

0 


++ 

+ 

Closed 


Characteristics of the most commonly used endovascular stents in CHD (United States). Manufacturers listed are Cordis (Cordis, Warren, NJ), EV3 (EV3, Plymouth, MN), and 
NuMED (NuMED, Hopkinton, NY). The table describes various stent characteristics, ranging from (poor stent characteristic) to "++" (excellent stent characteristic). 
Max, Maximum; Flex, Flexibility, Short, Stent shortening; Crimp, Crimpability; Cells, Open or closed cell design. 
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and has favorable design characteristics for the use in native 
and recurrent coarctation. Covered stents are especially use- 
ful for the treatment of ruptured vessels, including aortic 
aneurysms. Even though the early versions of the Palmaz 
stent (P108, PI 88, and P308) (Johnson &c Johnson, Warren, 
NJ) as well as the “ITT Double Strut” and “Double Strut 
LD” stent (Intra Therapeutics, Inc., St Paul, NM) are still 
available, they have largely been replaced by the Genesis XD 
stents (Cordis, Warren, NJ) as well as the EV3 Mega LD and 
Max LD stents (EV3, Plymouth, MN), and are therefore not 
listed in this summary. Smaller diameter stents that are used 
in the congenital pediatric population include self-expand- 
able Nitinol stents, the premounted Palmaz Blue stents 
(Cordis, Warren, NJ), the premounted Cook Formula 418 
stents (Cook, Bloomington, IN), and various coronary 
stents. 

The use of intravascular stents has provided a definitive 
solution to the problem of overdilation that is frequently 
required when performing standard balloon angioplasty. There 
has been extensive favorable experience and up to 15 years’ 
follow-up in patients with pulmonary artery branch stenosis 
and systemic vein stenosis. In the single-center series of Mul- 
lins and associates at Texas Children’s Hospital, more than 
655 stents were implanted in 340 patients with pulmonary 
artery and systemic vein stenoses. The largest group of patients 
in this series had lesions involving the central pulmonary arter- 
ies in postoperative patients and postoperative central systemic 
vein or systemic venous baffle stenosis. Many of these stenotic 
veins had a totally occluded initial lumen; some of the venous 
channels were intentionally perforated with a wire or long 
needle. The mean vessel diameter increased from 5 to 12 mm, 
and there was lasting success, with <0.5% showing resteno- 
sis during the follow-up period. The number of complications 
from the procedure or the stents themselves was minimal. 

Melody Valve 

Since Dr. Phillip Bonhoeffer et al. (9) performed the first 
transcatheter pulmonary valve replacement in a human in 
2000, more than a thousand of these procedures have been 
performed worldwide. In January 2010, the Melody valve 
(Medtronic, Minneapolis, MN) gained FDA HDE approval in 
the United States (68,69). Its use is indicated for dysfunctional 
right ventricular outflow tract (RVOT) conduits larger than 
16 mm, even though the valve has also been used for other indi- 
cations (70,71). The Melody transcatheter pulmonary valve is 
a bovine jugular venous valve that is sutured within an 8-zig, 
28-mm Covered CP stent (Fig. 13.3). The valve is mounted on 
a 18-, 20-, or 22-mm BiB balloon, which is a part of the specifi- 
cally designed Ensemble delivery system (Fig. 13.3). 


HOW TO CREATE, ENLARGE, AND MAINTAIN 
INTRA-ATRIAL COMMUNICATIONS 


Balloon Atrial Septostomy 

BAS, introduced by Rashkind and Miller (2) in 1966, is a life- 
saving procedure and one of the few remaining indications 
for an emergency catheterization in infants. BAS should be 
available in every institution that cares for infants with CHD. 
Because of septal thickening with age, BAS is consistently effec- 
tive only in infants younger than 1 month of age. The BAS pro- 
cedure is indicated in all infants with simple transposition of 
the great arteries (TGA) who are younger than 1 month of age 
with a restrictive intra-atrial communication, and not otherwise 
scheduled for immediate surgical correction. Emergency BAS is 
imperative in any infant with simple TGA who exhibits evidence 
of acidosis as a result of an inadequate intra-atrial communi- 
cation. This procedure also may be indicated for palliation in 
other congenital heart lesions in equally young infants, in whom 
all systemic, pulmonary, or mixed venous blood must traverse 
through a restrictive intra-atrial communication to return to the 
active circulation. These lesions include complex single-ventricle 
defects associated with hypoplastic right or left ventricles and 
some instances of total anomalous pulmonary venous connec- 
tion. BAS is rarely indicated in cases of pulmonary valve atresia 
and intact ventricular septum (IVS). It can be extremely hazard- 
ous in left-sided heart hypoplasia if the left atrium is diminutive, 
as there is a heightened risk of perforation or avulsion of atrial 
appendage or pulmonary vein. In such cases, static balloon dila- 
tion of the atrial septum may be preferable (72). 

The preferable approach for performing a BAS is percu- 
taneously through the femoral vein. In addition, BAS can be 
accomplished successfully using an umbilical venous approach. 
For acute, temporary palliation, many of these procedures can 
be performed under echocardiographic guidance in the neona- 
tal intensive care unit, but whenever possible, the availability 
of fluoroscopy in the cardiac catheterization laboratory adds 
an additional safety margin to the procedure. BAS catheters 
are available from variety of manufacturers and in different 
designs. The classical Miller-Edwards balloon septostomy 
catheter (Edwards Lifescience, Irvine, CA) is a single lumen 
catheter with a fairly compliant latex balloon at the end, that 
is rated up to 4 mL capacity but can be inflated with larger 
quantities if required. It requires the use of a 7 Fr sheath and 
is still in widespread use, even though newer catheter varie- 
ties offer more favorable balloon characteristics. Because of 
the single lumen, it cannot be tracked over a wire and the 
fairly high compliance often requires large balloon inflations 
to successfully perform a septostomy, which is a considerable 
disadvantage especially in smaller infants under 3 kg. Other 


Figure 13.3. Melody valve. Trans- 
catheter pulmonary valve implan- 
tation. Left: Side view of the 
transcatheter bovine jugular venous 
valve mounted on a CP stent. Right: 
En face view of a bovine jugular 
venous valve mounted on a CP stent. 
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catheter varieties include the USCI Rashkind balloon cath- 
eter (USCI, Glens Falls, NY), which have a 6 Fr shaft, and 
the newer NuMED Z 5 atrioseptostomy catheters (NuMED, 
Hopkinton, NY) that are available on a 4 or 5 Fr shaft and can 
be passed through a 5 or 6 Fr introducer. These balloons have 
the advantage of being noncompliant at inflation volumes of 
1 or 2 mL, which is very important when attempting to tear, 
rather then stretch the atrial septum. The balloons also have 
the additional benefit of being able to be passed over a wire. 

Once the deflated balloon catheter is introduced into the 
venous system and while it is observed on fluoroscopy or by 
echocardiography, it is advanced through the right atrium and 
through the foramen ovale or small ASD into the left atrium. 
While continually observed on fluoroscopy and/or 2-D echo- 
cardiography, the balloon is inflated with dilute contrast to the 
maximum diameter of the balloon or, in the smaller atrium, 
to the maximum diameter tolerated within the particular left 
atrium. It is essential to determine that the balloon is completely 
free within the left atrium before initiating the “jerk” across 
the septum. Failure to do so can result in laceration or even 
separation of the left atrium from the pulmonary veins. The 
balloon is pulled rapidly or, better stated, “jerked” across the 
atrial septum into the right atrium using as forceful and rapid, 
but at the same time, as short and controlled a pull as possible. 
Especially when using the fairly noncompliant NuMED atri- 
oseptostomy catheters, it is important to avoid pulling the bal- 
loons into the inferior vena cava (I VC), as the rapid “jerk” can 
easily create a laceration or disruption of the IVC-RA junction. 
The entire procedure should be performed one to four times or 
until no resistance to withdrawal of the fully inflated balloon 
is encountered or until enlargement of the defect and looseness 
or “flipping” of the septum primum tissue are documented by 
echocardiography. Following a successful septostomy, there 
should be an immediate equalization or near equalization of 
pressures across the atrial septum. Performed carefully with 
precise attention to details, the procedure carries only a small 
risk; yet it has the potential for a dramatic improvement in the 
infant’s hemodynamic and symptomatic status. 

Blade Atrial Septostomy and Balloon Atrial 
Septoplasty 

In infants over 1 month of age, and certainly for older children 
who might require an atrial septostomy for palliation of their 
cardiac defect, the atrial septum usually is frequently too tough 
or thick for a simple BAS to tear the septum. In 1975, Park et 
al. introduced the Park Blade Septostomy Catheter (Cook, Inc., 
Bloomington, IN) and the blade atrial septostomy procedure to 
obviate this difficulty. A collaborative study from 1978 to 1982 
(73) demonstrated the safety and effectiveness of the blade pro- 
cedure. The indications for blade atrial septostomy are the same 
as considered for a balloon septostomy or for surgical atrial 
septostomy that otherwise would be needed in the older infant. 

Blade catheters are available with three different blade 
lengths: 1.0, 1.34, and 2.0 cm. The two smaller blades 
(the PBS 100 and 200) are available on a 6 Fr catheter, and the 
2.0-cm blade (the PBS 300) is on an 8 Fr catheter. Both blade 
catheter sizes require a sheath one size larger than the catheter 
shaft for smooth introduction. 

The most consistent method of delivering the blade into the 
left atrium is to pass a long Mullins sheath over a catheter or dila- 
tor from the femoral vein through the right atrium, through the 
septum, (either through the PFO or through a transseptal punc- 
ture) into the left atrium. The blade catheter is advanced through 
this sheath, and the sheath is withdrawn well into the IVC. The 
blade is opened carefully in the left atrium while it is continuously 
observed on fluoroscopy. Transesophageal echocardiographic 
guidance can add an additional safety margin to this procedure. 


The tip is directed anteriorly and to either the patient’s right or 
left side. In contrast to the balloon septostomy, the blade catheter 
is withdrawn slowly in a controlled but at the same time, forceful 
maneuver until the blade snaps through the septum. The “blad- 
ing” is repeated four to eight times while changing the angle of 
extension of the blade as necessary and changing the blade direc- 
tion from side to side until there is no further resistance to the 
withdrawal of the fully opened blade catheter. 

The blade septostomy is followed by a balloon septostomy. 
In most patients, this can be accomplished using the Rashkind 
balloon technique; however, in larger or older patients, when the 
septum is tough or resistant to tearing, the blade incision can be 
extended by the use of static dilation balloons placed in the defect 
and inflated. Alternatively, balloon dilation alone after transsep- 
tal placement of a guidewire can be effective in creating or enlarg- 
ing an ASD. The resultant defect will be somewhat smaller than 
the balloon or balloons used for dilation, so the balloon catheters 
must be oversized relative to the final defect diameter desired. As 
a result of the combined blade and ballooning, equalization of 
pressures between the two atria as well as a measurable increase 
in the mixing of the systemic and pulmonary venous blood 
should occur. In most cases, an adequate and permanent ASD is 
created, palliating the patient indefinitely or until a more perma- 
nent correction is possible. Stenting of the atrial septum has been 
performed in a few cases to ensure a lasting opening. The blade 
atrial septostomy can be accomplished in patients of any age or 
any size. Prior to the introduction of the transhepatic approach, 
congenital absence or acquired blockage of the IVC had been the 
only absolute prohibition to a blade atrial septostomy. 

With the availability of larger cutting balloons of up to 
8 mm in diameter (Boston Scientific, Boston, MA), the com- 
bination of static cutting balloon septoplasty, followed by the 
use of larger diameter static balloons or standard BAS, has 
become an important alternative to blade atrial septostomy in 
patients with a thickened atrial septum. The smaller the pre- 
existing septal defect, the higher the likelihood that the use of 
cutting balloon will achieve an adequate result (Fig. 13.4). This 
is especially important if the patient size is rather small mak- 
ing it prohibitive to use even a small PBS 100 blade catheter. 
If the existing intra-atrial communication is stretched, cutting 
balloon septoplasty may be unfeasible, and it may be more 
beneficial to perform a transseptal puncture to start with a 
“fresh” diminutive opening to facilitate a better result of cut- 
ting balloon atrial septoplasty. More technical details are pro- 
vided in the section on Hybrid Palliation of Hypolastic Left 
Heart Syndrome (HLHS), where atrial septal interventions are 
particularly important and challenging (72). 

Transseptal Puncture 

Access to left heart structures is required at times to obtain 
accurate left atrial pressure recordings or to facilitate inter- 
ventional procedures such as the creation or closure of an 
intra-atrial communication or balloon mitral valvuloplasty 
(BMVP). In addition, access to left heart structures from a 
venous approach avoids the use of larger sheaths in the femo- 
ral artery, which can be especially beneficial in small children 
and infants. Most catheterization laboratories use the stand- 
ard Brockenbrough transseptal needle, while the use of radiof- 
requency (RF) energy has added a more controlled technique 
specifically for infants with small left atria (74). 

The Brockenbrough needle is available in sizes of 62 and 
72 cm of usable length, and is usually used in conjunction with 
a transseptal Mullins introducer set (Cook, Bloomington, IN). 
A fairly stiff exchange length wire is placed in SVC or prefer- 
ably innominate vein, and the Mullins sheath and dilator are 
advanced to a position within the SVC. The wire is withdrawn 
and the transseptal needle is advanced through the sheath to a 
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Figure 13.4. Septoplasty. RF perforation of the atrial septum followed by cutting and standard atrial balloon 
septoplasty in a 7-day-old infant with hypoplastic left heart syndrome, intact atrial septum, and a restrictive 
decompressing vein. Images (from left to right and top to bottom) demonstrate the RF wire across the atrial 
septum, the coaxial catheter advanced over the RF wire into the LA, and wire position through the coaxial cath- 
eter into the decompressing vein. Cutting balloon septoplasty is followed by standard balloon atrial septoplasty 
and final left atrial angiography demonstrating the newly created intra-atrial communication. An intracardiac 
echocardiographic probe is utilized in TEE position. 


position just 1 to 2 mm below the tip of the dilator. On occa- 
sions, difficulty can be encountered when introducing the trans- 
septal needle through the hub or dilator and sheath, at which 
point the two components should be separated temporarily 
by 1 to 2 cm to allow passage of the needle through the hub. 
Once the needle has been positioned appropriately, the whole 
system is flushed and the needle is connected to a pressure 
monitoring system. There is usually a 1- to 2-cm separation 
between the needle and the hub of the dilator and care must 
be taken to maintain this distance throughout the procedure. 
Needle, sheath, and dilator are then removed carefully as one 
unit with the system being gently pointed towards the patient’s 
left scapula (and posterior) when withdrawing from the SVC 
and sliding along the atrial septum. Any harsh movement or 
torque should be avoided at this stage as it can create injury 
to adjacent vessel or chamber walls. Once the unit has passed 
about two-thirds of the atrial septal length inferiorly, one often 
notices the tip of the dilator suddenly moving slightly to the 
left while advancing into the fossa ovalis. At this stage, sheath 
dilator and needle are withdrawn inferiorly for a further few 
millimeters just below the limbus of the ovale fossa. The sheath 
and dilator are then fixed, while the needle is advanced slightly 
out of the tip of the dilator until it fully engages the dilator. At 
this point, the whole unit is advanced while carefully observ- 
ing the recorded pressure tracing and maintaining a left and 
posterior direction. The operator usually feels a slight “pop” 
when the needle traverses the atrial septum and this should be 


followed by the emergence of left atrial pressure tracing. If any 
untoward resistance or inappropriate pressure tracings appear, 
the operator should stop any advances of needle, sheath, and 
dilator. If a position is unclear, a small amount of contrast can 
be instilled through the needle. 

If a left atrial pressure tracing is obtained, the entire system 
is advanced slightly further towards the patient’s left to allow 
at least the proximal portion of the dilator to pass through the 
atrial septum. This is performed in very diminutive steps while 
maintaining careful observation for left atrial pressure trac- 
ings. At this point, the needle is withdrawn just inside the dila- 
tor to add additional stiffness to the system and the Mullins 
sheath is advanced over the dilator and needle across the atrial 
septum into the left atrium. If at any stage during the proce- 
dure, doubt about the accurate position occurs, the system is 
withdrawn in very small steps until either appropriate pressure 
recording reoccurs or a small amount of contrast confirms the 
sheath’s location. 

An alternative to the use of the classical Brockenbrough nee- 
dle is the use of RF energy. At the present time, two techniques of 
RF perforation of the atrial septum are available, depending on 
patient’s size and left atrial size. In larger patients, the Toronto 
transseptal catheter can be used in combination with the 8 Fr 
Torflex transseptal sheath and dilator (Both: Baylis Medical 
Corporation, Montreal, Quebec, Canada). The Toronto 
transseptal catheter is curved at the end by about 210 degrees 
to avoid continued perforation of adjacent structures once 
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the atrial septum is traversed. It also has a slightly increased 
stiffness when compared to the Nykanen RF perforation wire 
(Baylis Medical Corporation, Montreal, Quebec, Canada) that 
is specifically suited to allow tracking of the transseptal sheath 
across the perforated atrial septum. Initial positioning of the 
transseptal sheath is very similar to the Brockenbrough trans- 
septal technique. However, instead of using a stiff and forceful 
needle to traverse the atrial septum, low-power and high-inten- 
sity electrical current is used to allow the transseptal catheter to 
advance through the atrial septum, usually with minimal force 
and a much lower risk of injuring adjacent structures. 

In small infants, especially in neonates with a small left 
atrium, the curve of the Toronto transseptal catheter is too 
large to fit snugly into the small left atrium. Therefore, in these 
patients, a 5 Fr JR catheter is used to obtain an appropriate 
position along the atrial septum to facilitate RF puncture 
(Fig. 13.4). A 180-cm 0.035-inch outer diameter coaxial inject- 
able catheter (Baylis Medical Corporation, Montreal, Quebec, 
Canada) is loaded over a 260-cm 0.024-inch Nykanen RF 
perforation wire and the RF wire is advanced to the tip of 
the positioned JR catheter. The use of TEE-guided perforation 
of the atrial septum has greatly improved the safety and suc- 
cess of this challenging procedure. In infants <3 kg, placing 
the 8 Fr ICE catheter (Acuson-Siemens Co., Mountain View, 
CA) transesophageally has been suggested by Hill et al. (75) as 
an additional form of guidance for the transseptal puncture. 
Once an accurate position is confirmed with hand injections 
of contrast through the side-port of a Touhy Borst adapter, RF 
energy is applied, while also exerting a gentle push on the RF 
wire. Once perforation has occurred, an orienting injection of 
contrast can be performed through the Touhy Borst adapter, 
before advancing the coaxial catheter over the RF wire across 
the perforated lesion. The RF wire is then exchanged to an 
appropriate exchange-length wire that can be preshaped 
according to the size of the left atrium. This positioned wire 
then facilitates cutting balloon septoplasty, possibly followed 
by BAS or standard septoplasty using larger balloon diame- 
ters, depending on the size of the intra-atrial communication 
that is required. 


BALLOON AORTIC VALVULOPLASTY 


The possibility of creating significant aortic regurgitation has 
always been the main concern when considering balloon dila- 
tion of congenitally stenotic aortic valves, especially in infants 
and small children. In 1984, Lababidi et al. reported for the 
first time on a series of 23 patients with congenital aortic valve 
stenosis, in whom the procedure was documented to be safe 
and effective (31). Despite this report, general acceptance of 
the technique was relatively slow. One of the fundamental 
problems of the procedure to this day remains the risk of cre- 
ating significant aortic insufficiency, which then may acceler- 
ate the need for any surgical aortic valve procedure. While this 
is less of a concern in the adolescent, where all other treatment 
options are available in such a situation, problems are more 
significant in the infant who has a moderate degree of aortic 
valve stenosis, where severe aortic regurgitation may force a 
surgical procedure to be performed at an age where one would 
have otherwise preferably waited for the patient to grow. 

Several other centers have demonstrated that the results of 
balloon aortic valve dilation approximated the results of surgi- 
cal valvotomy but with less risk and less morbidity. However, 
the disease has very wide morphological variations, ranging 
from the critically ill neonate with borderline LV and left ven- 
tricular outflow tract size and a very dysplastic aortic valve to 
the young adult with isolated valvar stenosis and well-formed 
aortic valve. 


The decision when to take a patient with congenital aortic 
valve stenosis to the catheterization laboratory is not always 
straightforward. Many factors have to be considered including 
peak and mean Doppler gradients, age and gender, electro- 
cardiogram (EKG) findings, LV function and degree of Left 
ventricular hypertrophy, symptoms, exercise tolerance, and 
desire to exercise competitively, valve morphology and preex- 
isting aortic insufficiency, as well as associated lesions such as 
coarctation or mitral valve (MV) disease. Guidelines for the 
treatment of congenital aortic valve stenosis in children are 
derived from the adult population (76), where a peak-to-peak 
gradient in excess of 60 mm Hg in asymptomatic patients is 
considered an indication for transcatheter intervention. How- 
ever, in symptomatic patients, or with the presence of ischemic 
or repolarization changes on EKG, a gradient of 50 mm Hg 
should be used. However, peak systolic gradients are only 
meaningful if LV function is normal. Documented aortic valve 
stenosis in the critically ill neonate with a dilated left ventricle 
and poor LV function is an indication for transcatheter inter- 
vention irrespective of any obtained transvalvar gradient. 

Balloon aortic valvuloplasty is now considered a standard 
technique performed in virtually any center that offers inter- 
ventional treatment for congenial cardiac lesions (Fig. 13.5). 
In contrast to BPV, where the vast majority of patients can 
be expected not to require any further transcatheter or sur- 
gical intervention, aortic valvuloplasty is usually palliative in 
nature, and not infrequently aimed at delaying an inevitable 
surgical procedure, be it valve replacement or Ross procedure, 
until a time when the child has reached close-to-adult size. 
A surgical series reporting the results of surgical aortic valvu- 
loplasty documented freedom from aortic valve replacement 
(AVR) of 72% at 10 years and 60% at 18 years (77). This is 
very similar to the results of transcatheter aortic valvuloplasty 
where freedom from AVR of 79% at 10 years and 53% at 
20 years has been reported (78). 

In general, aortic valve dilation is performed retrograde 
with a catheter introduced into the femoral artery. While an 
antegrade approach with transseptal puncture offers a slight 
advantage in maintaining a centered balloon position across 
the aortic valve during balloon inflation, the technique is more 
cumbersome and is associated with risk of injuring the MV 
apparatus with resulting mitral insufficiency, and is therefore 
not routinely employed. An end-hole catheter is passed from 
the femoral artery across the aortic valve to a stable posi- 
tion in the left ventricle. A double-balloon technique with the 
introduction procedure repeated from both femoral arteries 
may offer advantages for the aortic valve dilation in selected 
older patients, even though today, the spectrum of available 
balloons usually allows a successful employment of a single- 
balloon technique. 

The catheter/wire passage retrograde across the stenotic 
aortic orifice is the most difficult maneuver in the entire pro- 
cedure, and therefore should ideally be performed only once 
during the procedure. Before crossing the aortic valve, an 
aortogram with 25 degrees left anterior oblique (LAO)/cra- 
nial angulation of the anteroposterior (AP) and straight lateral 
projection should initially be performed to exactly delineate 
the size of the aortic valve annulus, while at the same time 
demonstrating any angiographic evidence of preexisting aortic 
valve insufficiency. The exact technique for passing the wire or 
catheter into the left ventricle varies from operator to opera- 
tor. A Judkins right coronary catheter curve or multipurpose 
catheter is used by some operators with success in crossing the 
aortic valve from this approach. However, the Judkins left cor- 
onary catheter may offer advantages in many patients, as the 
curvature is automatically directed to the leftward and pos- 
terior opening of the congenitally stenotic aortic valve. Once 
the valve is crossed, an end-hole catheter (not Judkins left) is 
advanced over the wire into the left ventricle, and the wire 
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Figure 13.5. Aortic valvulo- 
plasty. Balloon aortic valvulo- 
plasty in a 3-month-old infant 
with congenital aortic stenosis 
(Gradient: Pre: 92 mm Hg, Post: 
25 mm Hg). Top left and right: 
Aortogram in lateral and AP 
projection profiling the doming 
aortic valve annulus. Bottom left: 
Balloon inflation centered across 
the aortic valve with concomitant 
rapid RV pacing for cardiac out- 
put control. Bottom right: Aorto- 
gram after balloon valvuloplasty 
documenting absence of aortic 
insufficiency. 




replaced with an extra stiff exchange-length wire with a long 
floppy tip, which is looped within the ventricle to protect the 
ventricular apex from perforation by the catheter tip and to 
minimize ventricular ectopy. A LV angiogram is optional. If an 
atrial communication is present, hemodynamic evaluation can 
be performed by advancing a catheter antegrade into the left 
ventricle with simultaneous pressure recording in the ascend- 
ing aorta. The same approach is then also used for LV angiog- 
raphy. In neonates and infants, a floppy-tipped coronary wire 
with a relatively stiff body may be advanced across the valve 
and allowed to loop in the left ventricle. Care has to be taken 
to prevent the wire from being ejected from the left ventricle 
and therefore, once positioned, wire control should be main- 
tained throughout the procedure. By using a floppy-tipped, 
high-torque guidewire, the wire does not need to be changed, 
and the first catheter to cross the valve can be the dilation 
balloon (thus minimizing the period of potential low output). 
The use of stiffer exchange wires and longer dilation balloons 
may aid in maintaining an exact position of the balloons 
across the valve during inflation and, in turn, eliminate the 
“shear” trauma to the valve from balloon movement during 
inflation. With the wire secured within the left ventricle, the 
deflated balloon is manipulated through arterial sheaths and 
passed retrograde over the wire. We do not believe that direct 
introduction of the balloon through the skin should have any 
role to play, as the balloon profile of balloons has considerably 
decreased, thereby allowing the appropriately sized balloon to 
be introduced through fairly small sheaths. In addition, it is 
quite conceivable that the pulling of a deflated balloon directly 
through the femoral and iliac arteries may cause more harm 


to the vessel than using the appropriately sized sheath. Once 
the balloon is positioned across the stenotic valve, the balloon 
is rapidly inflated to the recommended maximal pressure and 
then rapidly deflated. 

One difficulty of the procedure is to keep the balloon 
positioned across the aortic valve during inflation. Once it 
is inflated, the balloon tends naturally to move towards the 
ascending aorta because of the ejecting forces created by the 
left ventricle. It is generally difficult to push against these forces 
(unless using an antegrade approach), but a longer balloon 
length aids this process. Adenosine has been used to achieve a 
temporary cardiac standstill, but its timing in relation to bal- 
loon inflation is often difficult to predict. A more controllable 
method of reducing the cardiac output is through rapid RV 
pacing (79). The rate of pacing can be adjusted prior to bal- 
loon inflation to achieve a drop in blood pressure by at least 
50% and these settings are then available to be used during 
the inflation process. An inflation device that can be operated 
using a single hand is preferential, as this allows the operator 
to use the other hand to maintain control of the balloon cathe- 
ter, making very fine adjustments while the balloon is inflated. 
The balloon is then immediately and rapidly deflated, with the 
entire process taking no more than 5 to 10 seconds. Arterial 
pressures should be monitored throughout the procedure. To 
limit the potential damage to the aortic valve, only one infla- 
tion should be performed provided that the operator is assured 
that (a) the balloon remained properly positioned in the valve; 
(b) the balloon was of adequate size; and (c) the waist disap- 
peared. Regardless of the technique, a marked drop in systemic 
pressure, a rise in LV pressure, and resultant bradycardia may 
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transiently result. The double-balloon technique using two 
balloons placed side by side across the valve may minimize this 
problem, but more importantly one has to avoid prolonged 
inflations with any technique when performing aortic balloon 
dilations. With successful valve dilation, after the balloon is 
deflated, both the blood pressure and heart rate should return 
spontaneously to normal. 

For a single-balloon technique, the initial balloon is cho- 
sen with a diameter of about 80% to 90% of the measured 
aortic annulus diameter. After each set of inflations, the 
hemodynamic result and the degree of aortic insufficiency are 
evaluated. If no or only a mild change in the degree of aortic 
insufficiency has been observed with still a significant residual 
gradient (>35 mm Hg), repeat dilation valvuloplasty is done 
with a balloon sized just 1 to 2 mm above the one previously 
used. Brown et al. (78) recently demonstrated that freedom 
from AVR was improved when comparing patients with a 
residual gradient of <30 mm Hg to those with a gradient in 
between 30 and 39 mm Hg. Even more importantly, freedom 
from AVR was better in patient with a gradient of <35 mm Hg 
and having moderate to severe aortic regurgitation. This com- 
pared to those with more than 35 mm Hg gradient but only 
mild aortic regurgitation suggests that the residual gradient 
may be more important when compared to aortic insufficiency 
than previously thought. 

When using the double-balloon technique, the combined 
diameters of the two balloons should approximate 1.2 times 
the measured diameter of the aortic annulus. Because of the 
extensive manipulation in the left side of the heart and arter- 
ies, all these patients are systemically anticoagulated with hep- 
arin at the beginning of the procedure. 

In the past, the most common complication of aortic bal- 
loon dilation was damage to the femoral arteries by the large 
balloon dilation catheters. This problem has been minimized 
by newer lower-profile balloon designs, use of the double- 
balloon technique where required, and diligent monitoring of 
ACT levels throughout the procedure. When arterial damage 
does occur, it usually can be managed medically or, rarely, sur- 
gically. In small infants, because of the increased risk of femo- 
ral artery injury from the introduction of the dilating balloon 
catheters into the vessels, several other approaches to aortic 
valve dilation have been described. The prograde approach, 
first passing a catheter, then a wire, and finally the balloon 
from the femoral vein to the right atrium, foramen ovale, left 
atrium, left ventricle, and prograde across the aortic valve is 
chosen by some. Although frequently successful, this approach 
has a high incidence of failure in delivering the balloons and, 
even more disturbing, a significant incidence of damage to the 
MV apparatus. 

Another approach is through a controlled cutdown on the 
carotid artery. As a result of extensive experience with extra- 
corporeal membrane oxygenation (ECMO) and the safe intro- 
duction of cannulae into the carotid arteries, several centers, 
with the help of pediatric or vascular surgeons, dilate aortic 
valves in infants from this approach. The approach is direct to 
the aortic valve, requires less catheter manipulation and less 
overall time, and has resulted in no reported complications 
related to the technique. The ideal procedure for the small 
infant is still to be determined. 

With a conservative dilation of the aortic valve, the gradi- 
ent should be reduced to a gradient <35 mm of Hg. This usu- 
ally can be accomplished without inducing significant aortic 
insufficiency, no more than that seen after surgical valvotomy. 
Furthermore, as highlighted above, recent data by Brown et al. 
(78) suggest that the residual gradient may be more impor- 
tant when compared to aortic insufficiency than previously 
thought, and reducing the gradient to <35 mm Hg may be more 
important, even if it were achieved at the expense of moderate 
aortic insufficiency. However, the treatment approach has to 


be tailored to the individual patient, and specifically in infants, 
gradient reductions to <40 mm Hg may be sufficient to delay 
the need for early aortic valve surgery. The long-term results, 
like those for surgical valvotomy, will be palliative; however, 
the catheter balloon dilation procedure is accomplished with- 
out a sternotomy or cardiopulmonary bypass with their inher- 
ent risks and morbidity. Balloon dilation of congenital aortic 
valve stenosis in pediatric patients and young adults is now 
the standard initial procedure for this lesion in most centers. 


BALLOON PULMONARY VALVULOPLASTY 

With the development of the special, larger-dilation balloons, 
a transcatheter technique for balloon pulmonary valve dila- 
tion was first introduced by Kan et al. (6) in 1982. The tech- 
nique performed acutely was successful and, at the same time, 
carried little risk over and above the basic risk of a catheteriza- 
tion. By December 1986, 28 centers, voluntarily reporting to 
a collaborative registry VACA), demonstrated the successful 
and safe application of the technique in more than 680 cases 
of pulmonary valve stenosis (80). With these data and many 
subsequent reports of successful use (81,82), balloon dilation 
has been accepted as the standard therapeutic procedure for 
pulmonary valvar stenosis. It is applicable to patients of all 
ages from the newborn period throughout adult life. With its 
excellent results and low rate of procedure-related complica- 
tions, maximum instantaneous systolic Doppler gradients of 
as little as 35 mm Hg, when combined with evidence of RV 
hypertrophy, should be considered an indication for BPV (83). 

The degree of pulmonary valve stenosis is documented 
by accurate hemodynamic measurements in the catheteriza- 
tion laboratory. However, if the pulmonary valve is not easily 
crossed, RV angiography should be obtained prior to further 
attempts at crossing the valve. 

The valve anatomy, size, and exact location are visualized 
angiographically, with standard AP (with some cranial angula- 
tion) and lateral being the most appropriate projections. Accu- 
rate determination of the valve annulus diameter is obtained 
using appropriate calibration techniques. With this informa- 
tion available, a long exchange guidewire is passed through 
an end-hole catheter into a distal pulmonary artery. The left 
pulmonary artery (LPA) is preferable for this position because 
of the straighter course from the valve and main pulmonary 
artery (MPA) to the left. However, in neonates with a patent 
arterial duct, the wire may be passed through the duct into 
the descending aorta (DAO). The chosen wire should be fairly 
stiff to allow the balloon to track over the wire and across the 
stenosed pulmonary valve. In infants and smaller children, a 
stiff 0.018 wire with a floppy tip is frequently appropriate for 
this purpose. However, infants with critical pulmonary steno- 
sis and a closed arterial duct may poorly tolerate placement of 
a wire or catheter across the valve; therefore, the valve should 
only be crossed when all equipment have been prepared to 
immediately proceed with BPV. 

McCrindle (84) documented that the optimum balloon 
diameter should be between 1.2 and 1.3 times the size of 
the pulmonary valve annulus for a “single-balloon” dilation. 
Lower balloon to valve annulus ratios are associated with an 
increased risk of recurrent or residual pulmonary valve steno- 
sis, while ratios in excess of 1.4 are associated with an increased 
risk of clinically significant pulmonary insufficiency (84). 

The choice of balloon catheters that can be used for this 
procedure is wide and depends to a degree on the individual 
valve morphology. In general, inflation pressures of more then 
six atmospheres are rarely necessary in patients with typical 
valve morphology, and therefore low pressure balloons such as 
Tyshak II (NuMED, Hopkinton, NY) with a lower profile are 
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Figure 13.6. Pulmonary valvuloplasty. BPV in a 5-year-old 
boy with valvar and supravalvar pulmonary stenosis, using the 
double-balloon technique to facilitate the use of higher infla- 
tion pressures. 


the preferred initial balloon types to be utilized. However, the 
maximum rated inflation pressures decline sharply when using 
the larger varieties of these balloons. Therefore, high-pressure 
balloons, such as ZMed II (NuMED, Hopkinton, NY), or 
the double-balloon technique should be considered in these 
situations as the primary approach to balloon valvuloplasty 
(Fig. 13.6). High-pressure balloons may also be more benefi- 
cial when dealing with very dysplastic thickened pulmonary 
valves in the older patient or if there is associated supravalvar 
narrowing. In neonates with critical pulmonary valve stenosis 
and a closed arterial duct, a low profile balloon with fairly 
rapid deflation characteristics such as the Tyshak II balloon 
should be used. Very low profile balloons, such as the mini 
Tyshak balloons (NuMED, Hopkinton, NY), may cross the 
valve more readily, but their very slow deflation characteristics 
make these balloons an inappropriate choice in patients who 
have critical pulmonary stenosis without a patent arterial duct. 
If the valve cannot be crossed with the appropriate sized bal- 
loon, smaller coronary balloons can facilitate predilating the 
valve to allow the larger balloon to be subsequently passed. 

With the wire fixed in place in the distal pulmonary artery, 
the end-hole catheter is removed and the catheter with its 
deflated balloon is passed over this wire until the center of 
the balloon length is positioned exactly at the area of the sten- 
otic valve. The balloon is then rapidly inflated to the pres- 
sure recommended by the manufacturer and is observed for 
the appearance of a circumferential indentation or “waist” 
in the balloon. Full inflation results in disappearance of the 
waist. An inflation device that can be operated using a sin- 
gle hand is preferential, as this allows the operator to use the 
other hand to maintain control of the balloon catheter, making 
very fine adjustments as the balloon is inflated. The balloon 
is then immediately and rapidly deflated, with the entire pro- 
cess taking no more than 5 to 10 seconds. Arterial pressures 
should be monitored throughout the procedure. In contrast 
to balloon aortic valvuloplasty, more than one inflation is 
usually performed to assure the operator that (a) the balloon 


remained properly positioned in the valve; (b) the balloon was 
of adequate size; and (c) the waist disappeared early and at 
low pressures during subsequent inflations. When a single bal- 
loon is used, there is a significant drop in both systemic blood 
pressure and heart rate during inflation. With successful valve 
dilation, after the balloon is deflated, both the blood pressure 
and heart rate should return spontaneously to normal. 

To avoid the marked drop in systemic blood pressure and 
to reduce the trauma to the peripheral introductory veins, a 
double-balloon technique was introduced (85). This technique 
also allows the use of higher inflation pressures in patients 
with a large pulmonary valve annulus, where a single balloon 
would provide an inadequate rated burst pressure. The double- 
balloon technique uses two separate balloon catheters, each on 
a smaller shaft and with a smaller balloon “profile.” Each is 
introduced into a separate vein. With this technique, a second 
exchange wire is introduced from the opposite femoral vein 
and positioned across the pulmonary valve into a distal pulmo- 
nary artery, possibly next to the first wire. Two smaller-diam- 
eter balloon dilation catheters are advanced over the separate 
wires and centered in the valve orifice, and the two balloons 
are simultaneously inflated. Various formulae have been used 
to estimate the equivalence of double-balloon to single-balloon 
technique (83), ultimately resulting in comparison charts that 
allow choice of sizes of the two smaller balloons, depending on 
the size that would have been chosen if a single- balloon tech- 
nique would have been used. However, a combined diameter 
of 150% to 160% of the pulmonary valve annulus can be used 
as a guide to choose the appropriate balloon sizes. 

Reported success criteria for BPV have been variable. The 
VAC A registry, dating back as much as 15 years, defined a gra- 
dient on follow-up of equal to or above 35 mm Hg as proce- 
dural failure (86). Holzer et al. (21) defined procedural success 
as either a reduction of the peak systolic RV/MPA gradient to 
<25 mm Hg, or a reduction of the valvar gradient by at least 
50%, or a reduction of the RV/systemic pressure ratio by at 
least 50%. However, with pure valve stenosis and a closed 
PDA, regardless of the initial gradient, one should expect to 
reduce the pressure gradient across the nondysplastic pulmo- 
nary valve to <10 mm Hg by balloon valvuloplasty in most 
patients, with an equivalent reduction in the RV to systemic 
pressure ratio. 

If the initial results are suboptimal, the balloon size should 
be increased up to 130% to 140% of the pulmonary valve 
annulus, and high pressure balloons should be used, after 
obtaining an intermittent angiographic evaluation, using, 
for example, a multitrack catheter that is positioned over 
the in situ guidewire in the RVOT. However, it is important 
to recognize that relief of the valvar stenosis may unmask a 
dynamic infundibular obstruction in some cases, resulting in 
a persistent residual RV outflow gradient (Fig. 13.7). This 
secondary area of obstruction can be documented by pres- 
sure recording during careful catheter withdrawal from the 
pulmonary artery to the RVOT or with simultaneous pres- 
sure recordings from a double-lumen catheter or from sepa- 
rate catheters in each of the two areas. Experience has shown 
that the infundibular obstruction is dynamic and that it will 
regress with time. This is particularly notable in adult patients 
undergoing BPV. Fawzy et al. (87,88) reported an incidence of 
infundibular gradients in excess of 30 mm Hg in 46% of 93 
adult patients undergoing BPV. All these patients were recath- 
eterized within 6 to 24 months, documenting a decrease in the 
mean infundibular gradient from 43 to 25 mm Hg. In <10% 
of patients, a dysplastic pulmonary valve is encountered, with 
thickened, redundant leaflets resembling a “cauliflower”; 
frequently supravalve stenosis may coexist. This condition 
is more common in some genetic conditions, such as Noo- 
nan’s syndrome. A higher-pressure balloon is usually required 
with a gradient reduction frequently less than what would be 
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Figure 13.7, Subpulmonary stenosis after BPV. Dynamic sub- 
pulmonary stenosis seen on angiography in a 3 -year-old child 
after undergoing BPV. Hemodynamic evaluation after BPV 
documented no residual valvar gradient, but a 10 to 15 mm 
Hg subvalvar gradient. 

expected with nondysplastic valves. Within the recent multi- 
center experience from the C3PO registry reported by Holzer 
et al. (21), acute procedural success was 77%, with independ- 
ent risk factors for procedural failure being the presence of a 
genetic syndrome, complex two-ventricle anatomy, presence 
of supravalve pulmonary stenosis, a hemodynamic vulnerabil- 
ity score of two or more, and the need for balloon inflation 
above 8 atmospheres. 

Procedure-related serious adverse events are rare. In a mul- 
ticenter registry (C3PO) including 290 patients, Holzer et al. 
(21) recently reported an incidence of moderate adverse events 
in 3% of patients and major adverse events in <1%. There was 
no incidence of procedure-related death, and independent pre- 
dictors of higher level adverse events included among others, 
age below 1 month, complex two-ventricle anatomy, two or 
more parameters of hemodynamic vulnerability, and operator 
experience of <10 years. 

The long-term effects of the procedure have not yet been 
determined. However, studies so far have documented rates 
of restenosis between 5% to 11% within 10 years after the 
procedure (81,82). The risk of recurrence or restenosis may 
be greater in patients who present in infancy or with very dys- 
plastic pulmonary valves as well as those in whom an under- 
sized balloon was used in the initial procedure. Holzer et al. 
(21) recently reported an incidence of early reinterventions 
of 12% in neonates that underwent BPV. So far, reports have 
not provided evidence to suggest an increased risk of patients 
requiring pulmonary valve replacement because of pulmonary 
insufficiency, secondary to BPV. Dr. Charles Mullins pointed 
out that in the presence of otherwise normal heart and lungs, 
the regurgitant fraction is usually small and at low diastolic 
pressure, due to 80% to 85% of the ejection fraction having 
“diffused completely into the distal pulmonary capillary bed 
by the end of systole.” However, we have also learned that 
progressive RV dilation secondary to pulmonary insufficiency 
should be considered a potential indication for pulmonary 
valve replacement. 


PERFORATION OF THE ATRETIC 
PULMONARY VALVE 

The diagnosis of PA/IVS is usually made within the neona- 
tal period. Pulmonary blood flow after birth is maintained 
through a patent arterial duct until a more definitive source 
of pulmonary blood supply can be established. An intra-atrial 
communication allows the systemic venous return to pass into 
the systemic circulation. The long-term prognosis of patients 
with PA/IVS can be extremely poor, especially when a diminu- 
tive right ventricle is combined with an RV-dependent coronary 
circulation with multiple coronary abnormalities. In this situa- 
tion, patients may require cardiac transplantation early in life. 
However, while patients with the diagnosis of PA/IVS and a 
single-ventricle pathway usually have a very poor long-term 
outcome, the outlook for those patients with a biventricular or 
a “one-and-a-half ventricle” circulation is much better. 

Perforation of the atretic pulmonary valve plate has an 
important role to play within the available treatment modali- 
ties for these patients (74). Achieving antegrade pulmonary 
flow not only acutely decompresses the right ventricle but 
more importantly serves as an incentive to facilitate further 
growth of an initially hypoplastic right ventricle. While a vari- 
ety of sharp instruments as well as laser-guided techniques 
have been used to perforate the atretic pulmonary valve, these 
techniques are often poorly controlled and associated with a 
variably high risk of creating inadvertent injury to surround- 
ing structures, often with disastrous results. Consequently, the 
use of RF energy was introduced into therapeutic cardiac cath- 
eterization in the early 1990s as an alternative to laser-guided 
perforation of the pulmonary valve plate (89). 

The equipment presently most frequently used to achieve 
perforation of the atretic pulmonary valve with RF energy is 
the Nykanen RF perforation wire and the Baylis RF puncture 
generator (both from Baylis Medical Corporation, Montreal, 
Quebec, Canada). Suitability for transcatheter RF perforation 
of the pulmonary valve plate is ascertained by 2-D echocar- 
diography with minimal criteria in most cases being the pres- 
ence of a tripartite right ventricle as well as a membranous 
atretic pulmonary valve with a well-formed infundibulum 
(90). Vascular access is routinely obtained via right femoral 
venous cannulation. A femoral arterial pressure monitoring 
line is placed. Initial hemodynamic evaluation includes meas- 
urement of RV and systemic arterial pressures, followed by RV 
angiography with 20-degree cranial angulation of the frontal 
tubes and standard lateral projection. This allows measure- 
ment of the pulmonary valve plate diameter and exclusion of 
RV-dependent coronary circulation. Further angiography is 
obtained in the left ventricle in the same projection. The com- 
bination of these two ventriculograms allows documentation 
of the relationship between the blind-ending RV infundibulum 
and MPA. A 5 Fr Judkins 2.5 right coronary artery catheter 
is placed below the pulmonary valve plate within the RVOT 
using a Touhy Borst adapter to allow passage of the RF wire 
and simultaneous contrast injections. Once the RF wire and 
coaxial catheter are loaded and accurate positioning is con- 
firmed, RF energy is applied while maintaining a gentle push 
on the RF wire towards the valve membrane. In most patients, 
a power setting of 5 W per second for 2 seconds should be 
sufficient to perforate the pulmonary valve plate. It is impor- 
tant for the operator to be particularly suspicious of creating 
a false track if high-power settings are required. RF energy is 
discontinued once the wire has advanced through the valve 
plate. Appropriate position is confirmed using contrast injec- 
tion through the Touhy Borst adapter. The coaxial catheter 
is then advanced over the RF wire into the MPA and the RF 
wire is exchanged to a 0.014- or 0.018-inch coronary wire, 
which can be directed either to a position in a distal branch 
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pulmonary artery or preferably through the PDA into DAO. 
Even though a wire position in the distal pulmonary arteries or 
preferably across the PDA must be established, this should not 
be attempted with the Nykanen RF wire, as it can easily cause 
perforation of the MPA (74). The use of a coaxial catheter 
is a significant advantage when comparing the Baylis to the 
Osypka RF system that is still in widespread use elsewhere. 
A low-profile balloon valvuloplasty catheter, such as the Mini- 
Tyshak (NuMED, Hopkinton, NY), with a diameter of about 
130% of the valve plate annulus is then advanced over the 
coronary wire and balloon dilation performed (Fig. 13.8). In 
cases where the balloon catheter cannot be advanced across 
the valve, sequential dilation can be performed starting with a 
lower profile 2.5-mm coronary balloon. Trackability can also 
be improved through arterial fixation or snaring of the coronary 
wire (91). Balloon valvuloplasty is followed by assessment of 


the pressure gradient across the pulmonary valve as well as 
the RV-to-systemic pressure ratio, and a final RV angiogram is 
performed to document the result of the procedure. 

Many studies have reported on the outcome of RF perfo- 
ration of the pulmonary valve and results have been summa- 
rized by Benson et al. (92-97). Most series are very small and 
include less than five patients. The overall procedural mortal- 
ity is about 8% with incidence of procedural complications 
being about 15%. 

It has been advocated that the combination of ductal 
stenting with RF perforation in one single procedure may 
reduce the number of transcatheter interventions and prevent 
prolonged postprocedural care. Approximately 50% of all 
neonates undergoing successful perforation and balloon val- 
vuloplasty require additional pulmonary blood flow (98), even 
though it remains difficult to predict this for each individual 




Figure 13.8. RF perforation in pulmonary atresia (PA)/IVS. RF perforation of the pulmonary valve plate in a neo- 
nate with PA and IVS. Top left: RV angiogram delineating the RVOT. Top right: RF wire across the pulmonary 
valve plate. Bottom left: Balloon valvuloplasty with a wire positioned in distal RPA. Bottom right: RV angiogram 
demonstrating the newly created continuity between right ventricle and MPA. 
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patient. Some authors have suggested to use the tricuspid valve 
£-score (95), but this has not consistently been identified of 
being predictive of the need for pulmonary blood flow aug- 
mentation. Regardless, after failing to wean from prostaglan- 
din E infusion after 5 to 7 days, one should proceed with either 
PDA stenting or surgical aortopulmonary shunt placement. If 
performed appropriately, this technique allows up to 75% 
of suitable patients to ultimately sustain a biventricular or 
one-and-a-half ventricle circulation (74). 


TRANSCATHETER TREATMENT OF 
STENOTIC AV VALVES 


Mitral Valve Dilation 

When discussing balloon dilation of stenotic atrioventricular 
(AV) valves, it is very important to distinguish between con- 
genitally stenotic AV valves and acquired AV valve stenosis as a 
result of rheumatic fever. In many countries outside the United 
States, rheumatic MV stenosis is still a common lesion in chil- 
dren. These acquired valve lesions with commissural fusion 
lend themselves naturally to a dilation procedure, which has 
been demonstrated to be effective in children. In contrast, the 
anatomy of congenital mitral stenosis (MS) is quite variable 
and is generally less favorable for balloon dilation, although 
the procedure has occasionally been effective for this lesion. 
The decision to proceed with balloon valvuloplasty of con- 
genital MS should be based on a complete echocardiographic 
assessment of MV anatomy. 

The MV is approached from the femoral vein using a trans- 
septal approach into the left heart. A variety of techniques has 
been described that include predilating the atrial septum to 
allow passing a single large mitral dilation balloon, the pass- 
ing of two balloons through two large transseptal sheaths, 
the passing of two balloons over separate guidewires without 
long sheaths and without the need for specific dilation of the 
septum, as well as a double-balloon technique using a multi- 
track system over a single guidewire (NuMED, Hopkinton, 
NY) (99). The Inoue balloon (Toray Industries, Houston, TX) 
is a custom-made hourglass-shaped balloon that is available 
as a complete set, including sheath, guidewire and mandrill. 
It specifically facilitates balloon valvuloplasty using a single- 
balloon technique without the use of a guidewire in the left 
ventricle (Fig. 13.9). The Inoue balloon is available in three 
sizes, allowing balloon dilation diameters between 22 and 
30 mm. Its use has demonstrated success in treating rheumatic 
MV stenosis (100). 

When using a double-balloon technique, the left atrium 
is entered and one or two separate transseptal punctures are 
made. Exchange wires are manipulated from the right atrium 
through previously positioned catheters or long sheaths across 
the septum, across the MV, and into the left ventricle with the 
“transition” and floppy portions of the wires looped in the ven- 
tricle. It is important to remember that if a guidewire is to be 
used for balloon dilation, a balloon-tipped end-hole catheter 
should be initially directed from the left atrium across the MV 
to lessen the chance of crossing between chordal attachments. 
Once the wires are in place, either the two long sheath/dilator 
sets or the two separate “uncovered” balloons are passed over 
the wires into the left atrium. The balloons are advanced and 
positioned across the MV. The sheaths are withdrawn off the 
balloons and the balloons are simultaneously inflated. Again, 
longer balloons (5 to 6 cm in older children and adolescents) 
help to stabilize during inflation. The sum of the two balloon 
diameters equals the measured or estimated maximal normal 
MV diameter for a patient of that particular body size. The 
two balloons allow an adequate total balloon diameter for the 


much larger mitral annulus without coincident destruction of 
the entry veins or the atrial septum during balloon passage. As 
with any interventional catheterization, these patients should 
be anticoagulated with heparin. 

The initial success of transcatheter balloon dilation of 
congenital MV stenosis appears equal to that of surgical 
commissurotomy, depending on the MV apparatus. How- 
ever, the total experience is limited, and the duration of the 
relief of the obstruction is unpredictable. McElhinney et al. 
(101) recently described a series of 108 patients with con- 
genital MS who underwent BMVP or surgical intervention at 
a median age of 18 months. BMVP was effective in creating 
a reduction of the mean gradient by 38%, while significant 
mitral regurgitation was identified as a result in 28% of pro- 
cedures. Overall 5-year survival was 69%, while patients at 
the later stages of the institutional experience had a 5-year 
survival of 87%. The early mortality was similar for bal- 
loon valvuloplasty and surgical mitral valvuloplasty, while 
the need for initial MV replacement was a significant pre- 
dictor of worse acute and long-term outcomes. The 5-year 
survival free from failure of biventricular repair after balloon 
valvuloplasty was 75%. While the authors suggested that the 
initial procedure for congenital MS in patients with either 
typical congenital MS or double orifice MV should be bal- 
loon valvuloplasty, they conceded that the surgical approach 
is more appropriate in patients with supravalve mitral ring 
and parachute MV. 

While in general a parachute MV is not a contraindication 
to balloon valvuloplasty, the procedure is probably less likely 
to be effective when there is a single papillary muscle or severe 
shortening or virtual absence of the chordal apparatus (the 
“arcade-type” MV). Ultimately, it is difficult to predict which 
intervention is the more appropriate for congenital MS and 
most series report institutional preferences. As such, compari- 
sons between surgical and percutaneous approach are biased 
at best. 


Tricuspid Valve Dilation 

Congenital tricuspid stenosis, as well as rheumatic, carcinoid, 
and rare other types of acquired tricuspid valve stenosis, occur 
less frequently than MS, but, as with MS, may be amenable 
to balloon valve dilation. Congenital forms of tricuspid valve 
stenosis are usually associated with other cardiac lesions and, 
similar to MV stenosis, are less amenable to balloon valvulo- 
plasty than rheumatic tricuspid valve stenosis. The diagnosis 
of tricuspid stenosis is confirmed hemodynamically. As much 
information as possible about the valve anatomy and the exact 
location of the obstruction is obtained by echocardiography 
and angiography. The tricuspid valve is approached by passing 
one or two guidewires across the valve, either into the pulmo- 
nary artery or to the RV apex. With the use of the calculated or 
estimated maximum tricuspid valve annulus diameter accord- 
ing to the patient's body surface area, the balloon diameter or 
combined balloon diameters are chosen to equal this meas- 
urement (except in cases of annular hypoplasia). The dilation 
balloons are introduced through standard venous sheaths and 
over the wires. When the balloons are positioned across the 
stenotic valve, they are inflated simultaneously. Disappear- 
ance of the indentations or waists in the balloons at maximal 
inflation is sought. As with MV dilation, the use of the longer 
balloons facilitates appropriate positioning and maintaining 
positioning across the valve during dilation. A successful dila- 
tion should eliminate any transvalvar gradient. Experience 
with tricuspid valve dilation is limited, but, on the basis of 
even limited experience and minimal risk, this procedure is 
offered to the appropriate patients before considering surgery 
for tricuspid stenosis. 
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Figure 13.9. Mitral “Inoue” balloon valvuloplasty. A 38-year-old woman with rheumatic MV stenosis. Inoue 
BMVP reduced the mean gradient from 28 to 9 mm Hg with mitral regurgitation increasing from trivial to mild. 
Top left: 28 mm Hg mean Doppler gradient across MV prior to balloon valvuloplasty. Bottom left: 9 mm Hg 
mean Doppler gradient across MV postballoon valvuloplasty. Top right: Inoue balloon inflated across MV. Bot- 
tom right: Mild mitral insufficiency by color Doppler after balloon valvuloplasty. 


TRANSCATHETER MANAGEMENT OF 
COARCTATION, RECOARCTATION, AND AORTIC 
ARCH OBSTRUCTIONS 

Dilation of peripheral arteries was the first therapeutic cath- 
eterization procedure and represents yet another area in which 
the vascular radiologist introduced the techniques. Dotter and 
Judkins (1) reported on the dilation of atherosclerotic periph- 
eral arteries at the same time that Rashkind and colleagues 
were working on the atrial septostomy catheter. 

The technique for dilation of vessel stenosis uses small, 
cylindrical, fixed maximal diameter dilating balloons passed 
over a spring guidewire, positioned across the area of steno- 
sis, and inflated with relatively high pressures. This stretches 
or tears the area of stenosis up to the predetermined diam- 
eter of the balloon. This balloon technique is not only used to 
treat recurrent or native coarctation of the aorta (Fig. 13.10), 
but similarly is used for branch pulmonary artery stenoses as 
well as central and peripheral venous stenoses. As many ves- 
sel dilation procedures are associated with immediate recoil 
and subsequent restenosis, the addition of balloon-expandable 


stents has further improved upon the available therapeutic 
interventional armamentarium and is frequently the treatment 
of choice in adult patients. 

In 1979, Sos et al. (102) first experimented with balloon 
angioplasty of native coarctation in postmortem specimens 
and this was followed by some fundamental work by Dr. James 
Lock in the early 1980s. He performed balloon angioplasty on 
excised human coarctation segments as well as experimentally 
induced coarctation in lambs (103,104). He showed that bal- 
loon angioplasty achieved its therapeutic result by creating 
micro- or macroscopic mtimal and medial tears over a variable 
distance in the vessel. These intimal injuries appeared to have 
healed completely on late pathologic examination, leaving the 
ballooned segment with a normal looking intima. The studies 
also documented that a balloon diameter of less then twice 
the size of the coarctation segment was unlikely to achieve a 
successful dilation, while diameters greater then three times 
appeared to carry a higher risk of deep and extensive tears. 

Dr. Ronald Grifka et al. (105) and Dr. Charles E. Mullins’ 
group from Texas Children^ Hospital set the stage for early 
evaluation of endovascular stent therapy to treat coarctation 
(Fig. 13.11). In animal experiments, they implanted Palmaz 
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Figure 13.10. Coarctation and 
PDA. A 14-month-old child was 
referred for elective PDA closure. 
Coarctation with 30 mm Hg 
peak systolic gradient was inci- 
dentally found during procedure. 
PDA was closed with 6/4-mm 
ADO, followed by placement of 
a 19-mm Genesis XD in DAO, 
completely abolishing the gradi- 
ent. Left: PDA and coarctation 
prior to intervention. Right: Pos- 
tintervention. 


P308, P188, and P108 stents in the abdominal aorta and 
documented that stents can be safely redilated after initial 
stent implantation. Dr. Andrew Redington et al. (106) added 
to this in 1993 by implanting a self-expandable stent into a 
10-week-old girl who had previously had palliative surgery for 
hypoplastic left heart syndrome. While one should generally 
avoid endovascular stent therapy in small infants, in some very 
rare circumstances, the implantation of a low profile stent in 
very sick infants may be justifiable, even though one has to 
accept that these low-profile stents are not expandable to adult 
size and therefore will eventually require surgical removal. In 
1995, Suarez de Lezo et al. (107) reported the first large series 
of stent implantation to treat native and recurrent coarcta- 
tion in humans using the Palmaz stent and in 1999 Cheatham 
(108) first reported on a new stent design, the CP stent, which 
is also available in a PTFe-covered variety. Holzer et al. (109) 
at Nationwide Children’s Hospital recently reported a larger 
experience of stent therapy for complex aortic arch lesions, 
which further expanded the indications for transcatheter stent 
therapy with excellent results (Fig. 13.11). 

One of the major difficulties when comparing the various 
treatment modalities for native or recurrent coarctation of the 
aorta, such as surgery, balloon angioplasty, and endovascular 
stenting, is the fundamental lack of prospective, evidence-based 
data (110). As such, one has to rely on institutional series (110), 
the results of which are necessarily influenced by not only the 
skill of the individual interventional cardiologist and cardiac 
surgeon in the respective institution but also by the common 
institutional policy and experience in treating these lesions. 

Similar to the comparison of surgical and interventional 
approaches to coarctation, the decision between balloon 


angioplasty and primary stenting is often dependent on the 
individual institutional policy, rather then being guided by evi- 
dence-based data. While both balloon angioplasty and endo- 
vascular stenting have an important role to play in the primary 
management of aortic coarctation, there are a number of valid 
reasons that make primary stenting the more suitable treat- 
ment modality, if the size of the patient permits this procedure. 
First, the results of balloon angioplasty are limited due to elas- 
tic recoil of the coarcted segment and the rigidity of an endo- 
vascular stent obviously overcomes this problem. Second, the 
degree of trauma to the aortic vessel wall plays an important 
factor in the potential development of complications such as 
aneurysm formation. While balloon angioplasty often requires 
a degree of overexpansion of the coarctation and adjacent 
vessel wall to achieve a maintainable result, endovascular 
stenting allows having a successful result while dilating the 
vessel wall only to the desired diameter — overexpansion is not 
required. Finally, a subgroup of longer-segment coarctation or 
arch hypoplasia typically has a poorer outcome after balloon 
angioplasty alone. 

Even though primary endovascular stenting offers signifi- 
cant benefits, it is usually avoided in small children and infants, 
because of the potential for injury to the arterial vessels and 
access sites as well as the higher likelihood of developing in- 
stent stenosis when stents are only expanded to fairly small 
diameters. As with any other aspect of interventional therapy, 
the catheterization laboratory has to be equipped to allow the 
operator to deal with potential complications that are specific 
to the procedure performed (Fig. 13.12). 

The goal of the procedure is to achieve reduction in the 
gradient to <10 mm Hg or a 90% or greater relief of the 



Figure 13.11. Complex arch stenting. A 
15-year-old child with coarctation repair 
(end-to-end) during infancy had Shone’s 
complex with transverse arch hypopla- 
sia. Placement of a 36-mm Max LD stent 
in the transverse arch led to a gradient 
reduction from 22 mm Hg peak systolic 
to 2 mm Hg peak systolic. Left: Aorto- 
gram before stent placement. Right: Aor- 
togram after stent placement. 
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Figure 13.12. Illiac rupture. A 9-year- 
old boy with localized coarctation 
undergoing placement of a Max LD 
stent with complete abolishment of the 
gradient. Upon sheath removal injury 
to right iliac artery occurred that was 
treated through implantation of a cov- 
ered Atrium Cast stent. Left: Injured 
iliac artery with significant extravasa- 
tion of contrast, Right: Same vessel 
after placement of the covered stent. 



obstruction angiographically. In an observational study, Zabal 
et al. (Ill) analyzed a cohort of 54 consecutive adult patients 
who underwent transcatheter treatment for coarctation with 
the primary endpoint being a composite index of failure, made 
up of heart-related death, a gradient on follow-up of more 
than 20 mm Hg, the need for reintervention, or complications 
such as aneurysm formation. They identified that a residual 
gradient of more than 10 mm Hg was associated with a signifi- 
cantly higher failure index. While this is not a prospective or 
randomized study, it does fit with the results of other observa- 
tional series and appears to be a good guideline when deliver- 
ing interventional therapy to these patients. 

With the present techniques and equipment, dilation and/or 
stent implantation for native or recurrent coarctation appears 
to be successful in achieving immediate relief of the obstruc- 
tion in more than 90% of cases. Holzer et al. (112) recently 
reported the results of the CCISC registry on stent implan- 
tation for aortic coarctation, documenting acute composite 
procedural success of 96%. However, the cumulative com- 
posite procedural success decreased to 86% at intermediate 
follow-up (3 to 18 months) and 77 % at long-term follow-up 
(>18 months). 

Balloon angioplasty alone for native coarctation in smaller 
children and infants has lower long-term success rates and the 
results are frequently not well maintained, with up to 66% 
recoarctation rate. An additional concern when discussing 
transcatheter interventions for native coarctation is the poten- 
tially greater incidence of aortic aneurysm formation in the 
area of the coarctation dilation. Aneurysms have occurred 
both immediately and late after the coarctation dilation. Cata- 
strophic events as a direct result of these aneurysms are rare. 
However, the follow-up data are limited, and the long-term 
outcome is uncertain, at best. Data from the CCISC registry 
suggest that the incidence of aortic wall complications after 
stent implantation for native coarctation on medium-term 
follow-up is less with stent implantation than with balloon 
angioplasty or surgery (13% vs. 44% vs. 25%)(113). From 
several surgically removed segments and from intravascular 
ultrasound (IVUS) of the area, it appears that both the aortic 
intima and media are often disrupted, with only the adventitial 
layer constraining the aortic pressure. Another concern with 
these aneurysms, particularly following an otherwise success- 
ful dilation, is that if subsequent surgery is necessary, it could 
be more hazardous because of the disappearance of collater- 
als following a hemodynamically successful dilation. As more 
follow-up information is gathered regarding dilation of native 
coarctation, this technique appears more reasonable for dis- 
crete lesions in patients over 7 to 12 months of age (114). 
Continued long-term follow-up is still recommended. In the 


larger child, primary stent therapy for native coarctation is 
a suitable treatment alternative to balloon angioplasty, even 
though aneurysms can occur with these stent implants. It has 
been suggested that gradual conservative expansion of these 
stents be performed over two or three procedures, especially in 
tight lesions, to reduce the incidence of dissection or aneurysm 
formation. 

The technique itself is relatively straightforward. The 
coarctation and adjacent aorta are visualized by quantitative 
angiography, usually using lateral as well as LAO projec- 
tions. IVUS can further assist the preinterventional assess- 
ment of coarctation, and may be specifically useful in the 
postoperative group of patients (115-117). If balloon angio- 
plasty alone is performed, a balloon of the same diameter as 
the narrowest aortic diameter adjacent to the coarctation is 
prepared. A “J” or curved-tip stiff guidewire is positioned 
retrograde through the coarctation, around the aortic arch, 
and into the aortic root or occasionally into the right innomi- 
nate artery. The dilation balloon catheter is passed over the 
wire and across the area of coarctation. When the balloon is 
centered in the coarctation, it is inflated to the manufactur- 
er's listed maximum pressure. The inflation may be repeated 
several times until the waist in the balloon or the gradient 
disappears. In smaller children and infants, cutting balloon 
angioplasty frequently adds an additional treatment alterna- 
tive in patients where endovascular stent placement should 
be avoided. 

In the slightly larger patient, when the results of the dilation 
are not satisfactory and where larger sheaths can be introduced 
into the arteries, intravascular stents can be used to support the 
dilated segment of aorta. When stents are used, it is impera- 
tive that only stents that eventually can be dilated to the full 
diameter of the adult DAO are used. In smaller patients with 
an expected diameter below average adult size, the Genesis XD 
or the Mega LD stents with a maximum expandable diameter 
of up to 18 mm would be perfectly appropriate. If larger maxi- 
mum diameters are required, the Max LD, the CP, or older 
Palmaz XL (Cordis, Warren, NJ) stents with maximum expand- 
able diameters beyond 25 mm are available, even though the 
(covered) NuMED CP stent is approved in the United States 
under an investigational protocol only (COAST/COAST II). If 
aortic arch vessels must be crossed, the Mega or Max LD stents 
offer additional advantages because of their open-cell design, 
which can be expanded to avoid having the side branches 
of the aortic arch covered by the cells of the stent wire mesh 
(Fig. 13.13). In contrast, the ePTFE-covered variety of the CP 
stent is specifically useful for very tight coarctation where an 
increased risk of injury to the aortic wall is expected as well 
as in the adult population where catastrophic aortic rupture 
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Figure 13.13. Three-dimensional 
(3-D) rotational angiography of 
open cell stent extending over 
arch vessels. 3-D reconstruc- 
tion of a rotational angiogram 
taken in a 3-year-old child with 
complex CHD who underwent 
stent placement of the trans- 
verse arch using a 26-mm Mega 
LD stent (no residual gradient), 
completely opening the cells to 
the single side branch using a 
10-mm balloon. 


has been reported (118-120). Stents implanted in children can 
gradually be expanded to adult size in subsequent transcath- 
eter procedures to accommodate a child’s growth. It is hoped 
that the prospective enrollment of patients undergoing balloon 
angioplasty, stent therapy, or surgical treatment in the CCISC, 
organized by Dr. Thomas Forbes in Detroit with participating 
centers worldwide, will help shed light on this subject. 

Transcatheter management of coarctation in the adult has 
some important differences when compared to its management 
in the younger child. For example, limiting factors in younger 
children when considering endovascular stent therapy, include 
the potential for injury to the arterial vessels and access sites 
due to the need for larger sized hemostatic sheaths as well 
as the higher likelihood of developing in-stent stenosis when 
stents are only expanded to fairly small diameters. These prob- 
lems are of a much lesser concern when dealing with an adult. 
The goal of the interventional procedure in adults is similar to 
children: To achieve reduction in the gradient to <10 mm Hg 
or a 90% or greater relief of the obstruction angiographically. 

It has been advocated that the risk of catastrophic aortic 
injury during or after balloon angioplasty and/or stent place- 
ment in the adult (118-120) is higher than what would be 
expected in the younger child, especially when treating pri- 
mary coarctation. In the adult, coarctation or recoarctation do 
not always have the morphological correlate of a “high grade” 
and “tight” stenosis. Many adult patients with systemic and 
exercise induced hypertension may present with “just” a 20 to 
30 mm Hg upper-to-lower limb blood pressure gradient with 
an angiographic discrepancy between coarcted segment and 
the aorta at the diaphragm of not more then 30% to 50%. 
To achieve an adequate result with balloon angioplasty alone, 
one would ideally have to expand the area to at least twice the 
size of the coarctation segment (103,104). However, using this 
as a guide would lead to significant overdilation of not only 
the coarcted segment but also the adjacent “healthy” aorta. 
Primary stent therapy is therefore the treatment of choice in 
adults with primary or recurrent coarctation, as it not only 
avoids the need for overexpansion but also has a lower risk of 
recurrence when compared to balloon angioplasty. 

While the risk of catastrophic aortic injury cannot be 
eliminated, it can be minimized through the diligent use of 
diagnostic techniques such as IVUS (115,117). IVUS allows to 
evaluate the integrity and structure of the aortic wall above, 
below, and within the coarcted segment. This not only identi- 
fies areas with medial and intimal disruption as could relate 
from a previous attempt at balloon angioplasty but it also 
allows clear definition of the extension of the abnormal ves- 
sel wall, thereby allowing choice of a stent that is of sufficient 
length to cover the full length of the abnormal vasculature. 

Some institutions advocate preexpansion of the coarcted 
segment as a means of testing aortic wall compliance prior 


to stent implantation. However, this has the disadvantage of 
potentially extending a intimal-medial tear into healthy vas- 
culature that subsequently may not be covered during stent 
placement, therefore potentially acting as a “nidus” for aneu- 
rysm formation, especially at the areas immediately adjacent 
to the placed stent. In adults with very “tight” coarctation, it 
may be beneficial to expand the aorta not to the full intended 
diameter in a single procedure but instead adopting a staged 
approach where the stent is dilated over two or three sessions 
up to its desired final diameter, thereby allowing the aorta to 
heal between interventional procedures, with a reduced risk 
of catastrophic aortic wall injury. However, even with a very 
careful and considerate approach, the risks of treating adult 
coarctation cannot be fully eliminated and therefore whenever 
possible, the availability of an approved covered stent variety 
as a primary or rescue intervention could potentially enhance 
the safety of these procedures (Fig. 13.14). Covered stents 
have also been successfully used to exclude aortic aneurysms 
at the site of (re)coarctation (Fig. 13.15). 

It is important to minimize the potential risk of aneurysm 
formation and other vascular complications after transcath- 
eter therapy of (re)coarctation. The freshly injured vessel wall 
should be protected from any hypertensive strain and as such, 
at least temporary placement of the patient on antihyperten- 
sive medications such as beta-receptor blockers (even in the 
normotensive patient), may potentially reduce the incidence 
of early vascular complications after transcatheter therapy. 
During follow-up, it is important to investigate the potential 
development of aneurysms at the site of interventional ther- 
apy, which can occur even after stent therapy. A multislice CT 
scan or MRI should be performed within 6 to 12 months after 
the interventional procedure. 


REHABILITATION OF (BRANCH) PULMONARY 
ARTERY STENOSIS 


Transcatheter therapy of all varieties of branch pulmonary 
artery stenoses is a widely accepted standard procedure, in 
large part because most of these lesions are not amenable to 
surgical repair. However, rehabilitation of branch pulmonary 
artery stenoses can be one of the most challenging tasks in con- 
genital pediatric patients. Transcatheter therapy has to strive to 
achieve the optimum possible outcome that sometimes requires 
repeated and staged procedures to achieve some improvement 
for an individual complex patient. The treatment modalities 
available include the use of cutting balloons, standard balloon 
angioplasty, or the placement of endovascular stents. 

The individual success of treating these lesions is some- 
times difficult to assess, but in patients with a biventricular 
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Figure 13.14. Coarctation in pregnancy. A 34-year-old preg- 
nant woman was hospitalized during her 24th week gestation 
with severe systemic hypertension. Evaluation demonstrated 
severe coarctation of the aorta. Significant concern for fetus 
and mother lead to transcatheter placement of a covered 
NuMED CP stent, with complete abolishment of the gradient. 
Fluoroscopy time was minimized and appropriate radiation 
protection measures were taken. Top: Aortogram demonstrat- 
ing near interruption before stent placement. Bottom: Aorto- 
gram after stent placement. 


circulation, a reduction in the RV to systemic pressure ratio 
is a good indicator for a successful outcome. Individual pres- 
sure gradients to branch pulmonary arteries may be less 
meaningful, and in fact angiographically significant branch 
pulmonary artery stenoses can be associated with surprisingly 
low-pressure gradients, especially for isolated lesions and in 
the presence of significant pulmonary insufficiency. However, 


when assessing these gradients across individual stenoses, it is 
important to avoid a catheter-induced damping and therefore 
the use of pressure wires such as the RADI pressure wire (Radi 
Medical Systems, Wilmington, MA) may aid in accurately 
assessing the hemodynamic data. The angiographic appear- 
ance of the vessel before and after transcatheter intervention 
is equally important, and while one should strive to aim to 
achieve a “normal” vessel diameter, frequently the percentage 
of improvement in the anatomic measured stenosis is a good 
outcome parameter. Rotational angiography with 3-D recon- 
struction is a new tool that is in particular suited for patients 
that require complex pulmonary artery rehabilitation. The 3D 
reconstructions allow to visualize the complete pulmonary 
artery tree and the best angulations can be chosen to profile 
individual lesions (Fig. 13.16). This not only provides better 
imaging of individual lesions but may also lead to a reduction 
in the overall amount of contrast needed, especially in patients 
who require multilevel pulmonary artery rehabilitation. The 
amount of contrast for individual rotational angiograms can 
be further reduced by using rapid RV pacing during the rota- 
tional acquisition. 

While standard balloon angioplasty can be performed using 
a normal balloon-over-the-wire technique, it is frequently 
helpful to place long sheaths towards the area of intended 
interventional therapy to facilitate simultaneous therapies of 
adjacent lesions, balloon exchanges, and subsequent place- 
ment of stents if required (Fig. 13.17). In many patients, 
especially in adults, placements of long sheaths from a femo- 
ral venous approach may be difficult. Therefore, alternative 
approaches should be considered. Internal jugular venous or 
transhepatic approaches offer the advantages of eliminating 
some of the double-S-curves that have to be traversed from 
a femoral venous approach, while also using a shorter sheath 
length and allowing improved “pushability” of the catheter. 

Standard balloon angioplasty alone rarely achieves a sus- 
tainable long-term improvement to an individual stenosis and 
as such is usually only performed in situations where other 
forms of transcatheter treatment are not available or where 
the size of the patient or vessel prevents the use of endovas- 
cular stents that can be expanded to adult size. No absolute 
rules exist for determining the correct balloon size; it appears 
that the balloon should preferably be larger than two times the 
diameter of the stenotic segment while avoiding exceeding a 
diameter of three times the actual narrowing. However, when 
using standard balloon angioplasty, “overdilation” of a vessel 
is frequently required to achieve an adequate outcome. In very 
resistant stenoses, the use of high-pressure balloons should be 
employed, rather then exceeding the size of the dilation bal- 
loons. Cutting balloon angioplasty is available for maximum 
diameters of up to 8 mm and is a suitable alternative to endo- 
vascular stenting especially in small distal pulmonary arteries 
(121,122). It is frequently beneficial to “score” very tight sten- 
oses that can be followed either by standard balloon angio- 
plasty or by endovascular stent placement if required. 

Standard balloon angioplasty of pulmonary branch ste- 
nosis has not been highly successful at correcting the lesions 
and many of the vessels that initially are dilated satisfactorily 
reconstrict immediately (recoil) with the deflation of the bal- 
loon or, if not immediately, a short time later. Few of these 
dilated vessels are maintained at a normal diameter. The true 
success rate at achieving a vessel of normal diameter with no 
gradient is <20%; at the same time, there is a definite morbid- 
ity and even mortality with the procedure. It is not possible 
to determine in advance which case will be successful, so the 
procedure is often performed as a therapeutic trial. Frequently, 
pulmonary artery rehabilitation is a staged procedure, where 
reinterventions are not necessarily a sign of procedural fail- 
ure, but more importantly reflect a consciously chosen staged 
therapeutic strategy with frequent early reinterventions to 
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Figure 13.15. Adult coarctation with aneurysm. A 23-year-old man who underwent GoreTex patch augmen- 
tation earlier in life and subsequently developed recoarctation with a 22 mm Hg peak systolic gradient and 
associated posterior aneurysm. Placement of a cove red CP stent completely abolished the residual gradient and 
excluded the posterior aneurysm. Top left: Aortogram before stent placement. Bottom left: Aortogram after stent 
placement. Top right: IVUS before stent placement demonstrating the aortic aneurysm. Bottom right: IVUS after 
stent placement with complete exclusion of the aneurysm. 


achieve optimum pulmonary growth. This was highlighted 
in the results from the C3PO registry where 22% of patients 
required early reinterventions within the first 3 years of the 
procedure (20). 

The clinical use of intravascular stents in patients with 
congenital heart lesions was introduced in 1989 by Mullins 
and colleagues with the use of large Johnson and Johnson 
Interventional System (JJIS; Sommerville, NJ) iliac stents in 
branch pulmonary artery and central systemic vein stenoses. 
The experience with stents in these lesions has significantly 
changed the approach to branch pulmonary stenosis. Results 
in eliminating any gradients and opening the vessels to their 
normal diameters have been excellent (8). The implant dilation 
does not require overdilation of the vessel to achieve a normal 


end diameter. The initial results are often sustained over years. 
In addition, it has been demonstrated that if the appropriate 
stents are implanted initially, these stents can be dilated fur- 
ther in the future up to the adult diameter of the vessel. In the 
25 years since their introduction for this use, intravascular 
stents have become the primary mode of therapy for branch 
pulmonary artery stenoses in most large institutions that pro- 
vide care for congenital heart patients. 

Implanting stents that may not be expandable to adult 
size (such as premounted stents) may be indicated in certain 
infants and small children undergoing a “palliative” proce- 
dure. Holzer et al. (123) recently presented a series of pul- 
monary arterial stent implantation in children weighing <15 kg 
and documented that stent implantation may prevent or defer 
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Figure 13.16. Three-dimensional (3-D) reconstruction of rota- 
tional angiography of pulmonary arteries. A 5-year-old girl 
with TOF-PA-MAPCAs who underwent unifocalization with- 
out VSD closure at 6 months of age, followed by two surgical 
reinterventions and subsequent interventional catheterization 
within the following 12 months. 3-D rotational angiography 
facilitates better delineation of an RLL branch PA stenosis 
(arrows). The image can be rotated until the lesion is best pro- 
filed and the allowable angles are displayed ( asterisks ) that 
then allows the operator to choose the same angulations for 
2-D acquisitions. 


the need for subsequent surgical intervention to a time when 
this can be performed with a lower risk. Similar results were 
documented in a larger series by Stanfill et al. (67). Further- 
more, in situ stents may not necessarily present a major dif- 
ficulty for the surgeons and can be excised or patched where 
required (67,123). While this may be challenging, it may pre- 
sent the preferred treatment alternative for selected patients. 
Furthermore, the meshwork of small diameter stents can be 
potentially fractured using ultra-high-pressure balloons, as 
recently shown by Maglione et ah (66). This would then allow 
implantation of stents that can be expanded to adult diameter 
to accommodate growth of a child and vessel. 

The delivery and implantation of intravascular stents in the 
branch pulmonary arteries are performed through the use of 
long sheaths and these procedures are usually a fairly complex 
undertaking. An end-hole catheter is advanced well beyond 
the lesion to be treated and is replaced with a stiff exchange 
wire. Appropriate and diligent guidewire positioning is a key 
to successful stent therapy. A long sheath/dilator large enough 
in diameter to accommodate the stent mounted on the appro- 
priate delivery balloon is passed over the wire beyond the area 
of stenosis. This is usually one of the most challenging parts 
of the procedure and may require changing the approach from 
femoral venous to internal jugular or transhepatic in selected 
patients. The chosen long sheath should be kink-resistant and 
reinforced if possible, such as the Super ArrowFlex sheath 
(Arrow, Reading, PA), but these suitable sheaths are pres- 
ently not available in all sizes that would accommodate larger 
sized balloon-stent combinations, as required in many adult 
patients. The dilator is then removed over the wire, leaving the 
sheath and wire in place. The balloon with the mounted stent 


is advanced over the wire and through the long sheath to the 
area of stenosis. The sheath is withdrawn off the balloon/stent; 
when the stent is verified to be in the exact position, the bal- 
loon is inflated, expanding the stent into the lesion and with 
deflation of the balloon, fixes the vessel at the dilated diameter 
(Fig. 13.18). During stent positioning, angiography can either 
be obtained through the sidearm of the long hemostatic sheath 
or by using an additional angiographic catheter advanced from 
a separate venous entry site. In order to achieve precise deliv- 
ery and positioning of the stent, specialized balloon delivery 
catheters are often helpful. The BIB balloon catheter allows 
adjustment of the partially deployed stent after inflation of the 
inner balloon alone, before full deployment using the outer 
balloon. When expanding the stent to a diameter >12 mm, the 
BIB catheter is chosen. The addition of rapid RV pacing also 
reduces systolic stent movement during deployment. 

Pulmonary artery rehabilitation requires a high amount of 
technical expertise and is not without risks. The results from 
the C3PO registry documented an incidence of high severity 
adverse events of 10% in 1,315 procedures (20). Independent 
risk factors for high severity adverse events were age below 
1 month, two or more indicators of hemodynamic vulner- 
ability, use of cutting balloons, and operator experience of 
<10 years. The use of cutting balloons likely reflected the 
severity of the underlying lesions, rather than cutting bal- 
loons themselves being a risk factor for adverse events. The 
study also found that technical complications such as stent 
migration were more common for proximal pulmonary artery 
lesions, while, for example, reperfusion injuries (Fig. 13.19) as 
manifested through bleeding from the endotracheal tube were 
more common for lobar or mixed lesions. Acute changes in 
distal PA pressures of more than 150% and a mean distal PA 
pressure of more than 20 mm Hg have been found to be risk 
factors for reperfusion injury (124). In patients with multiple 
pulmonary artery stenosis, it is therefore often important to 
treat as many lesions as possible, allowing a decrease of the 
pulmonary artery pressures rather than treating only individ- 
ual lesions that then may lead more readily to a reperfusion 
injury in the treated segment. 


TRANSCATHETER MANAGEMENT OF 
PULMONARY VEIN STENOSES 


Surgical as well as transcatheter interventions for pulmo- 
nary vein stenoses have a uniformly bad long-term outcome 
(125,126). Pulmonary vein stenoses are frequently not iso- 
lated. Transcatheter interventions, whether (cutting) balloon 
angioplasty or endovascular stenting, are often performed as a 
“last resort” in patients in whom no other treatment alterna- 
tives are available before considering heart-lung transplanta- 
tion. These procedures are technically challenging and have 
a higher then average associated procedural risk. The proce- 
dures are often acutely successful but restenosis is observed in 
the majority of cases. Attempted dilation of these lesions may 
be recommended in an infant or child who is severely sympto- 
matic. The experience with intravascular stents in pulmonary 
vein stenosis to date has had no better medium- or long-term 
results than (cutting) balloon angioplasty alone, but has been 
associated with a high percentage of complications including 
systemic stent embolization. However, in selected patients, 
short-term results of endovascular stenting may be superior to 
cutting balloon angioplasty and as such may serve as a tem- 
porizing measure in critically ill children (Fig. 13.20). Stents 
have been surgically placed into pulmonary veins under direct 
vision as well as during brief ECMO support as “hybrid” 
procedures. The ultimate prognosis of these lesions remains 
poor. Where transseptal access is required and patients are of 
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Figure 13.17. Pulmonary atresia with ventricular septal defect (PAVSD). Major aortopulmonary collateral arter- 
ies (MAPCAS) — PA rehab of multiple lesions. A 2-year-old girl with PAVSD and MAPCAS, RLL and Right 
middle lobe (RML) stenosis (A). A long braided sheath is placed in the proximal RPA with wires positioned in 
both RML and RLL branches to allow PA rehabilitation in quick succession. Initially cutting balloon angioplasty 
is performed of RML (B), then cutting balloon angioplasty of RLL, followed by simultaneous standard BA of 
both RML and RLL (C), with good angiographic result (D, trivial LLL aneurysm). 


appropriate size, the use of steerable transseptal sheaths can 
significantly improve access especially to the right pulmonary 
veins. 


TRANSCATHETER MANAGEMENT OF SYSTEMIC 
VEIN STENOSES 


Dilation of stenosed systemic veins, particularly those nar- 
rowed after surgical or other interventions, often is acutely 
successful and carries little risk. Zahn et al. (127) recently 
demonstrated the feasibility of transcatheter interventions 
even in freshly operated lesions. The surgical alternative for 
these lesions is poor to nonexistent. Like pulmonary branch 
stenosis, the results are not uniform or predictable. As with 
balloon dilation of other vessels, there is immediate hemody- 
namic, anatomic, and symptomatic improvement. However, 
stenosis recurs in many cases. The technique for dilation of 


systemic veins, as with the other vascular balloon dilation pro- 
cedures, involves crossing the stenosed lesion with a catheter 
and exchanging the catheter for a wire over which the dilation 
balloon (or balloons) can be advanced across the lesion. The 
balloon size varies between two and three times the diameter 
of the stenosed segment. The balloons are inflated in the lesion 
to the pressure recommended for the particular balloons. Bal- 
loon angioplasty is frequently the preferred intervention when 
fairly fresh thrombotic material is responsible for the stenosis, 
as placement of endovascular stents often does not offer addi- 
tional advantages due to protrusion of thrombotic material 
through the struts of the placed stent (unless covered stents are 
used). However, if a vascular stenosis is the cause of an acute 
vascular thrombosis, stent implantation is usually preferable 
to balloon angioplasty alone (128). 

Similar to results seen in pulmonary artery branch sten- 
oses, the incidence of restenosis is high. Therefore, primary 
therapy for the more long-standing venous lesions has become 
the implantation of intravascular stents. In many patients, the 
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Figure 13.18. “Kissing” stents for bilateral branch PS. Bilateral branch pulmonary artery stenosis after repair of 
tetralogy of Fallot. Implantation of “kissing” stents to the PAs abolished 25 mm Hg gradients to the branch PAs 
and reduced the RV/systemic pressure ratio from 60% to 35%. Top left: RPA origin stenosis. Top right: LPA 
origin stenosis. Bottom left: Simultaneous expansion of “kissing” stents (Genesis XD and Max LD). Bottom 
right: Angiographic result after stent deployment. 


use of RF energy combined with the subsequent placement of 
covered stents may allow the recanalization of even completely 
obstructed venous structures (Fig. 13.21) (74). As with any 
other lesion, stents are chosen to be expandable to adult size, 
and therefore usually include the Genesis XD or the Max/Mega 
LD stents, or the covered CP stent, if available. The venous 
stent delivery procedure is similar to other intravascular stent 
deliveries in congenital heart lesions with the stents delivered 
over a stiff wire and through a long sheath. For stent delivery, a 
single balloon of a diameter similar to that of the adjacent near- 
est normal vein is used. Results of central venous stent implan- 
tations have been excellent. No adverse reactions or long-term 
complications of the stents have occurred. Some venous resten- 
oses have occurred when stents were dilated to a diameter sig- 
nificantly larger than the adjacent vessel at the time of implant. 


In these instances, the lumen within the stent “remodels” with 
neointima to the size of the normal adjacent vessel. 


TRANSCATHETER THERAPY AFTER 
"ATRIAL SWITCH" 

Prior to the establishment of the “arterial switch procedure” 
as the primary technique to treat patients with TGA, a large 
number of patients have been palliated using a modified 
Mustard or Senning procedure. These patients have contin- 
ued to survive into adulthood, often with very minimal early 
limitations in their overall cardiopulmonary exercise capacity. 
However, it has gradually become very clear that the “atrial 
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Figure 13,19. Reperfusion injury after PA rehab. A 2-year-old boy with TOF-PA-MAPCAs and DiGeorge syn- 
drome who underwent a surgical shunt at 2.5 months of age and unifocalization with RVPA conduit at 1 year of 
age. A: MPA angiography showing significant distal RPA stenoses. B: Serial balloon dilation of distal RPA and 
lobar branches. C: Chest X-ray demonstrating associated reperfusion injury primarily to the right lower lobe (RLL). 
D: Follow-up chest x-ray demonstrating the radiographic appearance of this segment having returned to baseline. 


switch” procedures have not “corrected” these patients, but 
instead have created a long-term palliation with very favorable 
early results. As a result of their often fairly normal overall 
cardiovascular status, many patients have been “lost to follow 
up” or have only been followed up in large intervals without 
very detailed diagnostic studies being performed on a regu- 
lar basis. However, as these patients have survived into adult- 
hood, more patients have become symptomatic from problems 
that are related to the early palliation and are frequently ame- 
nable to transcatheter and/or electrophysiological therapy. 
These problems include systemic and pulmonary venous baffle 


limb obstructions, baffle leaks, left ventricular outflow tract 
obstruction, atrial and ventricular arrhythmias, conduction 
anomalies, and sudden death. In addition, RV function is fre- 
quently found to be reduced, often manifesting itself with an 
increasing amount of tricuspid regurgitation. 

The workup prior to any transcatheter intervention should 
include an exercise study with documentation for potential 
arrhythmias or desaturations on exercise, a transthoracic 
or preferably transesophageal echocardiographic evaluation 
with documentation of any potential baffle leak or baffle 
obstruction, and Holter recording. An MRI will enhance the 
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Figure 13.20. Stenting of pulmonary vein stenosis. A 13-month-old infant with Adams-Oliver Syndrome, primary 
pulmonary hypertension and pulmonary vein stenoses (procedure performed on ECMO support). Top left: Right 
lower pulmonary vein stenosis. Bottom left: Right lower pulmonary vein after stent implantation. Top right: Left 
lower pulmonary vein stenosis with drainage partially via stented left upper pulmonary vein. Bottom right: Left 
pulmonary veins after stent placement in upper and lower pulmonary vein. 


sensitivity in detecting baffle leaks and baffle obstructions, 
while also providing RV functional parameters. The elec- 
trophysiology team has to be closely involved in preparing 
these procedures, deciding upon the best physical location 
(adult or pediatric hospital) and the order in which each 
individual part of the procedure is performed. This may not 
only include the pediatric, but in some patients also the adult 
electrophysiology team who may have greater expertise in, 
for example, complex pacing lead extractions. For example, 
a patient with a permanent pacemaker and a lead fracture 
may benefit from lead extraction at an adult center. The same 
patient could then be transferred with a temporary pacing 
lead to the specialized congenital interventional center, where 
stent therapy of a coexisting SVC baffle limb stenosis is per- 
formed, which then allows the pediatric electrophysiologist 


to place new transvenous pacing leads through the newly 
“opened up” SVC. 

In general, most patients will usually undergo a combined 
procedure, during which the interventional cardiologist ini- 
tially performs a full left- and right-heart hemodynamic evalu- 
ation (ideally obtaining jugular venous as well as femoral 
venous access), which will give some idea of potential pul- 
monary or systemic baffle limb stenoses. Angiograms of SVC, 
IVC, right atrium, as well as pulmonary arteries further delin- 
eate any areas of stenosis, while also documenting the pres- 
ence of any baffle leaks. TEE evaluation should be performed 
during the procedure to better delineate the baffle leaks and 
specifically their distance to AV valves as well as documenting 
the location of any pulmonary venous baffle limb stenosis. If 
multiple abnormalities are identified, it is very important to 
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Figure 13.21. Recanalization of SVC obstruction. Recanalization of an obstructed SVC and stenotic innominate 
vein in a 16-year-old boy. Top left: Occluded SVC and stenotic innominate vein with collateral formation. Top 
middle: Innominate vein appearance after placement of a Mega LD stent. Top right: RF wire positioning from 
right atrium to innominate vein. Bottom left: Balloon angioplasty of the open cell Mega LD stent (over wire 
loop). Bottom middle: Final positioning of a covered NuMED CP stent in SVC. Bottom right: Final result with 
significantly improved drainage from innominate vein via SVC to right atrium. 


involve the cardiac surgical team during the procedure. That 
allows determining which lesions may require surgical revi- 
sion, while deciding at the same time whether other lesions 
could/should be addressed during the transcatheter procedure. 
The pediatric electrophysiologist usually follows the interven- 
tional cardiologist with an evaluation of AV conduction as 
well as an electrophysiology study to detect atrial and ventric- 
ular arrhythmias. This is then followed by either implantable 
cardioverter defibrillator (ICD) or pacemaker implantation if 
required, frequently through the newly stented SVC. 

Many cardiologists have in the past adopted a “wait and 
see” approach when faced with baffle limb obstructions or 
baffle leaks. However, even though an obstructed SVC baffle 
limb with a well-formed collateral circulation in an asympto- 
matic patient may not necessarily cause any immediate prob- 
lems, rebuilding this vessel not only prepares these patients 
for the potential of ICD or pacing leads placed later in life 
but also prevents the baffle stenosis to become completely 
obstructed, which would pose a higher challenge for any tran- 
scatheter management needed in the future. Symptomatic SVC 
obstructions do benefit from transcatheter management in any 
patient, while any IVC baffle limb stenoses, if left untreated, 
have the potential of impairment of hepatic flow character- 
istics with secondary hepatomegaly and ascites. Pulmonary 
venous baffle limb stenoses may lead to pulmonary congestion 
as well as elevated pulmonary arterial pressures and should 
therefore be treated with the same degree of aggressiveness as 
MS in a patient with an otherwise normal intracardiac anat- 
omy. Finally, baffle leaks are potential causes for right-to-left 


shunting and paradoxical embolism, which can be a particular 
problem in patients with pacing or ICD leads and/or frequent 
atrial arrhythmias. Baffle leaks can also lead to desatura- 
tion during exercise or even at rest, thereby may contribute 
to a reduced exercise tolerance, while moderate shunts add 
unwanted volume loading to the already reduced RV function. 
At this institution, we have therefore adopted an approach that 
attempts to eliminate any residual anatomic or morphologi- 
cal abnormalities as much as possible through transcatheter 
therapy, which has been documented to be an excellent form 
of therapy for these lesions with very favorable results (129). 

SVC baffle limb rehabilitation is best preformed using an 
internal jugular venous approach, placing a stiff wire with a 
floppy tip within the left ventricle. Some SVC baffle limb sten- 
oses may require high pressures during balloon expansion and 
frequently the placed stents must be further expanded using 
high-pressure Mullins balloons (NuMED, Hopkinton, MA). 
Stents that are expandable to diameters in excess of 18 mm, 
such as the Max LD stent (EV3, Plymouth, MN) or the (cov- 
ered) CP stent (NuMED, Hopkinton, MA), are most suitable 
to treat these baffle limb obstructions. Stents should only be 
placed across a baffle leak after the leak itself has been occluded 
using a transcatheter device (Fig. 13.22). Where approved and 
available, a combination of baffle leak and obstruction can be 
more readily treated using covered stents. Pulmonary venous 
baffle limb stenoses can be addressed either by a transseptal 
approach or by using a retrograde aortic approach through 
right ventricle and tricuspid valve. The short length of these 
lesions usually makes them less amenable to intravascular 
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Figure 13.22. Mustard baffle leak and stenosis. A 25-year-old 
patient with a history of Mustard atrial switch procedure for 
TGA. Hemodynamic evaluation demonstrated a SVC baffle 
limb stenosis with near-interruption and a 10 mm Hg mean 
gradient as well as a stenotic SVC. Additionally, a baffle leak 
was identified at the inferior end of the SVC baffle. Top: SVC 
angiogram delineates the severe SVC baffle limb stenosis and 
the baffle leak to the right of the stenotic area. Middle: SVC 
angiogram after occlusion of the baffle leak using an 8-mm 
ASO and placement of a 36-mm Max LD within the SVC 
baffle limb, demonstrating no residual angiographic shunt and 
significantly improved SVC baffle limb. Bottom: Angiogram in 
SVC after placement of two additional Max LD stents in SVC, 
thereby rehabilitating the hypoplastic SVC from innominate 
vein insertion to baffle limb (mean residual gradient 1 mm Hg). 


stent therapy, but some improvement can be achieved using 
high-pressure balloon angioplasty. 

The experience of managing these patients at our insti- 
tution using a combined team approach was presented by 
Holzer et al. (130) in 2006 (Fig. 13.23). Between December 
2002 and April 2006, 81% of all patients who were followed 
after atrial switch procedure underwent transcatheter evalua- 
tion. Electrophysiologic or pacing procedures were performed 
in the same setting in 15 patients. SVC baffle limb stenosis 
was found in 75% of patients, while IVC baffle limb steno- 
sis was seen in about 11%. Seven percent of patients had a 
pulmonary venous baffle limb stenosis, while 57% of patients 
had baffle leaks. Only three patients had none of the afore- 
mentioned abnormalities. Stent therapy was performed for 
19 SVC baffle limb obstructions and 2 IVC baffle limb obstruc- 
tions. Devices for baffle leaks were implanted in 11 patients, 
while 5 patients received a covered stent for a combination of 
baffle limb stenosis and leak. One patient underwent balloon 
angioplasty of a pulmonary venous baffle limb stenosis and 
three patients had RF perforation of a completely obstructed 
SVC baffle limb. Most patients with pulmonary venous baffle 
limb stenosis underwent surgical revision — the same applied 
for three patients with large baffle leaks and insufficient dis- 
tance to the AV valves. After stent implantation, the gradient 
across the baffle limb was reduced significantly from a mean 
of 3 mm Hg to a mean of 1 mm Hg, while the mean diameter 
improved significantly from 8.3 to 18 mm. Transcatheter baf- 
fle leak occlusion was performed or attempted in 17 patients, 
while three patients had unsuitable locations of the baffle leak, 
requiring surgical revision. Complete closure of the baffle leaks 
was achieved in about 82% of patients. Trivial residual leaks 
were seen in two patients, usually around small right atrial 
trabeculations. Complications were rare and only encountered 
in two patients, including atrial tachycardia requiring medical 
management in one and temporary complete heart block 
(CHB) in another. Over a follow-up period of up to 3.7 years, 
one patient underwent a repeated intervention for closure of 
a residual baffle leak after surgical baffle revision, while three 
patients underwent surgical correction for large baffle leaks or 
pulmonary venous baffle limb stenoses. 

These data demonstrate clearly that patients after atrial 
switch have significant pathology that can be treated in the 
catheterization laboratory. Patients after “atrial switch” pro- 
cedure require a team approach to identify and treat any resid- 
ual anatomic lesions. Transcatheter and electrophysiologic 
therapy have important roles within the multidisciplinary 
management of these patients. 


DEVICE CLOSURE OF SEPTAL DEFECTS 


Transcatheter Closure of Atrial Septal Defects 

At the present time, the AMPLATZER Septal Occluder is the 
most commonly used device to close intra-atrial communica- 
tions worldwide as well as in the United States, ranking supe- 
rior with regards to closure rates, rates of complications, and 
ease of use. However, prospective clinical trials that compare 
this device with other available devices in a controlled and 
randomized fashion have not been conducted. 

Preparation for Transcatheter ASD Closure 

Transcatheter closure of ASDs is usually performed under gen- 
eral anesthesia using TEE as guidance for device deployment 
and delivery. However, studies have documented that ICE 
is equally suitable for echocardiographic guidance, thereby 
allowing these procedures to be performed under conscious or 
deep sedation in older children and adults (131,132). 
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Figure 13.23. “Atrial Switch” catheterizations at Nationwide Children’s Hospital. Findings and procedures per- 
formed in 30 patients who underwent cardiac catheterization at Nationwide Children’s Hospital. All young adult 
patients had previously undergoing a surgical “atrial switch” procedure for TGA. 


Every study requires a full echocardiographic evaluation of 
the ASD. This should include assessment of the defect size in 
different planes (four-chamber view, short axis view, and SVC 
view), confirmation of normal pulmonary venous drainage, 
and evaluation of the AV valves for the presence of preexisting 
AV valve regurgitation. It is extremely important to evaluate 
all septal rims, including the superior rim with distance to pul- 
monary vein insertion and SVC, the inferior rim towards the 
AV valves, the anterior retroaortic rim, and the posterior-infe- 
rior rim that is in continuity with the IVC. It can at times be 
difficult to achieve a clear definition of the posterior-inferior 
rim toward the IVC with TEE, in which case ICE has a clear 
advantage. Although studies have documented that closure 
of ASDs even with multiple septal rim deficiency is feasible, 
this clearly increases demands of the operator’s technical skills 
(133,134). 

Vascular access is usually obtained via the right femoral 
vein, placing an additional arterial monitoring cannula in the 
right femoral artery. Additional venous access from the right 
or left femoral veins may be necessary for ICE. In patients with 
bilateral occluded femoral veins, device deployment and deliv- 
ery should usually be performed using transhepatic access, 
which may even provide better alignment of the device to the 
atrial septum (135). Internal jugular venous access is the least 
preferable access route and is unsuitable for device delivery 
in most patients. Heparin at a dose of 100 IU/kg is adminis- 
tered to maintain an activated clotting time of >200 seconds. 
A standard hemodynamic left and right heart catheter evalua- 
tion should be performed prior to device closure. This should 
include evaluation of pulmonary artery pressures, pulmonary 
vascular resistance, and estimation of the atrial level shunt. 
Angiographic evaluation of the ASD through an injection in 
the right upper pulmonary vein is not uniformly required but 
may aid as a roadmap for device orientation especially when 


larger defects are being closed in smaller children. Angiogra- 
phy is usually performed using 35 degree LAO and cranial 
angulation. However, as the ASD’s position varies between 
patients, so does the best view to en-face profile the atrial 
septum. Therefore, tube angulations should be adjusted after 
initial angiography to achieve a better profile of the atrial 
septum. This view is then used throughout the device deliv- 
ery and deployment process. In general, biplane views are not 
necessary to aid ASD device closure and, in fact, may hinder 
accessibility to the patient for the echocardiographer. 

Even though the technical aspects of the treatment of adults 
with ASDs are not dissimilar to the treatment of smaller chil- 
dren (Fig. 13.27), the physiological effects of closing the intra- 
atrial communication have to be considered and evaluated 
very carefully, especially in older patients who have evidence 
of LV diastolic dysfunction. Closure of large intra-atrial com- 
munications in “unprepared” patients with LV diastolic dys- 
function can lead to a significant increase in left atrial pressure 
due to the loss of “pop-off” via the atrial septum, with 
resulting pulmonary edema and ventilator dependency (136). 
The left atrial/wedge pressure should be evaluated at baseline 
as well as after test occlusion of the defect. In many patients, 
placing the device across the defect without release and then 
recording pulmonary artery wedge pressure via a second cath- 
eter eliminate the potential of the balloon size interfering with 
the obtained pressure tracing. While a small increase (<5 mm 
Hg) in left atrial pressures may be acceptable and reasonably 
well tolerated, an increase of left atrial pressure by a mean of 
10 mm Hg or more is clearly prohibitive to occlusion of the 
septal defect (Fig. 13.24). Preferably, the treatment of any 
patient in whom these physiologic changes are expected, such 
as in older patients with a large ASD and systemic hypertension 
and/or LV dysfunction, should be optimized prior to engaging 
in any transcatheter procedure. This should include aggressive 
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diuretic therapy as well as afterload reducing agents. If a 
patient, despite appropriate pretreatment, still develops signifi- 
cant left atrial hypertension after test-occlusion, the placement 
of a fenestrated device may be necessary. Fenestrations within 
the device have been described, such as creating a communi- 
cation through the AS O (AGA Medical Corporation, Golden 
Valley, MN), which can be created by direct puncture through 
the central connecting waist of the device using a larger sized 
dilator (137). Alternatively, if these fenestrations need to be 
maintained for a longer period of time, placement of a short 
endovascular stent through the device may be beneficial (138). 


Technique of ASD Closure Using the AMPLATZER 
Septal Occluder 

The left upper pulmonary vein is entered using either a wedge, 
multipurpose, or Judkins right coronary catheter and a pre- 
shaped, exchange length, extra stiff, j -tipped wire is advanced. 
Most operators would at this stage perform static “Doppler 
stop-flow” balloon sizing under echocardiographic guidance, 
using either an 18-, 24-, or 34-mm AGA sizing balloon (AGA 
Medical Corporation, Golden Valley, MN) or a NuMED 
sizing balloon (NuMED, Hopkinton, NY). It is extremely 


Figure 13.24. Wedge pressure 
and ASD closure. Pulmonary 
arterial wedge pressure in a 
70-year-old woman who was 
considered for transcatheter 
ASD closure. Top LV and wedge 
tracing before closure document- 
ing a mean wedge pressure of 
9 mm Hg. Bottom LV and wedge 
tracing after ASD occlusion with 
a 34-mm ASO deployed but 
not released, documenting an 
increased mean wedge pressure 
of 32 mm Hg and an increase 
in Left ventricular end-diastolic 
pressure (LVEDP). The device 
was subsequently recaptured and 
the ASD was left open. 



l 


l 
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important to expand the balloon until the atrial level shunt is 
just abolished. The dimensions are then recorded on echocar- 
diography as well as on cine recording. However, unless a mild 
waist is visible, cine recordings can be misleading at times, 
as the angle of the atrial septum in relation to the sizing bal- 
loon may vary. One should clearly avoid any oversizing in an 
attempt to achieve a clear waist on the balloon, as oversizing of 
the device has been linked to the rare but serious complication 
of device erosion into the aortic root that has been described 
after ASD closure using the ASO (139). Many centers now 
completely avoid balloon sizing, especially in small children, 
and instead use an averaged maximum diameter taken from 
the three standard views to determine the appropriate device 
size. One would then add 25% to this diameter to determine 
the appropriate device size, which is often very similar to 
the ASD size determined when using color flow mapping. In 
patients with a deficient retroaortic rim where the two discs 
are expected to hug the aortic root on either side, the device 
size may have to be increased further. By subtracting 12 to 
14 mm (depending on the device size), one can then estimate 
the maximum LA disc size that is suitable to close the defect 
without exceeding the septal length. Where balloon sizing is 
performed, the AGA sizing balloon may be advanced directly 
through the skin without the use of a hemostatic sheath, while 
the NuMED sizing balloon (NuMED, Hopkinton, MA) can 
pass through an 8 Fr sheath. 

Once the device size has been determined, the appropriate 
delivery sheath is placed over the guidewire into the mouth 
of the left upper pulmonary vein. In addition to the stand- 
ard AGA 45 degree delivery sheath, other long hemostatic 
sheaths can be used. The dilator and wire are gently removed 
and extreme care must be taken to avoid any inadvertent air 
entry into the sheath and left atrium at this stage. The device 
is then prepared for delivery, attaching either a Touhy-Borst 
adapter or the standard bleed-back valve that is supplied with 
the AGA delivery system to the loader. The delivery cable is 
passed through the assembly and the device, after being care- 
fully inspected, is screwed onto the cable avoiding any force 
on the screwing mechanism. The device is then loaded under 
water seal and the whole assembly flushed with hand-warm 
saline. Once the loader is screwed onto the delivery sheath, the 
device is pushed forward under fluoroscopic guidance until 
the tip of the sheath is reached. The deployment is conducted 
under simultaneous echocardiographic and fluoroscopic guid- 
ance. The whole assembly is then pulled back until the tip of 
the delivery sheath exits the mouth of the pulmonary vein, 
at which stage the delivery sheath is pulled back while fixing 
the delivery cable to deploy the left atrial disc. Once the LA 
disc has been deployed, the position and orientation of the 
device are further evaluated on echocardiography, and while 
gently pulling towards the atrial septum, the alignment of 
device and septum are evaluated. At this stage, gentle rota- 
tion of the sheath may aid a better alignment. Once alignment 
appears suitable, the central connecting waist is deployed 
allowing “self-centering” and the whole assembly is pulled 
back against the atrial septum. In quick succession, this is fol- 
lowed by deployment of the right atrial disc once the connect- 
ing waist stents the defect itself. If the device pulls through 
the septum, the device is recaptured, the delivery sheath repo- 
sitioned, and the deployment process started again. Various 
techniques have been used to achieve better alignment of the 
device, such as the use of specialized s-curved delivery sheaths 
(Hausdorf sheath, Cook, Bloomington, IN), deployment of 
the left atrial disc into the left or right upper pulmonary vein, 
use of a dilator advanced through additional venous access to 
prevent the device from pulling through the defect, and use 
of Judkins right coronary guide catheters for smaller devices 
(134,140,141). Before release, the device must be carefully 
evaluated by echocardiography. This should include assess- 


ment for residual shunts around the device, obstruction of 
adjacent structures, as well as possible interference with the 
AV valves. The tension of the delivery cable will frequently 
distort device orientation and allow a moderate shunt between 
the separated discs. A careful push/pull action of the deliv- 
ery cable should clearly demonstrate that the two discs are 
separate in all echocardiographic views as well as on fluor- 
oscopy and the device should not easily be displaced through 
this very gentle push/pull maneuver. On occasions, right atrial 
angiography through the delivery sheath may be helpful to 
unmask inappropriate device position. Once the operator and 
the echocardiographer are satisfied with the device position, 
the device is released through counterclockwise rotation of the 
delivery cable using the supplied pin vice. The device usually 
reorients itself into a more appropriate position and there- 
fore a final echocardiographic assessment is performed after 
release of the device (Fig. 13.25). 

More challenging defects that require additional operator 
expertise are those with multifenestrated atrial septum, multiple 
larger ASDs, or those in very small children. Figure 13.26 
demonstrates closure of multiple ASD using two ASO, while 
Figure 13.27 demonstrates closure of a multifenestrated atrial 
septum using the AMPLATZER Cribriform Septal Occluder. 
ASD closure in small children is particularly challenging, due 
to the small left atrial size and the relationship between device 
size and limited septal length in these patients (Fig. 13.28). 
In small children, especially when the weight is below 3 kg, 
the ICE catheter can be used as echocardiographic guidance 
in TEE position. Because of the reduced left atrial size, it 
is often necessary to pull up the TEE probe prior to device 
deployment, to avoid the device being tilted into an unfavora- 
ble position due to impingement of the TEE probe posteriorly 
(which frequently would let a device pull through the anterior 
retroaortic rim). 

Results of ASD Closure Using the AMPLATZER 
Septal Occluder 

Procedure or device-related complications after ASD device 
closure are extremely rare. Even though the risk of device 
embolization is low at about 0.5%, it can occur, especially 
when attempting to close very large defect with deficient rims 
in adults (142). Therefore, it is mandatory that any physician 
attempting to close ASDs be sufficiently trained and skilled 
in device retrieval, using, for example, a Gooseneck snare 
(Microvena Corporation, White Bear Lake, MN) . The AMPLAZ- 
TZER Septal Occluder can usually be snared and recaptured 
into a sheath that is 2 Fr size larger than recommended by the 
manufacturer for that specific device, but attempts at snaring 
should only be performed within the atria, aorta, or pulmonary 
arteries. If a device has embolized into a ventricle, frequently 
manifesting itself with new and persisting ventricular arrhyth- 
mias, then surgical retrieval is usually indicated in order to avoid 
tricuspid or MV chordal injury. When a device is snared, one has 
to carefully manipulate the retrieval sheath to allow the screw of 
the device to readily advance into the sheath; otherwise capture 
of the device would not be possible (Fig. 13.29). 

Early electrophysiological abnormalities are common within 
the first 24 hours after ASD device closure (143), but most of 
these resolve quickly and persistent rhythm or conductance dis- 
turbances 1 year after device closure are extremely rare (144). 
A release of nickel from the device with a peak at 1 -month postim- 
plantation has been described (145). However, its clinical signifi- 
cance is questionable and reports of clinically significant allergic 
reactions to nickel after device implantation are rare (146,147). 

One of the most serious complications after ASD closure 
is erosion of the device into the aortic root, observed at an 
incidence of 0.1% (139). Even though the exact cause and risk 
factors for device erosion into the aortic root have not been 
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Figure 13.25, Closure of large secundum ASD. Closure of a large 32- to 34-mm secundum ASD using a 36-mm 
ASO. The device was deployed using a LUPV technique to achieve appropriate alignment with the atrial septum. 
Top left: Modified four-chamber view documenting larger ASD. Top right: Short axis view documenting large 
ASD with deficient retroaortic rim. Middle left: LUPV deployment technique. Middle right: Device postrelease. 
Bottom left and right: Short axis view without and with color flow mapping after release, documenting excellent 
device position and no significant residual shunt. 


identified, oversizing has been a concern in these patients (139). 
Most cases of erosion (Fig. 13.30) present in adults within a 
few days of the procedure with symptoms of chest pain and 
echocardiographic evidence of a pericardial effusion. However, 
device erosion can occur with more subtle symptoms several 
months after the procedure and may only be diagnosed after 


fatal erosion into the aortic root has occurred. While there is 
no valid tool available that identifies device erosion at an early 
stage, symptoms of chest pain or the presence of a pericardial 
effusion should alert the cardiologist to this potentially fatal 
complication. A multislice volume-rendered CT scan with 
3D reconstruction allows evaluation of the device from all 
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Figure 13.26. Closure of multiple ASDs. Closure of two secun- 
dum ASDs in a 59-year-old-man using 20- and 13-mm ASO. 
Top: Two devices deployed but not released with the larger 
device being “sandwiched” within the smaller device. Bottom: 
Both devices after release. 


views and as such can potentially demonstrate the relationship 
between device, atrial wall, and aortic root (Fig. 13.31). 

Closure rates are excellent with residual shunts being 
<5% at 1-year follow-up (32,134,148,149). The RV diastolic 
diameter tends to decrease after ASD closure suggesting some 
degree of remodeling when the exposure to volume loading is 
eliminated (150). 

While technically challenging, ASD closure in small chil- 
dren can be successfully performed. Holzer and colleagues 
reported on 26 patients with a weight below 10 kg (2.4 to 
10 kg) in whom ASD closure was attempted. Rim deficiencies 
were present in 31% of patients and the overall procedural 


success was 95%, with one unsuccessful procedure being 
related to a deficiency of the inferior rim. 

ASD Closure Using the Helex Septal Occluder 

Delivery of the Helex Septal Occluder is slightly more chal- 
lenging than the ASO. The deployment technique has been 
previously described in various articles (151-154). Jones et 
al. (154) reported on the results of 135 patients who were 
enrolled in an FDA phase II multicenter trial. Device deliv- 
ery was successful in 119/135 (88%) patients. The incidence 
of device embolization requiring catheter retrieval was 1.7%. 
At 12-month follow-up, 73% of defects were completely 
occluded, 25% had a clinically insignificant residual shunt, 
while 2% had a clinically significant residual shunt. The 
HELEX Septal Occluder appears to be more suitable for 
smaller defects, rather than large ones. In contrast to the ASO, 
balloon sizing is essential and a device at least twice the size 
of the stretched diameter (stop-flow) should be used. Serious 
complications such as erosions into the aortic root that have 
been described with the AMPLATZER devices have not been 
observed with the HELEX Septal Occluder thus far, which 
is an important advantage when considering the use of the 
HELEX Septal Occluder for smaller ASD and PFO. 

ASD Closure Using the CardioSEAL and STARFlex Devices 

Technical details of ASD closure using these devices have 
been described elsewhere (25). In 2000, Carminati et al. (155) 
reported on the European multicenter experience of using the 
CardioSEAL and STARFlex double umbrella devices to close 
intra-atrial communications in 334 patients with a mean age 
of 12 years. Implantation was achieved in 97% of patients, 
with early device embolization being seen in 4% of proce- 
dures, most of which required surgical removal of the device. 
Residual shunting has been observed more frequently when 
compared to the ASO. Immediately after the procedure, 41% 
of patients had a detectable residual shunt that decreased 
gradually to 21% at 12-month follow-up. However, when 
excluding trivial leaks, the rate of complete closure was as 
high as 93% at 1-year follow-up. Two patients required late 
explantation of the device, one due to malposition and one 
due to late embolization. Fractures of the device arms were 
seen in 6 % of patients, not associated with clinically signifi- 
cant adverse events. Device erosions into adjacent structures 
were not observed and no patient died as a result of the device 
implantation. Unfortunately, only defects <20 mm can be reli- 
ably closed using these devices, a significant limitation for 
patients with larger defects. 

Some Comments on PFO Closure 

Device closure of PFO using the ASO is very similar to ASD 
closure and technically fairly straightforward in most patients. 
Balloon sizing may avoid choosing a device that is too large for 
the individual patient, even though most ASO will fall in the 
range from 12 to 18 mm. The not-yet approved AMPLATZER 
PFO Occluder (AGA Medical Corporation, Golden Valley, 
MN) is specifically helpful for the longer tunnel-like PFO and 
also aids in the stabilization of an associated septal aneurysm. 
It is currently investigated in a Randomized Evaluation of 
Recurrent Stroke Comparing PFO Closure to Established Cur- 
rent Standard of Care Treatment (RESPECT). The presence of 
an atrial level right-to-left shunt should be evaluated before 
and after PFO closure using either bubble contrast echocar- 
diography or transcranial Doppler. The recently approved 
AMPLATZER Cribriform Septal Occluder (AGA Medical 
Corporation, Golden Valley, MN) may have some use in tran- 
scatheter closure of PFO. 
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Figure 13.27. Closure of multifenes- 
trated ASD. Multifenestrated atrial 
septum with at least three separate 
shunts on echo color flow mapping. 
Top: Multifenestrated septum before 
device placement associated with atrial 
septal aneurysm. Bottom: Atrial sep- 
tum after device placement — note the 
flat appearance of the device and sep- 
tum without a significant central waist. 




The HELEX Septal Occluder has also been used frequently 
in Europe to occlude PFO. Sievert et al. (156) reported their 
experience of 33 patients and identified residual shunts at 
6-month follow-up in 5.5% of patients, without any proce- 
dure or device-related complications. No recurrent neuro- 
logical event was observed in these patients during a mean 
follow-up of 12 months (156). Within the US, the use of the 
HELEX Septal Occluder to close PFO in patients with crypto- 
genic stroke as compared to standard therapy with Aspirin, is 
presently being evaluated in the REDUCE trial. Similar to the 
ASO and the HELEX Septal Occluder, the (no longer avail- 
able) STARFlex Occluder was evaluated for the treatment of 
PFO and stroke (CLOSURE I trial) (24,25). 

Transcatheter Closure of Fontan Fenestrations 

Transcatheter closure of fenestrations created surgically during 
the completion of a Fontan is usually considered in patients 
who have transcutaneous oxygen saturations equal to or 
below 90% after completion of Fontan. While the Cardio- 
SEAL ASD occlusion device had standard use approval under 
the FDA for occlusion of these defects, many other approved 


devices have been used on an off-label basis and the most 
commonly used devices for this indication are presently the 
smaller varieties of the ASO (Fig. 13.32) (157,158). While in 
general, these defects are closed in a similar fashion to secun- 
dum ASDs, there are a few important considerations. Balloon 
test occlusion of the fenestration should be undertaken for 
10 to 15 minutes, allowing for careful evaluation of right atrial 
pressures, systemic pressure, oxygen, and cardiac index. If test 
occlusion is well tolerated, the defect can be closed using a vari- 
ety of approaches. Even though the jugular venous approach 
is unsuitable for occlusion of ASDs, small surgically created 
fenestrations are usually more amenable to this approach, as 
the small size of the defect allows a much harder pulling force 
to be exerted that overcomes the disadvantages otherwise 
encountered through inappropriate alignment. The location of 
surgical fenestrations may be close to the tricuspid valve and 
therefore careful echocardiographic assessment is necessary to 
avoid the device dropping into the tricuspid apparatus. Ideally, 
the left atrial disc should be deployed close to the fenestration. 
In many cases, the smallest device size of an ASO (4 mm) is 
sufficient for occlusion. In patients with extracardiac Fontan 
circulation and a short tubular connection to the atrial mass, 
the ADO may be more suitable to close this fenestration (159). 
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Figure 13.28. ASD closure in infancy. An 8 months (6.5 kg) ex-premature ventilator-dependent infant with 
bronchopulmonary dysplasia and a moderate (9 mm, unstretched) secundum ASD with deficient retroaortic 
rim (Top left). Top right: Standard deployment technique was unsuccessful in aligning the device with the atrial 
septum, Bottom left: Left upper pulmonary venous deployment technique. Bottom right: Device alignment and 
position after release (11-mm ASO). Patient was subsequently weaned off the ventilator. 


Transcatheter Closure of Ventricular Septal Defects 

Background and History 

Transcatheter closure of muscular VSDs was first attempted 
on a compassionate basis using the larger Rashkind PDA 
occluding device (7). In 1988, Lock et al. (7) reported on a 
series of six patients in whom muscular VSDs — including 
postinfarct VSDs — were closed using the Rashkind device. 
Although the device and technique were successful in some 
cases, the device frequently was too small and resulted in sig- 
nificant residual leaks or actual embolization of the device. 
Some shortcomings of the Rashkind device were overcome by 
the design and larger sizes of the Clamshell device, making this 
a useful technique for some otherwise difficult to treat VSDs 
(160). Its successor, the Cardio-SEAL, had been used to close 
a variety of muscular VSDs (161). However, the most com- 
monly used approved device for closure of muscular VSD is 
the AMPLATZER Muscular VSD Occluder. 

Other devices have been used “off-label” to close muscular 
as well as perimembranous (39) VSDs, including the buttoned 
device (162), detachable coils (163-165), and the ASO (166). 
However, theses devices as well as the approved Cardio-SEAL 
device were designed for different indications and as such are 
not generally adapted to suit the very different anatomical and 
morphological parameters (such as septal thickness) that are 
encountered with muscular VSDs. 

It was not until 1999 when Thanopoulos first reported on 
the use of a custom-made device for closure of muscular VSDs 
(37). Results of the AMPLATZER Muscular VSD Occluder 
have been encouraging (167-170). In contrast to muscular 


VSDs, perimembranous defects pose much higher demands 
on device design due to their proximity to the aortic valve, 
and early trials with “off-label” use of the Rashkind dou- 
ble umbrella were quickly abandoned (39). In 2002, Hijazi 
et al. (41) first reported on the use of a custom-designed device 
to close perimembranous VSDs and phase I trials investigat- 
ing the AMPLATZER Membranous VSD Occluder were 
conducted in the United States (171) (Fig. 13.33). However, 
a serious and worrisome complication after implantation of 
the AMPLATZER Membranous VSD Occluder is the develop- 
ment of CHB. Its incidence in reported studies ranged from 
2 % to 3% (171,172). More recent reports of even higher inci- 
dence of CHB have appeared in several international regis- 
tries, up to 4% to 5%. Even though heart block may develop 
during the procedure itself (173), it has been reported to occur 
at any time from within a few days to within a few months 
after an otherwise uncomplicated procedure (172,174). So far, 
no specific factors have been identified that allow prediction of 
these serious events. Because of the high reported incidence of 
AV block at present, the device is presently not approved for 
closure of perimembranous VSDs (and therefore the technique 
is not described in this section). Device modifications that may 
allow a reduction in external forces exposed onto the conduc- 
tion system are presently being evaluated. 

Technique of Muscular VSD Closure Using the AMPLATZER 
Muscular VSD Occluder 

The principle technique for device closure of muscular as 
well as perimembranous VSDs is similar, with the device usu- 
ally being deployed from an antegrade approach. For apical 
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Figure 13.29. AS O device retrieval. A 29-year-old man who underwent ASD closure using a 20-mm ASO. The 
following day the device was found to have embolized to the DAO (A). The device was snared using a Gooseneck 
snare (B) and subsequently the screw aligned with the retrieval sheath (C). The device was recaptured into the 
sheath (D). 


and mid muscular locations of the defects, the device deliv- 
ery usually is from the superior vena cava (SVC); defects in 
the anterior muscular septum generally are approached from 
the IVC. This combination of circumstances results in a com- 
plex delivery technique requiring an arterial-venous guidewire 
“rail” passing from the arterial approach to the left ventri- 
cle, through the defect into the right ventricle, and ultimately 
being exteriorized either via femoral or internal jugular vein. 

The procedure is performed using continuous TEE. After 
an initial hemodynamic evaluation and LV angiography, the 
VSD is usually crossed from the LV using a Judkins right 
coronary catheter and a 0.035-inch exchange length angled 
glide wire. The wire is snared using an Amplatz Gooseneck 
snare (Microvena Corporation, White Bear Lake, MN) either 
in SVC or in pulmonary arteries and exteriorized via femoral 
vein or internal jugular vein, thereby establishing a “rail” that 
can then be used to advance the appropriate diameter long 
delivery sheath through the defect and into the left ventricle. 
Device delivery is similar to that of the ASO for ASD closure. 
However, especially the closure of posterior-inferior defects 
is frequently complicated by delivery sheath kinking. Because 
of the complexity of the procedure, transcatheter muscular 
VSD closure should be limited to a few centers that have the 


necessary interventional expertise. A perventricular approach 
described later in this chapter is preferred over a percutane- 
ous approach for small infants, due to the higher incidence of 
adverse events associated with percutaneous device delivery in 
that population (175). 

Results of Transcatheter Closure of Muscular VSDs 

An early multicenter US experience of 75 patients was reported 
by Holzer et al. (170) in 2004. Procedure and device-related 
complications occurred in up to 39% of patients, almost a 
quarter of which were classified as major. The mortality in 
this early multicenter trial was 2.6%. Weight below 10 kg has 
been identified as a significant risk factor for adverse events. 
Closure rates were 40% immediately after device deployment, 
and increased further to 92 % at 12-month follow-up (170). 
In 2005, Thanopoulos and Rigby (169) reported one case of 
subsequent development of CHB 1 year after device implan- 
tation in a series of 30 patients with a median follow-up of 
2.2 years. Closure rates as high as 93% were described. 
Reports suggest that the relatively high rate of procedure- 
related complications in infants might be reduced through a 
perventricular approach through the beating heart without 
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Figure 13.30. ASO erosion. Pathology specimen after erosion 
of the AMPLATZER Septal Occluder through the left atrial 
wall into the aorta is shown here. The ASO is seen “endothe- 
lialized” with the edge of the device against the LA free wall 
(top). A probe is placed through the aortic erosion adjacent to 
the erosion seen in the roof of the LA (bottom). 


need for cardiopulmonary bypass (168,176). It has been 
suggested that when the advantages and disadvantages of the 
surgical approach to muscular ventricular defects are weighed 
against the risks and difficulties of the catheterization tech- 
nique, the transcatheter route may be an effective alternative 
in selected patients with a decreased morbidity. 

Postinfarction muscular VSDs require very specific consid- 
erations. In 2004, Holzer et al. (177) reported on 18 patients 
in whom occlusion of a postinfarct VSD was attempted using 
the AMPLATZER Muscular VSD (postmyocardial infarction) 
Occluder. A device was successfully placed in 89% of pro- 
cedures, with early 30-day mortality being about 28%. On 
follow-up, two patients underwent recatheterization to close 
a residual VSD. At a median follow-up of 332 days, 20% of 
patients had complete closure, 60% had a small residual shunt, 
and a further 20% had a moderate residual shunt (177). Even 
though results of device closure of postmyocardial infarction 
VSD are poor, they have to be interpreted in context with the 
background of early surgical mortality being as high as 27% 
to 46%, with the mortality in untreated patients exceeding 
90% (178-180). Unfortunately, so far, the device design for 
postinfarction VSD remains suboptimal, both in sizes available 
and device configuration. Residual shunts are not uncommon. 


It is possible that the addition of further Dacron fabric to the 
device may help. From our own experience, we have found 
that the maximum available device size of 24 mm is frequently 
insufficient to occlude larger postinfarct VSDs. Whether a per- 
ventricular approach may aid in reducing the perioperative 
mortality has not been evaluated. 


TRANSCATHETER OCCLUSION OF PATENT 
DUCTUS ARTERIOSUS 


At present, the most commonly used device to close medium 
or larger sized arterial ducts in the United States is the ADO 
which was introduced in 1997 (49). It presently is the only 
device that has been EDA approved specifically for closure 
of the patent arterial duct. However, many small PDAs are 
still being occluded using a variety of coils. The Nit-Occlud 
device is awaiting FDA approval, while the ADO II is pres- 
ently undergoing phase II clinical trials in the United States. 

Coil occlusion of the arterial duct can be performed using 
either an antegrade or retrograde approach. For very small 
PDA, a retrograde arterial approach is usually sufficient. 
Before crossing the patent arterial duct, an aortogram is per- 
formed just at the origin of the PDA using standard lateral 
projection as well as 30-degree right anterior oblique projec- 
tion of the AP tube. Measurements of the pulmonary arterial 
end, the aortic end, and the total length of the arterial duct 
and its midportion are made. According to a classification by 
Krichenko et al. (181), the arterial duct can be described angi- 
ographically as classically cone-shaped (type A), short with a 
narrow aortic end (type B), tubular (type C), having multiple 
constrictions (type D), or elongated conical with a distant con- 
striction (type E). Hemodynamic evaluation is performed prior 
to angiography, including assessment for any pressure gradient 
across the aortic arch as well as a full right heart catheteriza- 
tion in cases where an antegrade ductal closure is anticipated. 
Care should be taken to avoid inadvertently entering the duct 
before angiographic evaluation can be completed, as that may 
trigger ductal spasm that may make it impossible to obtain 
accurate measurements and could in the worst-case lead to 
the patient having to be rescheduled for a repeat procedure 
(Fig. 13.34). The antegrade approach has the advantage of 
allowing angiographic evaluation before the coil is completely 
deployed but both techniques are equally used and suitable. 

A coil usually twice the size of the pulmonary end of the 
duct is chosen and coils are deployed in a way to allow place- 
ment of about one loop being distal to the pulmonary arterial 
end, while the remainders of the loops are placed in the ductal 
ampulla. The length of the coil is usually three to five loops 
and depends on the length of the aortic ampulla. Delivery of 
Flipper or Jackson coils (or the newer MReye Flipper coils) 
is technically fairly easy and the controlled release mecha- 
nism allows an extra safety margin to prevent inadvertent coil 
embolization. If the coil position appears suboptimal, the coil 
can be recaptured and redeployed into a more appropriate 
position. However, Flipper coils with their reduced amount 
of filament are not always suitable to close especially medium 
sized PDAs. Therefore, techniques have been developed that 
allow delivery of the standard Gianturco coils in a more con- 
trolled fashion, such as the use of a snare (182) or bioptome 

(183) to hold onto the coil, the use of a tightened catheter tip 

(184) , or the use of a balloon (185) to tamp the coil within the 
ductus during deployment. Even without these aids, closure 
of many arterial ducts is feasible using just the standard Gian- 
turco coils, as has been demonstrated through many successful 
procedures, performed before any other devices became avail- 
able, If a residual shunt is present after placement of a coil, 
attempts should be made to place an additional coil. Residual 
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Figure 13.31. ASO relation to aortic root. Multislice volume rendered CT scan demonstrating the relation of the 
ASO to the aortic root in a patient who developed chest pain after transcatheter ASD closure. Arrowheads point 
to the device. Left: On-face view of the ASO in relation to the aorta. Right: Profile view of the ASO in relation 
the aorta (Images provided by Stephen Cook, MD), 


shunts not only fail to abolish the risk of bacterial endocar- 
ditis, but in addition are associated with an increased risk of 
intravascular hemolysis (186). Sufficient time (10 to 15 min- 
utes) should be given to allow clotting to occur before attempt- 
ing to place an additional coil, which is usually placed using a 
retrograde approach. The duct is carefully crossed using, for 
example, a 0.018 V18 wire or a 0.035 angled glide wire. A soft 
4 Fr catheter, such as a glide catheter, should then be tracked 
over the wire and advanced carefully across the PDA before 
placing an additional coil that is usually of smaller diameter 
than the one that was originally placed. Before introduction of 
the ADO, many moderate- to large-sized PDAs were occluded 
using multiple coils in this fashion (187). 

The technique of closing the arterial duct using the ADO 
has been described in detail by Masura et al. (49). After hemo- 
dynamic and angiographic evaluation, the PDA is crossed 
antegrade and a 0.035-inch exchange length wire is advanced 
into the DAO. An appropriate delivery sheath is advanced over 
the wire with the tip positioned in the lower DAO. The wire is 
then removed and the device is loaded in a way similar to the 
ASO. The device size is chosen so that the pulmonary end of 
the skirt is about 2 mm larger than the size of the narrowest 
PA portion of the arterial duct. In a typical type A PDA with 
a 3- to 4-mm pulmonary arterial end, one would therefore 
choose an 8/6-mm ADO. However, in very small patients, the 
device size is chosen to be frequently on the smaller side, while 
very large PDA may require a device notably larger than just 2 
mm above the narrowest PDA segment. The device is advanced 
until it reaches the tip of the delivery sheath. At this point, the 
whole assembly is gradually withdrawn in small increments. 
One should begin to deploy the retention disc when a position 
just in mid-portion of the DAO opposite to the PDA insertion 
is reached. It is important to use the angiographic recordings 
as a roadmap when deploying the device, with specifically the 
anterior end of the trachea and its relation to the PDA as a 
reference point. Once the retention disc is deployed, the whole 
assembly is withdrawn into the mouth of the aortic ductal 
ampulla, at which point the skirt is deployed while fixing the 
delivery cable and retracting the sheath. In type E PDA, tubu- 
lar type C PDA, or elongated arterial ducts with a typical cone 


shape, it may be necessary to withdraw (or begin to deploy) the 
retention disc inside the PDA. Once the device is deployed, a 
Pigtail catheter is advanced and positioned opposite the PDA 
in the DAO. Aortography is then performed, carefully evaluat- 
ing for the presence of any residual shunt around the device. 
One can repeat the aortogram after 10 to 15 minutes to allow 
clotting to occur if required. Without any residual shunt, the 
device can be released and its position should again be evalu- 
ated through a final angiogram (Fig. 13.35). Pressure record- 
ings in the ascending and DAO, as well as LPA and MPA should 
be obtained before and after device deployment. Even though 
the device is only recommended for use in infants above 5 kg, 
it is our experience that the ease with which the device can 
be recaptured if the position is not satisfactory should allow 
an attempt at PDA occlusion in any duct beyond the neonatal 
period, even if the patient’s weight is below 5 kg (Fig. 13.36). 
The key to successful deployment in small patients is not neces- 
sarily the size of the PDA, but more so its length. 

As an alternative to deployment of the ADO, the ADO 
II can be deployed using either an antegrade or a retrograde 
approach due to the symmetric shape of the device. The deploy- 
ment technique is otherwise very similar to the ADO, with 
one disc being deployed at the aortic ampulla, the central por- 
tion within the PDA, and the more proximal disc deployed at 
pulmonary arterial opening of the duct (antegrade approach, 
Fig. 13.37). For some type C, type D, and type E PDAs, the 
AMPLATZER Vascular Plug II can be used successfully, again 
using usually an antegrade approach (Fig. 13.38) (56). 

Results of PDA Closure 

In 1999 , Patel et al. (188) reported their experience of PDA 
coil occlusion in 149 patients. Out of 146 patients who had 
coils implanted, the rate of immediate complete closure was 
97%. In three of four patients with a residual shunt, com- 
plete occlusion was achieved during a second transcatheter 
procedure, while the residual shunt spontaneously resolved in 
another. The study documented zero mortality and very low 
morbidity. Coil migration during the procedure was seen in six 
patients (4%); four were successfully retrieved. Recanalization 
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Figure 13.32. Closure of Fontan Fenestration. An 18-year-old 
girl with heterotaxy and an extracardiac Fontan (hepatic con- 
fluence to LPA). Fenestration occluded using 5- mm ASO. Top: 
Before occlusion. Bottom: After occlusion. 


or delayed coil migration was not observed during a median 
follow-up period of 3 years. The risk of inadvertent coil embo- 
lization when attempting to close large PDA with a PA diam- 
eter in excess of 4 mm, has been documented to be as high as 
16% (187). However, most published data about PDA coil 
occlusion preceded the introduction of the controlled release 
Flipper coil as well as the introduction of the ADO, which is 
now available for moderate- or large-sized PDA. As such, the 
rate of inadvertent embolization can today be expected to be 
<1%, if full use is made of all available devices and techniques. 

Pass et al. (189) reported the results of a multicenter US 
trial evaluating the ADO, which enrolled 484 patients with a 
median age of 1.8 years between 1999 and 2002. The ADO 
was successfully implanted in 99% of suitable patients. Occlu- 
sion rates increased from 76% immediately at the end of the 
procedure to 89% at day one postprocedure and further to 
99.7% at 1-year follow-up. For the ADO II, Saliba et al. (190) 
reported closure rates 94% at 24 hours. 

Major complications were reported in 2.3% of patients 
while the incidence of minor adverse events was about 4.8%. 
Partial occlusion of the LPA was seen in two patients. However, 
no case of significant aortic obstruction was identified. Device 
embolization occurred in two patients, necessitating surgical 
retrieval in one. Vascular complications or blood loss requiring 
transfusion were reported in 18 patients and one patient died 
of overwhelming sepsis 5 months after the procedure. Embo- 
lized ADOs are more difficult to retrieve compared to other 
AMPLATZER devices, because of the recess of the microscrew 
into the device. Therefore, devices are usually retrieved using at 
least a 4 Fr larger delivery sheath allowing collapse of a device 
that has been snared circumferentially. Ducts of atypical (non- 
type A) morphology are technically more challenging and may 
require variations in the type and positioning of devices used. 

Even though the AMPLATZER Vascular Plug has been 
used to occlude persistent arterial ducts (55,191), caution has 
to be applied for this indication, because the lack of Dacron 
fabric in these devices may prevent complete occlusion in 
moderate-sized high-flow PDA, as was demonstrated in a 
patient with a type C PDA (192,193). However, this does not 
appear to be a problem when using the AMPLATZER Vascu- 
lar Plug II, with its triple-layered Nitinol mesh and improved 
occlusive properties (56). 

In 2003, Chisolm and colleagues reported on 19 patients in 
whom a Nit-Occlud was implanted as part of the phase II US 
clinical trial. Devices used were either Nit-Occlud Flex or Nit- 
Occlud Medium of various sizes. At 24 hours, 17/19 (89%) 
had no residual flow, while there was trivial residual flow in 
one and a small degree of residual flow in another patient. 
Procedural complications or device embolizations were not 
observed (53). In 2005, Celiker et al. (54) reported a closure 
rate up of 93% after 6 months. 


CLOSURE OF OTHER PERSISTENT OR 
ABNORMAL VASCULAR COMMUNICATIONS 

Techniques for embolization of abnormal or persistent arterial 
or arteriovenous vascular structures have been available for 
more than 30 years. Embolization techniques were developed 
and perfected primarily by vascular radiologists working in the 
abdominal viscera, gastrointestinal areas, and central nervous 
system, particularly in “end artery” vessels. Many materials 
and devices, including the patient’s own clotted blood, Gelfoam, 
colloidal plugs, “glues,” detachable balloons, and coil occlusion 
devices have been used for these peripheral occlusions. 

Gianturco (Cook, Inc.) coils, and their MRI compatible suc- 
cessor the MReye coils, are the most commonly used occlusion 
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Figure 13.33. Closure of Perimem- 
branous VSD. Closure of a peri- 
membranous VSD. Left: Before 
closure. Right: After closure. 



devices for patients with congenital cardiac defects. These coils 
are made of spring wire with polyester fibers enmeshed in the 
coils. They are available in several sizes and multiple diameters 
and lengths. The coil is introduced into the delivery catheter 
through a straight metal “loader” as a straight wire. When it is 
delivered by extrusion out of distal end of the catheter, it coils 



Figure 13.34. Ductal Spasm. PDA in spasm after catheter 
manipulation (A) and after waiting for 30 minutes for spasm 
to resolve (B). 


like a small “pigtail.” Once delivery with this particular coil 
has been started, there is no way of withdrawing the coil back 
into the catheter. The Gianturco coil occludes the vessel by 
creation of a mass of fabric and wire where a thrombus forms. 
The coil occlusion device usually is delivered into a vessel with 
a discrete distal narrowing, where it will fix in place and not 
migrate further through the vessel. Often, several coils are 
placed in a single vessel to achieve complete occlusion. In the 
absence of a distal narrowing or some other type of device for 
fixation, coils are generally only usable in tubular structures 
with a distended diameter up to 7 to 8 mm. For larger vessels or 
vessels without an area of discrete stenosis, coils can be used in 
conjunction with other intravascular occlusion devices to com- 
plete the occlusion of the vessel. Other devices that are avail- 
able to occlude slightly larger vascular structures include the 
AMPLATZER Vascular Plug (Fig. 13.36), The AMPLATZER 
Plug II (Fig. 13.37), the ADO, and the GGVOD. 

Many abnormal collateral vessels or persistent surgically 
created systemic to pulmonary artery shunts are associated 
with more complex lesions. These vessels should be occluded 
when systemic flow competes with normal pulmonary flow, 
particularly after the major defect is corrected. These com- 
munications were traditionally delivered during the corrective 
surgical procedure or as a separate procedure. Other lesions 
in which these devices may be useful are AV fistulae, including 
systemic, coronary— cameral, and peripheral as well as pulmo- 
nary AV fistulae. In these lesions, it is critical to identify the 
stenotic or “end” vessel into which the device can be fixed in 
order to reduce the dangers of migration to a vital structure. 
A variety of other persistent and abnormal vascular communi- 
cations can be occluded with the available devices, including 
a left SVC to the left atrium, systemic to pulmonary artery 
shunts in postoperative tetralogy of Fallot or PA patients, per- 
sistent systemic venous to atrial connections after the Fontan 
or Glenn procedures (Fig. 13.39), and others. 

As early as 1989, Perry et al. (45) reported on their experi- 
ence of occluding 77 vessels in 54 patients using Gianturco 
coils. The rates of total or subtotal occlusion immediately 
during the procedure were as high as 95%. Complications 
included six cases of inadvertent embolization into the pulmo- 
nary or systemic circulation, half of which were retrieved using 
transcatheter techniques and half of which were left with- 
out symptoms. This study, however, represents early results. 
Current practice is to continue to place multiple coils until 
complete or near complete occlusion of a vessel is confirmed 
angiographically, and detachable Flipper coils are usually pre- 
ferred for any attempted occlusion that may be associated with 
a slightly higher risk of inadvertent coil embolization. 

Hill et al. (192) reported a multicenter experience 
of 52 patients in whom 84 vessels were occluded using 
89 AMPLATZER Vascular Plugs. The most commonly occluded 
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Figure 13.35. PDA closure with ADO. A 9-year-old girl with 
a medium sized PDA who underwent PDA occlusion using an 
AMPLATZER Duct Occluder. Top: Before closure. Bottom: 
After closure. 


vessels included 45 aortopulmonary or venovenous collater- 
als, 28 pulmonary AVMs, 7 transhepatic tracts, and 4 shunts. 
Complete occlusion of the vascular structure was accomplished 
within 10 minutes in 94% of implanted devices. More than one 
vascular plug was required for five vascular structures. Two 
vascular plugs were electively removed due to residual shunts. 


RETRIEVAL OF FOREIGN BODIES 


With the proliferation of various types of chronic parenteral 
therapy, central line monitoring, chronic indwelling intrave- 
nous chemotherapeutic devices, and now the catheter-delivered 
therapeutic devices, the nonsurgical removal of embolized for- 





Figure 13.36. PDA closure in a formerly premature neonate. A 
3 months ex-premature infant with BPD who remained CPAP 
dependent. Catheterization documented a moderate tubular 
type C PDA, measuring approximately 2 to 2.5 mm through- 
out its length (top) with a Qp:Qs of 2.5:1. PDA was success- 
fully closed with a 4-mm Vascular Plug II. Middle: Aortogram 
with device still attached to delivery cable. Bottom: Aortogram 
after release of the device. 
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Figure 13.37. PDA closure with ADO II. A Male with a 
moderate type A PDA (A). Image (B) is an aortogram after 
occlusion with a 5° - 4 mm ADO II ( arrows point to the two 
symmetrical discs). 

eign bodies from the heart or great vessels has become a more 
frequent challenge for the interventional cardiologist. The pedi- 
atric interventional cardiologist, who is more familiar with com- 
plex intracardiac anatomy and with the routine use of biplane 
fluoroscopy, is generally best qualified to perform these proce- 
dures, regardless of the patient’s age. Fortunately, and thanks 
mostly to urologists, a variety of catheter devices is available for 
the grabbing, snaring, looping, or lassoing of any type of debris 
that work its way into the vascular system and must be avail- 
able in any interventional catheterization laboratory. 

Most of embolized materials end up in the pulmonary artery 
branches. Retrieval involves the delivery of a large sheath 
(8 to 15 Fr, depending on size and shape of the foreign body 



Figure 13.38. PDA closure with plug II. A 16-month-old male 
infant with a moderate tubular (type C) PDA (top) and a 
Qp:Qs of 2.5:1 (Middle); aortogram showing a 6-mm vascu- 
lar plug II deployed and (bottom); aortogram after release of 
the device. 
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Figure 13.39. Closure of veno- 
venous collaterals. A 10-year- 
old girl with HLHS, status 
post-Norwood procedure and 
bidirectional Glenn shunt, with 
low transcutaneous saturations. 
A large venovenous collateral 
was occluded using two 16-mm 
AMPLATZER Vascular Plugs. 
Left: Collateral before occlusion. 
Right: Collateral after occlusion. 


that is to be retrieved) into the specific branch pulmonary artery 
just proximal to the foreign body. The specific type of retrieval 
catheter used is determined by the size of the patient, the type 
of foreign body, and exactly how and where the foreign body 
is situated within the vascular system. Then, either directly 
through the sheath or through a catheter delivered through the 
sheath, the particular retrieval device is advanced to the for- 
eign body and manipulated to grasp it. Once firmly grasped, 
the foreign material is withdrawn into the large sheath and out 
of the body through the sheath. With the use of the large, long 
sheaths with these retrieval devices, it is usually no longer nec- 
essary to perform a venous cutdown even for the final removal 
of the foreign body from the vessel or skin entry site. 

One of the most common iatrogenic foreign bodies retrieved 
by the congenital interventional cardiologist is an embolized 
ASO, which is described above (Fig. 13.29). 


MANAGEMENT OF PERIPROSTHETIC LEAKS 

Periprosthetic leaks are notoriously difficult to treat. A vari- 
ety of devices has been used successfully in selected patients, 
by either an antegrade or a retrograde approach (194-201). 
However, the crescent-shaped form of many of these defects 
combined with the biophysical characteristics of the adjacent 
prosthetic valves does not lend themselves for the use of any 
of the currently available transcatheter devices, and compli- 
cations such as impairment of the prosthetic valve or wire 
entrapment have been documented (202,203). Development 
efforts are presently underway to design a custom-made device 
specifically designed for the closure of periprosthetic leaks, 
which will hopefully improve upon the currently available 
devices that have been used for these indications. 


TRANSCATHETER PULMONARY VALVE 
REPLACEMENT 


The groundbreaking work by Dr. Phillip Bonhoeffer has ini- 
tiated one of the most exiting developments in transcatheter 
therapy of recent years. Patients with significant conduit dys- 
function have so far required surgical (re)placement of a valved 
conduit between the right ventricle and pulmonary arteries. 
The longevity of these conduits has been limited, necessitating 
further conduit replacements every 5 to 15 years for recurrent 


conduit stenosis or new or recurrent valve insufficiency. The 
prospect of frequent open-heart procedures is very undesirable 
in this group of patients, who usually already have undergone 
a series of cardiac surgical procedures, each adding further 
potential insults to global left and RV function. In addition, 
because of scarring, these operations are potentially very diffi- 
cult to perform. As such, a less-invasive procedure that would 
further extend the need for surgical conduit replacement was 
most desirable. 

In 2000, Bonhoeffer et al. (9) reported on the first human 
implantation of a stent-mounted valve into an RV-PA con- 
duit in a 12-year-old boy. The technique has been modified 
since and until now more than 1,000 patients have received 
a transcatheter-stented valve in the pulmonary position 
(204). The Melody valve utilizes a bovine jugular venous 
valve that is preserved in glutaraldehyde and mounted within 
a 28-mm-long CP stent. The valve is ideally implanted into a 
preexisting RV-PA conduit, preferably with a degree of associ- 
ated stenosis, and expanded up to a diameter of 18, 20, or 
22 mm. At the present time, in the United States, the valve 
is not approved for use in patients with a native pulmonary 
valve, a patched RVOT, or positions outside the RVOT such 
as the tricuspid valve. 

Implantation of the Melody valve requires careful pre- 
procedural planning and patient selection, closely involving 
the adult congenital team. Patients with significant conduit 
stenosis pose different procedural challenges than those with 
predominant valve insufficiency. Once a patient has been 
identified to require pulmonary valve or conduit replacement, 
he/she should be reviewed by the interventional team to assess 
whether he/she would be a suitable candidate for the Melody 
valve. Patients with very large nonstenotic conduits with diam- 
eters of 25 mm or more are generally questionable candidates. 
Using the 22-mm Ensemble delivery system, the outer diameter 
of the Melody valve is approximately 24 mm, and therefore 
any inner diameter of a conduit larger than this would be insuf- 
ficient to securely anchor the Melody valve. While the valve 
could theoretically be mounted on a 24-mm BiB balloon, this 
technique is more challenging and is not the standard technique 
approved in the United States. When deciding about the size of 
a conduit, one has to bear in mind that conduits that house a 
bioprosthetic valve, such as the Hancock conduit, usually have 
an inner diameter at the valve ring of about 2 mm less than the 
nominal size of the conduit. Once a patient has been found to 
be a suitable candidate, a careful diagnostic and hemodynamic 
evaluation is performed within the catheterization laboratory. 
Particular attention has to be paid to the location of the cor- 
onary arteries in relation to the desired implantation site of 
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the Melody valve (Fig. 13.40). For this purpose, a balloon of 
similar size as the intended Melody valve is advanced over a 
stiff guidewire into pulmonary position and inflated, while a 
simultaneous aortogram is obtained. To allow visualization of 
the coronary arteries through the balloon, very diluted contrast 
(20%) is used. If any doubt exists about the coronary arteries, 
selective coronary angiograms can be performed. In addition 
to lateral projection, caudal and LAO projection usually pro- 
file the left coronary artery very well in relation to the bal- 
loon position. In addition to evaluating the coronary anatomy, 
pretreatment of a stenotic right ventricle to pulmonary artery 
(RVPA) conduit may be required. As stent fracture is one of the 
most common complications seen after Melody valve implan- 
tation, operators may want to eliminate the majority of con- 
duit narrowing prior to implantation of the Melody valve, in 
order to reduce the radial force on the valve. For this purpose, 
balloon sizing is undertaken. If, at low pressure, the waist seen 
in the balloon is 80% or less than that of the desired diameter, 
a smaller balloon is used. This gradual approach may limit 


the injury that is being caused to the conduit through balloon 
angioplasty. Prestenting the RVPA conduit has been favored 
by many operators, implanting sometimes as many as four to 
five stents to give the conduit enough radial strength to reduce 
the risk of subsequent stress fractures of the implanted Melody 
valve (Figs. 13.41 and 13.42). Furthermore, if a Melody valve is 
implanted without eliminating the stenosis sufficiently through 
prestenting, very little can be done subsequently if the Melody 
valve shows some recoil as a response to external radial forces. 
Once the “landing zone” for the Melody valve has been pre- 
pared in such a fashion, a Lunderquist extra stiff wire (Cook, 
Bloomington, IN) is placed in the most appropriately sized 
branch pulmonary artery, which then facilitates advancement 
of the Ensemble delivery system and eventually deployment 
of the Melody valve. The crimping process, predilation of the 
entry site, and advancement of the Melody valve have been 
described elsewhere and are therefore not described in detail in 
this section (Fig. 13.43). ICE is a useful tool to evaluate valve 
function after implantation (Fig. 13.44). 



Figure 13.40. Melody valve and coronary compression. A patient with tetralogy of Fallot and the LAD coronary 
artery arising from the RCA is evaluated for Melody TPV implant. A selective LAD injection in steep caudal 
angulation and a lateral view (top) is shown. A guidewire has been placed through the RVOT into the LPA. There 
is no observed obstruction to coronary flow. However, with inflation of the balloon in the RV-PA homograft, 
there is clear compression of the LAD branch (bottom). Implant of any bare metal stent or the Melody TPV 
would result in coronary ischemia. Therefore, this patient was referred for surgical pulmonary valve replacement. 




Figure 13.41. Melody valve stent 
fracture. A patient underwent implan- 
tation of the transcatheter Melody 
valve within a homograft. After bal- 
loon compliance testing, the Melody 
TPV is implanted in a homograft. 
After 1 year, the patient’s systolic 
gradient increased and fluoroscopic 
examination of the valve demon- 
strated multiple fractures and loss of 
stent integrity (bottom). The patient 
was successfully treated with a new 
valve after two bare metal stents were 
placed to reinforce the original valve. 



Figure 13.42. Melody valve and prestenting. There is increasing evidence that prestenting conduits using bare 
metal stents where a noncompliant surrounding environment exists may reduce the incidence of Melody TPV 
fatigue fractures and prolong the life span of the valve. In this very complicated patient who had multiple surger- 
ies as well as an ICD, an RV angiogram demonstrates the narrowed conduit (top left). Four Palmaz XL stents 
were implanted until recoil of the stent was not observed and the PA angiogram demonstrated wide open PR (top 
right). The Melody TPV was then implanted within the bare metal stents (bottom left) and a repeat PA angiogram 
showed no residual stenosis or regurgitation (bottom right). 
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Figure 13.43. Procedural stages 
of Melody valve implant. The fol- 
lowing images demonstrate the 
procedural steps for Melody TPV 
implant in a patient with a degen- 
erating bioprosthetic pulmonary 
valve. A PA angiogram shows 
combined pulmonary valve steno- 
sis and regurgitation (A). Balloon 
compliance testing is next per- 
formed to assess the suitability for 
valve implant (B). This is followed 
by testing for coronary artery com- 
pression (C). During delivery of the 
Melody valve, the outer sheath of 
the Ensemble BDS is withdrawn 
and a small angiogram is per- 
formed to confirm the appropriate 
position for implant (D). Next the 
inner balloon and then the outer 
balloon (E) of the BIB catheter are 
expanded, fully deploying the Mel- 
ody valve. A repeat PA angiogram 
demonstrates no residual stenosis 
or regurgitation (F). Fluoroscopy 
at the end of the procedure nicely 
demonstrates the Melody TPV 
inside the metal struts of the bio- 
prosthetic valve in the AP, Lateral, 
and Down-The-Barrel view (G,H). 
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Figure 13.44. ICE evaluating Melody valve function. ICE has become a very important tool to evaluate the degen- 
erating conduit valve as well as the newly implanted Melody TPV. The catheter is placed in the RVOT directly 
beneath the valve. Severely thickened and immobile valve leaflets are seen with systolic velocities over 3 m/sec 
and a wide diastolic color jet indicating significant PR (A). After the Melody TPV implant, nice thin leaflets are 
seen in systole and diastole with no significant residual stenosis or regurgitation (B). 
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The results of the expanded US Multicenter trial have 
recently been published by McElhinney et al. (68). Melody 
valve implantation was attempted in 124 patients, excluding, 
among others, 6 patients in whom valve implantation was not 
attempted due to coronary compression. Procedure-related 
serious adverse events occurred in 6% of patients including 
one death from intracranial hemorrhage after coronary artery 
dissection and one valve explantation after conduit rupture. 
Importantly, freedom from Melody valve dysfunction or rein- 
tervention was 94% at 1 year, and functional improvement in 
NYHA class was seen in most patients, even though long-term 
results after Melody valve implantation have yet to be con- 
firmed. As an alternative to the Melody valve, the Carpentier- 
Edwards valve is presently undergoing trials within the US and 
may be suitable for larger RV-PA conduits (205,206). 


HYBRID PROCEDURES 


For many years, the relationship between the cardiothoracic 
surgeon and cardiac interventionalist was marked by com- 
petition and occasional “turf wars” between both groups, 
especially when dealing with acquired heart disease in adults. 
However, one of the most valuable lessons learned over the 
past decade is the need to embrace a collaborative approach 
between the congenital interventionalist and cardiac surgeon. 
Today, it should be commonplace to find a cardiac surgeon 
giving advice in the cardiac catheterization laboratory, while 
an interventionalist may aid his/her surgical colleague in the 
operating room by providing specific interventional tech- 
niques in selected patients. It should be routine and standard 
to involve the surgical team in any patient who is expected 
to undergo further surgical procedures prior to engaging in 
any transcatheter intervention. These discussions must be 
open and directed towards the specific patient who is being 
considered for interventional and/or surgical treatment. For 
example, in a patient undergoing transcatheter evaluation in 
preparation for conduit replacement, it may well be justified to 
place a stent for a more distal pulmonary artery stenosis, while 
proximal branch stenosis is not addressed because it is felt that 
this lesion could easily be treated during subsequent conduit 
replacement. Knowledge of the combined treatment capabili- 
ties allows the development of new and complex treatment 
strategies. One of the most notable examples of this coopera- 
tion has been in the “fenestrated Fontan” patients, in whom 
the immediate surgical morbidity is dramatically reduced by 
a purposeful “conduit” fenestration, which can subsequently 
be closed in the catheterization laboratory once the patient 
has recovered from the initial procedure. Another dramatic 
example of this type of collaboration is in patients with pul- 
monary valve atresia and VSD, in whom the surgical creation 
of a right ventricle to pulmonary artery connection early in the 
course of management provides the cardiologist access to the 
pulmonary vessels for dilation and intrapulmonary stenting in 
preparation for eventual definitive repair. This type of coop- 
eration with inclusion of the adjunct procedures of the cardi- 
ologist in the staging of the surgery will contribute to better 
outcomes for many patients with extremely complex lesions. 

In addition to the aforementioned collaboration between 
cardiac surgeons and cardiac interventionalists, a selection 
of new therapeutic hybrid catheterization and surgical pro- 
cedures has been added to the spectrum of therapeutic inter- 
ventions in complex CHD. These include the staged “hybrid 
approach” to the management of hypoplastic left heart syn- 
drome (207-209), perventricular closure of VSDs (168,176), 
and intraoperative stent placements (210). Results of the 
multi-institutional C3PO registry documented a significant 
increase in the number of hybrid procedures performed over 


a 2-year study period, with PDA stent placement, perventricu- 
lar VSD closure, and intraoperative stent placement being the 
most commonly performed hybrid interventions (211). 

Hypoplastic Left Heart Syndrome 

Hypoplastic left heart syndrome carries a grave short- and 
long-term prognosis despite improvements that have been 
made in the traditional staged surgical approach. Even though 
surgical management has evolved over time, the basic concept 
has remained the same and as such, any possible improvements 
are capped by the limitations of this basic surgical approach. 
Using the conventional palliative surgical approach, the 5-year 
survival has been documented in multicenter experiences to 
be as low as 54% (212). The stage I Norwood- or Sano-type 
palliation in the neonate appears to carry the greatest risk 
contributing to the high morbidity and mortality in these 
patients. This is not surprising, given the many physiological 
changes that occur in the neonatal period that significantly 
influence the overall balance of this very fragile circulation. 
Combining this with an additional insult of a major open-heart 
procedure results in quite variable outcomes among institu- 
tions with mortality ranging from just under 10% to in excess 
of 50%. This has led to the development of alternative treat- 
ment strategies that are based upon smaller off-pump interven- 
tions in the early neonatal period that can be performed with 
minimal morbidity and mortality, thereby deferring the need 
for major cardiac surgical procedures, allowing the necessary 
time for improved growth and development of the patient and 
cardiac structures. This sets the stage for a subsequent compre- 
hensive surgical procedure that combines the classical bidirec- 
tional Glenn shunt with a Norwood-type palliation as well as 
potential setup for subsequent transcatheter completion of the 
Fontan-type circulation. This staged approach requires a close 
collaboration between the cardiac surgeon, interventional car- 
diologist, and Heart Center staff. As is the case with many new 
innovative techniques, modifications have evolved over time 
as a result of the associated learning curve. 

In 2002, Akintuerk et al. (213) reported on their experi- 
ence with 11 patients who underwent transcatheter stenting of 
the arterial duct using balloon-expandable Jo stents, followed 
by bilateral pulmonary arterial banding 1 to 3 days after the 
transcatheter procedure. Balloon atrial septoplasty or BAS was 
performed on an as-needed basis. This early palliation was fol- 
lowed by a bidirectional Glenn procedure as well as a Damus- 
Kaye-Stanzel procedure and arch reconstruction between the age 
of 3.5 and 6 months. Two deaths were encountered in this series. 



Figure 13.45. Hybrid Stage I for HLHS — Setup. Team 
approach during a Hybrid Stage I palliation in the specifically 
designed Hybrid Catheterization Suites. 
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Figure 13.46. Hybrid Catheterization Suite. Hybrid cardiac 
catheterization suite at Nationwide Children’s Hospital. 


In 2003, Michel-Behnke et al. (207) of the same group published 
an updated experience of 20 patients with very similar results. 

The technique has further been modified by Galantowicz 
and Cheatham (208). Initial attempts at a sole transcatheter 



technique with implantation of the AMPLATZER PA Flow 
Restrictor (AGA Medical, Golden Valley, MN) and PDA stents 
had a suboptimal outcome with significant hemodynamic 
compromise due to the combination of the stiffness of delivery 
cable as well as the need for placing a long sheath through 
tricuspid and pulmonary valves into the branch PAs, resulting 
in significant regurgitation. The approach was thus modified 
to a true hybrid technique, in which the cardiac surgeon ini- 
tially performs bilateral pulmonary arterial banding, followed 
by transpulmonary placement of a stent to maintain patency 
of the arterial duct during the same procedure. This technique 
is performed preferably in a specially designed hybrid cardiac 
catheterization or operative suite that facilitates the specific 
needs of the cardiac surgeon as well as the interventional car- 
diologist (Fig. 13.45). The first suite dedicated to “hybrid” 
therapies in complex CHD opened in June 2004 at Nation- 
wide Children’s Hospital in Columbus (Fig. 13.46). 

After LPA and right pulmonary artery (RPA) bands are 
placed using a 3.5- or 3.0-mm GoreTex tube that are cut into 
1- to 2-mm-wide strips, the PDA stent is delivered through a 
short delivery sheath placed transpulmonary directly through 
a purse-string secured by snares. The initial choice of stents 
included balloon expandable premounted Genesis (Cordis, 
Warren, NJ) or Formula 418 stents (Cook, Bloomington, 
IN) but more recently self-expandable Protege (EV3, Plym- 
outh, MN) stents have been implanted and are felt to be more 



Figure 13.47. Hybrid Stage I for HLHS — Procedure. A 2-day-old infant with hypoplastic left heart syndrome 
undergoing stage I palliation. Top left and right: MPA angiogram after placement of bilateral PA bands and 
a PDA stent. Bottom left: Placement of a stent across a restrictive intra-atrial communication. Bottom right: 
Angiogram after placement of a stent across the restrictive intra-atrial communication. 
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beneficial due to the increased flexibility when compared to 
the balloon expandable varieties. Additionally, the feasibility 
of allowing to “drag” the partially deployed stent backwards 
if required during the delivery process is useful. The use of 
these stents has become even more appropriate since the length 
of the delivery sheath has been decreased from 135 to 80 cm. 

The hybrid stage I procedure is feasible for the majority of 
patients with hypoplastic left heart syndrome (Fig. 13.47), an 
exception being those patients with stenosis of the retrograde 
aortic arch with accelerated flow noted on screening Doppler 
echocardiography. In these patients, a classical Norwood-type 
procedure remains the preferred treatment choice. Size has 
not been an issue with hybrid stage I palliation being success- 
fully performed in preterm neonates as small as 1.1 kg. After 
the hybrid stage I procedure, patients are usually evaluated 
prior to discharge for the presence of any significant atrial- 
level restriction and BAS or atrial septoplasty is performed in 
virtually all patients, unless a very large ASD is present. In 
patients with hypoplastic left heart syndrome, this procedure 
can be extremely challenging and may require a wide variety 
of techniques, such as RF perforation of the atrial septum, use 
of (cutting) balloon septoplasty, atrial septal stent placement, 
or BAS with a smaller 1-mL balloon catheters. Frequently, a 
combination of these techniques is used to achieve successful 


relief of any atrial level restriction (72). Patients are closely 
monitored during the follow-up period not only for the 
development of recurrent atrial-level restriction but also for 
the presence of any obstruction at the level of the retrograde 
aortic arch or the PDA stent, as well as assessing the flow to 
both branch PAs. Ideally, a single catheterization procedure is 
performed prior to the comprehensive stage II procedure. This 
includes assessment of the distal pulmonary artery pressures 
using a pressure wire such as the Radi pressure wire (Radi 
Medical Systems, Uppsala, Sweden), and an assessment for 
any residual or recurrent stenosis across the PDA stent or ret- 
rograde arch (Fig. 13.48). A septostomy at this stage usually 
allows the use of a larger septostomy balloon and is performed 
if any significant atrial-level restriction is identified. 

The comprehensive stage II procedure is mostly a surgical 
undertaking, often combined with completion angiography. It 
combines a bidirectional Glenn shunt with debanding of the 
pulmonary arteries and patch pulmonary artery augmentation, 
if required. A Damus-Kaye-Stanzel anastomosis is performed 
with arch reconstruction. The PDA stent is removed and atrial 
septectomy is performed. If a transcatheter Fontan completion 
is considered, radio-opaque bands can be placed across the IVC 
and a blind-ending pouch of SVC below the pulmonary arter- 
ies is created. Another radiopaque marker facilitates subsequent 



Figure 13.48. Transcatheter evaluation after Hybrid Stage I palliation. A 5-month-old infant with a h/o Hybrid 
stage I palliation and ASD stent placement. Catheterization prior to comprehensive stage II includes pressure 
recording with pressure wires in RPA (A), LPA, retrograde arch (B), Dao through stent, and ASD. Angiograms 
in MPA and PDA stent show the RPA band (C), LPA band, PDA stent and retrograde arch (D). 
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transcatheter completion of a Fontan-type circulation. The 
transcatheter completion of the Fontan-type circulation requires 
the availability of a covered balloon expandable stent, which 
can be implanted between IVC and SVC-pouch. A catheter- 
based approach was first described by Hausdorf et al. (214) but 
it was only recently that this approach had been modified by 
Galantowicz and Cheatham (209). However, its practical use 
has been limited in the United States due to the lack of FDA 
approval of the covered stent. Outside the US, the covered varie- 
ties of the NuMED CP stent are more widely available and this 
has resulted in further development of this technique pursued 
by larger Canadian centers (215). 

The hybrid approach has been documented to achieve 
acceptable short- and mid-term outcome in patients with hypo- 
plastic left heart syndrome. Galantowicz et al. (216) reported 
a 97% hospital survival after Hybrid Stage I palliation, with a 
combined survival up to and including comprehensive stage II 
palliation of more than 80% in standard patients with HLHS. 
This compares very well to other purely surgical series. One 
of the main problems after Hybrid stage I palliation is the 
development of in-stent stenosis within the stented arterial 
duct, which not only leads to obstruction for the right ventri- 
cle but even more importantly can create or worsen obstruc- 
tion of flow to the retrograde arch. Egan et al. (217) recently 
reported histological results taken from stented PDA segments 



that documented that neointimal proliferation after PDA 
stent placement were the “result of inflammation, extracel- 
lular matrix deposition, and smooth muscle-cell proliferation 
in the peristrut region.” Identifying those patients who are at 
risk of developing retrograde arch obstruction after PDA stent 
placement has been a particular challenge. Egan et al. (218) 
reported that patients with smaller aortic roots, higher baseline 
retrograde arch velocities, and a larger angle between retro- 
grade arch and PDA on angiography may be at higher risk of 
developing retrograde arch obstruction. 

This technique is still evolving and with refinements in 
patient selection, further improved morbidity and mortality 
should be realized. Special efforts are being made to evalu- 
ate the neurodevelopmental outcome in these patients, which 
ultimately may be the most important factor in comparing the 
surgical and the hybrid approach for palliation of HLHS. 


Perventricular Closure of Ventricular Septal Defects 

Device closure of muscular VSDs using the AMPLATZER 
Muscular VSD Occluder has been shown to be safe and effec- 
tive. However, even though the transcatheter approach can 
be safely and effectively performed in most patients, patient 
weight below 10 kg has been associated with a significantly 




Figure 13.49. Perventricular VSD closure. Closure of a moderate-sized muscular VSD in a 3-month-old infant 
using a perventricular “Hybrid” approach. Top left: Four-chamber view demonstrates large VSD. Bottom left: 
Four-chamber view with color flow mapping demonstrates VSD. Top right: Long-axis view documents excellent 
device position after VSD closure. Bottom right: Long-axis view with color flow mapping demonstrates only 
minimal foaming through the device after release. 
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higher risk of procedure- or device-related complications and 
a higher risk of procedural failure (170,219). This is mainly 
related to the need of establishing an arteriovenous wire loop 
and the use of a long and relatively stiff delivery system, which 
in infants, frequently not only stents open the tricuspid and 
aortic valves but also creates a significant amount of tension 
that may result in bradycardia and/or temporary heart block. 
As a result, a perventricular approach has been adopted that 
combines the safety of the hybrid surgical approach, avoid- 
ance of cardiopulmonary bypass, and relatively short proce- 
dure time. In this approach, the heart is exposed through a 
midline sternotomy off cardiopulmonary bypass. Under TEE 
and/or epicardial echo guidance, the appropriate entry site in 
relation to the VSD is identified and secured by placing a purse- 
string around its location at the RV free wall. Subsequently, a 
direct puncture is performed with the needle directed towards 
the VSD. A 0.035-inch angled glide wire is used to cross the 
VSD. An appropriately sized short hemostatic sheath can then 
be advanced across the VSD under echo guidance, keeping 
an appropriate distance from the LV free wall and the MV 
apparatus. The correctly sized AMPLATZER Muscular VSD 
Occluder is then loaded and advanced across the sheath and 
deployed under echo guidance, again, being specifically careful 
to establish some distance to the MV apparatus before deploy- 
ing the LV disc. Once deployed across the VSD, device position 
is evaluated for any evidence of residual shunts or interfer- 
ence with adjacent structures that could create, for example, 
mitral or tricuspid regurgitation. Once a satisfactory device 
position has been confirmed, the device is released followed 
by a final echo evaluation (Fig. 13.49). The earliest experience 
describing this technique was reported by Bacha et al. (176) 
in 2003. In 2005, a multicenter experience documented suc- 
cessful application of this technique in 12/13 patients without 
mortality (168). At follow-up, residual shunts were present in 
two patients, without evidence of volume overload, congestive 
heart failure, or pulmonary hypertension. Modifications of 
this perventricular approach to facilitate closure of perimem- 
branous VSDs have been evaluated in animal experiments by 
Amin (220). 

Intraoperative Stent Placement and Other Hybrid 
Procedures 

The cooperation between cardiac surgeon and interventional 
cardiologist is not limited to the management of infants with 
HLHS or perventricular VSD closure. The “hybrid approach” 
can and has been adopted to a variety of lesions and indica- 
tions, including the stent placement in a variety of locations 
(Fig. 13.50) on and off cardiopulmonary bypass, vascular 
access in preterm Neonates requiring interventional therapy 
(such as carotid cutdown or direct puncture via sternotomy), 
and intraoperative balloon occlusion of aortopulmonary 
collaterals or shunts (Fig. 13.51). The ability of the surgeon 
to provide safe access to a vascular structure not amenable 
to conventional transcatheter therapy and the ability of the 
interventionalist to use less-invasive techniques and materials 
creates a unique “marriage” benefiting patients with complex 
CHD. The essential ingredients to achieve a successful out- 
come of these procedures are the close cooperation between 
the surgeon and interventionalist as well as their flexibility to 
adopt nonstandard approaches that are specifically tailored 
towards each individual patient. 

Intraoperative stent placement is aided by the direct visu- 
alization in the operative field and can be further enhanced 
through the use of endoscopic equipment that facilitates a 
more detailed view of the stenosed or compressed area. The 
decision about intraoperative stent placement often is made 
in the catheterization laboratory, especially when evaluating 



Figure 13.50. Intraoperative PA stenting. A 7-year-old girl 
with complex CHD who underwent intraoperative LPA stent 
placement during a Mustard procedure. Top: PA angiogram 
demonstrates a severely hypoplastic LPA. Middle: Intraopera- 
tive PA rehabilitation monitored endoscopically, from left to 
right and top to bottom, cutting balloon angioplasty, (covered) 
stent positioning followed by expansion, stent appearance after 
expansion. Bottom: PA angiogram demonstrates significantly 
improved LPA appearance. 
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Figure 13.51. Stent placement via 
carotid cutdown. A 2-month-old 
boy premature infant (2.1 kg), 
who initially underwent Hybrid 
stage 1 palliation for complex 
CHD developed a significant 
recoarctation distal to the left 
subclavian artery (LSA) and 
therefore underwent “Hybrid” 
placement of a premounted stent 
using a surgical carotid cutdown. 
Left: Almost complete interrup- 
tion distal to LSA before stent 
placement. Right: Aortogram 
after stent placement demon- 
strates significantly improved 
flow through the DAO. 



Figure 13.52. Intraoperative stent placement in proximal PA in adult using endoscopic guidance. A 42-year-old 
patient with history of Tetralogy of Fallot repair and free pulmonary insufficiency. Presurgical catheterization 
documented an LPA kink (A,B). Intraoperative endoscopic evaluation documented a ridge/fold at the proximal 
LPA (C), which was successfully treated by intraoperative stent placement (D). 
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Figure 13.53. Hybrid operating suite. “Hybrid” operating 
suite at Nationwide Children’s Hospital in Columbus, Ohio, 
with large amount of floor space and various adjustable moni- 
tors combined with strategically placed booms. Equipment 
includes among others a ceiling-mounted cardiac flat-panel 
detector (Toshiba America Medical systems, Tustin, CA). 


adult patients who are expected to undergo surgical conduit 
or pulmonary valve replacement. While proximal branch PA 
stenoses may be easily addressed during the surgical inter- 
vention, a more distal stenosis should usually be treated in 
the cardiac catheterization laboratory. Any residual branch 
PA stenosis after surgical pulmonary valve replacement 
burdens extra strain on the already reduced RV function, 
and therefore appropriate rehabilitation of these lesions 
is extremely important in achieving a quick postoperative 
recovery of RV function. However, a very proximal branch 
PA stenosis may not necessarily always indicate the need 
for surgical angioplasty. In fact, a nonobstructed RVOT 
may not always be treated with placement of a pulmonary 
valve, rather than placing an RV-PA conduit and as such 
a proximal branch PA stenosis may be better treated by 
placing an endovascular stent rather then performing patch 


angioplasty with its fairly high recurrence risk (Fig. 13.52). 
In many instances, the ultimate decision whether to stent or 
to surgically treat the stenosis will be made intraoperatively. 
Intraoperative stent placement is a valid treatment option 
for these patients, with recent studies having documented 
very good results (221). 

In addition, it is essential to have a high-resolution, digi- 
tal, mobile C-arm readily available to obtain intraoperative 
angiograms whenever necessary. Hybrid Cardiothoracic 
Operative Suites with integrated permanent imaging equip- 
ment (Fig. 13.53) allow even more complex CHD to be 
treated using innovative management strategies. However, 
appropriate radiation protection is essential during these 
procedures, especially to surgeon and other operating room 
staff who are not accustomed to working with fluoroscopic 
equipment. While the need for radiation protection for staff 
and patients in the catheterization laboratory is frequently 
emphasized (222), the radiation protection used is usually 
impractical for surgeons in the operating room. As a result, 
Sawdy et al. (223) recently reported the use of lightweight 
radiation protection drapes that can be used during these 
hybrid procedures. 

Holzer et al. (224) recently published the results of com- 
pletion angiography performed after 32 cardiac surgical 
procedures, identifying unexpected pathology in 56 % of 
procedures, leading to therapeutic changes or interventions 
in 28% of patients (Fig. 13.54). Other examples of impor- 
tant pathology identified through intraoperative C-arm angi- 
ography have been reported by Shuhaiber et al. (225). These 
reports emphasize that completion angiography after cardiac 
surgical repair may be an underutilized diagnostic modality, 
with potentially as important an impact on outcome as has 
been established with routine intraoperative TEE. 


SUMMARY 


The therapeutic cardiac catheterization procedures discussed 
in this chapter represent significant advances in the care of 
patients with CHD. The procedures are ordinarily performed 



Figure 13.54. Exit angio after comprehensive stage II with intraop LPA stent. A 6-month-old boy infant with 
HLHS and previous Hybrid Stage I palliation. Exit angiography after comprehensive Stage II palliation docu- 
mented a significant stenosis (patch-infolding) of the mid-portion of the LPA (A). A 25-mm Genesis XD stent 
was implanted and expanded to 7 mm with very good angiographic result (B). 
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without an incision, cardiopulmonary bypass, or chest tubes. 
Some of the therapeutic procedures are possible only in the 
catheterization laboratory, and the subsequent surgery is pos- 
sible only after preparation in the catheterization laboratory. 

Even with the additional expense of the specialized cath- 
eters and devices and the added cost of the more extensive 
catheterization procedures, the direct costs of the therapeutic 
procedure in the catheterization laboratory are significantly 
lower than those for the comparable surgical procedure. The 
indirect savings for a patient or the patient’s family may be 
even greater. The patient and family are away from home and 
work for only 1 or 2 days for the entire hospital stay. Fol- 
lowing the catheterization procedure, the patient can return 
home and immediately return to full activity of either school 
or work. These advantages of therapeutic catheterization pro- 
cedures have led to their wide acceptance. 

However, therapeutic catheterization has advanced beyond 
the confines of the cardiac catheterization laboratory. Many 
“cutting-edge” procedures can only be facilitated through 
the unique cooperation between cardiac surgeon and inter- 
ventional cardiologist and as such, patient care is advanced 
through this combined expertise. With further developments 
and improvements in catheter and surgical techniques, it is 
to be expected that additional nonsurgical or “hybrid” cor- 
rections will become standard within the next several years 
(226-229). 
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I n this chapter, current concepts regarding the formation 
of the cardiac conduction system, along with developmen- 
tal aspects of cardiac electrophysiology, are summarized. 
Genetic regulation of the early specification of the conduc- 
tion system and the electrophysiologic characteristics of the 
maturing heart are discussed in conjunction with morphologic 
considerations. 


RECOGNITION OF THE CONDUCTION TISSUES 
IN THE POSTNATAL HEART 


All cardiac muscle possesses the capacity to conduct, making 
the term “conduction system” a bit ambiguous. A small subset 
of cardiomyocytes, nonetheless, has specific electrophysiologic 
properties, accompanied by a distinct cellular morphology and 
pattern of gene expression. These cardiomyocytes make up the 
so-called specialized conduction system of the heart. The con- 
duction system consists of the sinus node, the atrioventricular 
(AV) node, the AV bundle (known better in the clinical setting 
as the bundle of His), its branches, and the ventricular net- 
work of Purkinje fibers (Fig. 14.1 A). Each time the heart beats, 
contraction is triggered by a wave of electrical activity sponta- 
neously generated in the sinus node. The depolarizing impulse 
propagates rapidly through the atrial chamber myocardium, 
to be collected and delayed in the AV node, and again spreads 
very rapidly to the ventricular muscular mass through the bun- 
dle of His, its branches, and the ramifications of the Purkinje 
fibers. Comprehensive histologic descriptions of the cardiac 
nodes and the fast-conducting tracts were published over a 
century ago (1-4) and have served as the “gold standard” for 
the identification of the specialized conduction tissues. 

The characteristic aggregation of the cardiomyocytes at spe- 
cific locations, either as nodes or as tracts, makes it possible to 
recognize them as anatomic components of the conduction sys- 
tem by routine histology (Fig. 14. IB). In the human heart, the 
sinus node (SN) occupies a subepicardial position at the lateral 
aspect of the junction of the superior caval vein (SCV) and right 


atrium (RA) (5). The node characteristically is horseshoe shaped 
in the fetus, and usually assumes a more spindle-like shape with 
development. By light microscopy, the cells of the SN morpho- 
logically are distinct from the surrounding atrial myocardium; 
they are smaller, more compact, and contained within a fibrous 
matrix (6). A tail of nodal cells extends inferior ly from the SN 
along the terminal crest of the atrium. The AV node is located 
within the right atrial wall at the apex of the triangle of Koch, 
which is bordered by the septal leaflet of the tricuspid valve, 
the tendon of Todaro, and the mouth of the coronary sinus 
(7). Histologically, the AV node consists of a zone of loosely 
arranged “transitional” atrial cells that blend and extend into 
the surrounding atrial myocardium and, adjacent to the central 
fibrous body, a compact zone of closely grouped small cells (S). 
Two inferior extensions from the compact zone have been 
described that extend toward the hinges of the mitral and tricus- 
pid valves (9,10). The compact zone of the AV node continues 
to penetrate the central fibrous body, at which point it contacts 
the bundle of His. Subsequent to penetrating the central fibrous 
body, and at the crest of the muscular portion of the ventricular 
septum and beneath the membranous septum, the bundle of His 
becomes the branching bundle, which gives rise to the right and 
left bundle branches (1,8,11). These then course along the surface 
of the ventricular septum toward the apex of the heart as muscu- 
lar tracts insulated from the rest of the ventricular myocardium 
by fibrous tissue. The left bundle branch divides further into 
three fascicles. Under light microscopical inspection, the cells of 
the bundle branches appear slightly larger than the surrounding 
myocardial cells. The terminations of the bundle branches con- 
tinue as a widespread network of Purkinje fibers, which in the 
human heart are little different from the adjacent working car- 
diomyocytes. They are subendocardially localized, and branch 
into small transmural ramifications (12). The so-called AV ring 
bundles (13), and septal and retroaortic (RAo) root branches 
(14,15), generally are not considered as components of the defin- 
itive AV conduction system in the normal adult heart. They still 
can be traced, however, in neonatal human hearts (Fig. 14.2), 
and can persist as histologically recognizable structures. In rare 
circumstances, these remnants may provide the substrate for 
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Figure 14.1. Anatomy and histology of the cardiac conduction system in the postnatal heart. Panel A shows 
schematic representation of the location of the conduction system components in relation to the external and 
internal cardiac anatomy (Modified from Heart and Great Vessels. In: Standring S (Ed.). Gray's Anatomy: The 
Anatomical Basis of Clinical Practice. 40th ed. Churchill Livingstone, 2008; pp 959-987.) The lateral wall of the 
RA and RV was removed to expose the conduction tissues (depicted in blue). Panel B shows histological sections 
through the sinus node, AV node and penetrating portion of the bundle of His in the heart of a 7-month-old 
child. Sections were stained using Masson’s trichrome technique, which stains muscle tissue in red and collagen 
fibers in blue . Note the differential staining within the cardiac nodes and the bundle of His, the latter being addi- 
tionally surrounded by connective tissue. The AV node comprises the compact part and more loosely arranged 
fibers of the so-called transitional atrial cells. AV, atrioventricular; CFB, central fibrous body; SN, sinus node; 
TV, tricuspid valve. 


some forms of ventricular preexcitation in otherwise normally 
structured hearts (16). Additionally, in the setting of complex 
congenital malformations, these remnants may constitute the AV 
conduction axis at aberrant locations (see below). 

The sporadic appearance of individual cardiomyocytes 
resembling so-called Purkinje cells in the atrial musculature 
between the cardiac nodes, and in the pulmonary venous 
sleeves, caused some authors to conclude that these cells con- 
stitute specialized conduction tissue at these ectopic locations 
(17,18). In the postnatal heart, however, the preferential con- 


duction that exists within the atrial musculature is explained by 
the orientation of the cardiomyocytes, rather than the existence 
of specialized tracts (19). As discussed later, the maintenance of 
the primary myocardium phenotype, or insufficient maturation 
of the working myocardium of the terminal crest, the sleeves 
around the pulmonary veins, and the ventricular outflow tracts 
(OFTs) during cardiac development could provide the sub- 
strates for abnormal automaticity in the postnatal heart. In 
terms of gross histology, however, these areas are indistinguish- 
able from the remainder of the working myocardium (20-22). 
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Figure 14.2. Definitive and “residual” components of the 
AV conduction system. The derivatives of the “primary ring” 
(depicted in red) from which the AV conduction system is 
derived are projected on the superior view of the aortic-mitral 
fibrous unit (orange) of the postnatal heart. Blue dots indicate 
the areas of remnants of the “residual” derivatives of the “pri- 
mary ring,” which can be found in neonatal human hearts. 
AV, atrioventricular; RAo, retroaortic. (Modified from Wes- 
sels A, Mijnders TA, de Gier-de Vries C, et al. Expression of 
myosin heavy chain in neonatal human hearts. Cardiol Young 
1992;2:318-334.) 


THE BASIC BUILDING PLAN OF THE 
MAMMALIAN HEART 


A fundamental question in cardiac development relates to the 
establishment of the correct disposition of the chambers and the 
conduction system. In the early developing heart, it is not possi- 
ble to identify, histologically, components of the conduction sys- 
tem as one can in the postnatal heart. Subsequent to formation 
of its chambers, nonetheless, the embryonic heart produces coor- 
dinated contractions and relaxations of the atria and ventricles, 
which is reflected in the nearly “adult-like” electrocardiogram 
(23) (Fig. 14.3). The developing heart consists of several build- 
ing blocks with distinct conduction and contraction properties, 
which allow for efficient pumping function of the heart despite 
the absence of a definitive conduction system and valves (24). 

Early cardiac development starts around 20 days of human 
embryonic life (see Table 14.1). The first step is the forma- 
tion of a primary heart tube from the cardiogenic mesoderm, 
the latter known as the cardiac crescent. The primary heart 
tube in vertebrate embryos is little more than a myocardialized 
part of the splanchnic mesodermal layer folded and protrud- 
ing into the coelomic cavity. It encompasses a narrow lumen 
lined by a single layer of endothelial cells, with a thick acel- 
lular layer of cardiac jelly separating the endothelium from 
the outer myocardial layer (25,26). This simple myocardial 
tube produces unidirectional peristaltic waves of contractions, 
which propel the blood from the inflow to the outflow part 
of the heart tube. Not all mesodermal cells fated to become 
cardiomyocytes do so immediately. At the venous and arte- 
rial poles, along with the dorsal mesocardium, which are the 
sites of attachment of the primary heart tube to the dorsal part 
of the embryo, differentiating cells from the pool of cardiac 
progenitors, the so-called second heart field, are added to the 
heart (27-29). This permits the slowly proliferating primary 
heart tube to significantly elongate during a relatively short 
period of time (30,31). Concomitantly, the primary heart 



Figure 14.3. Configuration and electrocardiogram of the early 
chamber-forming heart in the chicken embryo. Panel A shows 
a scanning electron microscopic image of a stage 17 chicken 
looping heart, where ballooning of the atrial and ventricular 
chambers has just been initiated at the outer curvature of the 
heart tube. Arrows point to the angles at the caudal and cranial 
borders of the proximal outflow (PO) tract. (From Manner J. 
The anatomy of cardiac looping. Clin Anat 2009;22:21-35, 
with permission.) Panel B shows an electrocardiogram derived 
from a chicken embryonic heart at a comparable stage of 
development. Note the almost “adult-like” ECG, including 
the isoelectric interval between the P wave and QRS complex. 
AV, atrioventricular canal; LA/RA, left/right atrium; LV/RV, 
left/right ventricle. (From Paff GH, Boucek RJ, Harrell TC. 
Observations on the development of the electrocardiogram. 
Anat Rec 1968;160:575-582, with permission.) 


tube loops ventrally and rightward, so that it becomes pos- 
sible to recognize its outer and inner curvatures (Fig. 14.4). 
At localized areas of the outer curvature, the primary cardi- 
omyocytes start to proliferate, at the same time initiating a 
genetic program governing their differentiation toward the 
working myocardium phenotype characterized by expression 
of fast-conducting gap-junctional proteins and atrial natriu- 
retic factor (ANF) (31-33) (Fig. 14.5). The myocardium of the 
ballooning atrial and ventricular chambers remains flanked by 
the primary myocardium of the AV canal, the inner curvature, 
and the OFT. These flanking segments retain the primitive 
phenotype characterized by long-lasting contractions and slow 
conduction (24). After initiation of chamber formation, a new 
myocardial structure, the systemic venous sinus, or sinus veno- 
sus, is formed at the inflow region of the heart (34). Similar to 
the myocardium of the primary heart tube, the myocardium 
of the venous sinus initially escapes further differentiation, 
does not express fast-conducting connexins, and is character- 
ized by high intrinsic automaticity, ensuring dominant pace- 
maker activity at the inflow of the heart (35-38). At this stage, 
the basic cardiac building plan, consisting of fast-conducting 
chambers flanked by slow-conducting myocardium of the 
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Comparison of the Developmental Stages in the Human, Mouse, 
and Chicken Embryos 


Human 

Carnegie Stages* Embryonic Days 


Mouse Chicken 

(Embryonic Days) (HH Stages) 


10 

22-23 

8.0 

9 + -10 

12 

26-28 

9.5 

13-14 

14 

31-35 

10.5 

18-20 

16 

38-41 

12.0 

24-24 

18 

45-48 

14.5 

28-29 

20 

51-53 

15.5 

31-32 

23 

56-58 

17.5 

34-35 


HH, Hamburger-Hamilton (see Hamburger V, Hamilton HL. A series of normal stages in the development of the chick embryo, 

J Morph 1951;88:49-92). 

"O'Rahilly R, Muller F Developmental Stages in Human Embryos. Including a Revision of Streeter's "Horizons" and a Survey of the 
Carnegie Collection. Washington, DC: Carnegie Institution, 1987; publication 647. 
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Figure 14.4. Morphogenesis of the early 
heart tube in mammals. Panel A depicts 
the prototypic linear heart tube as seen in 
ventral (left) and right lateral (right) views, 
while panel B shows the prototypic looping 
and chamber-forming heart tube in similar 
views. The primary myocardium is indi- 
cated in gray, the secondary myocardium 
of the atrial chambers ballooning at the 
dorsal aspect of the heart tube (arrows) is 
indicated in blue , and the myocardium of 
the ventricular chambers growing ventrally 
along the outer curvature of the heart tube 
(arrows) is indicated in red. At the linear 
tube stage no secondary myocardium is 
present. In the human embryonic heart, the 
chamber myocardium is first seen locally at 
the stage of looping and does not involve 
the entire circumference of the tube. Note 
that the primary myocardium of the venous 
pole, the atrioventricular canal (AVC), 
and the outflow tract (OFT) is contiguous, 
with no signs of separate rings of so-called 
specialized tissue. AVC, atrioventricular 
canal; LV/RV, left/right ventricle; OFT, 
outflow tract. (Modified from Moorman 
AFM, Christoffels VM. Cardiac chamber 
formation: development, genes, and evolu- 
tion. Physiol Rev 2003;83:1223-12 67.) 
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Figure 14.5. Three-dimensional and molecular analysis of chamber formation in the human embryonic heart. 
Two different stages are shown. Panels A,A*,A** show a 3-D model and immunohistochemical stainings for 
chamber markers in the stage 12 embryonic heart, when the chamber formation is initiated. Note, that the 
walls of the atrioventricular canal (AVC) and inner curvature (dotted line in A**) do not express atrial natri- 
uretic factor (ANF) and connexin40, while the walls of the atrial and ventricular chambers are positive for 
these markers. Panels B,B*,B** show a 3-D model and stainings in the stage 14 heart, when septation between 
the atrial and ventricular chambers is initiated. Now clearly two separate atria are formed and the ventricu- 
lar chambers possess an extensive meshwork of trabeculations. Note, that the walls of the venous sinus (SV) 
and AVC ( arrowheads ) are still negative for chamber markers. AVC, atrioventricular canal; LA/RA, left/right 
atrium; LV/RV, left/right ventricle; OFT, outflow tract; SV, sinus venosus. (Modified from Sizarov A, Ya J, de 
Boer BA, et al. Formation of the building plan of the human heart: morphogenesis, growth, and differentiation. 
Circulation 201 1;123:1 125-1 135.) 


venous sinus, atrioventricular canal (AVC), and OFT serves as 
a blueprint for the formation, at appropriate positions, of the 
specialized pacemaking and conduction system (39). 


THE SINUS NODE 
Initiation of the Heart Beat 

Subsequent to its formation, the primitive heart tube imme- 
diately commences regular waves of peristaltic contractions. 
At the beginning, the initiation of contraction is observed in 
the middle of the straight heart tube (40), where excitation- 
contraction coupling of the cardiomyocytes has progressed 
sufficiently to produce active shortening of the myofibrils. 
Studies in chicken embryos using voltage-sensitive dyes detect- 
ing spontaneous electrical depolarization have demonstrated 
that pacemaker activity can be identified along the whole 
primary heart tube prior to any contractile activity (41) 


(Fig. 14. 6A). However, the earliest spontaneous pacemaking 
activity always is located at the inflow of the primary heart 
tube (38) (Fig. 14. 6B). During further development, the pace- 
making activity in already differentiated myocardium is sup- 
pressed, while newly added myocardium at the venous pole 
assures this site remains the dominant pacemaker site (38,42), 
ensuring efficient unidirectional pumping of the blood. The 
pacemaking mechanism in the adult SN is very complex, and 
involves multiple currents through different ion channels (43). 
It is still incompletely characterized in the embryonic heart. 
Very early in embryonic life, prior to the development of true 
pacemaker ion current(s), shuttling of calcium in and out of 
the sarcoplasmic reticulum through an inositol triphosphate- 
dependent mechanism may be responsible for pacemaker 
activity (44). Mouse embryos that are deficient for the hyper- 
polarization-activated cyclic nucleotide-gated cation channel 
4 (HCN4), the major isoform producing the If (“funny” cur- 
rent), have extremely low heart rates and die in utero (45), 
suggesting an important role of I f in the pacemaking mecha- 
nism of the embryonic heart. 
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Figure 14.6. Initiation of the heart beat. Panel A shows that in the very early chicken embryonic heart (about 
stage 9), which is not yet contracting, action potentials of spontaneous depolarization can be detected over the 
entire heart tube. Panel B shows that the earliest action potentials always are registered at the most caudal end 
of the heart. Note, that the interval between the upstroke of the action potentials measured at proximal (1) and 
distal (2) sites of the heart tube remains remarkably similar at stage 13 as compared to very young stage 9 ( red 
bars in panel B). The initial phase of the caudal action potential, however, already resembles at stage 13 the slow 
depolarization period of the definitive pacemaker action potential (arrow in panel B). AVC, atrioventricular 
canal; E, site of ECG registration. (Modified from Kamino K, Komuro H, Sakai T, et al. Functional pacemaking 
area in the early embryonic chick heart assessed by simultaneous multiple-site optical recording of spontaneous 
action potentials. J Gen Physiol 1988;91:573-591; and Van Mierop LHS. Localization of pacemaker in chick 
embryo heart at the time of initiation of heartbeat. Am J Physiol 1967;212:407-415.) 


Development of the Sinus Node 

The primary heart tube, although consisting of cardiomyocytes, 
which all possess pacemaker activity (40,46), does not contain 
the precursors of the cells destined to form the definitive sinus 
node, as at this stage the cardiomyocytes forming the systemic 
venous sinus have not yet been added to the heart (34). Early 
investigations of the developing cardiac conduction tissues in 
mammalian and human embryos were, of necessity, limited to 
search for clusters of histologically “specialized” cardiomyocytes 
at the locations they occupy in the postnatal heart. There are 
numerous comprehensive descriptions of the morphologic 
changes during development of the SN in the human embry- 
onic and fetal heart (47-51). Although these studies were based 
on comparable histologic stainings, they led to very different 
hypotheses about its development. Thus, in the human, the SN 
had been hypothesized to develop from a so-called sinuatrial 
ring (49,50). This concept depended on the presence of “spe- 
cialized” rings of myocardium between segments of the pri- 


mary heart tube, which, in turn, were believed to develop into 
the distinct parts of the definitive conduction system. Numer- 
ous molecular studies in experimental animals, and now in 
human hearts, have revealed that this is not the case. 

From analyses of various transgenic mouse models, it is 
known that correct expression of several transcription factors 
is needed for the formation of the SN at its normal location 
(52) (Fig. 14.7). Until embryonic day 9 to 9.5 in mouse, and 
approximately 26 to 28 days in humans, the homeobox tran- 
scription factor Nkx2.5 is expressed in all myocardium, but 
not in the mesenchymal cells at the caudal ventral side of the 
inflow tract (34,36). These cells express the T-box transcription 
factor Tbxl8 in a strictly complementary pattern, and differen- 
tiate into cardiomyocytes forming sinus muscle, and ultimately 
the sinus node. Genetic lineage analyses have provided strong 
evidence for the origin of the entire venous sinus from these 
cardiac progenitor cells. Taking into account that these cells are 
the precursors of the sinus node, this finding is consistent with 
the previous observation that the elongating heart tube shows 
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Figure 14.7. Molecular pathways regulating sinus node (SN) development. The SN develops from the sinus 
myocardium, which in turn differentiates from the Tbxl 8-positive and Nkx2-5-negative mesenchyme at the 
inflow region of the early chamber-forming heart. Depicted transcription factors regulate the formation of the 
boundaries and zones of expression and differentiation of atrium, SN and the myocardial sleeve of superior 
caval vein (SCV). Green arrows indicate positive regulation and red lines suppression of the sinus muscle and 
atrial muscle differentiation. For more details, see text. CS, Carnegie stage; E, embryonic day; pos, positive; SCV, 
superior caval vein; SN, sinus node. (Modified from Christoffels VM, Smits GJ, Kispert A, et al. Development of 
the pacemaker tissues of the heart. Circ Res 2010;106:240-254.) 


an increase in beat rate (53). Furthermore, Tbxl 8-deficient 
mice fail to form the large head component of the sinus node, 
demonstrating that Tbxl 8 is crucial for the recruitment of 
inflow region mesenchyme into the myocardial lineage, which 
is essential for the formation of the SN (54). In the human 
embryonic heart, the systemic venous sinus is first discernable 
at 28th day of human development as a small hollow struc- 
ture upstream from the common atrial chamber. It initially 
has nonmyocardial walls expressing Tbxl 8 and HCN4, and is 
no more than the confluence of the systemic venous channels 
entering the heart. During the next stages, the venous sinus 
shifts to the right, and its walls become muscular and thick- 
ened, particularly its right lateral part (36,55,56) (Figs. 14.8 
and 14.9). This thickened structure, which may be considered 
as the sinus nodal primordium, is traceable at its specific loca- 
tion along the right side of the sinuatrial junction till the end 
of the embryonic period, when it already begins to resemble 
the SN of the postnatal heart (50). Early specification of the 
sinus nodal primordium in the mouse embryonic heart is regu- 
lated by another T-box transcription factor Tbx3 (57), which is 
expressed in the human embryonic heart in an almost identical 
pattern. Tbx3 represses the expression of the fast-conducting 
connexins 40 and 43, thus allowing newly added sinus myo- 
cardium to escape from further differentiation toward work- 
ing myocardium (Fig. 14.9). Forced expression of Tbx3 in the 
atrial myocardium of the postnatal mouse heart leads to the 
development of ectopic functional pacemaker tissue, thus iden- 
tifying Tbx3 as a key regulator of the sinus nodal phenotype 
(57). The suppression of the formation of the SN at the left side 
of the sinuatrial junction in the mouse heart is regulated by the 
transcription factor Pitx2c (42), which, in vertebrates, plays a 
crucial role in the establishment of the left/right asymmetry of 
the inner organs, including the heart (58). Accordingly, dual 


sinus nodes are present in Pitx2c-deficient mice and in humans 
with right isomerism of atrial appendages (59). 

During the mid-stages of human and mouse gestation, the 
expression of HCN4 and pacemaker activity becomes confined 
to the SN itself by an as yet undiscovered mechanism. The 
myocardium derived from the sinus muscle, with the exception 
of the SN itself, matures to produce a phenotype comparable 
to that of the atrial working myocardium, including upregu- 
lated expression of connexins 40 and 43, and downregulated 
expression of HCN4 (42). The failure of complete “atrializa- 
tion” of this myocardium in some individuals could explain 
the presence of ectopic automaticity, and the initiation of 
ectopic atrial tachycardias. 

THE AV CONDUCTION AXIS 

The Development of the AV Conduction System 

The myocardium of the primary heart tube is characterized by 
slow transmission of the electrical impulse. With ongoing devel- 
opment, the primary myocardium at specific locations along 
the outer curvature of the looping heart tube begins to further 
differentiate and expand to form the atrial and ventricular 
chambers, which are characterized by fast conduction of the 
depolarizing electrical impulse, and matching synchronous con- 
tractions (32,60). The ballooning chambers remain flanked by 
the primary myocardium of the venous sinus, inner curvature, 
AVC and OFT, which escapes further differentiation, and retains 
the more primitive phenotype displaying high automaticity, slow 
conduction, and long-lasting contractions (24). The different 
components of the definitive AV conduction system are formed 
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Figure 14.8. Three-dimensional and molecular analysis of the venous pole of the embryonic human heart. Panels 
A through C show different views of the 3-D model of a stage 14 human embryonic heart, on which the expres- 
sion domain of fast-conducting gap-junctional protein connexin40 was projected (depicted in pink). Note that 
the myocardial wall of the venous sinus ( asterisk ) is negative for connexin40. Lines in (A) and (B) refer to the 
level of the transverse cut shown in panel C and histological sections shown in panels D and E. Serial sections 
through the venous sinus were stained for the transcription factor NKX2-5, which is not expressed in the walls 
of systemic venous tributaries (venous sinus, coronary sinus), and TBX18, which is expressed specifically in the 
walls of the venous sinus and coronary sinus and not in the rest of the cardiac muscle. Asterisk points to the 
vestibular spine. AVC, atrioventricular canal; cor, coronary; LA/RA, left/right atrium; LV/RV, left/right ventricle; 
OFT, outflow tract; pulm, pulmonary; SV, sinus venosus. (Modified from Sizarov A, Anderson RH, Christoffels 
VM, et al. Three-dimensional and molecular analysis of the venous pole of the developing human heart. Circula- 
tion 2010;122:798-807.) 


in situ from this primary myocardium (61). The hypothesis that 
the conduction system may have contributions from the cardiac 
neural crest cells (62-64) has not been supported by overt evi- 
dence. In chicken embryos, retrovirus-labeled neural crest cells 
were not traced in the conduction system components (65), 
demonstrating that the entire conduction system has a myogenic 
origin. The cells derived from the neural crest differentiate in 
part into the autonomic nerves, which, in turn, influence the 
conduction properties through the AV conduction axis (66). 

Although in the embryonic heart it is not possible to rec- 
ognize the components of the AV conduction axis as seen in 
the postnatal heart, and the common atrium is in muscular 
continuity with the developing ventricles through the AVC 
musculature (67), the chamber-forming heart already displays 
coordinated atrial and ventricular contractions and a proper 
AV delay. As with the sinus node, standard histology does not 
permit the unambiguous identification of different tissue types. 
Nonetheless, investigators at the beginning of the previous cen- 
tury attempted to identify the precursors of the AV conduction 


system in the human embryonic heart (47-49,68-73), 
but their conclusions were far from comparable. The AV node 
was claimed to represent a part of the original AVC, and it was 
suggested that the bundle of His arose from the nodal tissue by 
a process of active growth (47). Others hypothesized that the 
development of the AV node occurred through further speciali- 
zation of the earlier appearing bundle of His (48). Still others 
postulated that the formation of the AV conduction system 
occurred through fusion of different parts of the “specialized” 
myocardial rings (49). More accurate insights into the devel- 
opment of the AV conduction system were gained from studies 
on the changes in expression of neural tissue antigen G1N2 
during human cardiac development (74,75). Initially, in the 
early chamber-forming heart, G1N2 expression marks the so- 
called primary foramen, which is bordered by the right-sided 
aspect of the AVC and the crest of the ventricular septum. 
With ongoing development, the AVC expands and shifts right- 
ward, establishing a direct connection between the RA and 
the right ventricle (RV), marked by the expression of G1N2. 
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Figure 14.9. Gene expression in the SN primordium. Panel A shows serial sections taken through the SN pri- 
mordium (arrow) of a stage 16 human embryonic heart and stained immunohistochemically for the transcription 
factor TBX3 (left), gap-junctional protein connexin40 (Cx40, middle) and pacemaker ion-channel HCN4 (right). 
Note that TBX3 only is expressed in a part of the thickened wall of the venous sinus, which at this stage of devel- 
opment is in its entirety positive for HCN4 and negative for connexin40. Panel B shows the sinuatrial boundary 
in the mouse. In the hearts of wild-type mouse the expression of Tbx3 and connexin40 are strictly complemen- 
tary, while in the mouse heart, in which Tbx3 was knocked-out, expression of connexin40 is extended into the 
sinus node, ra, right atrium; san, sinuatrial node. (From Hoogaars WMH, Engel A, Brons JF, et al. Tbx3 controls 
the sinoatrial node gene program and imposes pacemaker function on the atria. Genes Dev 2007;21:1098-1112, 
with permission.) 


A leftward extension of the anterior aspect of the GlN2-pos- 
itive ring becomes evident at later stages, when the subaortic 
OFT becomes positioned above the left ventricle. In addition 
to the G1N2 expression on the crest of ventricular septum, at 
late stages, G1N2 positivity is also present along the surface of 
the ventricular septum, resembling the branches of the bun- 
dle of His (74) (Fig. 14.10). Although the functional signifi- 
cance of the expression of the neural tissue antigen G1N2 in 
the developing heart is still unknown, this marker has helped 
in the understanding of the development of the correct AV and 
ventriculo-arterial arrangements (76,77), and demonstrated 
that the entirety of the AV conduction axis developed from the 
primary ring myocardium. 

Our insight into the molecular mechanisms regulating the 
further development of the AVC has increased over the last 
decade (Fig. 14.11). One of the earliest events is the activation 
of the bone morphogenetic protein (Bmp) signaling pathway, 
with Bmp2 as one of the main players (78,79). This small sign- 
aling molecule activates the expression of another T-box tran- 
scriptional factor, Tbx2, which along with the transcription 
factors Tbx3 and Msxl prevents expression of the chamber 
myocardium-specific genes, thus protecting the AVC muscle 
from further differentiation (80 — 83). Another T-box transcrip- 
tion factor, Tbx20, directly interferes with Bmp/Smad signaling 
to suppress Tbx2 expression in the chambers, thereby confin- 
ing Tbx2 expression to the prospective AVC region (84). The 
combined action of the widely expressed transcription factors 


Nkx2-5, Tbx5, and Id2 (inhibitor of DNA binding), having 
more limited domain of expression, is now known to be crucial 
for the development of the AV conduction system in the mouse 
heart (85). In addition, recent lineage analyses in the mouse has 
provided evidence that structures, such as the coronary sinus, 
epicardium, vestibular spine, and ventricular septal myocar- 
dium, do not contribute to the formation of the AV node (86), 
as had been suggested previously (87,88) (Fig. 14.12). Current 
studies support the view that the embryonic AVC, although 
proliferating very slowly, grows sufficiently to provide the pre- 
cursor cells for the AV node, AV ring bundles, and lower atrial 
rims. The same lineage studies also showed that the so-called 
lower nodal cells of the mouse heart and the ventricular parts of 
the AV conduction system, including the bundle of His, bundle 
branches, and the septal branch are not derived from the AVC, 
but have a ventricular origin (86). A cross-comparison of the 
genome-wide expression profiles of the cardiomyocytes from 
the AVC at El 0.5 and the AV node at El 7.5 in mouse revealed 
that the majority of differentially expressed transcripts at the 
El 0.5 AVC had maintained this expression profile at the El 7.5 
AV node. Moreover, the AV nodal cells showed an extensive 
neurogenic gene expression profile, which is significantly dif- 
ferent from that of the AVC, demonstrating that the AV node 
substantially specializes during development (89). 

The myocytes making up the bundle of His and its branches 
are distinct from the myocytes of the AV node in terms of gene 
expression, as well as in their electrophysiological properties. 
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Figure 14.10. Development of the AV junction in the human embryonic heart based on the expression of neural 
tissue antigen G1N2. In the stage 13 to 14 heart (panels A, A*) a single ring of GlN2-staining tissue is identified, 
which marks the myocardium of the crest of the ventricular septum and right-sided part of AV canal surrounding 
the primary foramen connecting the cavities of the left and right ventricular chambers. In the stage 15 to 16 heart 
(panels B,B*) the G1N2 staining marks the rightward expansion of the AV canal, which establishes a direct con- 
nection between the RA and RV, In the stage 18 to 23 heart (panels C,C*) the leftward extension of the ventral 
part of GlN2-positive ring occurs as the subaortic OFT becomes positioned over the left ventricle. These draw- 
ings illustrate the development of the AV conduction system as a derivative of the GlN2-positive myocardium 
encircling the “primary” foramen in the earliest stages. The drawings show that the so-called septal branch and 
retroaortic (RAo) root branch can be recognized as transient structures in the developing human heart, which lose 
their G1N2 expression during late stages of development, AV, atrioventricular; cor, coronary; LA/RA, left/right 
atrium; LC/RV, left/right ventricle; VS, ventricular septum. (Modified from Wessels A, Vermeulen JL, Verbeek 
FJ, et al. An immunohistochemical analysis of the distribution of the neural tissue antigen G1N2 in the embryonic 
human heart. Anat Rec 1992;232:97-111.) 


A variety of origins of the bundle of His have been proposed 
(90), but it is generally agreed that the bundle forms in situ 
by differentiation of the cardiomyocytes on the crest of the 
developing ventricular septum (61). Once more, Tbx3 plays 
an important role in this process (91). From the outset, the 
crest of the ventricular septum is in direct continuity with the 
myocardium of the AVC dorsally and ventrally (92). Despite 
their distinct developmental origins, both the atrial and ven- 
tricular parts of the developing AV conduction axis express 
similar sets of molecular markers, including Tbx3 and HCN4, 
and both initially are negative for fast-conducting connexins 
40 and 43 (61) (Fig. 14.13). Although specified precursors of 
the bundle of His and its branches are present from the outset 


of ventricular septation, they are not initially functionally able 
to rapidly propagate the electrical impulse (93). 


Formation of the AV Plane of Fibrous Insulation 

In the normal human adult heart, there are no other muscu- 
lar connections between the atria and ventricles than the AV 
conduction axis, which is responsible for the delay of impulse 
propagation from the atria to the ventricles, this occurring in 
the AV node, and the uniform and rapid distribution of the 
impulse to the ventricular chambers through the bundle of 
His and its branches. As we already have emphasized, in the 
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Figure 14.11. Molecular pathways regulating the development and boundary establishment of the AV canal 
and chamber myocardium. Green arrows indicate positive regulation and red lines suppression for differentia- 
tion towards the working phenotype or retention of the more primitive phenotype. Note that broadly expressed 
transcription factors Tbx5, GATA5, and NKX2-5 play role in both processes, pointing to the importance of the 
cooperative action of several factors in regulating the fate of the cardiomyocyte. ANF, atrial natriuretic factor; 
AVC, atrioventricular canal; CS, Carnegie stage; Cx, connexin; E, embryonic day. (Modified from Christoffels 
VM, Smits GJ, Kispert A, et al. Development of the pacemaker tissues of the heart. Circ Res 2010;106:240-254.) 


embryonic heart, the atrial myocardium is contiguous with the 
myocardium of the ventricles throughout the AV junction (67). 
At these stages, the physical insulation by fibrous tissue is not 
essential because of the intrinsic property of slow propagation 
of the cardiac impulse by the AVC myocardium (24,87). In the 
septating heart, the AVC myocardium is sandwiched between 
the epicardially derived tissues of the AV groove at the epi- 
cardial side, and the endocardially derived AV cushion at the 
endocardial side (94). Due to the growth of the ventricular 
and atrial chambers, the significant thickening of the free walls 
of the ventricles, particularly at their bases, and the relatively 
slow proliferation of the AVC myocardium, the connective tis- 
sue of the AV grooves becomes invaginated between the atrial 
and ventricular myocardial masses, creating the mesenchy- 
mal insulation plane (Fig. 14.14). The molecular mechanisms 
driving the fusion of the epicardially derived tissue with the 
AV cushions, which finalizes the AV insulation, are not fully 
understood, but an essential role of epicardially derived cells 
in this process is well established (95). 

With exception of the muscular connection through the 
bundle of His, the AV myocardial continuity is essentially 
interrupted at approximately 12 weeks of human development 
(67). In the fetal and early neonatal human heart, however, 
multiple tiny myocardial strands have been observed cross- 
ing the otherwise fully formed plane of AV insulation (15,96). 
Persistence of these remnants of the AVC musculature was 
suggested to be the substrate for electrical preexcitation of 
the ventricles, which may result in the Wolff-Parkinson-White 
syndrome, the most prevalent type of supraventricular tach- 
yarrhythmias in children (97). An important characteristic of 
these bundles is their high conductivity due to the expression 
of fast-conducting connexin 43 (98), which can lead in specific 
circumstances to life-threatening arrhythmias. The myocardial 


strands found in normal neonatal hearts, however, are derived 
from the AVC, and our own studies, as yet unpublished, sug- 
gest they retain the AVC phenotype and are negative for con- 
nexins 40 and -43, making it unlikely that the mere failure of 
their disappearance is sufficient to explain the phenomenon of 
ventricular preexcitation with rapid AV conduction. 

The Bmp-receptor la, also known as Alk3 y and the transcrip- 
tion factor Tbx2 have been shown to play an important role in the 
correct formation of the plane of insulation on the left side of the 
mouse heart (79,99). In the absence of myocardial Alk3 or Tbx2 
expression, not only does connective tissue fail to form between 
the atrial and ventricular chambers, but also the persisting myo- 
cardial strands become fast conducting, and are thus capable of 
causing preexcitation. The formation of accessory pathways with 
fast conduction properties, therefore, involves both abnormali- 
ties in the development of the fibrous insulation and the differen- 
tiation of the originally slow-conducting AVC myocardium into 
fast-conducting working myocardial phenotype. 

The bundle of His, which remains the only muscular connec- 
tion between the atrial and ventricular chambers after comple- 
tion of the formation of the insulation plane, becomes gradually 
isolated from the myocardium of the ventricular septum by a 
connective tissue sheath originating, most probably, from the epi- 
cardially derived tissues of the AV grooves. In fetal hearts, the car- 
diomyocytes of the AV node and bundle of His remain in contact 
with the myocardium of the ventricular septum (Fig. 14.15). Per- 
sistence of these connections between the AV node (or bundle of 
His) and the ventricular myocardium during further maturation 
in the fetal period may constitute the slow-conducting substrate 
of one of the variants of so-called Mahaim-type reentry tachy- 
cardia, although similar slow-conducting AV connections can be 
demonstrated along the entire right AV ring, likely representing 
persisting remnants of the AV ring tissues (16). 
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Figure 14.12. Lineage analysis of the developing atrioventricular (AV) node in the mouse heart. Panels A and 
B schematically demonstrates the methodology utilized to follow the fate of cells in vivo. In mouse line I the 
transgene Cre (Causes a recombination event) is introduced under the direction of a tissue-specific promoter. 
Another transgenic mouse line (II) holds a construct consisting of a promoter, which is active in all body cells, 
and the reporter gene (here the bacterial gene LacZ, but it can also be EGFP ), expression of which is prevented 
by the STOP sequence (depicted by) upstream of the reporter gene. This STOP sequence is flanked by so-called 
loxP sites, which are recognized by the enzyme Cre. When both mice are crossed, the STOP sequence is irrevers- 
ibly removed in all cells where Cre is expressed, by which the reporter gene is then activated in the original cells 
and their offspring. Subsequently these cells can be labeled by staining for the reporter gene (blue cells in panel 
B), even when the endogenous gene driving Cre expression is no longer active. This technique makes it possible 
to study the origin of the cells of the different components of the mature mammalian four-chambered heart. 
(Modified from Horsthuis T et al. Can recent insights into cardiac development improve our understanding of 
congenitally malformed hearts? Clin Anat 2009;22:4-20.) Such a study was performed to assess the develop- 
mental origin of the AV node, where several tissues have been suggested to contribute, including the myocardial 
wall of the coronary sinus and the dorsal mesenchymal protrusion, or vestibular spine. Panel C shows the AV 
plane of insulation with the AV rings, the AV node and AV bundle. The dashed line shows the plane of section- 
ing through the AV node of the postnatal mouse heart shown in (D) and (E). The compact atrioventricular node 
(cavn) is not stained and remains free of recombination, when the Tbxl8 (panel D) or MEF2c (panel E) promoter 
is used to drive Cre expression. This implies that neither the sinus muscle, which is marked by the expression 
of Tbxl8, nor the myocardium derived from the dorsal mesenchymal protrusion (dmp-d), which expresses the 
MEF2c enhancer contributes to the AV node, lending no support to the hypothesis that coronary sinus or dorsal 
mesenchymal protrusion-derived myocardium contribute to the formation of the AV node. Instead the entire AV 
bundle, along with the so-called lower nodal cells, is derived from ventricular myocardium, avb, atrioventricular 
bundle; cs, coronary sinus; EGFP, enhanced green fluorescent protein; expr, expression; lv, left ventricle; pv, 
pulmonary vein; ra, right atrium. (Modified from Aanhaanen WT, Mommersteeg MT, Norden J, et al. Develop- 
mental origin, growth, and three-dimensional architecture of the atrioventricular conduction axis of the mouse 
heart. Circ Res 2010;107:728-736.) 


DEVELOPMENT OF THE VENTRICULAR 
CONDUCTION NETWORK 


In the postnatal heart, the electrical impulse, after being delayed 
in the AV node, is transmitted via the ventricular conduction 
network consisting of the bundle branches and Purkinje fibers. 


The main function of the ventricular conduction network is 
the rapid propagation and uniform distribution of the impulse 
to the ventricular muscle mass. The fast-conducting properties 
of the ventricular conduction system (VCS) are due to the high 
expression of connexins 40 and 43 — proteins, which form 
gap junctions with high conductance properties (100). As with 
the ventricular working myocardium, the cardiomyocytes 
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Figure 14.13. Three-dimensional and molecular analysis of the developing AV conduction system in the develop- 
ing human heart. Panels A and D show a four-chamber cut through the 3-D models of the human embryonic 
heart with incomplete (stage 16) and complete (stage 23) septation, upon which the expression of the conduction 
system marker TBX3 was projected (shown in green). TBX3, which represses myocardial differentiation, marks 
the tissues that will retain their primitive phenotype and will develop in part into the conduction system of the 
heart. Histological sections taken through the dorsal part of the AV canal were stained for the fast-conducting 
gap- junctional proteins connexin40 and -43 (panels B and C). The TBX3 -positive myocardium of the developing 
AV node lacks expression of these connexins {arrow). At later stages the domains of TBX3 expression already 
resemble the postnatal configuration of the AV system. The AV node primordium (outlined by the dashed line in 
panels E and F) does not express connexins 40 and 43, being a slow conducting structure. 3-D, three-dimensional; 
AVC, atrioventrcular canal; cor, coronary; LA/RA, left/right atrium; LV/RV, left/right ventricle; rvv, right venous 
valve. (Modified from Sizarov A, Devalla DH, Anderson RH, et al. Molecular analysis of patterning of conduction 
tissues in the developing human heart. Circ Arrhythm Electrophysiol , 2011;4:532— 542.) 
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of the postnatal VCS are specialized in fast conduction. Unlike 
the working myocytes, however, they have a poorly devel- 
oped contractile apparatus, and even display some degree of 
automaticity, resembling the embryonic primitive phenotype 
(61). In embryonic hearts that do not have discernable bundle 
branches or a Purkinje fiber network, fast conduction within 
the developing ventricles already is present at stages when 
the trabeculations just have appeared. It has been established 
that the development of the mature pattern of ventricular 
activation and formation of the Purkinje fiber network are 
closely related to the development of the ventricular trabecu- 
lations (65). The cavities of the ventricles in the early embry- 
onic heart contain an extensive meshwork of trabeculations 
attaching to the thin outer ventricular wall, which, similar to 
the trabeculations, expresses the fast-conducting connexins 
40 and -43 (31,80,101). Thus, there is a molecular substrate 
for the preferential rapid conduction of the electrical impulse 
through the ventricular trabeculations to the ventricular mus- 
culature in the embryonic heart without a fully differentiated 
true ventricular conduction network. 


During normal heart development, proliferation ceases 
in the trabeculations soon after their formation, while the 
outer ventricular wall becomes highly proliferative to form 
the compact myocardial layer (31,102), thus meeting the 
increasing demand to produce more powerful contrac- 
tions. The newly formed compact layer of the ventricular 
wall, unlike the trabecular myocardium, does not express 
connexin 40. The extent of the trabeculations within the 
ventricular chambers does not change significantly during 
development compared to the enormous growth of the com- 
pact layer (Fig. 14.16). This suggests that failure of proper 
formation of the compact ventricular wall and abnormal 
continuing growth of the trabecular layer are responsible 
for the so-called noncompaction cardiomyopathy, where the 
extensive trabecular network coexists with a compact layer 
of decreased thickness (103). 

The observation that so-called Purkinje myocytes along 
with myocardial markers also express markers reminiscent 
of neuronal cells has resulted in much debate about the ori- 
gin of the ventricular conduction system. Most of the data 
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Figure 14.14. Early stages of the formation of the AV plane of insulation in the human heart. These photomi- 
crographs show the right part of the AV canal in a stage 16 heart and the right AV junction in later stages. Sec- 
tions were immunohistochemically stained for the myocardial marker troponin I (shown in blue). The asterisk 
points to the subepicardial mesenchymal tissue accumulated in the AV groove. At stage 16, atrial and ventricular 
myocardium are contiguous through the AV canal musculature (arrow in panel A). This continuity is markedly 
reduced already two stages later (arrow in panel B). Note, that at the latest embryonic stage there are still myo- 
cardial fibers connecting the atrial myocardial with the ventricular wall (arrow in panel C). CS, Carnegie stage; 
RA, right atrium; RV, right ventricle. 


regarding the induction of the VCS have come from studies 
in chicken embryos, where fate-mapping experiments have 
unequivocally demonstrated that the entire conduction sys- 
tem has a myocardial origin (65). Individual ventricular 
myocyte precursor cells give rise to a series of progeny that 
migrate preferentially vertically to form the meshwork of 
trabeculations (104, our unpublished observations). From 
mouse studies, it is known that neurogulin-1 and Notch 
signaling are necessary and sufficient, to form the ventricular 
trabeculations through regulating the relative proportion of 
the embryonic ventricular cardiomyocytes that form the tra- 
becular and compact myocardium (105,106). Another sign- 
aling molecule, endothelin-1, secreted by endocardial cells 


covering the ventricular trabecular myocardium, probably 
in response to increasing biomechanical forces such as shear 
stress and pressure in the walls of the ventricular chambers, 
has been shown to play an important role in the induc- 
tion of the Purkinje fiber network in the chicken embry- 
onic heart (107,108). Current models of the development 
of the ventricular conduction network involve neuregulin 
signaling-mediated induction and formation of ventricular 
trabecular myocardium and endothelin signaling-mediated 
differentiation of subendocardial myocytes into Purkinje 
myocytes (61,65,109) (Fig. 14.17), with recent lineage stud- 
ies in the mouse supporting a biphasic mode of formation 
of the VCS (110). 



Figure 14.15. Histological and molecular analysis of the AV node in the early human fetus. Serial sections of a 
13 week fetal heart were stained using Masson’s trichrome (panel A) and immunohistochemistry for TBX3 and 
the myocardial marker troponin I. Note the tiny myocardial tracts still crossing the forming plane of insulation 
(arrows). These myocytes are positive for the conduction system marker TBX3 and are, thus, the remnants of 
the embryonic conduction tissues. AV, atrioventricular; Tnl, troponin I. 
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Figure 14.16. Development of the compact ventricular myocardial wall and the Purkinje system in the human 
heart. Histological sections through the left ventricular free wall were double stained for troponin I (shown in 
blue) and connexin40 (shown in pink). In the ventricles at Carnegie stages (CS) 12 through 15 connexin40 is 
expressed transmurally and no overt compact layer is present. After stage 15 the connexin40-negative compact 
layer of the ventricular wall forms and expands at the epicardial side. Note that the thickness of the trabecular 
component of the ventricular wall remains the same between stages 15 and 23 (yellow arrows). At the end of the 
embryonic period connexin40 becomes confined to the trabecular myocardium only, whereas the compact layer 
in the late normal fetal heart expands considerably (panel E). Note, that in the infant heart with left ventricular 
“noncompaction” (panel F) the compact layer of the ventricular wall is underdeveloped, while trabecular layer 
is abnormally expanded. (Modified from Freedom RM, Yoo SJ, Perrin D, et al. The morphological spectrum of 
ventricular noncompaction. Cardiol Young 2005;15:345-364.) 


DEVELOPMENTAL ASPECTS OF CARDIAC 
ELECTROPHYSIOLOGY 


A great variety of ion channels, connexins, and calcium-handling 
molecules determines the different properties of the action poten- 
tial in the various types of myocytes in the heart (111). The action 
potential and the rapid changes in voltage differences across the 
cell membrane are determined by shifts in intra- and extracellular 
concentrations of several ions, including sodium, potassium, and 
calcium. Such shifts in ionic concentrations are achieved through 
active and passive flows of the ions through the different chan- 
nels, ion pumps, and gap junctions, together constituting the ion 
currents. Action potentials have a number of characteristics, such 
as the upstroke velocity, which is the speed of membrane depo- 
larization; the duration, this being the time from the initiation of 
depolarization to complete repolarization of the cell membrane; 
the amplitude, in other words the extent of decrease of the nega- 
tive membrane charge; and the so-called plateau phase, which 
is the period of relative stability during the membrane depolar- 
ized state. The different types of cardiomyocytes display distinct 
action potential characteristics (Fig. 14.18). During development 
and maturation of the heart, dramatic changes occur in these 
characteristics (112,113), affecting myocardial conduction and 


refractoriness properties, which, in turn, influence the physi- 
ologic function of the maturing heart. 

Pacemaking in the Maturing Heart 

In the early embryonic heart, all cardiomyocytes are capable 
of generating the electrical impulse, albeit with gradients of 
pacemaking dominance, decreasing from the venous to the 
arterial pole (38,46). In chicken embryos, the earliest activa- 
tion has been recorded in the systemic venous sinus and both 
atria (114). Later in development, the origin of the electrical 
impulse becomes confined to the region of the sinus node. 
In the immature postnatal heart, nonetheless, there are con- 
siderable shifts of the primary pacemaking site over a much 
wider area than that occupied by the morphologically recog- 
nizable sinus nodal cells (115). Down- and upregulation of 
several ion currents in the adult sinus nodal and atrial work- 
ing myocardial cells are required to allow a small SN to drive 
the depolarization of a large mass of atrial chamber myocar- 
dium (116). The high expression of HCN4, the ion channel 
responsible for the pacemaker “funny” current, and Cav3.1, 
the T-type voltage-gated calcium channel, are essential in the 
spontaneous depolarization process. Equally important is the 
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Figure 14.17. Schematic model for the development of the ventricular trabeculations and Purkinje fiber network. 
At early stage of chamber formation the ventricular wall is 3 to 4 cell thick and only tiny trabeculations are 
present. Neuregulin-1 (NG1) and Notchl play important roles in the induction of the formation of extensive 
meshwork of trabeculae in the consecutive stages. The endothelial cells (endo) then signal, via endothelin-1 
(ET-1) and endothelin converting enzyme (ECE-1), to initiate the induction and maturation of the ventricular 
conduction system (VCS), where transcription factor Nkx2-5 also plays an important role. Expression of con- 
nexin40 and other VCS markers is depicted in a gradient from red (high) to gray (no expression). Epi indicates 
epicardium. Cx40, connexin40; CS, Carnegie stage; ECE-1, endothelin converting enzyme 1; E, embryonic day; 
endo, endocardium; epi, epicardium; ET-1, endothelin-1; NG1; neuroguiin-1; VCS, ventricular conduction sys- 
tem. (Modified from Christoffels VM, Moorman AF. Development of the cardiac conduction system: why are 
some regions of the heart more arrhythmogenic than others? Circ Arrbythm Electrophysiol 2009;2:195-207; 
Mikawa T, Hurtado R. Development of the cardiac conduction system. Semin Cell Dev Biol 2007;18:90-100; 
and Wagner M, Siddiqui MA. Signal transduction in early heart development (II): ventricular chamber specifica- 
tion, trabeculation, and heart valve formation. Exp Biol Med (Maywood) 2007;232:866-880.) 


low expression, or virtual absence, of the fast-conducting con- 
nexins 40 and 43, of the inward-rectifying potassium channel 
Kir2.1, and of the sodium-channel Navi. 5. These latter cur- 
rents are responsible, respectively, for the stabilization of the 
membrane resting potential and its rapid upstroke in the car- 
diomyocytes of the atrial and ventricular chambers (43,115). 
The establishment of sharper borders between the domains 
of expression of these functional proteins likely is responsible 
for the progressive confinement of the site of pacemaking to 
the sinus nodal region of the heart. The timing of changes in 
the expression of these ion channels in the human maturing 
heart is not yet characterized. Our preliminary results from 
studies in late embryonic and early fetal human hearts indi- 
cate that there is a gradual decrease of HCN4 expression in 
the myocardium of the atrium, the pulmonary and systemic 
venous sleeves, and the AV junction, with subsequent confine- 
ment and strong expression of HCN4 to the developing SN 
(Fig. 14.19). Failure of downregulation of the expression of 
HCN4 in these structures during later stages of development 
may provide a substrate for arrhythmogenic ectopic foci in the 
postnatal heart. 

Propagation of the Electrical Impulse in the Atrial 
Myocardium 

After generation of the impulse and breakthrough from the sinus 
node, the electrical impulse spreads rapidly and uniformly over 
both right and left atrial chambers as a broad wave front (117), 


which is reflected in the P wave of the surface electrocardiogram 
(118). Conflicting interpretations of studies from the beginning 
of the previous century on the conduction of the heart beat from 
the SN toward the AV node (119) stimulated extensive research 
aimed at discovering “specialized” internodal pathways for the 
preferential conduction of the impulse between the two cardiac 
nodes (120,121). Histologic studies failed to identify the pres- 
ence of distinct insulated myocardial tracts within the atrial 
musculature (20), while functional studies have provided evi- 
dence that anisotropy, or unidirectional orientation of the atrial 
muscle fibers, is responsible for the slightly faster conduction 
within some areas of the atrial musculature (19,122). In the 
embryonic heart, nonetheless, it is possible to recognize molecu- 
larly distinct pathways within the developing RA that extend 
from the sinus nodal primordium toward the developing AV 
node (Fig. 14.20). The cardiomyocytes making up these “tracts” 
express the transcription factor Tbx3 and neural tissue antigen 
HNK-1, both considered to represent markers of the conduction 
system (123,124) (though expression of HNK-1 was found also 
outside the developing conduction system) (124,125). It is likely 
that remnants of the Tbx3- and HNK1 -positive areas of the pri- 
mary myocardium in the postnatal heart are the substrates for 
abnormal automaticity that result in ectopic atrial tachycardias 
seen in children. Paroxysmal atrial fibrillation, originating from 
the myocardial sleeves of the pulmonary veins, is more prevalent 
in adults, and developmentally unrelated. 

Age-related changes in the functional and cellular electro- 
physiologic properties of the atrium are well recognized. In 
rat and dog atrial myocardium, action potentials recorded in 
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Figure 14.18. Cellular electrophysiology of the cardiac conduction system of the adult human heart. Panel A 
shows schematically the location of the components of the human pacemaking and conduction system, while 
panel B shows the schematic representation of the action potentials in the different cardiomyocytes. Note, that 
the slowly conducting sinus (S) and atrioventricular (AV) nodes have a distinct morphology of the action poten- 
tial as compared to the action potentials from the rapidly conducting chamber myocardium, bundle branch and 
Purkinje fibers. The nodal action potential is characterized by a slow upstroke velocity (phase 1 in the right-sided 
panel C), relatively high (i.e., less negative) resting membrane potentials of about -60 mV, the absence of the 
plateau phase, and spontaneous depolarization during phase 4. The action potential of the atrial and ventricular 
chambers, bundle branches and Purkinje fibers (left-sided panel C) is, in turn, characterized by the low and stabile 
resting membrane potential of about -90 mV, very rapid upstroke velocity, and presence of the plateau phase (2) 
during relatively stabile depolarized state of the cardiomyocyte membrane. Both types of action potentials have 
the phase of rapid repolarization (phase 3), during which the potential of the membrane returns to its resting 
value. The action potential is longest in the Purkinje fibers and shortest in the atrial cardiomyocytes. Panel C 
depicts also the ionic currents (designated as I), which are responsible for the depolarization or repolarization 
phases of the action potential: I Ca -i 7 T> L- and T-type calcium current; I f , “funny” current; I K1 , inward-rectifier 
potassium current; I Kr/Ks , rapid- and slow components of delayed-rectifier potassium current; I Na , sodium current; 
I t0 , transient outward potassium current. AV, atrioventricular; ECG, electrocardiogram; S node, sinus node. 


newborn animals are characterized by a shorter plateau phase 
and duration than in older animals (126). Very limited data exist 
concerning the maturation of these electrophysiologic character- 
istics in the developing human heart. In the early human fetus, 
from 12 to 16 weeks of gestation, action potentials recorded 
from atrial and ventricular myocardium are comparable with 
those in the adult, and by mid-gestation conduction velocities are 
only slightly slower than those in the adult heart (93,127,128). 
Increasing action potential plateau and duration as a function of 
age have also been observed in atrial myocardium of the human 
postnatal heart (129). Shorter atrial refractory periods due to 
the shorter action potential durations (APDs) in the immature 
atrium may facilitate the conduction of very closely coupled 


impulses, and could render the newborn atrium more suscepti- 
ble to intraa trial reentry (130,131) (Fig. 14.21). This partly may 
explain the occurrence of atrial arrhythmias such as atrial flutter 
in the otherwise healthy fetus or newborn infant (132). 

Physiology of the Maturing AV Conduction System 

As we have emphasized, a delay in conduction between the 
atrium and ventricle can be observed already in the early cham- 
ber-forming chicken heart. Action potentials recorded from the 
AVC myocardium of such young embryonic hearts exhibit a 
characteristic low upstroke velocity and long duration (24,87), 
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Figure 14.19. Expression of the pacemaker channel HCN4 reflects the progressive maturation of the differentiat- 
ing myocardium in the human heart. Histological sections of human embryonic and fetal hearts were immuno- 
histochemically stained to show the expression of the pacemaker ion channel HCN4 (depicted in green), which is 
responsible for the spontaneous depolarization of the nodal cells. In the relatively early embryonic heart (panel A) 
HCN4 is broadly expressed, in the systemic venous tributaries, atrial chambers and AV canal, but not in the ven- 
tricular chambers. In the late embryonic heart (panel B), HCN4 expression declines in the atrial walls, but remains 
high in the venous and coronary sinus, and AV junctions. Note, the weak expression of HCN4 in the walls of the 
pulmonary veins. In the early fetal heart (panel C) HCN4 expression at the venous pole is present only in the sinus 
node, not in the atrial walls or pulmonary vein myocardial sleeves. AVC, atrioventricular canal; cor, coronary; 
LA/RA, left/right atrium; LV/RV, left/right ventricle; mvo, mitral valve orifice; pulm, pulmonary; SV, sinus venosus. 



Figure 14.20. Presence of the internodal “tracts” in the 
human embryonic heart. Panel A shows a 3-D reconstruc- 
tion of the expression of neural tissue antigen HNK-1 
shown in red for the atrial part and in gray for the AV part 
of its expression domain in a stage 18 human embryonic 
heart. The view is from the right after removing the lateral 
part of the RA. Three HNK-1 -positive “tracts” are pres- 
ent running from the SN primordium (SN-prim) toward 
the AV node primordium (AVN-prim), but not connecting 
with the developing AV node. These three HNK-1 -positive 
“tracts” run in the right venous valve (1 ), in the left venous 
valve (2), and in the spurious septum and ventral wall of 
the RA (3). The last “tract” converges with the so-called 
retroaortic node region dorsal to the OFT. (From Blom 
NA, Gittenberger-de Groot AC, DeRuiter MC, et al. 
Development of the cardiac conduction tissue in human 
embryos using HNK-1 antigen expression: possible rele- 
vance for understanding of abnormal atrial automaticity. 
Circulation 1999;99:800-80 6, with permission.) Panel B 
shows a 3-D reconstruction of the expression of the tran- 
scription factor TBX3 (shown in green) in a stage 16 
human embryonic heart. The view is from the right with 
the myocardium (gray) made transparent. There are also 
three “tracts” of TBX3-positive myocardium identifiable, 
running in the right venous valve (1), in the leading edge 
of the atrial septum (2) and in the spurious septum and 
ventral wall of the RA (3). The TBX3 -positive “tracts” 
are, unlike the HNK-1 -positive tissues, in direct continu- 
ity with the developing AV node region. AS, atrial sep- 
tum; AVN-prim, atrioventricular nodal primordium; CS, 
coronary sinus; ICV, inferior caval vein; LSCV/RSCV, left/ 
right superior caval vein; LV/RV, left/right ventricle; OFT, 
outflow tract; SN-prim, sinus nodal primordium. 
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Figure 14.21. Developmental aspects of the conduction through the atrial myocardium. Panel A shows action 
potentials recorded from morphologically similar sites along the terminal crest (depicted by 1 and 2 in the left- 
sided photo of the opened right atrium) in adult and newborn dogs. In contrast to the adult, neonatal atrial 
potentials have little or no plateau phase and are significantly shorter in duration. (Modified from Anderson 
RH, Cook AC. The structure and components of the atrial chambers. Europace 2007;9:vi3-vi9; and Spach MS 
et al. Multiple regional differences in cellular properties that regulate repolarization and contraction in the right 
atrium of adult and newborn dogs. Circ Res 1989;65:1594-1611.) Panel B shows how the introduction of a 
premature extrastimulus (S2) to the RA of a newborn dog (during gentle vagal stimulation, RVS) results in the 
induction of a long train of atrial fibrillation/flutter. Similar but shorter runs of atrial fibrillation/flutter can be 
induced in the absence of vagal stimulation. Such repetitive responses become less common at older ages. HRA, 
high right atrium; RVS, right vagal stimulation train; ECG, electrocardiogram lead II; ICV, inferior caval vein; 
Pect, pectinated; SI, S2, paced stimuli; SCV, superior caval vein; Theb.v, Thebesian valve. (Modified from Pickoff 
AS, Stolfi A. Modulation of electrophysiological properties of canine heart by tonic parasympathetic stimulation. 
Am J Physiol 1990;258:H38-H44.) 


which are the electrophysiologic characteristics reflecting slow- 
ing of conduction. AV delay, including Wenckebach’s periodic- 
ity, also has been described in the embryonic rat heart prior to 
formation of the AV conduction system (133). In the embry- 
onic rat heart, acetyl cholinesterase can be detected in the myo- 
cardium adjacent to the endocardial cushions, but not in the 
free walls of the atria and ventricles (134). This may indicate 
that a cholinergic mechanism is already in some manner linked 
to the AV delay observed at these early developmental stages, 
when the heart is not yet innervated. 

Individual cardiomyocytes have different types of contact 
with each other. One type of contact consists of the so-called gap 
junctions. Gap junctions are highly specialized protein channels 
that connect adjacent myocytes and allow the passive passage of 
electrical current, or the flow of charged ions, via a low-resistance 
pathway from one cell to the next (135). The connexons making 
up the gap junction may consist of different types of connexins, 
which vary in their conductivity. Expression of different con- 
nexin isoforms results in gap junctions with differing conduction 
properties. In the early fetal human heart, both the AV node and 
bundle of His, as well as the lower rims of the atrial chambers, 
do not express the fast-conducting connexins 40 and 43, which 
is reflected in their slow conduction (our unpublished observa- 
tions). This explains the AV delay and absence of ventricular pre- 
excitation in the setting of incomplete formation of the fibrous 
annulus and the fibrous sheath of the bundle of His (93). The 
refractory period of the AV junction in the human fetal heart, 
moreover, is significantly longer than that of the ventricular 


myocardium, thus protecting the ventricles from being excited by 
supraventricular impulses in its vulnerable period (93). During 
later fetal stages, concomitant with the fibrous insulation of the 
bundle of His from the myocardium of the ventricular septum 
cardiomyocytes making up the bundle upregulate the expression 
of connexin40, changing it to a rapidly conducting structure. In 
human hearts, however, this does not affect the PR interval of the 
fetal magnetocardiogram, which remains unchanged between 
the 20th and 42nd gestational weeks (136). 

In the postnatal heart, important differences in electrophys- 
iology and morphology of the AV junction have been reported 
between children and adults. Routine histology has shown 
that the inferior extension of the AV node is much smaller in 
neonatal and infant hearts when compared to the adult (137). 
In human and canine young hearts, the antegrade AV refrac- 
tory periods (the time when no transmission of the electrical 
impulse is possible) are typically shorter, and intact retrograde, 
or ventriculoatrial, conduction is more common (138,139). In 
contrast, cellular electrophysiologic studies of the AV node in 
neonatal and adult rabbits have shown no significant differ- 
ences in action potential characteristics, resting AV nodal con- 
duction times, or Wenckebach intervals between the two age 
groups (140). It also has been reported that, in calf, goat, and 
pig newborn hearts, the AV node lacks the ability to function 
as an effective filter of very rapid or premature beats, resulting 
in very fast conduction and ventricular fibrillation (141-143). 
Species differences, therefore, may exist in the degree of post- 
natal maturation of AV nodal function. 
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In young children, there is a much lower incidence of the 
so-called dual AV nodal physiology and AV nodal reentry 
tachycardia as compared to adults (144,145). Dual physiology 
of the AV node involves two functionally distinct myocardial 
pathways through the node, the so-called fast and slow path- 
ways, which are currently thought to be the main substrates 
for AV nodal reentry tachycardia (146). 

Developmental Aspects of the VCS and Working 
Myocardium 

The conduction velocity in the synchronously contracting ventric- 
ular chambers of the septating heart has been estimated to be more 
than ten times faster than in the primary myocardium of the loop- 
ing heart tube (24,87,133). It has been shown that the “mature” 
apex-to-base activation pattern of the ventricles is present in the 
embryonic rabbit heart prior to the completion of ventricular 
septation (147). As we have already discussed, there is preferen- 
tial conduction through the ventricular trabecular myocardium 
due to the high expression of the fast-conducting connexins. The 
morphology and gene expression patterns of the developing ven- 
tricular chambers are very similar in the rabbit, mouse, chicken, 
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Figure 14.22. Developmental aspects of the conduction through 
the Purkinje fiber network. Action potentials were recorded at 
three separate sites along the VCS of the newborn and adult 
dog. Site 1 corresponds to the proximal right bundle branch, 
site 2 just proximal to the distal ramifications of the ventricular 
conduction system, and site 3 within the distal ramifications 
within right ventricle (RV). Note, that in the adult dog, the 
longest action potential duration (APD) is recorded at site 2. 
This abrupt increase in APD at site 2 functions as a physiologic 
gate, capable of blocking the conduction of closely coupled 
impulses to the ventricles. This abrupt increase in APD is not 
observed in the newborn canine heart (i.e., the physiologic gate 
is absent). (Modified from Myerburg RJ et al. Electrophysi- 
ological properties of the canine peripheral A-V conducting 
system. Circ Res 1970;26:361-378; and Untereker WJ, Danilo 
P Jr, Rosen MR. Developmental changes in action potential 
duration, refractoriness, and conduction in the canine ventricu- 
lar conducting system. Fediatr Res 1984;18:53-58.) 


and human, suggesting conservation of the electrical activation 
pattern between these species. The critical role of expression of 
connexins during development for normal conduction is dem- 
onstrated by the abnormal, often lethal, disturbances of cardiac 
conduction observed in transgenic mice with deficiencies of these 
specific connexin isoforms (148,149). In the developing chicken 
and rat heart, cellular electrophysiologic changes in myocyte 
action potential characteristics of working myocardium promote 
an increase in conduction velocity with maturation. Increases in 
the upstroke velocity and amplitude of the action potential in the 
ventricular cardiomyocytes, and therefore ventricular conduc- 
tion velocities, have been noted in both species during embryonic 
development (150,151). These changes may be the result of the 
switch from slow to fast sodium ion channels, responsible for the 
rapid upstroke phase (152), and the increase of the resting mem- 
brane potential, which also contributes to a higher action poten- 
tial upstroke velocity. The developmental aspects of the maturing 
Purkinje fiber network mainly have been described in fetal and 
young postnatal canine hearts. Age-dependent increases in action 
potential upstroke velocity, amplitude, resting membrane poten- 
tial, and duration have been described. In addition, changes in the 
ultrastructure of the developing canine Purkinje myocytes, includ- 
ing changes in cell shape, increases in cross-sectional area, and the 
development of intercalated discs and desmosomes undoubtedly 
contribute to the increase in conduction velocity noted with mat- 
uration (153 — 155). There are no data on the functional matura- 
tion of the Purkinje network in the human beside morphologic 
analyses in the mid-gestation fetal hearts (156). 

Protection against rapid ventricular rates also depends in 
part on electrophysiologic properties of the conduction system 
at sites distal to the AV node. In the adult dog, APDs increase 
along the length of the Purkinje system, with the longest dura- 
tion occurring just proximal to the site of subendocardial 
insertion, which functions as a physiologic gate that offers 
protection against closely coupled impulses. This electrophysi- 
ological gate is not functional in the newborn heart, since 
nearly uniform APDs are recorded along the entire length of 
the Purkinje system (157) (Fig. 14.22). This could render the 
neonatal ventricular myocardium vulnerable to closely cou- 
pled impulses that might arise distal to the AV node. 
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Figure 14.23. Localization of the SN in variations of arrange- 
ment of the atrial appendages. In the usual arrangement (atrial 
situs solitus), the SN is located at the junction of the superior 
vena cava and RA. The reverse occurs in atrial situs inversus 
(; mirror imaged ). In juxtaposition of the atrial appendages, the 
SN becomes displaced along the right atrial anterior wall. In 
right isomerism there are bilateral sinus nodes. In left atrial isom- 
erism the SN is highly variable, being absent, displaced, and/ 
or hypoplastic. (From Ho SY. Clinical pathology of the cardiac 
conduction system. Novartis Found Symp 2003;250:210-221, 
with permission.) 
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THE CONDUCTION SYSTEM IN CONGENITALLY 
MALFORMED HEARTS 

While the majority of malformed hearts have more-or-less nor- 
mal arrangements of the conduction system, there can be signifi- 
cant deviations from the norm (158,159). During late embryonic 
development of the heart, the spatial distribution of the conduc- 
tion system markers Tbx3 (123) and G1N2/HNK1 (74,124) is 
reminiscent of the location of the definitive and “residual” com- 
ponents, the latter being the largely regressing components of the 
developing conduction system still seen in the postnatal heart. 

Malposition of the SN may occur in left juxtaposition of 
the atrial appendages, where anterior displacement of the SN 
is observed; in right isomerism, where bilateral sinus nodes are 
formed; and in left isomerism, where a SN may not be iden- 
tifiable (Fig. 14.23). In the setting of some congenital cardiac 


malformations, there is considerable aberration in the course 
of the AV conduction axis (159), which can be explained well 
on the basis of knowledge of the developing conduction system. 
Incomplete formation of the RV, as seen in tricuspid atresia, 
double-inlet left ventricle, and straddling tricuspid valve rep- 
resents incomplete rightward transfer of the right side of the 
AV canal. In these defects, the AV conduction system always 
is located at the junction of the infer ocaudal aspect of the ven- 
tricular septum carrying the bundle of His, and the AV junction 
where the AV node forms. The position of the AV node and 
bundle of His is thus determined by the relative positions of the 
right and left ventricles, and the degree of underdevelopment of 
the right AV ring. In transposition of the great arteries with AV 
discordance, the AV node and bundle of His are located ante- 
riorly (160). A similar analysis applies to the formation of the 
conduction system in the setting of AV septal defect with com- 
mon AV junction (161) and other malformations (Fig. 14.24). 
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Figure 14.24. Disposition of the AV conduction system components in congenitally malformed hearts. In the setting 
of tricuspid atresia (panel A), the atrioventricular node (avn) is positioned on the floor of the blindly ended right 
atrium. The conduction system extends onto the crest of the muscular ventricular septum, coursing inferoposterior 
to the rim of the ventricular septal defect (VSD). In double-inlet left ventricle (panel B), the AV node and the bundle 
of His are positioned anteriorly, at the site where the right AV ring is in contact with the crest of the muscular 
ventricular septum, which separates the left ventricle from the outlet chamber (the incomplete right ventricle). In 
hearts with straddling tricuspid valve (panel C), the AV node and the bundle of His are positioned at the postero- 
inferior site along the right AV ring and its contact with the muscular ventricular septum. In AV septal defect with 
common AV junction (panel D), the AV node is positioned posteriorly and inferiorly outside the triangle of Koch, 
as the central fibrous body is absent. The relatively long bundle of His runs along the inferior rim of the muscular 
ventricular septum. In congenitally corrected transposition of the great arteries (cc-TGA, panel E), the AV node is 
positioned anteriorly near the atrial septum. The long bundle of His is related to the pulmonary OFT and runs in 
anterocephalad direction, passing anteriorly to the rim of the VSD, if present. LV/RV, left/right ventricle. 
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I n this era of easily available high-resolution imaging 
techniques, does electrocardiography (ECG) still have a 
place in the diagnosis and management of children with 
congenital heart disease? Certainly, for the noninvasive di- 
agnosis of arrhythmias and cardiac conduction disorders, 
there is no substitute for careful analysis of the ECG. In 
addition to the assessment of arrhythmias, the ECG is im- 
portant in the diagnosis and management of heart disease 
in children. Although rarely diagnostic of the type of con- 
genital heart disease, the ECG should be thought of in the 
same way as the physical examination. It provides clues to 
the likely diagnosis, provides information about the severity 
of the condition, and may be indicative of other associated 
problems. Additionally, review of the ECG may identify im- 
portant discrepancies as compared with the patient’s pre- 
sumed diagnosis, prompting further testing or a more careful 
review of the existing data. Most experienced pediatric car- 
diologists consider a cardiology consultation incomplete 
without a review of the ECG. 


THE HISTORY OF ELECTROCARDIOGRAPHY 

Although Augustus Waller was the first to record an ECG in 
a human (1), Willem Einthoven of The Netherlands is con- 
sidered the father of electrocardiography. In 1901, Einthoven 
published a description of the string galvanometer, a device 
ideally suited for recording the rapidly changing and weak 
currents of cardiac electrical activity present on the body sur- 
face (2). During subsequent work, Einthoven identified the 
major waveforms of the ECG, and initially named them A, 
B, C, and D. He subsequently changed the naming system to 
P, Q, R, S, and T waves (Fig. 15.1), leaving room at either 
end of the alphabet for naming of new, as yet undiscovered, 
waves (as later came to pass when the U wave was described). 
The string galvanometer proved useful for the study of the 
ECG. The investigations of Einthoven and Sir Thomas Lewis 
dominated the early years of ECG studies, and they are cred- 
ited with bringing the ECG to the bedside (3). This was not 
anticipated by Waller: “I certainly had no idea that the elec- 
trical signs of the heart’s action could ever be utilized for 
clinical investigation” (1). Recordings in children followed, 
and Ziegler (4) reviewed the early reports on the use of 
the ECG in children. In 1913, Hecht published a “compre- 
hensive” study, evaluating all three standard bipolar leads 
(I, II, III) in ECG tracings from hundreds of premature infants, 
term infants, and children with normal and abnormal hearts. 
By the late 1930s, the distinctive developmental changes that 
occur in the ECGs of normal infants and children had been 
described (4). 


PRINCIPLES AND TECHNICAL CONSIDERATIONS 
IN RECORDING THE ELECTROCARDIOGRAM 

The Scalar Electrocardiogram 

The heart is an electrically active organ, and the current flows 
that result in cardiac contraction can be recorded from the 
body surface. How these electrical events are transmitted to 
the body surface is a complex topic and involves characteris- 
tics both of the heart as a current source as well as of the chest, 
which acts as a conductor (5,6). These characteristics change 
in the presence of congenital defects and other forms of car- 
diac disease as well as with normal growth and development. 

The basic principle of the ECG is that electrical potentials 
generated by the heart can be accounted for by considering 
these electrical events to be equivalent to those generated by a 
dipole source in a homogeneous volume conductor (the equiva- 
lent dipole model). This concept has the limitation of seriously 
oversimplifying these events, especially in the assumption of 
homogeneity of conduction through the chest. The scalar ECG 
can be thought of as the record of voltage variation of this 
dipole with respect to time, in the particular orientation of the 
lead recorded. Cardiac electrical activity, of course, generates 
potentials in three dimensions, so any particular lead provides 
a very small amount of the potentially available information 
that can be recorded. For this reason, the conventional ECG 
includes 12 or 15 leads, arranged to give recordings along 
a variety of lead orientations to better represent the cardiac 
activity in three dimensions. The choice of these leads evolved 
as studies of the ECG progressed and, in retrospect, may not 
represent the best of all possible lead systems. However, these 
particular leads are deeply entrenched in modern cardiology 
practice. 

Electrocardiographic interpretation begins with artifact- 
free ECG recordings. In addition to accurate electrode place- 
ment, cleaning of the skin with alcohol or acetone is essential 
to lower the skin resistance. ECG recordings in active infants 
and toddlers can be a technical challenge. 

The standard ECG record consists of 12 leads recorded 
from nine body surface locations with the patient in the supine 
position (7). The ideal recorder should have the capability of 
displaying 3 to 12 leads simultaneously. The standard config- 
uration usually is modified in children and adults with con- 
genital heart disease, to record additional right (V3R, V4R) 
and left (V7) chest leads. Interpretation of rhythm distur- 
bances ideally is accomplished by viewing a rhythm strip with 
12 simultaneously recorded leads so that transient events, such 
as premature beats, can be assessed in all leads simultaneously. 

Electrocardiograms can be recorded at various “paper 
speeds” and at various voltage standardizations (although 
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Figure 15.1. Scalar ECG showing P, Q, R, S, T, and U waves. 
The J point is shown, as well as the standard intervals (PR 
interval, QRS duration, ST segment, and QT interval). 


modern systems acquire the tracings digitally and may be 
interpreted online without ever being printed on paper). Paper 
speeds of 12.5, 25, and 50 mm/s have been used, but 25 m/s 
is standard. Standard ECG recording paper has major time 
divisions at 5-mm intervals and minor time divisions at 1-mm 
intervals. Therefore, at a paper speed of 25 mm/s, each large 
block corresponds to 0.20 seconds (200 ms), and 1 second is 
represented by five large blocks. Each small block represents 
0.04 seconds (40 ms). In terms of voltage, full standardization 
refers to 1.0 mV/10 mm in vertical deflection on the recording, 
whereas half standardization refers to 0.5 mV/10 mm. It is 
important that the ECG reader always checks standardization 
prior to interpreting the ECG because the use of half standard- 
ization is common when large voltages cause overlap between 
leads. The choice of paper speed and gain may have an impact 
on the reproducibility of interval measurements (8). With 
the exception of the signal-averaged ECG, it is uncommon 
to discuss or report ECG voltages in terms of millivolts. It is 
much more common to discuss them in terms of millimeters of 
amplitude at full standardization. Therefore, for the remain- 
der of this chapter, millimeters at full standardization is used 
rather than millivolts. 

Vectorcardiography 

Vectorcardiography was developed to correct some basic limi- 
tations of the conventional lead system and to display the data 
obtained by the ECG in a potentially more useful format. The 
dipole varies in magnitude and direction with time. The scalar 
ECG allows the presentation of the magnitude only, as it varies 
with time, and one needs to infer the direction of forces from 
the lead chosen. Each instant, the heart generates a force that 
has both magnitude and direction. This vector force changes 
with time and traces a loop during the duration of the QRS 
complex, which occupies all three dimensions. The vector- 
cardiography lead system allows a reasonably faithful repre- 
sentation of this three-dimensional loop as two-dimensional 
frontal, sagittal, and horizontal planes (Fig. 15.2). Several 
lead systems have been used. They each have their advantages 
and disadvantages. The Frank (9) system has been the most 
widely used, but the McFee system also has been used. The 
QRS vectorcardiogram, then, consists of a loop that starts at 
the beginning of the QRS, ends with the end of the QRS, and 
is displayed on paper in three planes. 

Because of the need for special equipment, technical 
expertise, and the inconvenience of multiple leads, vector- 
cardiograms rarely are obtained in modern pediatric cardiol- 
ogy practice. Also, because of high-quality echocardiography, 





Figure 15.2. Diagrammatic representation of a typical normal 
frontal plane vector loop (top left) with corresponding sca- 
lar ECG leads I, aVL, and aVF. The loop is clockwise in the 
frontal plane and lasts for 0.08 seconds. Each lettered segment 
corresponds to a portion of the QRS interval: a, 0 to 0.01 
seconds; b, 0.01 to 0.03 seconds; c, 0.03 to 0.04 seconds; d, 
0.04 to 0.055 seconds; e, 0.055 to 0.07 seconds; f, 0.07 to 
0.08 seconds. 


vectorcardiography has limited utility. Still, the best electro- 
cardiographers think in terms of vectors even when interpret- 
ing the scalar ECG. Rather than memorizing patterns of QRS 
morphology and axis, they view the standard scalar ECG as 
a representation of the vector forces that vary with time, and 
perhaps understand the ECG better than those who simply 
“pattern read.” 

Body Surface Mapping 

A natural extension of the technique of ECG and vector- 
cardiography is the use of body surface mapping. To obtain 
the spatial-temporal representation of cardiac electrical 
potentials on the body surface, simultaneous measurement 
of potentials are needed at a number of sites (from 24 to 
200) on the anterior and posterior torso. Several excellent 
reviews have addressed the specific details, including number 
and location of electrodes (10), electrode type (11), sample 
rate (12), digital collection and processing of ECG signals 
(13,14), and construction of maps (13). These techniques 
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are investigational and require specialized equipment and a 
high level of computerization. Recent developments in solv- 
ing the “inverse problem” in electrocardiology have allowed 
for so-called electrocardiographic imaging in which epicardial 
potentials are computed from information available on the 
body surface. This approach has shown promise in the nonin- 
vasive evaluation of cardiac conduction abnormalities such as 
Wolff-Parkinson-White (WPW) syndrome and other electrical 
abnormalities of the heart (15). 

Esophageal Electrocardiography 

Because the esophagus normally is behind the left atrium and 
is in close proximity to the heart, an electrode placed in the 
esophagus will record atrial activity more locally than the 
standard ECG leads (16). This is especially useful in evalu- 
ating cardiac rhythm disturbances, particularly in situations 
where the P wave is difficult to find on the surface ECG (3). 
For example, when there is atrial flutter with 2:1 atrioven- 
tricular (AV) conduction, flutter waves may not be obvious 
on the surface ECG. Even if one observes atrial activity on the 
surface ECG, it may not be apparent that there are twice as 
many atrial deflections as ventricular deflections. The esopha- 
geal ECG solves this problem by recording atrial electrograms 
that are as large as or larger than the simultaneously recorded 
ventricular electrograms. 

To obtain artifact-free esophageal ECGs, a soft bipolar 
electrode that has widely spaced large electrodes is used. Sev- 
eral are commercially available from 7 to 10 F in size. The 
catheter is positioned at the proper site and the signal filtered, 
usually employing band-pass filtering at 10 to 1,000 Hz, to 
eliminate the low-frequency respiratory artifact (16). Elec- 
trode placement is similar to nasogastric tube placement. The 
insertion depth for recording the maximum atrial deflection 
can be estimated from the patient’s height (17,18). The ideal 
position is the site at which the atrial electrogram is about 
equal to the ventricular electrogram amplitude, and both are 
as large as possible. Positioning too distally will yield a large 
ventricular electrogram and a small atrial electrogram, and 
positioning too proximally will yield low amplitudes of both 
electrograms. 

Signal-Averaged Electrocardiography 

Under normal circumstances, the amplitude of P waves and ST 
segments is <2.5 mm, and T waves do not exceed 10 mm in the 
precordial leads. On the other hand, precordial R and S waves 
may have amplitudes of 30 to 40 mm. Interest in low-level 
potentials has led to the development of the signal-averaged 
ECG as a way of eliminating noise, which may exceed 0.03 mV 
peak to peak, and improving the signal-to-noise ratio. 

The principal interest in the signal-averaged ECG has been 
to identify small high-frequency potentials either during the 
PR interval or during late QRS and ST segment (19). High- 
frequency potentials during the ST segment may result from 
areas of slow conduction that have been observed in myocar- 
dial infarction and associated ventricular arrhythmias (20). 
Interest in high-frequency potentials during the PR interval has 
focused on detecting depolarization within the His-Purkinje 
system. 

The basic principle is that averaging a periodic, repetitive 
signal will reduce random noise to <0.001 mV, thereby enhanc- 
ing the detection of low-amplitude signals. The signals are 
recorded at very high gain and are band-pass filtered. Wave- 
forms usually are averaged over several minutes. Sensitivity 
and specificity of the technique for predicting adult patients at 
risk for ventricular arrhythmias have been reported. Reports 
of this technique for pediatric patients have been limited (21), 


but it has been used to identify patients with arrhythmogenic 
right ventricular dysplasia (22). 


24-Hour Ambulatory Electrocardiography 

Named after Dr. N. J. Holter (23), the 24-hour ambulatory 
ECG, or Holter ECG, is an important tool in the diagnostic 
armamentarium of the pediatric cardiologist. It is used for 
various indications and is, perhaps, the most effective method 
to diagnose transient events such as AV block and other con- 
duction disorders. 

Modern Holter equipment records two or three channels 
of the ECG for 24 hours, either onto a cassette tape or digi- 
tally into a flash memory card in the recorder (24). The digital 
recording system has the advantage of being smaller and lighter 
and avoids the mechanical problems of cassette tape drag and 
damaged tapes. The ECG leads chosen for recording generally 
are modified chest leads and most closely resemble leads VI 
and V5. The ECG is obtained using chest leads that are applied 
after adequate skin preparation, and the chest is often wrapped 
in an elastic bandage. The recorder can be worn on the belt, 
placed in a backpack, or suspended from a strap. The record- 
ers have a digital clock for linking events with actual times, as 
well as a patient-activated event marker that allows the patient 
to annotate episodes of cardiac symptoms. 

The recording is scanned using a computerized analysis sys- 
tem that provides both a full disclosure of the entire record- 
ing, as well as summary data regarding average, maximum, 
and minimum heart rates. Computerized algorithms allow the 
identification, characterization, and enumeration of premature 
atrial and ventricular contractions, as well as higher grades 
of ectopy and episodes of abnormal tachycardia. The patient 
keeps a diary of events while wearing the Holter recorder, and 
any such episodes of interest can be printed out and evaluated 
as part of the scanning process. The algorithms for arrhythmia 
diagnosis are limited in their applicability to pediatric patients, 
and the technician who scans and prints the report must be 
experienced in pediatric Holter scanning and supervised by a 
pediatric cardiologist (25-27). 

Transtelephonic Event Recording 

One limitation of Holter monitoring is that to record a tran- 
sient symptomatic event, the event must occur spontaneously 
during the period that the patient is wearing the recorder. 
Thus, Holter monitoring often fails to record such events 
when they do not occur many times per day. Accordingly, to 
capture a symptomatic event, transtelephonic event record- 
ing allows longer periods of monitoring in a cost-effective 
manner (28,29). Several types of recorders are available. The 
simplest is a small device that records a single ECG channel 
for 30 to 60 seconds into the memory of the device when a 
button is pushed. It may have electrodes built into the device 
that contact the chest, or can be attached to the patient by 
several ECG electrodes or by wrist electrodes. These recorders 
have the disadvantage that the episode must be long enough 
for the recorder to be applied. This problem can be minimized 
by using a recorder that resembles a wristwatch, does not 
require additional electrodes, and can be worn continuously. 
An alternative to this simple type of recorder is the so-called 
memory-loop recorder. This recorder resembles a small Holter 
recorder, is attached to the patient by means of chest elec- 
trodes, and is worn continuously. Rather than recording and 
storing all the ECG data while worn, the device temporarily 
stores about 60 seconds of ECG data. When the patient expe- 
riences a symptom, he or she presses a button on the unit, 
causing it to store the 30 seconds of data that occurred prior 
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to pressing the button as well as a short amount of data fol- 
lowing the episode. 

The recorder stores the episode as an oscillatory audio sig- 
nal. After an episode is captured by the recorder, the patient 
or a parent can transmit the ECG by playing back the stored 
audio signal over the telephone to the monitoring center, 
where the ECG is converted back to an ECG waveform and 
printed out for interpretation. 

Also available are implantable loop recorders (ILR), which 
are implanted in the subcutaneous tissue on the chest wall 
and are active for up to 3 years. The device incorporates a 
continuous loop recording of the heart rhythm that is stored 
when the device is activated by the patient or parent. There 
is also an autoactivation component that allows the device to 
automatically record rhythms that are out of a preset range. 
Remote monitoring is available so that patients can transmit 
recorded data over phone lines using equipment at home (30). 
This device is useful for pediatric patients with syncope and/or 
palpitations (31). These are ideal when noninvasive methods 
have failed to document the rhythm particularly in cases of 
very infrequent events. 


HOW TO READ A PEDIATRIC 
ELECTROCARDIOGRAM 

An organized approach to evaluating the ECG is important to 
avoid failure to consider each characteristic of the ECG. Many 
advise that these characteristics be evaluated in a particular 
order, for example, by assessing the P wave first, the QRS sec- 
ond, and so on. The order, of course, is less important than a 
careful review of all the aspects of the recording (Table 15.1). 
Often pediatric ECGs are interpreted in light of extensive 
knowledge of the patient’s condition. Clearly, the more infor- 
mation the reader has about the patient’s condition, the more 
relevant the ECG interpretation will be. However, one often 
reads ECGs with no clinical information except the patient’s 
age. For this reason, the ECG is considered a laboratory test. 
ECG attributes (e.g., intervals, voltages) are distributed within 
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TABLE 15.1 


Characteristics for Evaluation of 
the Electrocardiogram 


Rate and rhythm 
Ventricular rate 
Origin of the pacemaker 
A V conduction 

Atrial enlargement/hypertrophy 

Ventricular depolarization 

QRS axis deviation 

Bundle branch blocks 

Pre-excitation 

Hypertrophy 

Initial forces 

Ventricular repolarization 
QT interval 


ST segment, T wave, and U waves 


a population. Thus, the prevalence of an abnormality depends 
on the normal cutoff points one picks. Just as the presence of 
a murmur does not necessarily mean that a patient has val- 
var stenosis, an “abnormal” ECG does not necessarily mean 
that the patient has heart disease. An example of this pitfall is 
the presence of a chest deformity (e.g., pectus excavatum or 
scoliosis) about which the ECG reader may not have informa- 
tion and needs to interpret the ECG. Even if the reader knows 
about the deformity, he or she may not know what constitutes 
normal for such a situation. 

Pediatric ECG features are age dependent (Table 15.2). The 
PR interval, ST segment, and T wave are heart rate dependent 
as well. The most comprehensive tabulation of age- and heart 
rate-dependent ECG measures was provided by Davignon 
et al. (32,33). 

The zero-voltage baseline, which is the reference level for 
ECG voltage measurements, is based on the fact that no poten- 
tial differences exist on the body surface at that instant. At 
slow heart rates, the T-P or U-P interval is a good approxima- 
tion of the voltage baseline. At faster heart rates, the P wave 
may be superimposed on the previous T-U wave. In this situ- 
ation, the PR segment is the best alternative. When measur- 
ing a large deflection, choice of baseline selection is relatively 
unimportant. However, when measuring a low-level potential 
(e.g., ST segment), or attempting to determine onset of a wave- 
form (e.g., QRS), choice of the baseline is critical — maybe as 
important as the measurement of interest. 

Detailed descriptions of arrhythmia diagnosis are found 
elsewhere in this text. Likewise, the ECG patterns character- 
izing various forms of complex congenital heart disease are 
addressed in the chapters dealing with those diseases. 


Rate and Rhythm 
Ventricular Rate 

Heart rate is determined by measuring the R-R interval. It often 
is more useful to think of cycle length than heart rate, because 
on the standard ECG there seldom is an entire minute’s worth 
of heartbeats to count. Cycle length and heart rate have a recip- 
rocal relationship. Cycle length (in milliseconds) is measured 
directly as the R-R interval. Heart rate is calculated by divid- 
ing the measured cycle length by 60,000 ms/min. Heart rate is 
highly dependent on age, body temperature, autonomic tone, 
and physical activity. For example, in a 14-year-old, a resting 
heart rate (cycle length) of 150 beats per minute (400 ms) would 
be abnormally high. However, it might be a perfectly normal 
rate for an apprehensive toddler during ECG recording. Simi- 
larly, a resting heart rate of 50 beats per minute (1,200 ms) in 
a healthy adolescent would be normal, whereas the same heart 
rate in an infant would signify bradycardia. 

Origin of the Pacemaker 

On most ECGs, there will be normal AV conduction with P 
waves preceding each QRS complex. It is important to deter- 
mine if the P wave originates from the sinus node or elsewhere. 
The vector of a sinus P wave is from top to bottom and right 
to left (positive in leads I, II, and aVF). The P wave in sinus 
rhythm is biphasic in lead VI, initially being upright followed 
by a brief downward deflection. If the P wave does not have 
these characteristics, it does not originate from the sinus node 
and has an “ectopic” location. One must ascertain its origin, 
for example, a rhythm in which the P wave is inverted in leads 
I and aVL is termed a left atrial rhythm, whereas a P wave that 
is inverted in leads II, III, and aVF is termed a low right atrial 
rhythm (also known as a coronary sinus rhythm). 

The rhythm may be regular, irregular, or regular with inter- 
mittent but predictable phases of irregularity. The last would 
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TABLE 15.2 

Normal ECG Standards for Children by Age 










0-1 d 

1-3 d 

3-7 d 

7-30 d 

1-3 mo 

3-6 mo 

6-12 mo 

1-3 y 

3-5 y 

5-8 y 

8-12 y 

12-16 y 

Heart rate per 
minute 

94-155(122) 

91-158(122) 

90-166(128) 

06-182 1 
(149) 

120-179 

(149) 

105-185 

(141) 

108-169 

(131) 

89-152(119) 

73-137(109) 

65-133(100) 

62-130(91) 

60-120(80) 

Frontal plane 

QRS axis 
(degrees) 

59-189(135) 

64-197(134) 

76-191 (133) 

0-1607(109) 

30-115(75) 

7-105 (60) 

6-98(55) 

7-102(55) 

6-104(56) 

10-139(65) 

6-116(60) 

9-128(59) 

PR lead ll(s) 

0 08-0.16 
(0.107) 

0.08-0.14 

(0.108) 

0.07-0.15 

(0.102) 

0.07-0.14 

(0.100) 

0.07-0.13 

(0.098) 

0.07-0.15 

(0.105) 

0.07-0.16 

(0.106) 

0.08-0.15 

(0.113) 

0.08-0.16 

(0.119) 

0 09-0.16 
(0.123) 

0.09-0.17 

(0.128) 

0.09-0.18 

(0.135) 

QRS duration, 
V5(s) 

0.02-0.07 

(0.05) 

0.02-0.07 

(0.05) 

0.02-0 07 
(0.05) 

0.02-0.08 

(0.05) 

0.02-0.08 

(0.05) 

0.02-0.08 

(0.05) 

0.03-0.08 

(0.05) 

0.03-0.08 

(0.06) 

0.03-0.07 

(0.06) 

0.03-0.08 

(0.06) 

0.04-0.09 

(0.06) 

0.04-0.09 

(0.07) 

P-wave 

amplitude, lead II 

0 5-2.8 (1.6) 

0.3-2.8 (1.6) 

0.7-2.9(17) 

07-3.0(1.9) 

0.7-2 6 (15) 

0.4-27(1.6) 

0.6-25(1.6) 

07-2.5(1.5) 

0.3-2.5 (1.4) 

0.4-2.5(1.4) 

0.3-2.5(1.4) 

0.3-2.5 

(1.4) 

Q-wave 
amplitude, aVF 

0.1-3.4(10) 

0.1-3.311.0) 

0.1-3.5(11) 

0.1-3 5(1.2) 

0.1-3.4 (0.9) 

0-3.2 (0.9) 

0-3.311.0) 

0-3.2 (0.9) 

0-2.9 (0.6) 

0-2.5 (00.6) 

0-2.7 (0.5) 

0-2.4 (0.4) 

Q-wave ampli- 
tude, V6 

0-1 .7 (0.1) 

0-2.2 (0.1 ) 

0-2.8 (0.1) 

0-2.8 (0.4) 

0-2.6 (0.3) 

0-2.6 (0.3) 

0-3.0 (0.4) 

0-2.8 (0.6) 

0.1— 3.3 (0.8) 

0.1-4.6(0.8) 

01-2.8(0.6) 

0-2.9 (0.4) 

R amplitude, VI 

5-26(13) 

5-27(15) 

3-25 

3-12(12) 

3-19(10) 

3-20 (10) 

2-20 (9) (10) 

2-18 

1-18 (8) (8) 

1-14(7) 

1-12(5) 

1-10(4) 

Samplitude, VI 

1-23(8) 

1-20(9) 

1-17(7) 

0-11 (4) 

0-13(5) 

0-17(6) 

1-18(7) 

1-21 (8) 

2-22(10) 

3-23(12) 

3-25(12) 

3-22(11) 

R amplitude, V6 

0-12(4) 

0-12(5) 

1-12(5) 

3-16(8) 

5-21 (12) 

6-22(13) 

6-23(13) 

6-23(13) 

8-25(15) 

8-26(16) 

9-25(16) 

7-23(14) 

S amplitude, V6 

0-10(4) 

0-9 (3) 

0-10 (4) 

0-10(3) 

0-7(3) 

0-10(3) 

0-8(2) 

0-7(2) 

0-6 (2) 

0-4(1) 

0-4(1) 

0-4(1) 

R/S ratio, VI 

0. 1-9.9 (2.2) 

0.1-6 (2.0) 

0.1-9.8 (2.8) 

1.0-7 0(2.9) 

0.3-7.4 (2.2) 

0.1 -6.0 (2.3) 

0.1-40(1 8) 

01-4.3(1.4) 

0.03-2.7 (0.9) 

0.02-2.0 (0.8) 

0.02-1.9 (0.6) 

0.02-1.8 

(0.5) 

R/S ratio, V6 

0.1-9 (2) 

0.1-12(3) 

0.1-10(2) 

0.1-12(4) 

0.2-14(5) 

0.2-18(7) 

0.2-22(8) 

0.3-27(10) 

0.6-30(11) 

0.9-30(12) 

1.5-33(14) 

1.4-39(15) 


All values are 2nd percentile to 98th percentile (mean). All amplitudes of waves are given in millimeters at full standardization, that is, 1 mm = 10 mV. 

Derived from percentile charts in Davignon A, Rautaharju P, Boisselle E, et al. Normal ECG standards for infants and children. Pediatr Cardiol 1979;1:123-1 52. 
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be a description of phasic sinus arrhythmia, which results 
from normal autonomic effects influences that mediate accel- 
erations and decelerations of the sinus node in response to 
respiration. One also may observe tachyarrhythmias such as 
atrial tachycardia or AV reciprocating tachycardia rather than 
sinus rhythm. 

Atrioventricular Conduction 

One assesses conduction both by measurement of the PR inter- 
val and the relationship of P waves to QRS complexes. The 
PR interval is age, activity, and heart rate dependent. Impaired 
AV conduction is described as first-, second-, or third-degree 
AV block. Abbreviated conduction, manifested by a short PR 
interval, occurs in WPW syndrome, glycogen storage disease, 
and the presence of a low atrial pacemaker located closer to 
the AV node. 

Atrial Enlargement and Hypertrophy 

The right atrium is to the right, superior, and anterior to the 
left atrium. During normal sinus rhythm, the right atrium 
begins to depolarize before the left atrium, so that the first 
0.04 to 0.06 seconds of the P wave are due mostly to right 
atrial activation. Thus, effects of atrial enlargement may be 
manifested early, to the left and inferior (right atrial) or late 
and posterior (left atrial) portion of the P wave. If sinus rhythm 
is not present, for example, with an ectopic atrial rhythm or an 
electronic atrial pacemaker, these criteria are not applicable. 
The ECG criterion for right atrial enlargement is the presence 
of a peaked, tall P wave in lead II (Fig. 15.3). The upper limit 
of normal for the P wave amplitude is 2.5 mm over the age of 
6 months, and 3.0 mm from 0 to 6 months (Table 15.2). This 
can be accompanied by a biphasic or tall P wave in lead VI. 
The criteria for left atrial enlargement include a broad notched 
P wave in lead II (P-wave duration >0.10 to 0.12 seconds) and / 
or a deep, slurred biphasic P wave in VI, particularly when 
the terminal negative component is broad and deep. Biatrial 
enlargement is considered to be present when signs of both 
right and left atrial enlargement are present. 


Ventricular Depolarization 

Normally, ventricular depolarization occurs virtually simulta- 
neously at many sites, resulting in a QRS of brief duration. 
QRS duration is age dependent (Table 15.2). It is <80 ms from 
infancy through age 8 years, and <90 ms throughout child- 
hood and early adolescence. QRS duration is an objective 
measure that can be determined reliably using computerized 
ECG recording systems. QRS duration may be prolonged by 
right or left bundle branch block (LBBB), ventricular preexci- 
tation, or a ventricular pacemaker. The term intraventricular 
conduction delay is reserved for those situations when QRS is 
prolonged but does not fit any of the above categories. 

Axis Deviation 

Axis is an ECG measurement derived from the equivalent 
dipole model. The electrical axis is the direction of the predom- 
inant vector of a wavefront in the frontal plane. It is a physio- 
logic abstraction and an oversimplification because it does not 
take into account the time-dependent changes in vector forces 
that occur during atrial and ventricular depolarization. Still, it 
has been a popular ECG measure, and some prefer to call the 
axis the mean frontal plane vector. The simplest way to pre- 
sent the concept is to represent leads I and aVF on a Cartesian 
system (Fig. 15.4), designating lead I as 0 (left) to 180 degrees 
(right) and lead aVF as 90 (inferior) to 270 degrees (superior), 
with the other limb leads corresponding to other angles in the 
frontal plane. The axis can be calculated for all three waves 
of the ECG. For example, using the system shown in Figure 
15.4, one first determines a quadrant by looking at leads I and 
aVF. Once the quadrant is established, the frontal lead, which 
is most isoelectric, is identified. The mean QRS axis is perpen- 
dicular to this lead. 

QRS and P axes are measured reliably by automated ECG 
interpretation systems, and normal values have been tabulated 
(4,32,33). However, the same concepts can be applied to the 
ST segment, initial part of the QRS complex, and so on. 

Frontal plane QRS axis deviation is age dependent. Right 
axis deviation is present when the QRS axis is more positive 
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Figure 15.3. A 6-month-old with 
tricuspid atresia and normally 
related great vessels. The ECG 
shows right atrial enlargement 
and left axis deviation. 
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+ 270° 



FRONTAL 

Figure 15.4. Reference frame for the frontal plane according to 
Einthoven’s equilateral triangle. The lines are drawn through 
the center to the negative terminus of each lead. Thus, the 
360 degrees are divided into multiple 30-degree sections. 


than normal, and left axis deviation is present when the QRS 
axis is less than normal. Right axis deviation is a criterion for 
right ventricular hypertrophy (RVH), albeit a very poor one. 
In pediatric patients, left axis deviation is not a criterion for 
left ventricular hypertrophy (LVH). The QRS axis is superior 
when it is between -60 and -100 degrees. The axis is indeter- 
minate (neither left nor right or northwest) when it is between 
-100 degrees and +210 degrees. 

The most important pattern in pediatric patients is the so- 
called abnormally superior vector or abnormally superior axis. 
This occurs in patients with AV septal (canal) defects. The 
main QRS axis is superior, but the initial forces are inferior, 


so that leads II, III, and aVF inscribe a small r wave followed 
by a large S wave. This pattern of initial forces separates the 
abnormally superior vector from other causes of axis devia- 
tion (Fig. 15.5). 

Bundle Branch Block 

Bundle branch block exists when there is prolongation of the 
QRS. Because the distal conduction system is divided into left 
and right bundle branches, which depolarize the left and right 
ventricles respectively, block in one of the bundle branches 
will lead to delayed activation of the corresponding ventricle. 
Thus, the diagnosis is based on knowledge of anatomy and 
analysis of the terminal vector forces of the QRS complex. For 
example, because the right ventricle is to the right, anterior and 
superior in relation to the left ventricle, right bundle branch 
block (RBBB) will give rise to terminal forces that are right- 
ward, anterior, and superior. Furthermore, the left bundle nor- 
mally divides into two fan-like sheets of specialized conduction 
tissue: The anterior and posterior fascicles. Delay or block in 
either fascicle will result in a characteristic ECG pattern. 

In practice, it is not always possible to differentiate bun- 
dle branch block from severe ventricular hypertrophy. This 
is because severe hypertrophy can result in a prolonged QRS 
that mimics bundle branch block. In the hypertrophied heart, 
endocardial activation is presumed to be on time, but epicar- 
dial activation is delayed owing to prolonged conduction time 
through the hypertrophied ventricular wall. 

Right Bundle Branch Block 

In RBBB, the QRS complex is wide and has a characteristic 
morphology of a rapid initial deflection followed by a slurred 
slower portion of the QRS. This reflects the rapid depolariza- 
tion of the left ventricle followed by the slower depolarization 
of the right ventricle through ventricular muscle. The criteria 
for complete right bundle branch includes a QRS above the 
upper limit for age in combination with normal initial forces 
and terminal conduction delay that is directed anteriorly, to 
the right and superior (wide and slurred S in leads I, V5, and 
V6; slurred R waves in leads aVR, VI, and V2; and wide and 
slurred S in leads II, III, and aVF) (Fig. 15.6). 

The most common cause of RBBB is surgical closure of ven- 
tricular septal defects, especially in tetralogy of Fallot. When 


Figure 15.5. Newborn with 
a complete AV septal (canal) 
defect. Note typical abnor- 
mally superior axis (northwest 
axis) along with right atrial 
enlargement. 
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Figure 15.6. A 3-year-old fol- 
lowing repair of tetralogy of 
Fallot. Note Q waves in inferior 
leads, documenting normal left 
anterior fascicular conduction. 


the ECG demonstrates RBBB, it is not possible to diagnose 
RVH. The usual markers of ischemia also are lost because of 
associated ST- and T-wave abnormalities. 

“Incomplete" Right Bundle Branch Block 

An RSR prime pattern in lead VI with a normal or slightly 
prolonged QRS duration has been termed incomplete RBBB. 
However, this pattern of ventricular conduction occurs in nor- 
mal children. Further complicating matters, this pattern com- 
monly occurs with right ventricular overload and frequently 
is present in patients with secundum atrial septal defects. 
Because of the prevalence of this pattern in normal children, 
it is perhaps better to refer to this as minor right ventricular 
conduction delay and not necessarily abnormal. 

Left Bundle Branch Block 

Just as delay or block in the right bundle branch results in 
RBBB, delay or block in the main left bundle branch results 
in late activation of the left bundle and LBBB. The QRS is 
prolonged, slurred, and directed leftward, posteriorly, and 


inferiorly. The criteria for LBBB include an abnormally 
prolonged QRS duration, absent normal initial forces (no 
Q waves in leads aVL and V6), and notched slurred QRS com- 
plexes that are directed leftward and posteriorly (QS or rS in 
lead VI and a tall notched R wave in lead V6). 

LBBB is uncommon in children. It is usually the result of 
surgery on the left ventricular outflow tract. It also occurs with 
hypertrophic cardiomyopathy, myocarditis, or dilated cardi- 
omyopathy (Fig. 15.7). As with RBBB, it is difficult, if not 
impossible, to assess hypertrophy and ischemic changes when 
LBBB is present. 

Left Anterior Hemiblock 

Normally, the left anterior fascicle is responsible for activation 
of the anterior and superior portion of the left ventricle, which 
occurs just ahead of activation of the posterior-inferior region 
by way of the left posterior fascicle. Block in the left anterior 
fascicle results in sequential activation of the left ventricle. The 
posterior-inferior region of the left ventricle is activated prior 
to the anterior-superior region. This results in abnormal QRS 







Figure 15.7. Left bundle branch 
block in a 15-year-old patient 
following resection of a subaor- 
tic membrane. 
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activation, with two sequential vectors: The initial forces are 
directed inferiorly and then spread in an anterior and supe- 
rior fashion. This produces marked left axis deviation (<-30 
degrees) with an rS in the inferior limb leads (II, III, and aVF). 
The QRS is normal or only minimally prolonged. 

This conduction abnormality is relatively rare in children 
without congenital heart disease. It can occur with myocar- 
ditis, ischemia, or after cardiac surgery on the left ventricular 
outflow tract or ventricular septal defect closure. Tricuspid 
atresia and AV septal defects have ECG findings consistent 
with left anterior hemiblock (abnormally superior vector or 
axis) (34,35). However, these conditions do not have a true 
conduction defect, but rather, are related to the abnormal 
development of the conduction system. 

Left Posterior Hemiblock 

The activation sequence in left posterior hemiblock is the 
opposite of that seen with anterior hemiblock. The left ven- 
tricle depolarizes first in the anterior and superior region and 
then in the posterior and inferior portion. This produces an 
axis that is oriented rightward and inferiorly (120 degrees) 
with a normal QRS duration. Initial forces are directed supe- 
riorly (Q waves in leads II, III, and aVF). Left posterior hemi- 
block can be difficult to diagnose because most infants will 
have a rightward axis; this diagnosis should be reserved for a 
sudden change in axis between serial ECGs. It can result from 
surgical trauma and myocarditis. 

Bifascicular Block 

RBBB in combination with left anterior hemiblock occurs 
most commonly following repair of tetralogy of Fallot (10% 
of such patients). The ECG reflects the combination of these 
two conduction abnormalities. The initial forces, which in 
RBBB reflect only the left ventricle, initially are directed inferi- 
orly and subsequently superiorly owing to left anterior hemi- 
block. The rest of the QRS complex reflects the characteristic 
terminal rightward and superior slurring of RBBB (Fig. 15.8). 

RBBB and left posterior hemiblock is rare and difficult 
to diagnose by ECG. It is characterized by RBBB with ini- 
tial rightward forces. Because most children who develop 
RBBB following surgery have preexisting RVH, it is diffi- 
cult to distinguish RBBB with left posterior hemiblock from 
preexisting RVH. 


Preexcitation 

Preexcitation describes an abnormal depolarization of the 
ventricle prior to normal conduction through the His-Purkinje 
system. This takes place because of activation via an accessory 
connection between the two chambers. 

Wolff-Parkinson-White Pattern 

Wolff-Parkinson- White syndrome results from the presence 
of an accessory pathway that connects the atria directly to 
ventricular muscle. Conduction occurs both across the normal 
conduction system (AV node and His-Purkinje system) and 
across the accessory pathway. The ECG has a characteristic 
appearance of a short PR interval and a wide QRS complex 
(see Chapters 17 and 18). A delta wave or slurred upstroke 
of the QRS, indicating conduction from atrial to ventricular 
muscle, is characteristic of the syndrome. The terminal part of 
the complex may be wide or narrow, depending on the degree 
of conduction via the AV node. Children who have this find- 
ing are subject to episodes of reciprocating AV tachycardia. 
To diagnose WPW syndrome, a patient must have both the 
characteristic pattern of preexcitation as well as episodes of 
supraventricular tachycardia or atrial fibrillation. Therefore, 
the electrocardiographer should read the ECG as showing a 
“WPW pattern” or “ventricular pre-excitation.” 

Mahaim Pathway 

The Mahaim pathway is a particular type of accessory path- 
way that inserts into the right bundle branch or right ventricle 
and incorporates AV node-like tissue. There are several types. 
The most common is the atriofascicular pathway, with nodo- 
fascicular and fasciculoventricular pathways being less com- 
mon (36). A Mahaim pattern of pre-excitation is one in which 
there is a widened QRS with an appearance similar to that in 
WPW, but in which there is a normal PR interval. 

Lown-Ganong-Levine Syndrome 

This entity exists when there is a short PR interval without 
a QRS abnormality in association with episodes of abnor- 
mal tachycardia. With the advent of invasive electrophysi- 
ologic testing, this entity has essentially disappeared from 
the literature, most likely owing to the fact that there does 
not seem to be a clear electrophysiologic correlate to the 


Figure 15.8. Right bundle 
branch block with left anterior 
hemiblock following complete 
repair in an 11 -month-old with 
tetralogy of Fallot and AV sep- 
tal (canal) defect. Note lack of 
initial Q waves in leads II, III, 
and aVF. 
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so-called Lown-Ganong-Levine (LGL) syndrome. Most of 
these patients, in fact, were adults who had atrial fibrilla- 
tion with fast AV node conduction. When there is a short PR 
interval with a normal QRS morphology and duration, one 
should simply read the ECG as showing a short PR interval 
rather than the LGL pattern. 

Hypertrophy 

Criteria for ECG determination of ventricular hypertrophy 
rely largely on whether QRS voltages in specific leads exceed 
normal values. The criteria were derived empirically, based 
on studies of normal infants or on comparison of ECG meas- 
urements with findings at cardiac catheterization, surgery, or 
autopsy. Interpretation of criteria for hypertrophy depends on 
the assumption that cardiac-torso geometry is normal or near 
normal and the ventricular depolarization sequence is nor- 
mal (i.e., no bundle branch block). Because of the proximity 
effect, the closer the heart is to a particular precordial lead, 
the greater the observed voltage, regardless of the underlying 
cardiac pathology. Limb leads give rise to little or no proxim- 
ity effect (6). This effect is particularly important in infants 
who have relatively thin chests. Consequently, some leads are 
better for determining certain types of hypertrophy. Still, if one 
approaches the problem of ventricular hypertrophy by think- 
ing in terms of the vector forces involved, combined with the 
knowledge of cardiac anatomy and the relative positions of the 
right and left ventricle in the chest, the criteria for RVH and 
LVH will not seem entirely arbitrary. That is, the right ventricle 
is to the right, anterior, and superior, so that increased forces 
to the right, anterior, and superior suggest RVH. Likewise, the 
left ventricle is to the left, inferior, and posterior, and increased 
forces directed to the left, inferior, and posterior suggest LVH. 
Leads V5 and V6 may be used to judge left-right forces, leads 
VI and V2 can be used for judging anterior-posterior forces, 
and aVF is the best lead for judging inferior-superior forces. 

Left Ventricular Hypertrophy 

In general, criteria for LVH are based on QRS voltage criteria 
and repolarization criteria. The voltage criteria involve volt- 
age increase, and the repolarization criteria refer to the shift 
of the T-wave axis in the direction opposite to the QRS. Volt- 
age criteria involve R and S waves in leads VI, V6, and aVF 


and Q wave amplitude in lead V6. These measurements are 
compared with known normal standards that vary with age. 
The repolarization criteria refer to T-wave negativity in the 
lateral precordial leads and the angle (>100 degrees) between 
the frontal plane QRS and T axis. 

R-wave amplitude greater than the 98th percentile for age 
in lead V6 and S-wave amplitude greater than the 98th percen- 
tile in lead VI have been used to predict LVH. Unfortunately, 
hypertrophy may be present with normal left-sided forces, and 
normal children can have R waves in lead V6 that are above the 
98th percentile. The large S wave in lead VI owing to increased 
posterior forces is a much better criterion for LVH (Fig 15.9). 

Patients with LVH usually have increased inferior forces 
manifesting a tall R wave in aVF, but this also may occur in 
RVH. In the absence of RVH, this criterion is helpful in sup- 
porting a diagnosis of LVH, particularly in a patient with 
prominent mid-precordial voltages because the limb leads are 
not prone to proximity effect. 

In newborns, if an adult pattern of R-wave progression is 
evident, rather than the neonatal pattern, LVH is likely. That 
is, when a newborn manifests small R waves and deep S waves 
over the right precordium progressing to tall R waves and 
small S waves in the left lateral precordium, it suggests that 
there is left ventricular dominance. This corresponds to the 
vectorcardiographic finding of a wide-open counterclockwise 
loop in the horizontal plane. 

T-wave abnormalities are the most reliable indication of 
LVH. A so-called strain pattern consists of inverted T waves in 
the inferior leads (II, III, and aVF) and left precordial leads (V5 
and V6). One can compare the frontal plane T-wave axis with 
the QRS axis, and the difference between these is the QRS-T 
angle. Normally it is very small, and a wide QRS-T angle of 
>100 degrees is supportive of the diagnosis of LVH but is not 
specific (Fig. 15.9). T-wave abnormalities in LVH sometimes 
can be associated with depression of the ST segment. T-wave 
inversion also may be a sign of ischemia or myocardial inflam- 
mation; thus, these causes must be excluded prior to the diag- 
nosis of LVH being made. 

Left axis deviation is supportive of the diagnosis of LVH, 
especially in infancy. Left anterior hemiblock also may cause 
left axis deviation. 

Abnormally prominent Q waves in the left lateral precor- 
dium (leads V5 and V6) may result from hypertrophy of the 



Figure 15.9. An 8-month-old 
male with left ventricular hyper- 
trophy. Note that the ECG is 
half-standard, and there is a T 
wave abnormality. 
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left ventricular portion of the interventricular septum, or per- 
haps from abnormal position of the left relative to the right 
ventricle owing to hypertrophy. A dilated volume-loaded left 
ventricle, which occurs with aortic valve insufficiency or pat- 
ent ductus arteriosus, tends to produce deep Q wave in the 
lateral leads. On the other hand, with severe LVH, as might 
be seen with severe pressure loading, small or absent Q waves 
occur. 

Right Ventricular Hypertrophy 

Criteria for RVH are more specific than for LVH and include 
voltage and repolarization criteria. Because of normal right 
ventricular predominance in the neonate and the rapid changes 
in T-wave vectors in the first 2 weeks of life, the ECG interpre- 
tation of RVH in infants may be difficult. 

R-wave amplitude in lead VI that is greater than the 98th 
percentile for age is a very specific finding for RVH beyond 
the neonatal period. It has been used to estimate right ven- 
tricular pressure in isolated pulmonary stenosis using the 
following formula: Peak systolic right ventricular pressure = 
R-wave height, in mm x 5 (34). An R wave in VI that is >20 
mm correlates with a right ventricular pressure that is at least 
systemic (37). 

An abnormally deep S wave in V6 (>98th percentile) is a 
very sensitive indicator of RVH. It often occurs in patients 
with increased right ventricular pressure secondary to chronic 
lung disease. When this pattern occurs with right atrial 
enlargement, it is characteristic of cor pulmonale. This crite- 
rion is less specific than the R wave in lead VI because of 
the possibility of posterobasal LVH, in which large terminal 
superior and rightward forces result from hypertrophy of this 
late-activating portion of the left ventricle. 

The R/S ratio is well established for various ages. If it is 
abnormally increased in lead VI, or abnormally decreased in 
lead V6, RVH is likely. However, it is rare for an abnormal 
R/S ratio to occur as an isolated finding, and this criterion 
should, therefore, be applied in conjunction with other find- 
ings of RVH. 

T-wave orientation changes with age. Normally, it is 
upright until 4 to 7 days of age. Between 1 week of age and 
adolescence it is negative, and reverts to upright again in many 
individuals in adolescence and adulthood. An upright T wave 
after 7 days of age but before adolescence is a sensitive indi- 
cator of increased right ventricular pressure. The sensitivity 


of this measure increases when R-wave amplitude also is 
considered. Mild RVH is manifested by normal R-wave ampli- 
tude but an upright T wave. Moderate RVH is manifested by 
increased R-wave amplitude and an upright T wave, whereas 
severe RVH is manifested by an increased R-wave amplitude 
and inversion of the T wave (Fig. 15.10). 

A qR pattern also can be indicative of RVH, especially in 
conjunction with a tall R wave [typically >10 mm (Fig. 15.11)]. 
It also occurs with 1-looping of the ventricles (abnormal sep- 
tal depolarization), anterior myocardial infarction, and WPW 
syndrome. 

An RSR prime pattern can be associated with right ven- 
tricular volume overload, as seen with atrial septal defects, but 
also may be a normal finding. It should be used to diagnose 
RVH only when the R prime amplitude is large. 

Right axis deviation alone is not a criterion for RVH, but 
can be used to support other findings suggestive of RVH. 
Another cause of right axis deviation is left posterior hemi- 
block. 

As in LVH, the R-wave progression across the precordial 
leads may be helpful. The neonatal pattern, consisting of tall R 
waves and small S waves in the right precordium, progressing 
to small R waves and deep S waves in the left lateral precor- 
dium, suggests right ventricular dominance (Fig. 15.12). When 
this pattern occurs in older children, rather than the normal 
adult-type R-wave progression, it suggests severe RVH. This 
corresponds to a completely clockwise loop in the horizontal 
plane. 

Biventricular Hypertrophy 

The diagnosis of biventricular hypertrophy (BVH) is made 
most easily when there are clear criteria present for both RVH 
and LVH. This often is manifest by normal R-wave progres- 
sion across the precordium, but with increased voltages, so 
that there are both large R and S waves in leads VI and V6. 
Proximity effect may produce prominent voltages in nor- 
mal children in the mid-precordial leads (V3 to V5) without 
increases in leads VI or V6 or any of the limb leads. In this 
situation, one should not diagnose hypertrophy, but should 
instead note the presence of prominent mid-precordial volt- 
age. However, if the total voltage (R plus S) in lead V4 is >60 
mm, BVH is likely (the Katz-Wachtel criterion). 

Some electrocardiographers diagnose BVH when there 
are clear criteria for hypertrophy of one chamber and normal 


Figure 15.10. A 4-month-old 
with hypoplastic left heart syn- 
drome. Note that the tracing is 
recorded at half-standard. 
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Figure 15.11 A 3-year-old fol- 
lowing repair of truncus arte- 
riosus with significant conduit 
obstruction. Note the qR in the 
right precordial leads, as well as 
the terminal rightward conduc- 
tion delay, in this case due to 
hypertrophy. 


voltages arising from the other chamber (e.g., >9 8th percentile 
R in V6 with greater than mean S in V6). They reason that the 
predominance of one chamber cancels or masks voltage from 
the other chamber, and therefore normal voltages could reflect 
hypertrophy. Although this approach makes some sense, in 
practice it seems to be dependent on the magnitude of the 
hypertrophy involved (i.e., it is more likely to be true if one 
chamber is severely hypertrophied). This criterion also suffers 
from the oversimplified viewpoint that R and S waves arise 
from one chamber only. For example, it would be incorrect to 
believe that for patients with LVH, the S wave in V6 and the 
S wave in lead aVF reflect only right ventricular forces, because 
the posterobasal portion of the left ventricle depolarizes later 
than the rest of the left ventricle. LVH also may include the 
posterobasal portion of the left ventricle, with normal to 
increased S waves in leads V6 or aVF without BVH. 

Low QRS Voltage 

Reduced QRS voltage is a nonspecific finding that may occur 
with various conditions, including myocarditis, pericardial 


effusion, and generalized edema. Low voltage is present when 
the QRS amplitude is <5 mm in all limb leads and <10 mm in 
all precordial leads. While not always present, when associated 
with ST-segment change, it is characteristic of myocarditis. 

Initial Forces 

The Q wave occurs at the beginning of the QRS complex. One 
normally finds a small (<4 mm) Q wave in leads V5 and V6, 
and aVF. This is because normal initial depolarization, made 
up of several different areas of endocardial activation includ- 
ing the septum, is rightward, superior, and anterior. There are 
only a few specific situations when the presence or absence 
of certain types of Q waves may be of clinical significance. If 
the QRS duration is prolonged, no specific significance can be 
attached to Q waves. For the diagnosis of myocardial infarc- 
tion, Q-wave duration should be >40 ms (38). Q-wave ampli- 
tude is lead dependent but in all cases should exceed 4 mm. 
A qR pattern in lead VI signifies RVH, and deep Q waves 
in leads II, III, aVF, V5, and V6 are indicative of left septal 
hypertrophy, usually as part of LVH. Finally, in patients with 
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Figure 15.12. A 3-day-old male 
infant with critical coarctation. 
The ECG shows RVH. Note that 
all leads are half-standard. 
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congenitally corrected transposition of the great arteries and 
ventricular inversion, initial forces are posterior and to the 
left, producing a small Q wave in VI or a qS complex, with 
absence of the normal Q wave in leads V5 and V6. 

Ventricular Repolarization 

Considered from the standpoint of a single cardiac cell action 
potential, repolarization is simply defined and begins imme- 
diately following depolarization. However, viewed from the 
perspective of the whole heart, repolarization is more difficult 
to characterize (39). In the normal heart, the subendocardium 
depolarizes before the subepicardium, but the subepicardium 
repolarizes before the subendocardium. This figures promi- 
nently in ECG features during the ST segment and T wave. 
There is an age-dependent overlap between the end of depo- 
larization and the onset of repolarization. In childhood, repo- 
larization potentials appear on an average of 10 ms before the 
end of ventricular depolarization (J point) (40). 

GT Interval 

There has been considerable debate regarding the best way to 
measure the rest and exercise QT interval. In supine patients 
at rest, the technical difficulty is determination of the end of 
the T wave, which may be fused with the U wave as it gradu- 
ally blends with the baseline (40,41). Furthermore, Davignon 
et al. (32) demonstrated that the QT interval is both age and 
heart rate dependent. Attempts to correct for heart rate usu- 
ally involve Bazett’s formula (QTc = QT interval divided by 
the square root of the preceding R-R interval, where QTc is 
the corrected QT interval). However, this may be inaccurate at 
low heart rates, often seen in adolescents. A number of alter- 
native proposals have been made for correcting the QT (42). 
Technical problems are compounded during exercise because 
of the difficulty in identifying the ECG baseline. They also are 
complicated by variations in the RR interval that occur in chil- 
dren due to sinus arrhythmia. The choice of RR interval to be 
measured is critical in calculating the corrected QT interval. 
Garson (43) has suggested measuring the shortest RR inter- 
val. Calculating the QTc from that interval, he found that a 
cutoff of 460 ms for QTc identifies 98.4% of known long QT 
syndrome patients but only 3.8% of normal control subjects. 
In patients with QRS abnormality, and especially QRS pro- 
longation due to bundle branch block, measurement of the 
QTc is less useful, as it tends to be quite long in otherwise 
normal patients. The corrected JT interval has been proposed 
as a potential solution to this conundrum, and although nor- 
mal standards for this measurement exists, it is not yet clear 
that this method reliably separates patients with prolonged 
QT syndrome and RBBB from other patients with RBBB (44). 

The QT interval may be prolonged on a congenital basis 
(45,46) or as the result of antiarrhythmic drugs or electrolyte 
imbalance (47). The significance of a prolonged QT interval in 
an asymptomatic child is hard to determine. There seems to be 
little disagreement that a QT of 400 ms is normal and a QT 
of 480 ms is abnormal. However, there is disagreement as to 
the significance of intermediate values, especially in asympto- 
matic patients. Family history is, of course, important. Even in 
patients with pathologic prolongation of the QT interval, no 
ECG feature has been identified (not even the QT interval) that 
predicts which patients will develop symptoms or torsades de 
pointes (48). 

ST Segment, T Waves, and U Waves 

ST Segment 

Identifying the true baseline is extremely important when ana- 
lyzing the ST segment. This is an important practical problem 


when the heart rate is increased as during exercise or with 
fever. ST segments >1 mm are said to be elevated and ST seg- 
ments <-0.5 mm are considered depressed. However, in an 
analysis of average (0 to 50 ms) ST-segment potentials, the 
maximum and minimum potentials were age dependent. 
Maximum potentials (1.1 to 3.7 mm) occurred during ado- 
lescence. Minimum ST-segment potentials (0.4 to 1.2 mm) 
occurred during childhood (40,41). Interpretation of appar- 
ent ST-segment abnormalities requires careful attention to the 
clinical situation and important age-dependent and technical 
limitations. 

T Waves 

The sequence of ventricular depolarization, as characterized 
by the time difference between the earliest and latest area 
to depolarize, is an important determinant of the T wave 
(i.e., asynchronous depolarization influences the ECG pat- 
terns). Abnormalities of depolarization have a direct effect 
on repolarization. Therefore, T-wave abnormalities may be 
entirely owing to QRS abnormalities. Such abnormalities 
are termed secondary T-wave abnormalities as opposed to 
primary T-wave abnormalities, which reflect actual abnor- 
malities of repolarization not simply caused by changes in 
the QRS (49). 

U Waves 

Little is known about the source or significance of U waves. 
They are quite common in young people, but Spach et al. 
(40,41) did not find them in children <8 years of age. U waves 
usually are apparent in the mid-precordial leads (V2 to V5), 
and they often overlap the T wave, resulting in TU fusion. The 
latter feature may complicate measurement of the QT inter- 
val. The amplitude of U waves is about 10% that of T waves 
(range 4% to 28%). The U-wave amplitude is heart rate sensi- 
tive. When U waves are large and difficult to separate from the 
T wave, they may indicate prolonged QT syndrome. On the 
other hand, long QT syndrome often is misdiagnosed in the 
presence of prominent mid-precordial U waves (50). 

Specific Abnormalities Affecting the ST Segment, 

T Wave, and U Wave 

Early Repolarization 

Early repolarization usually occurs in adolescents and is asso- 
ciated with ST-segment elevation. This is seen best in the ante- 
rior and mid-precordial leads (V2 to V4) (Fig. 15.13). Because 
repolarization normally begins before depolarization ends, 
this term is a misnomer. Elevation of the ST segment may be 
explained by the normal age-dependent changes of ST-segment 
potentials. It can mimic changes associated with pericarditis 
and may be confusing in the evaluation of adolescents with 
chest pain. With early repolarization, J-point elevation often 
disappears with exercise. Serial ECGs may be helpful in sepa- 
rating early repolarization from the typical evolution of ST- 
and T-wave abnormality in pericarditis. Recent attention to 
this pattern of “early repolarization” in adults has identified 
it as a significant risk factor for sudden death, but clear crite- 
ria for separating at-risk patients from the large population of 
normals are, so far, lacking (51). 

Pericarditis and Pericardial Effusions 

Pericarditis is the most common cause of ST-segment eleva- 
tion in children. There are a series of changes that occur as 
pericarditis evolves. Initially the ST segment is elevated with 
a normal T wave, thought to be secondary to subepicardial 
myocarditis. The ST segment then returns to normal, but the 
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Figure 15.13. Early repolariza- 
tion in a 16-year-old seen on a 
12-lead ECG at full standardiza- 
tion. Note the 2 mm ST-segment 
elevation in leads V3-V6. 


T wave becomes flat and then inverted. Characteristically, 
these findings differ from ischemic changes in that they involve 
all leads (46). Pericardial effusions can result in diminished 
QRS voltages and, rarely, electrical alternans (alternating QRS 
amplitude). 

Myocarditis 

Myocarditis usually results in flattened or inverted T waves 
and low-voltage QRS patterns. The QT interval may be pro- 
longed. AV block and intraventricular conduction delay also 
can occur. 

Ischemia 

Myocardial ischemia is rare in children, but there are cer- 
tain situations in which it must be considered. These include 
Kawasaki disease and congenital coronary artery abnormali- 
ties. Myocardial ischemia initially presents as distortion of the 
T wave, which becomes tall and peaked in the leads near the 
affected myocardial segment. The ST segment may be affected. 
If ischemia is reversed promptly, these changes will resolve. If 
ischemia persists, however, the myocardium will progress to 
the injury stage. The ECG may show deviation in the ST seg- 
ments. The ST segments may become elevated or depressed 
depending on whether the injury is endocardial or epicar- 
dial. Reversal of ischemia may reverse these changes. Further 
injury will result in infarction, which appears on the ECG as 
a decrease in R-wave voltage and appearance of abnormal 
Q waves facing the infarcted segment (38). 

Myocardial ischemia in an infant is caused by congenital 
coronary abnormalities, the most common being anomalous 
origin of the left coronary from the pulmonary artery. These 
infants usually present with ischemia or infarction of the ante- 
rior and septal areas (distribution of the left anterior descend- 
ing coronary artery). They have deep Q waves in leads I, aVL, 
and V3 to V6. There also is loss of the mid-precordial R wave 
with a normal R wave in VI and V6. 

Kawasaki disease is an acquired cause of myocardial 
infarction in children. The ECG is characterized initially by 
low QRS voltages and nonspecific T-wave changes typical of 
myocarditis. These may progress to a myocardial infarction 
pattern. 


Potassium Imbalance 

Hyperkalemia produces tall peaked T waves. However, this 
finding is nonspecific and insensitive because normal children 
may have peaked T waves, and those with hyperkalemia may 
not have peaked T waves. As the potassium level increases, 
the T waves become more peaked and an intraventricular 
conduction delay results in a widened QRS along with PR 
prolongation (Fig. 15.14). The resultant ECG may resemble a 
sine wave or wide ventricular tachycardia. At concentrations 
of 9 mEq/L atrial standstill, AV block and ventricular fibrilla- 
tion can occur. 

Hypokalemia is associated with decreased T-wave ampli- 
tude. As potassium levels decrease, a U wave becomes appar- 
ent and the ST segment becomes depressed. Hypokalemia will 
enhance the arrhythmogenic effects of digoxin. 

Calcium and Magnesium Imbalance 

Hypercalcemia shortens the QT interval by shortening the ST 
segment. It also produces sinus rate slowing and sinoatrial 
block. Hypocalcemia lengthens the QT interval by prolong- 
ing the ST segment. A low magnesium level may enhance the 
effects of a low calcium level. In some infants the ECG will 
normalize only after both calcium and magnesium are cor- 
rected. 


THE NORMAL ELECTROCARDIOGRAM 


Developmental Changes 

The hallmark of the ECG changes in the normal infant and 
child are the age-related transitions of QRS morphology, 
QRS duration, and the pattern of the ST segment and T wave 
(32,53-55). During normal development, there is a gradual 
decrease in heart rate and an increase in P-wave duration, PR 
interval, and QRS duration. Compared with those at older 
ages, the QRS voltages are low during the first several months 
of life. The mean QRS axis in the frontal plane moves in a 
direction from right to left. Although one might hypothesize 
that the observed increase in PR interval and QRS duration 
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Figure 15.14. A 14-year-old 
patient with renal failure and a 
potassium level of 7.7 mmol/L. 
The ECG shows the characteris- 
tic findings of hyperkalemia. 





are related to changes in the size of the heart or the AV node, 
this hypothesis has not been borne out in studies in large 
animals. 

The right ventricular dominance of the infant was one of 
the first age-dependent ECG changes to be recognized. The 
changes in depolarization of the ventricles during the first year 
of life occur in an orderly progression. In the newborn, the 
principal QRS potentials result from the right ventricle. The 
transition of the ECG from right ventricular dominance at 
birth to the pattern of left ventricular dominance lags behind 
hemodynamic changes. Loss of right ventricular dominance 
starts at about 1 month of age, and left ventricular dominance 
is well established by 1 year. These changes are appreciated 
best by the R-wave progression in the precordial leads during 
the first year of life. At birth and for the first several weeks of 
life there are tall R waves and small S waves in the right and 
anterior precordium (V3R, V4R, and VI), and deep S waves 
and small R waves in the left precordium (V6 and V7). This 
corresponds to a clockwise vector loop in the horizontal plane. 
With the establishment of left ventricular dominance, the 
precordial leads progress to a more adult pattern by 2 months 
of age, with deeper S waves in the right and anterior precor- 
dium and taller S waves in the left precordium, corresponding 
to a counterclockwise vector loop in the horizontal plane. At 
this age, however, there is still a prominent R wave in VI. By 
1 year of age, the precordial R-wave progression is similar to 
that in the adult, with small R waves and deep S waves in the 
right and anterior precordium. 

T waves change in a characteristic way, but the age-related 
patterns of repolarization are more difficult to interpret than 
the depolarization changes. The changes in right ventricular 
pressure that occur rapidly in the first days of life in nor- 
mal infants have very little effect on the P wave or the QRS 
complex but have a great effect on the T wave. In the first 
minutes after birth, the T-wave vector is anterior and to the 
left (upright in VI and V6). The T-wave vector may swing 
rightward in the next several hours, producing flattening or 
inversion of the T wave in the left lateral leads. Over the next 
7 days, the T-wave vector moves posterior and leftward, pro- 
ducing an inverted T wave in VI and an upright T wave in V6. 
Finally, the T wave becomes upright again in VI after 7 or 8 
years of age, but may remain inverted throughout adolescence 
(so-called juvenile T-wave pattern). 


Preterm Infant 

Compared with the ECG of term infants, the initial ECG of 
the premature infant is notable for its shorter QRS duration. 
The PR interval and QT interval also are shorter. The ECG of 
the premature infant is characterized by less right ventricu- 
lar dominance at birth than the ECG of the full-term infant 
(56,57). At 1 year of age, the heart rate of the premature 
infant exceeds that of the term infant. Furthermore, precor- 
dial voltages are lower in the 1 -year-old infant who was pre- 
mature (57). The reduced precordial voltages may occur in 
the absence of bronchopulmonary dysplasia. Whether these 
differences are related to intrinsic myocardial differences of 
the premature versus term infant or to altered cardiac-torso 
geometry is unknown. 

The Athlete 

Athletes can have unusual ECG findings. For example, Oakley 
and Oakley (58) evaluated ten athletes with ECGs with volt- 
age criteria for LVH (seven patients), nonspecific ST-segment 
and T-wave changes (three patients), and Q-wave changes sug- 
gestive of anterior myocardial infarction. No cardiac abnor- 
malities were found after extensive evaluation. Balady et al. 

(59) reported QRS duration >100 ms in 60% of athletes, and 
13% had ST-segment and T-wave changes that mimicked 
acute ischemia. Atrial enlargement was rare. Bjornstad et al. 

(60) reported athletes with sinus bradycardia and prolonged 
PR and QT intervals. They suggested that different criteria for 
ventricular hypertrophy were warranted for athletes. 

Gender and Racial Differences 

There are gender and racial ECG differences (61-63). The 
racial differences usually are not apparent until the preteen 
(ages 6 to 10) years. By 11 to 14 years of age, both sex and 
race differences are noted. It is important to know that the 
widely used normal standards published by Davignon (32) 
were based on 2,141 white children. In general, voltages in 
both limb and precordial leads are increased in males when 
compared with females and in blacks as compared with 
whites. Differences are not noted between black and white 
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females. There are differences in left ventricular posterior 
wall thickness among males (62). Similar findings occur in 
children with hypertension. It may be that the larger voltages 
on the ECG represent an early sign of increased left ventricu- 
lar mass (64). 


GUIDELINES AND INDICATIONS 


In children, the primary uses of ECG include initial evaluation 
of patients with suspected cardiovascular disease and serial 
evaluation of the patient with known cardiovascular disease. 
The ECG is indispensable for evaluation of the patient with 
known or suspected disorders of rhythm and conduction, 
including patients with palpitations and syncope. ECGs also 
are indicated for determining the response to antiarrhythmic 
drugs or drugs with potential cardiac effects (e.g., tricyclic 
antidepressants). Although there is great interest in the pos- 
sibility of widespread population-based screening for unrec- 
ognized cardiac disease using the ECG, there appears to be 
little rationale for routine ECG screening of asymptomatic, 
ostensibly normal young patients who are < age 40 years. The 
principal weakness of the ECG is its high rate of false positive 
findings, which when applied to a population with a very low 
prior probability, will lead to massive numbers of inappropri- 
ately identified individuals who require further testing. This 
argument applies to routine well-child examination as well as 
to pre-participation screening for athletes (65). Similarly, con- 
troversy exists regarding the need for ECG evaluation prior 
to the initiation of stimulant medication. While the American 
Heart Association has listed this as a class 2 indication (rea- 
sonable but not mandatory) (66) the American Academy of 
Pediatrics does not recommend such testing (67). 
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Michael J. Ackerman 




I n the United States, an estimated 300,000 to 400,000 indi- 
viduals die suddenly each year with the vast majority second- 
ary to coronary artery disease in the elderly (1). Fewer than 
10,000 of these deaths involve people <35 years of age. Sud- 
den cardiac death (SCD) in children, adolescents, and young 
adults is infrequent with an incidence between 1.3 and 8.5 
per 100,000 patient-years (2). Sudden death under the age of 
1 year can be attributed to infection, cardiovascular anoma- 
lies, child abuse/negligence, accidents, homicide, or metabolic/ 
genetic disorders. However, 70% to 80% of these infantile 
deaths have no identifiable cause and are labeled as sudden 
infant death syndrome (SIDS) (3,4). SIDS remains the leading 
cause of postneonatal infant death and the third leading cause 
of infant mortality overall in the United States with an esti- 
mated incidence of 0.57 per 1,000 live births (5,6). 

Beyond the first year of life, the cause and manner of death 
can be established from a comprehensive medicolegal investi- 
gation that includes an autopsy (7,8). For nearly half of young 
victims from 1 to 35 years of age, there are no apparent warn- 
ing signs and sudden death often occurs as the sentinel event. 
The postmortem investigation is critical to determine the cause 
and manner of death (2). A postmortem examination may 
detect a noncardiac cause of the death such as asthma, epilepsy, 
or pulmonary embolism. However, SCD is the prevailing cause 
of sudden death in the young, with structural cardiovascular 
abnormalities often evident at autopsy, including hypertrophic 
cardiomyopathy (HCM) (Chapter 54), arrhythmogenic right 
ventricular cardiomyopathy (ARVC) (Chapters 18 and 39), 
congenital coronary artery anomalies (Chapter 32), and myo- 
carditis (Chapter 56) (8,9). 

In contrast, approximately one-third of sudden deaths 
involving previously healthy children, adolescents, and young 
adults have no identifiable abnormalities at autopsy, and the 
death is classified as autopsy-negative sudden unexplained 
death (SUD) (7,8,10-12). The exact prevalence of SUD, 
particularly in children, is unclear. Potentially lethal and herit- 
able channelopathies such as congenital long QT syndrome 
(LQTS), catecholaminergic polymorphic ventricular tachycar- 
dia (CPVT), and Brugada syndrome (BrS) leave no clues at 
autopsy. The absence of any material evidence should prompt 
coroners, medical examiners, and forensic pathologists to 
consider that a fatal arrhythmia might have caused SUD 
(7,13-16). Accordingly, a cardiac channel molecular autopsy, 
potentially, can elucidate the pathogenic mechanism and 
establish probable cause and manner of SUD (17-21). Most 
often, the arrhythmias associated with these cardiac channelo- 
pathies spontaneously return to normal sinus rhythm result- 
ing in an episode of “just” syncope. As such, it is paramount 
to distinguish the ordinary benign faint from a sudden death 
warning sign. 

In this chapter, we summarize some recent population-based 
investigations of sudden death in the young to better understand 
its frequency and causes. Next, the pathologic bases, clinical 


evaluation and diagnosis, and therapeutic management of the 
cardiac channelopathies are detailed. Finally, we will examine 
the features of fainting spells that may allow discrimination 
between common but benign vasovagal/neurocardiogenic syn- 
cope and much rarer but, potentially lethal, cardiac channelo- 
pathy-precipitated (arrhythmic) syncope. 


THE PREVALENCE AND CAUSES OF SUDDEN 
DEATH IN THE YOUNG 


Maron et al. (8) demonstrated that HCM was the most fre- 
quent cause of SCD involving young competitive athletes. In 
this setting, over one-third of SCDs were attributed to HCM, 
and an additional 10% had an unexplained increase in cardiac 
mass, representing “possible HCM” (Fig. 16. 1A). Autopsy- 
negative SUD accounted for only 3% of cases. The prepon- 
derance of athletes were male (90%) and collapsed during or 
instantaneously following a daytime training session (90%). 
Accordingly, HCM represents the most common cause of SCD 
on the athletic field in the United States. 

In 2001, Corrado et al. (9) noted that ARVC overshadowed 
HCM as the most frequent cardiomyopathy associated with 
SCD in young Italians (Fig. 16. IB). In this autopsy review of 
273 cases of Italian SCD, atherosclerotic coronary artery dis- 
ease prevailed at 20% followed by ARVC (13%) and HCM 
(7%). Hearts were identified as structurally normal (SUD) in 
6% of cases of SUD. In 2005, Puranik et al. (12) reviewed 
the autopsy reports from 427 young victims of unexpected 
sudden death (ages 5 to 35 years) over a 10-year period in 
eastern Sydney, Australia (Fig. 16. 1C). This population-based 
cohort included >90% of all sudden deaths that occurred in 
this urban population during the study period. Excluded were 
traumatic, accidental, selected drownings, and death from 
drug intoxications. SCD was determined for more than half 
of these SUDs. Cardiomyopathies accounted for only 16% of 
their SCDs and only 6% of deaths were attributed to HCM. 
Instead, autopsy-negative SUD (29%) was the leading cause 
of SCD (Fig. 16.1 C) with nearly 10% of the decedents with 
structurally normal hearts deemed to have LQTS. 

Further, a 25 -year review of autopsies performed on 
American military recruits by Eckart et al. (22) showed a non- 
traumatic sudden death rate of 13 per 100,000 recruit years 
among a monitored 6.3 million men and women aged 18 to 
35 years (Fig. 16. ID). Of the 126 sudden deaths, 108 (86%) 
were related to exercise. Half of the sudden deaths were attrib- 
uted to an identifiable cardiac abnormality after a postmortem 
investigation. However, 35% of the sudden deaths were classi- 
fied as autopsy-negative SUD (22). Several cases were identified 
as having a family history of sudden premature death suggest- 
ing a heritable predisposition for a malignant arrhythmia (22). 
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Figure 16.1. Epidemiology of sudden death in the young. A comparison of data from four cohorts. A: N = 134; 
mean age: 17 years. Frequency of cardiomyopathy subtypes: hypertrophic cardiomyopathy (HCM) 36%, dilated 
cardiomyopathy (DCM) 3%, arrhythmogenic right ventricular dysplasia (ARVD) 3%, and unexplained increase 
in cardiac mass (“possible HCM”) 10%. (Maron BJ, Shirani J, Poliac LC, et ah Sudden death in young com- 
petitive athletes. Clinical, demographic, and pathological profiles, [see comment]. JAMA 1996;276:199-204.) 
B: N = 273; mean age: 24 years. Frequency of cardiomyopathy subtypes: HCM 7%, DCM 4%, and ARVD 
13%. A significant fraction of those included in “Other structural causes” (24/38) had histological evidence of 
conduction system abnormalities. (Corrado D, Basso C, Thiene G. Sudden cardiac death in young people with 
apparently normal heart. Cardiovasc Res 2001;50:399— 408) C: N = 241; mean age: 27 years. Frequency of 
cardiomyopathy subtypes: HCM 6%, DCM 5%, ARVD 2%, and idiopathic left ventricular hypertrophy (LVH) 
3%. (Puranik R, Chow CK, Duflou JA, et al. Sudden death in the young. Heart Rhythm 2005;2:1277-1282.) 
D: N = 108; mean age: 19 years. Frequency of cardiomyopathy subtypes: HCM 8%, DCM 1%, and ARVD 1%. 
““Structurally normal” includes the diagnosis of arrhythmia disorders, such as LQTS, as well as all sudden unex- 
plained deaths. In some instances, minimal structural abnormalities were noted at autopsy, but these were felt to 
be insufficient to cause sudden death. + “Cardiomyopathy” includes those with HCM, DCM, ARVD, and those 
with unexplained increase in cardiac mass not meeting strict criteria for HCM (i.e., “possible HCM”). CAD, 
coronary artery disease. (Eckart RE, Scoville SL, Campbell CL, et al. Sudden death in young adults: a 25-year 
review of autopsies in military recruits. Ann Intern Med 2004;141:829-834, Ref. 22; From Tester DJ, Ackerman 
MJ. The role of molecular autopsy in unexplained sudden cardiac death. Curr Opin Cardiol 2006;21:166-172, 
with permission, Ref. 23.) 


Morentin et al. (11) scrutinized all sudden nonviolent 
deaths in persons 1 to 35 years of age occurring in Spain 
from 1991 to 1998. Among the 107 cases of sudden death, 
18% were considered SUD. Thirteen died following sudden 
collapse, and six were discovered dead in bed. In one-fifth 
of these SUDs, death occurred in relation to physical exer- 
tion (including swimming) or extreme emotion. Antecedent 


symptoms compatible with cardiac arrhythmia were evident 
in >25% of the SUD cases. 

These population-based studies suggest that while the 
majority of SCD stem from identifiable morphologic abnor- 
malities found at autopsy, nearly one-third of sudden deaths 
involving previously healthy children, adolescents, and young 
adults are autopsy-negative SUD. 
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AUTOPSY-NEGATIVE SUDDEN 
UNEXPLAINED DEATH 


Assessment of Family Members 

In cases of autopsy-negative SUD, a cardiac and genetic evalu- 
ation of first- and second-degree relatives and/or a molecular 
autopsy may elucidate the underlying mechanism of the sudden 
death. Although arrhythmias can be isolated events, some may 
represent manifestations of inherited arrhythmia syndromes 
with increase risk for syncope, cardiac arrest, or SCD in rela- 
tives when there is a family history of sudden death. Thus, 
first-degree relatives of the decedent should have a comprehen- 
sive cardiovascular evaluation including an extensive personal 
and family history, physical examination, 12-lead electrocar- 
diogram, treadmill stress test, 24-hour Holter monitoring, and 
an echocardiogram. 

In 2003, Behr et al. (10) performed a detailed cardiovascu- 
lar evaluation of 109 first-degree relatives of 32 cases of SUD 
and showed that 22% of these families had evidence of inher- 
ited cardiac disease with the majority having features sugges- 
tive of LQTS. Similarly, in 2005, Tan et al. (24) found that 
28% of families had an identifiable cardiac channelopathy 
including CPVT and LQTS following a clinical assessment of 
first-degree relatives of young SUD victims. In a 2008 follow- 
up study by Behr et al., a diagnosis of inheritable heart dis- 
ease was made in 53% of first-degree relatives of SUD victims 
following a comprehensive clinical evaluation; 70% being 
diagnosed with either LQTS (53%) or BrS (17%). Strikingly, 
30% of the families evaluated reported a family history of 
additional unexplained premature sudden deaths under the 
age of 45 years, and nearly 20% of the decedents had a prior 
history of syncope. 

In 2010, van der Werf et al. identified a certain or probable 
diagnosis in 47 (33%) of 140 families of SUD victims (aged 1 
to 50 years) following a clinical cardiac assessment. Around 
96% of these 47 families were diagnosed with an inherited 
cardiac disease (21% LQTS, 17% CPVT, 15% BrS, and 15% 
ARVC). The diagnostic yield among families depended upon 
the age of the decedent ranging from a high of 70% when the 
decedent was between ages of 1 and 10 years to a low of 21% 
when the decedent was between 41 and 49 years of age. Many 
of these sudden death victims had antecedent warning signs 
prior to their own death, including syncope in 15% and a fam- 
ily history of young sudden death in 29%. However, there was 
no prior clinical diagnosis of an inherited cardiac disease for 
either the decedent or any other family member. 

Incomplete penetrance and variable expression are hall- 
marks of the various cardiac channelopathies that lead to 
“concealed” forms of these disorders (25). Therefore, clini- 
cal assessment of surviving family members of SUD victims 
may be insufficient to detect LQTS, CPVT, or BrS in unsus- 
pected individuals. A molecular autopsy involving postmor- 
tem cardiac channel genetic testing is a tool for the forensic 
pathologist/medical examiner/coroner to provide the answer 
to unexplained deaths in the young and subsequently benefit 
other family members. 


Molecular Autopsy Investigations of SUD 

In 2004, Chugh et al. (21) identified 12 cases of SUD following 
a comprehensive postmortem analysis of a consecutive series 
of 270 adult (age > 20 years) cases of SCD occurring over 
a 13-year period. Postmortem genetic analysis of the LQTS- 
susceptibility genes revealed an identical KCNH2 mutation in 
2 of these 12 (17%) cases of autopsy-negative SUD. Similarly, 
Di Paolo et al. (26) performed LQTS molecular autopsies on 


10 cases of juvenile (ages 13 to 29 years) SUD and identified 
KCNQ1 mutations in 2 individuals. 

In 2007, Tester and Ackerman completed the largest 
molecular autopsy series of SUD to date (27,28). Compre- 
hensive mutational analysis of all 60 translated exons in the 
LQTS-associated genes ( KCNQ1 , KCNH2 , SCN5A , KCNE1 , 
and KCNE2) along with targeted analysis of the CPVT1- 
susceptibility gene ( RYR2 ) was conducted on a series of 49 
medical examiner referred cases of SUD. Over one-third of 
these SUD cases had a presumably pathogenic cardiac chan- 
nel mutation with mutations in RYR2 , alone, accounting for 
nearly 15% of the cases (27,29). In this series, sudden death 
was the sentinel event in all but four mutation-positive SUD 
cases. However, many had a positive family history of car- 
diac events, yet no family members had been diagnosed with 
either LQTS or CPVT. Overall, approximately half of the 17 
decedents with a cardiac channel mutation detected by post- 
mortem genetic testing exhibited potential warning signs, 
either personally or in the family. The repeated observations 
of unheeded warning signs of syncope and/or family history 
of sudden death in nearly 15% to 30% of young SUD victims 
emphasize the importance of heeding potential warning signs. 

Population-based studies involving the evaluation of 
relatives and molecular autopsy investigations of the dece- 
dent show that identifiable and potentially treatable cardiac 
channelopathies (including LQTS, CPVT, and BrS) account 
for approximately one-third of autopsy-negative SUD in the 
young. In addition, approximately 10% to 15% of SIDS may 
be due to these cardiac channelopathies (19,30—36). 


THE CARDIAC CHANNELOPATHIES 


The discipline of Cardiac Channelopathies unofficially com- 
menced in 1995 with the discovery of mutations in genes 
encoding critical ion channels of the heart as the pathogenic 
basis for congenital LQTS (37,38). Besides classical autoso- 
mal dominant (Romano-Ward) LQTS and autosomal recessive 
(Jervell and Lange-Nielsen) LQTS, the cardiac channelopa- 
thies now include Andersen-Tawil syndrome (ATS), Timothy 
syndrome (TS), drug-induced torsades de pointes (DI-TdP), 
short QT syndrome (SQTS), CPVT, BrS, idiopathic ventricular 
fibrillation, early repolarization syndrome, progressive cardiac 
conduction disease or familial atrioventricular conduction 
block or Lev-Lenegre disease, and familial atrial fibrillation. 
Even primary cardiomyopathies like dilated cardiomyopathy 
(DCM) can be due to genetically mediated perturbations in 
ion channels, specifically the SCN5A-encoded cardiac sodium 
channel (37-39). 

Overall, cardiac channelopathies may affect as many as 
1 in 1,000 persons, may lie dormant for decades or present 
with SIDS, and may or may not manifest signature electro- 
cardiographic features (Fig. 16.2). Collectively, these cardiac 
channelopathies represent treatable conditions when recog- 
nized. In general, the cardinal events of the cardiac channelo- 
pathies comprise syncope , seizures , and SCD. Unfortunately, 
SCD can be the sentinel event. 

Autosomal Dominant Long QT Syndrome 
(Romano-Ward) 

Congenital LQTS is the prototypic cardiac channelopathy 
with an estimated prevalence of 1 in 2,000 to 2,500 persons. 
Clinically, LQTS is characterized by abnormal cardiac repo- 
larization resulting in QT interval prolongation (Fig. 16.2A) 
that predisposes patients to TdP (Fig. 16.2B). Palpitations sel- 
dom represent the sole indicator of an episode of TdP. The 
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Figure 16.2. Signature electrocardiographic features of various channelopathies. A: QT prolongation — an 
example of a patient with extreme QT prolongation (QTc > 650 ms). Note, the ST segment and T-wave mor- 
phology would predict LQT3, but this patient is among the 25% who are genotype negative. Also, the computer- 
calculated QTc was 362 ms underscoring the mandate to independently compute the QTc. B: Torsade de pointes 
(“twisting of the points”) — hallmark arrhythmia of LQTS. C: Abnormal U wave in ATS — although subtle, this 
lead II recording is quite abnormal characterized by normal QT interval, long isoelectric segment between the 
end of the T wave on the start of the U wave and long-duration U wave in this female with an ATS 1 -associated 
mutation in KCNJ2. D: Short QT interval — QTc of approximately 250 ms. E: Exercise-induced bidirectional VT 
seen in CPVT. F: Coved ST segment elevation in BrS (type I Brugada ECG pattern) in precordial leads VI and 
V2 and a saddle back profile (type II Brugada ECG pattern) in V3. (From Ackerman MJ. Heritable cardiac chan- 
nelopathies. In: Wyszynski DF, Correa-Villasenor A, Graham TP, eds. Congenital Heart Defects: From Origin to 
Treatment. New York, NY: Oxford University Press, 2010:131-140, with permission, Ref. 40). 


most common form of LQTS is autosomal dominant LQTS, 
previously known as Romano-Ward syndrome (41,42). 

Hundreds of mutations in 13 distinct LQTS-susceptibility 
genes have been identified and generally involve either loss- 
of-function potassium channel mutations or gain-of-function 
sodium channel mutations. Except for four rare subtypes that 
stem from perturbations in key cardiac channel interacting 
proteins or structural membrane-scaffolding proteins (ankyrin 
B-, caveolin 3-, yotiao-, and syntrophin a-LQTS) (43-46), 
LQTS is a pure “channelopathy” resulting from mutations in 
cardiac channel a- and /1-subunits. The majority of LQTS is 
due to mutations in either the KCNQ1 -encoded I Ks potassium 
channel (LQT1, 30% to 35%), the KCNH2 -encoded J Kr potas- 
sium channel (LQT2, 25% to 30%), or the SCN5A -encoded 
I Na sodium channel (LQT3, 5% to 10%) (47,48). 

The past decade of LQTS research has provided numerous 
genotype-phenotype relationships (Fig. 16.3). Genotype-ECG 


relationships include broad -based T waves in LQT1, low- 
amplitude or notched T waves in LQT2, and long ST isoelectric 
segment with normal T-wave morphology in LQT3 (51,52). 
Gene-specific arrhythmia triggers have been observed including: 
exertion in LQTl (particularly swimming), auditory triggers 
and the postpartum period in LQT2, and events during sleep 
in LQT3 (49,53-56). Importantly, the response to /Lblockers 
is strongly influenced by the underlying genotype with which 
patients with LQTl realize superior protection than patients 
with either LQT2 or LQT3 (57). 

In the presence of a clinical diagnosis of LQTS, the yield of 
LQTS genetic testing is about 75% (58). Generally accepted 
indications for LQTS genetic testing are summarized in 
Table 16.1. However, genetic tests for LQTS and the other car- 
diac channelopathies must be scrutinized and interpreted with 
great caution and must not be viewed as binary tests (50,59). 
These genetic tests are probabilistic tests. Some mutations will 
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Figure 16.3. Genotype-phenotype correlations in LQTS. Seventy-five percent of clinically strong LQTS is due 
to mutations in three genes (35% KCNQ1 , 30% KCNH2 , and 10% in SCN5A) encoding for ion channels that 
are critically responsible for the orchestration of the cardiac action potential. Genotype-phenotype correlations 
have been observed, including swimming/exertion and LQT1, auditory triggers/postpartum period and LQT2, 
and sleep/rest and LQT3. The bar graphs represent genotype-phenotype data from Ref. 49. Also illustrated is 
the relative gene-specific effectiveness in /3-blocker therapy where /3-blockers are extremely protective in LQT1 
patients and moderately protective in LQT2 and LQT3. Direct late sodium current blockers like mexiletine, 
flecainide, and ranolazine may be protective in LQT3. (From Tester DJ, Ackerman MJ. Genetic testing for 
potentially lethal, highly treatable inherited cardiomyopathies/channelopathies in clinical practice. Circulation 
2011;123:1021-1037, with permission, Ref. 50.) 


be definite disease-causative mutations, whereas other genetic 
variants may not be pathogenic (50). 

Individuals with LQTS may or may not display the hall- 
mark repolarization abnormality of QT interval prolongation 
(Fig. 16.2A). In fact, approximately 40% to 50% of patients 
with genotype-positive LQTS have a normal resting QTc 
(25). This observation reinforces the critical role of genetic 
testing. In general, a heart rate-corrected QT interval (QTc) 
> 480 ms in postpubertal females or > 470 ms in postpuber- 
tal males should prompt a thorough investigation for LQTS. 
These values represent the 99th percentile in the distribution 
of QTc values. Previously, a QTc > 440 ms (males) or > 450 
ms (females) has been considered “borderline” QT prolonga- 
tion. In fact, the 2009 AHA/ACC/HRS (American College 
of Cardiology/American Heart Association/Heart Rhythm 
Society) guidelines denote that a QTc > 450 ms in adult males 


and >460 ms in adult females must be considered “prolonged 
QTc.” Although 50% of patients with genetically proven 
LQTS have a QTc < 460 ms, these cutoff values would result 
in an unacceptably high rate of false positives if used as part of 
a screening program. Using these cutoff values, an estimated 
15% to 20% of the entire population would have “borderline 
QT prolongation” and 5% to 10% of adults would satisfy 
the guidelines definition of “prolonged QTc” (Fig. 16.4). In 
addition, these QTc values are based upon an accurate meas- 
urement of the QTc (62). It is absolutely critical to measure 
the QTc manually. Relying on the computer-derived QTc is 
unacceptable. Calculation of an average QTc from either lead 
II or V5 is recommended. Simply using the beat yielding the 
maximum QTc yields too many false positives. Furthermore, 
these QT distributions do not apply to 24-hour ambulatory 
ECG recordings. 


Generally Accepted Indications for LQTS Genetic Testing 


1. Persons with unequivocal and unexplained QT prolongation (i.e. f QTc > 500 ms). 

2. Persons with clinically suspected LQTS regardless of (a) baseline QTc or (b) history of prior negative genetic testing in research 
laboratories or with commercially available targeted exon testing. (Rationale: Mutation detection methods over the past decade have 
changed significantly and false negatives have been demonstrated.) 

3. All first-degree relatives of a genotype positive index case (genetic testing extended to other degrees of relatedness by "following 
the genetic trail" down the appropriate path of concentric first-degree relatives). For example, confirmatory genetic testing dem- 
onstrates the index case's LQTI-associated mutation in the father. Accordingly, the father's parents and siblings (second-degree 
relatives to the index case) should be offered testing. Next, if, say, the paternal aunt (to the index case) tests positive, now all of her 
children (cousins or third-degree relatives to the index case) should be tested and so forth. 
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Figure 16.4. Distribution of QTc in health and LQTS. Shown 
is the distribution of QTc values derived from healthy postpu- 
bertal males and females (Mason JW, Ramseth DJ, Chanter 
DO, et al. Electrocardiographic reference ranges derived from 
79,743 ambulatory subjects. J Electro cardiol 2007;40:228- 
234, Ref. 60). The QTc distribution for LQTS is derived from 
analysis of the ECGs of all patients with mutation-proven 
LQTS who have been evaluated in Mayo Clinic’s LQTS Clinic. 
(Adapted from Taggart NW, Haglund CM, Tester DJ, et al. 
Long QT syndrome. Circulation 2007;115:2613-2620; John- 
son JN, Ackerman MJ. Long QT syndrome. In: Yan G, Kowey 
PR, eds. Management of Cardiac Arrhythmias. New York, 
NY: Humana Press, 2011:419-440, with permission, Ref. 61.) 


Efforts to unmask concealed LQTS (genotype-positive/ 
resting ECG negative) include exercise stress testing and 
epinephrine QT stress testing (63-67). With exercise stress 
testing, failure to shorten the QT interval appropriately sug- 
gests LQTS. However, this failure to shorten during exercise 
is principally an LQT1 -specific response. Thus, the presence 
of normal QT interval shortening during exercise does not 
exclude LQTS. Similarly, during infusion of low-dose epineph- 
rine (<0.1 mcg/kg/min), the presence of paradoxical lengthen- 
ing (>30 ms) of the absolute QT interval is suggestive (75% 
positive predictive value) of concealed LQT1 (68). 

The features present in the composite clinical diagnostic 
scorecard known as the “Moss, Comptom, and Schwartz 
LQTS score” should be used to gauge the clinical probabil- 
ity of the presence of LQTS in an index case (Table 16.2) 
(69). This score includes ECG parameters (QTc, TdP, T-wave 
alternans, and notched T-waves) and the personal and fam- 
ily history. Importantly, this score does not apply to family 
members. In addition, the metrics utilized are more sensi- 
tive than specific. For example, an asymptomatic 17-year-old 
girl with no family history but a QTc of 481 ms is awarded 
3 points and a qualitative label of “intermediate probability” 
LQTS. Although statistically more likely to have LQTS than 
a woman with the same story but a QT c of only 420 ms, this 
“intermediate probability” LQTS-labeled female still has only 
a 4% chance of actually having LQTS. One must avoid not 
only missing LQTS when it is there but also overdiagnosing 
it when it is not there. In our center, approximately 40% of 
the patients who have sought a second opinion following a 
diagnosis of LQTS were dismissed as otherwise healthy (70). 
Common and recurring miscues included miscalculation of the 
QT c and overinterpretation of the significance of a borderline 
QTc value in the context of nonarrhythmic syncope. 

Overall, the annual mortality associated with LQTS is 
around 1% per year with the highest risk subset around 5% to 


Clinical Probability Scores for 
Index Case Evaluation for SQTS 
and LQTS 


SQTS Diagnostic Criteria LQTS 

ECG parameters — must be included in the 


diagnosis 

QTc (Bazett formula) 

>480 ms 3 

460-470 ms 2 

450-459 ms (males only) 1 

0 371-459 ms ("normal" QTc for 0 

female patient) 

0 371-450 ms ("normal" QTc for 0 


male patient) 

1 351-370 ms 

2 331-350 ms 

3 <330 ms 


Torsade de pointes 2 3 * * 6 2 

T-wave alternans 1 

>3 leads with notched T-waves 1 

Bradycardia (<2nd percentile for age) 0.5 


1 Jpoint-Tpeak interval < 120 ms 

Clinical history 

2 History of sudden cardiac arrest 

2 Documented polymorphic VT or VF 3 

1 History of syncope 3 


Without stress 1 

With stress 2_ 

1 Atrial fibrillation 

Congenital deafness 0.5 

Family history 

Family history of LQTS* 1_ 

2 Family history of SQTS* 

1 Unexplained sudden death: first-degree 0.5 


family member < age 30* 

1 Sudden infant death syndrome (SIDS)* 

Genotype 

2 Genotype positive 

1 Variant of uncertain significance (VUS) 

in a culprit gene 

Low probability: <2 points (SQTS),<1 point (LQTS); intermediate probability: 

3 points (SQTS), 2-3 points (LQTS); and high probability: >4 points (SQTS and LQTS). 
Electrocardiogram must be recorded in the absence of modifiers known to 

shorten or lengthen the QT interval. Jpoint-Tpeak must be measured in the 
precordial lead with the greatest amplitude T wave. A minimum of 1 point must 
be obtained in the ECG section in order to obtain additional points 

‘Syncope and torsade de pointes are mutually exclusive. 

6 Cannot countthe same family member twice. VF, ventricular fibrillation; VT, ventricular 
tachycardia. SQTS criterion adapted from Gollob MH, Redpath CJ, Roberts JD. The 
short QT syndrome: proposed diagnostic criteria. JAm Coll Cardiol 201 1 ;57:802— 81 2; 
LQTS criterion adapted from Schwartz PJ, Moss AJ, Vincent GM, et al. Diagnostic 
criteria forthe long QT syndrome. An update. Circulation 1993;88:782-784 


TABLE 16.2 
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8% per year. Indicators of increased risk for SCD include a 
QTc > 500 ms (71,72), a history of TdP-mediated syncope 
(72,73), prepubertal males and postpubertal females (74), 
and events occurring during the first year of life (75). Genetic 
risk factors include multiple mutations, LQT2 or LQT3 geno- 
type (71), and the presence of higher risk mutations based on 
molecular location and cellular function (76-81). Both symp- 
tomatic and asymptomatic patients with LQTS must avoid 
medications that prolong the QT interval (www.qtdrugs.org). 
In addition, patients should maintain adequate hydration/ 
electrolyte replenishment in the setting of vomiting and diar- 
rhea that could cause hypokalemia. Asymptomatic patients 
>40 years of age, especially those with nondiagnostic QT c val- 
ues at rest, may not require active intervention but this must 
be individualized. 

In general, all symptomatic patients and all asymptomatic 
patients <40 years of age should receive medical, surgical, 
and/or device-related therapy. /3-Blockers, preferably nadolol 
or propranolol, should be considered standard therapy for all 
patients with either LQT1 or LQT2 (57,82). In contrast, the pro- 
tective role of /3-blockers for patients with LQT3 is controver- 
sial and confusing. Initial clinical reports failed to demonstrate 
clear efficacy (57). Subsequently, in vitro cellular studies raised 
the concern of a possible proarrhythmic effect of /3-blockers for 
LQT3 (83). These observations likely catalyzed the overuse of 
internal cardioverter defibrillators (ICDs) in the management 
of patients with LQT3 (84,85). /3-Blocking drugs, particularly 
propranolol, are reemerging as initial treatment of choice for 
LQT3 (unpublished data). Additionally, genotype-targeted 
therapy with late sodium current blockers such as mexiletine, 
flecainide, or ranolazine may be considered as stand-alone or 
concomitant therapy with propranolol (57,86,87). 

Despite a class lib guideline recommendations for an ICD 
in any patient diagnosed with LQTS (88), more appropriate 
indications for an ICD include (a) aborted cardiac arrest 
(regardless of genotype) as secondary prevention, (b) break- 
through cardiac event despite adequate medical therapy, (c) 
intolerance of primary pharmacotherapy, and (d) prior LQTS- 
triggered cardiac events plus QTc > 550 ms (particularly in 
LQT2 women) (84,85,89). In general, a single lead ICD sys- 
tem is preferred unless pacing is required. Conversely, there 
is probably little role for pacemaker-only therapy except pos- 
sibly in LQT2 when a pause-dependent premature ventricular 
contraction triggering mechanism is suspected or documented. 
Usually however, if a pacemaker is contemplated for therapy, a 
dual-chamber PM/ICD should be utilized instead. 

A unilateral left cardiac sympathetic denervation (LCSD) 
involving surgical ablation of the lower half of the left stellate 
ganglion along with the left-sided thoracic ganglia T2 through 
T4 is indicated either for patients receiving recurrent ventricu- 
lar fibrillation (VF) -terminating ICD shocks or patients who 
do not tolerate adequate doses of appropriate drugs (90,91). 
LCSD also could be considered for patients with a pharmaco- 
therapeutic breakthrough events. Also, LCSD may be useful as 
a “bridge to ICD” for those patients at high risk for an LQTS- 
triggered cardiac event but who are high risk for ICD-related 
complications such as infants and children. According to the 
2005 Bethesda Conference no. 36 guidelines, competitive 
sports are restricted (except class I A activities of golf, cricket, 
bowling, billiards, and riflery) in all patients with symptomatic 
LQTS (except possibly LQT3) (92). However, these guide- 
lines/expert opinion-based recommendations are not accepted 
uniformly within the community of both pediatric and adult 
heart rhythm specialists especially for the athlete with LQTS 
and an ICD (www.icdsportsregistry.com) (93,94). Currently, 
there is guidelines-based support for relaxing these competitive 
sports restrictions for patients with concealed LQTS defined as 
genotype positive but asymptomatic with QTc < 480 ms in 
females and <470 ms in males. 


Autosomal Recessive LQTS (Jervell 
and Lange-Nielsen) 

In contrast to Romano-Ward LQTS, autosomal recessive LQTS 
(Jervell and Lange-Nielsen syndrome, JLNS) is extremely rare 
affecting one per million persons. The cardiac phenotype gen- 
erally is more severe and, in fact, primary prevention with a 
/3-blocker plus ICD therapy or /3-blocker plus LCSD therapy is 
indicated for JLNS. JLNS involves homozygous or compound 
heterozygous (“double hit”) mutations in the J Ks potassium 
channel. Type 1 JLNS (JLN1) arises from such double muta- 
tions in KCNQ1 (i.e., double LQT1), whereas type 2 JLNS 
(JLN2) stems from double mutations in KCNE1 (double 
LQT5). These genes encode, respectively, the Kv7.1’s a- and 
/3-subunits of the critical phase 3 repolarizing potassium cur- 
rent, J Ks . By definition, both parents of a child with JLNS are 
obligate affected individuals with either LQT1 or LQT5. That 
is, the cardiac phenotype in JLNS is a dominant trait although 
the parents generally have an asymptomatic course and mini- 
mal, if any, manifest QT prolongation. In contrast, the deafness 
is a recessive trait. This same I Ks potassium channel is critical 
for potassium homeostasis of the endolymph in inner ear. 

Multisystem or Complex LQTS 

ATS is a multisystem disorder that includes skeletal and facial 
features, periodic paralysis, and abnormal cardiac repolari- 
zation. Loss-of-function mutations involving the KCNJ2- 
encoded inwardly rectifying potassium channel (Kir2.1) is 
implicated in the pathogenesis of approximately 50% to 60% 
of ATS (95). Unlike the classical forms of LQTS, however, the 
abnormal repolarization in ATS1 is better characterized as 
normal QT interval, prolonged QU intervals, with prolonged/ 
abnormal U waves (Fig. 16. 2C) (96). The incidence of sudden 
death is less in ATS than the major subtypes of LQTS. 

TS is a rare multisystem disorder that includes abnormal 
cardiac repolarization, syncope and sudden death, syndactyly, 
and significant learning disability. Mutations in the a subunit 
of the L-type calcium channel (Ca v 1.2) encoded by CACNA1 C 
(particularly a specific missense mutation G406R) have been 
identified (97). The mutation results in near complete loss of 
voltage-dependent channel inactivation of Ca v 1.2 producing 
QT prolongation secondary to increased calcium influx (i.e., 
gain-of-function phenotype). Although extremely rare, TS is 
associated with a very severe phenotype, and primary preven- 
tion ICD therapy probably is indicated. Like LQTS, genetic 
testing for both ATS and TS is available. 

Short QT Syndrome 

There are three genetic subtypes of SQTS, each representing 
the antithesis of loss-of-function, potassium channel-mediated 
LQTS, and ATS (98-101). The three SQTS subtypes stem 
from gain-of-function mutations in KCNH2, KCNQ1 , and 
KCNJ2 . These mutant potassium channels accelerate cardiac 
repolarization. Electrocardiographically, the characteristic 
ECG finding is a short QT interval (QTc < 330 ms), with tall, 
symmetrical, peaked T- waves (Fig. 16.2D). 

Recently, diagnostic criteria for SQTS have been proposed. 
The SQTS score awards points not only for the QT interval 
but also for the personal and family history (Table 16.2) (102). 
These patients present with sudden death, syncope, palpitations, 
and, sometimes, paroxysmal atrial fibrillation. The age at which 
sudden death occurs varies from 3 months to 70 years. Most 
patients have a family history of sudden death. The degree of 
incomplete penetrance, variable expressivity, and overall preva- 
lence of SQTS are poorly understood. However, SQTS is thought 
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to be much less common than LQTS. Examples of family mem- 
bers who are genotype positive for a SQTS-associated mutation 
but a normal resting QT interval have been reported. 

Most patients have easily inducible VF during electrophysi- 
ologic studies and have short atrial and ventricular refrac- 
tory periods. The therapy of choice is an ICD. However, these 
patients are at increased risk of inappropriate shocks from 
T-wave oversensing. ICD detection algorithms may decrease the 
risk of inappropriate shocks. Adjunctive pharmacotherapy with 
drugs like propafenone, quinidine, dofetilide, or sotalol may 
help prolong the QT interval and decrease the potential for VF. 

Catecholaminergic Polymorphic Ventricular 
Tachycardia 

CPVT is characterized by exercise/stress-induced syncope and/ 
or sudden death in the setting of a structurally normal heart with 
a normal QT interval (103). CPVT clinically mimics concealed 
type 1 LQTS but is far more malignant than concealed (nor- 
mal QT interval) LQTS. In fact, 3% to 4% of patients referred 
for LQTS genetic testing actually have CPVT-associated muta- 
tions (104). Initially, CPVT was described in children, but more 
recent studies suggest that the age at presentation can vary from 
infancy to 40 years. In one-third of patients with CPVT, there 
is a family history positive for juvenile sudden death (105). The 
hallmark electrocardiographic feature of CPVT is exercise or 
isoproterenol-induced ventricular arrhythmias, particularly 
bidirectional VT (Fig. 16.2E). However, the vast majority of 
mutation-proven CPVT patients in our clinic never have exhib- 
ited CPVT’s trademark arrhythmia during stress testing. Also, 
bidirectional VT during exercise has been reported in ATS and 
LQTS. Importantly, a patient with a history of exertional syn- 
cope, normal QT interval at rest, and exercise-induced ven- 
tricular ectopy is far more likely to have CPVT than LQTS. 
Moreover, a history of exercise-induced seizures should prompt 
investigation for the possibility of either LQTS or CPVT before 
concluding that it is epileptogenic in origin (106-108). 

The pathogenic substrates for CPVT involve key compo- 
nents of intracellular calcium-induced calcium release from the 
sarcoplasmic reticulum. Type 1 CPVT (CPVT1) stems from 
mutations in the RYR2-C ncoded cardiac ryanodine receptor or 
calcium release channel and accounts for approximately 60% 
of CPVT (109,110). Mutations in RYR2 confer a gain-of- 
function phenotype to the calcium release channel resulting in 
increased calcium leak during sympathetic stimulation, partic- 
ularly in diastole. In contrast to the autosomal dominant/spo- 
radic CPVT1, CPVT2 is autosomal recessive, very rare, and is 
due to mutations in CASQ2 -encoded calsequestrin (111,112). 
Mutations in KCNJ2 , the same gene for both ATS and SQTS, 
also may contribute to CPVT (113). 

/3-Blockers are first-line therapy for patients with symp- 
tomatic CPVT. However, because CPVT is more aggressive 
than LQTS and because /3-blockers appear less protective in 
CPVT compared to LQT1 (105), concomitant therapy with 
either calcium channel blocking agents (verapamil), flecainide, 
and/or LCSD should be considered strongly (114-117). An 
ICD never should be implanted as stand-alone therapy because 
of the potential for a refractory ICD storm in a CPVT patient 
whereby the first VF-terminating shock only transiently 
restores normal sinus rhythm before VF recurs with ultimate 
failure of the device to restore order. 

Brugada Syndrome 

The BrS is characterized by typical ECG findings of cove-type 
ST elevation (type 1 BrS ECG, Fig. 16.2F) in the right precor- 
dial leads (VI to V3) with or without incomplete or complete 
right bundle branch block, and an increased risk of sudden 


death (118). The prevalence of a spontaneous Brugada ECG 
pattern in the general population is estimated to range from 
0.05% to 0.6%. The characterization of a cove-type ST eleva- 
tion (type I Brugada ECG pattern) or saddle back ST segment 
elevation (type II Brugada ECG pattern) reflects distinct dif- 
ferences in the risk of sudden death. Overall, the saddle-back- 
type ST elevation is more common in the general population 
and far less specific for BrS. 

The majority of patients with symptomatic BrS both in 
Europe and Japan have a cove-type ST elevation (119). The 
type I Brugada ECG pattern may be present at rest or when 
unmasked with class I sodium channel blockers including 
ajmaline, flecainide, or procainamide. Provocative testing with 
class I agents is used strictly for diagnosis and is of no prognos- 
tic value. Superior performance of ajmaline during provocative 
testing has been demonstrated but this medication is not avail- 
able in the United States. Increased sensitivity with the resting 
ECG is achieved by placing the right precordial leads of VI 
and V2 in the second intercostal space (Fig. 16.5) (120,121). 

Patients more often are male, and often present with SCD 
due to VF or with syncope due to polymorphic VT. The age 
of diagnosis ranges from 2 months to 77 years, with a mean 
of approximately 40 years. Up to 20% of patients diagnosed 
with idiopathic VF initially may have BrS. An estimated 10% 
to 20% of patients with BrS also have atrial fibrillation. 

In contrast to LQT3 that is due to gain-of- function muta- 
tions involving the SCN5A-e ncoded cardiac sodium chan- 
nel Na v 1.5, 20% to 30% of BrS is due to loss-of -function 
mutations in SCN5A (BrSl) (122,123). To date, over 300 
BrSl-causing mutations have been identified in SCN5A 
(124). Over the past 2 years, 10 additional BrS-susceptibility 
genes: GPD1L , CACNA1C , CACNB2 , CACNA2D1, 
SCN1B, SCN3B, KCNE3, HCN4 ■, KCNJ8 , and KCND3 
have been identified (125-134). GPD1L-, SCN1B- , SCN3B- , 
KCNE3 - , HCN4, KCNJ8- , and KCND3-Br$ appear to be 
extremely uncommon (<1% frequency for each) and thus no 
meaningful genotype-phenotype relationships exist at this 
point. BrS secondary to dysregulation of the L-type calcium 
channel complex may be more common (-10%) (126,129). 
For the most part, there is no apparent difference in clini- 
cal outcome for patients with BrSl versus the majority of 
patients with SCNSA -negative BrS. Patients with BrSl tend 
to have longer HV intervals. Patients with BrSl and a non- 
sense or frameshift mutation resulting in premature trunca- 
tions of Navi. 5 exhibit a more severe phenotype (often with 
concomitant evidence of conduction disease), than patients 
with a missense mutations (135). Genetic testing is available 
commercially for BrSl. The a priori yield is approximately 
25% (50) (www.brugadadrugs.org). 

The outcome of patients with BrS depends strongly on 
the presence of symptoms and the spontaneous presence of a 
type 1 BrS ECG pattern. In patients who present with aborted 
sudden death, nearly 66% had documented VF or sudden 
death in a 4.5-year follow-up period (136). In comparison, 
only 19% of patients who presented with syncope had VF 
or sudden death (136). This percentage decreased further to 
8% in asymptomatic patients. Therefore, an ICD is indicated 
for all symptomatic patients (either aborted cardiac arrest or 
arrhythmic syncope) with BrS (119). 

The role of programmed electrical stimulation (PES) for 
risk stratification of asymptomatic individuals remains unclear 
(137-140). Proponents of PES-(electrophysiologic study) EPS 
would advise ICD therapy as primary prevention for asympto- 
matic patients with inducible VF. Opponents suggest that there 
is no role for an EPS in the evaluation of BrS. Because BrS- 
associated events are infrequent in children and adolescents, 
there is essentially no role for an EPS in the asymptomatic 
pediatric patient with only a spontaneous or provoked type I 
Brugada ECG pattern. Besides ICD therapy for secondary 
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Figure 16.5. High-lead ECG protocol to unmask a type I Brugada ECG pattern. The type I (coved-type), type II 
(saddle-back), and type III Brugada ECG patterns are shown in the upper left panel with the type I Brugada ECG 
pattern being most sensitive/specific for the presence of BrS. The high-lead ECG protocol (bottom left panel) is 
used to unmask a type I Brugada ECG pattern shown in bottom right panel. After obtaining a standard 12-lead 
ECG (left panel), the right precordial leads V1-V3 are moved up one intercostal space and the ECG is repeated 
(middle panel), and then the V1-V3 leads are moved up another intercostal space and the ECG is repeated (right 
panel). As shown, conversion into a positive type I Brugada ECG pattern is equivalent to a positive drug challenge 
with agents like ajmaline, procainamide, or flecainide. This simple noninvasive maneuver may be as sensitive as 
a procainamide challenge although not equal to an ajmaline challenge. Ajmaline is a superior provocative agent 
but is not available in the United States. 


prevention, there may be a role for quinidine in patients with 
recurrent VF-terminating ICD shocks (141). Aggressive man- 
agement of febrile illnesses is warranted as fever appears to be 
an arrhythmic trigger for patients with BrS (142,143). 


DISTINGUISHING FEATURES OF "COMMON YET 
BENIGN" SYNCOPE FROM "SUDDEN DEATH 
WARNING SIGN" SYNCOPE 


It is estimated that approximately half of patients with chan- 
nelopathies may be asymptomatic and long lived, while the 
other half will have at least one arrhythmia-mediated cardiac 
event. For most, that first cardiac event will be arrhythmic syn- 
cope with spontaneous resolution (i.e., self-terminating TdP/ 
VF). In contrast to these channelopathies with a combined prev- 
alence of 1 per 1,000, syncope while in normal sinus rhythm 
(i.e., vasovagal or neurocardiogenic syncope) is extremely com- 
mon in the general population. Unless there is documentation 
of the rhythm at the time of the faint, distinguishing the com- 
mon faint from a potential sudden death warning depends on 
the circumstances during and surrounding the faint. 

Greater than 95% of all syncopal episodes involving oth- 
erwise healthy adolescents and young adults are innocuous. 
Approximately 15% of children and 25% of military recruits 
(age 17 to 26) have had one syncopal episode (144,145). 
Syncope will affect up to 20% of males and up to 50% of 
females by the age of 20, and results in approximately 1 of 
every 1,200 visits to a pediatric emergency department 
(144,146,147). However, important cardiac pathology is found 
in fewer than 5% of children and adolescents with syncope 


(148). One of the first population-based studies involving syn- 
cope in children and adolescents showed that the incidence of 
syncope coming to medical attention was between 71.9 and 
125.8 per 100,000 population. There was a greater incidence 
for girls than for boys and the peak incidence was between 
15 and 19 years of age (149). In this study, syncope was associ- 
ated with an acute illness (25%), a noxious stimulus (21%), 
prescription medication (18%), emotion (12%), bodily func- 
tion (11%), and/or shower/bath/standing in church (9%). Exer- 
tion accounted only for 4% of the syncopal episodes. The vast 
majority of subjects had a diagnosis of benign vasovagal/neu- 
rocardiogenic syncope. Notably, the small subset with a poten- 
tially lethal cardiac condition was found among the subjects 
who fainted during exercise. More recently, investigators from 
a study involving nearly 500 subjects who fainted concluded 
that 95% had a noncardiac cause of their syncope, while 3% 
had LQTS, 1% had another arrhythmia, and 0.4% had a car- 
diomyopathy (150). An abrupt-onset faint with negligible pro- 
drome that occurred during exercise (not at the conclusion of a 
5K race) or during an acute auditory trigger helped to separate 
those with a sudden death predisposing cardiac condition from 
the large group of patients with benign syncope. 

Although there is only a 3% to 5% chance of important 
heart disease (i.e., cardiac channelopathy or cardiomyopathy) 
among all youthful fainters, the pretest probability increases 
to approximately 35% for a young person with an exercise- 
triggered faint. With an odds ratio > 10 stemming from knowing 
the patient’s history, it is critical that a faint during exercise be 
viewed as potentially serious. However, it is even more critical to 
be sure that the faint indeed was exercise-triggered. Here, many 
faux pas have been committed. The history must be gathered 
carefully. What may initially be described as exercise-associated 
syncope may, in fact, have occurred after exercise or while the 
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subject was watching others exercise. An accurate history is 
extremely important when evaluating a patient who has fainted. 

For the patient who truly had a sudden death warning faint, 
a thorough review of the patient’s clinical history and family 
history is vital. The family history should seek to (a) identify 
any relatives with similar episodes of unexplained, abrupt 
onset syncope, (b) identify any relatives diagnosed previously 
with any form of heart disease, (c) identify any relatives who 
died suddenly and unexpectedly before the age of 50 years, 
and (d) identify any relatives who drowned or were involved 
in single motor vehicle accidents. This should be followed by 
careful scrutiny of the patient’s 12-lead ECG, 24-hour ambula- 
tory ECG, treadmill stress test, and echocardiogram. 

Exercise-induced fainting is associated with a 35% chance, 
not a 100% chance, of an important heart condition. In other 
words, such a faint does not mandate that a diagnosis of a 
cardiac condition be made. This must be kept in clear view as 
many of these syndromes have been overdiagnosed seemingly 
compelled by an obligation to find something wrong with the 
person who faints during exercise. Benign vasovagal/neurocar- 
diogenic syncope, indeed, can occur “during exercise” but this 
conclusion must be arrived at only after intense investigation. 

Even though the vast majority of pediatric patients have a 
benign mechanism for their syncope, the clinical evaluation 
of syncope often results in extensive costly testing and pos- 
sible referral to a pediatric cardiologist for further evaluation 
(151). In any case of emergency department referral for syn- 
cope, especially when cardiac disease is suspected, an ECG 
is the diagnostic test of choice. If there was a low index of 
suspicion before the ECG, a normal ECG should probably 
prompt dismissal from further cardiac evaluation. One must 
exercise caution when assessing the QTc in the emergency 
department following a faint that occurred earlier that day. In 
this setting, the prevalence of borderline QTc values may be 
even greater because cardiac repolarization may be reacting 
to the faint rather than suggesting the presence of a substrate 
responsible for the faint. Previously, we noted that 38% of 
fainters and 31% of controls had a QTc between 420 and 470 
ms that often prompted premature considerations of “bor- 
derline” LQTS (152). More recently, a large review of nearly 
1,600 patient ECGs obtained in an adult emergency depart- 
ment demonstrated that 35% of patients had a QTc >450 
(males) or > 460 ms (females) (153). The QTc distribution 
curves shown for otherwise healthy individuals in Figure 16.4 
are right shifted among patients seeking medical attention. 

Managing the patient who fainted after a prodrome and in 
the setting of overheating/dehydration, venipuncture/sight of 
blood, prolonged standing, or during micturition can be vex- 
ing. Although not life threatening, these faints are a nuisance 
for the patient and the family. Although not really a cardiac 
condition, it often is the pediatric cardiologist who is asked 
to evaluate these patients. Diagnostic tests should be kept to a 
minimum. Aggressive hydration (60 to 80 oz of noncaffeinated 
beverage or until urine is clear) and liberal salt intake often are 
all that is necessary. Increasing aerobic fitness can help decrease 
these spells. Drug therapy is entirely trial-and-error, and poly- 
pharmacy should be discouraged. Medications tried include 
/3-blockers, vasoconstrictors like midodrine, salt-retaining 
drugs like Florinef, and selective serotonin reuptake inhibitors. 
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T his chapter begins by describing the indications, objectives, 
and techniques for performing electrophysiologic studies, 
intracardiac and esophageal, in the pediatric patient without 
congenital heart disease and pediatric and adult patients with 
congenital heart disease. These groups are hereafter referred 
to as pediatric and adult congenital when appropriate, where 
pediatric refers to neonates, infants, children, and adolescents. 
Following the technical aspects of performing such studies, the 
use of catheter techniques for arrhythmia therapy in the same 
group is covered in detail. 


ELECTROPHYSIOLOGIC STUDIES— DIAGNOSTIC 

Several aspects of electrophysiologic studies in pediatric and 
adult congenital patients have changed over the past two dec- 
ades. This chapter emphasizes these changes while reviewing the 
established age-related and disease-related principles (1—4). The 
expanding therapeutic use of catheter ablation has had a major 
impact on various aspects of intracardiac electrophysiologic 
study, including not only the objectives and techniques during 
the study but also indications for the study. In addition to the 
influence of ablation, indications for electrophysiologic studies 
have changed because of the data from large multicenter studies 
involving specific arrhythmias and underlying disease processes. 
Although specific indications for electrophysiologic studies rela- 
tive to the underlying disease, symptom, or arrhythmia are dis- 
cussed primarily in other chapters, the objectives are discussed, 
with emphasis on comparing intracardiac and transesophageal 
techniques. The advantages and limitations of each technique, as 
viewed in the context of age, risk/benefit, therapy, and address- 
ing the relevant clinical questions are also addressed. 


PLANNINGTHESTUDY 


The clinical questions addressed by the electrophysiologic 
study should be asked in advance, and the procedure should 
be planned and guided in this manner. The planning should 
include choice of intracardiac and/or transesophageal tech- 
nique, needed preprocedure studies (e.g., electrocardiography 
[ECG], Ho Iter monitoring, exercise testing, imaging studies); 
preparation or education of the patient and family; choice of 
sedation or general anesthesia; preparation of the patient in 
the procedure room or catheterization laboratory; types of 
equipment (catheters, sheaths); planned recording, pacing, or 
ablation protocols (with strategies for each); and administra- 
tion of provocative or antiarrhythmic drugs. All of these issues 
are addressed. 


INTRACARDIAC TECHNIQUE 

Educational and Emotional Preparation 
of Patient and Family 

The importance of patient and family preparation cannot be 
overemphasized. The potentially long duration of the study, 
the use of multiple catheters and protocols, and particularly 
the inclusion of an ablation necessitate relieving patient and 
family anxiety, which, in turn, enhances patient cooperation. 
Age-related patient and family preparation begins with the 
pediatric electrophysiologist and is continued by pediatric car- 
diac/congenital heart disease electrophysiology nurses. Educa- 
tional materials can be helpful at all levels. 

Sedation and Anesthesia 

Sedation is required for virtually all pediatric patients, and 
most laboratories have transitioned to using general anesthesia 
or deep sedation delivered by an anesthesiologist for all elec- 
trophysiologic and nonelectrophysiologic catheter procedures. 
Moderate sedation, in which the patient can still respond 
when addressed, is generally reserved for older less anxious 
patients undergoing just a diagnostic or transesophageal elec- 
trophysiology study. There has been a shift toward anesthesia 
over sedation for any electrophysiologic study as dedicated 
pediatric anesthesia services have become more available. 

The pain and discomfort of an ablation procedure does not 
appear to be very much higher than that for a typical diag- 
nostic catheterization, even accounting for some patients feel- 
ing pain during the application of radiofrequency (RF) energy. 
Thus, general anesthesia is by no means necessary. However, 
many pediatric electrophysiologists began using general or 
near general anesthesia for most patients early in the ablation 
experience for two reasons. First and foremost, uncontrolled 
patient movement that dislodges the catheter may inadvert- 
ently occur at a critical point in the procedure, particularly if 
the RF application produces pain. One of the authors of this 
chapter (Saul), in fact experienced an isolated case of com- 
plete heart block early in his ablation experience that occurred 
in part from untimely movement of an uncooperative patient 
during ablation of a midseptal accessory pathway (AP) (5), 
leading the Children’s Hospital in Boston to replace heavy, 
often disorienting sedation with general anesthesia for most 
patients. Second, most centers have found that even older 
cooperative children and young adults find a long procedure 
much more tolerable under anesthesia and are more willing to 
return for follow-up procedures, when needed. Currently, vir- 
tually all pediatric electrophysiologists use general anesthesia 
for ablation procedures. 
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Figure 17.1. Diagram showing the major components of an eiectrophysiology (EP) cardiac laboratory (lab). An 
EP lab can be configured using equipment from several companies. In this illustration, the Prucka CardioLab 
System (General Electric Healthcare, UK) is interfaced with the electronic stimulator. Together, they provide 
the system by which conventional electrogram recordings are displayed and pacing protocols are performed 
and recorded. A 3-D mapping system can interface with the conventional system to enhance mapping (see text) 
and minimize use of fluoroscopy. In this example, the EnSite NavX (St. Jude Medical, St. Paul, MN) provides 
the ability to view nonfluoroscopic images (see Fig. 17.5) of the catheter positions at the EnSite Workstation 
also with simultaneous conventional electrogram recordings. As is shown in Figure 17.5, much greater detailed 
3-D mapping images can be generated using the intracardiac balloon/electrode array EnSite system. Integration 
of preprocedure cardiac magnetic resonance images or computed tomographic images can be downloaded and 
interfaced into the 3-D recording system. 


Sedation and anesthesia agents generally are not 
standardized in eiectrophysiology laboratories, with mul- 
tiple appropriate regimens used; however, there are a few 
common themes. In general, anticholinergic agents should 
be avoided because of their electrophysiologic effects. 
These include agents like chlorpromazine and the drying 
agents atropine and glycopyrrolate. Most sedative regimens 
include a narcotic (e.g., meperidine, morphine, or fen- 
tanyl) for pain and benzodiazepines for sedative amnesia 
(e.g., diazepam or midazolam). Midazolam may be a bet- 
ter choice than diazepam because of its demonstrated lack 
of electrophysiologic effect (6,7). Antiemetics like phener- 
gan or droperidol are acceptable, if necessary, but prefer- 
ably avoided. Continuous intravenous propofol has gained 
increased acceptance as a deep sedative at lower doses and 
as a general anesthetic at a higher dose (8). With propo- 
fol’s low incidence of postprocedure nausea and vomiting, 
patients recover faster with less lingering sedation, and 
because of the decreased vomiting, Valsalva-related catheter 
site bleeding is minimized. The electrophysiologic effects of 
propofol in children appear to be minimal and similar to 
isoflurane-based anesthetics (9). 

Preparation of the Patient in the Catheterization 
Laboratory 

Initial patient preparation involves positioning and then com- 
forting the patient on the table. When a long procedure is 
planned, securing the arms above the shoulders may promote 
the undesired complication of brachial plexus injury. Although 
positioning the arms inferiorly along the thorax interferes with 
the straight lateral fluoroscopy view, rotating slightly to 10 to 
20 degrees right anterior oblique (RAO) with the anterior- 
posterior tubes and 80 to 70 degrees left anterior oblique 
(LAO) with the lateral tubes alleviates this problem while still 
providing acceptable views for catheter introduction. All limb 
and chest surface ECG leads are placed initially, allowing for a 
choice of displayed leads. Selection of a displayed lead is based 
on the underlying arrhythmia or conduction disturbance. 
When a contemporary digital recording system is used, a full 
12-lead ECG is available at any time regardless of the fewer 
displayed leads. 

Many pediatric electrophysiologists now use 3-D mapping 
systems. Depending on the system used, the initial room setup 
and preparation of the patient involves steps that are required for 
proper functioning of the system (e.g., pads placed/positioned, 
connections, and interfacing as illustrated in Fig. 17.1). 
Routine use of the disposable (and translucent) defibrillation 
pad and lead system has improved cardioversion and emer- 
gency defibrillation efficiency and probably has improved the 
safety of the intracardiac study. 


Sheath and Catheter Placement 

In patients undergoing electrophysiologic study, special care 
is needed when infiltrating skin and subcutaneous areas with 
lidocaine (1-4). Studies have shown that therapeutic and, 
therefore, antiarrhythmic serum concentrations have been 
achieved with routine use of 2% lidocaine (10). One percent 
or, ideally, 0.5% concentration given in sufficient amounts to 
achieve local anesthesia, but not in increased volume, is recom- 
mended to avoid therapeutic lidocaine serum concentration. 

The number, size, and location of the sheaths relates to the 
age and size of the patient, the underlying arrhythmia, and 
objectives of the study. In most studies, the number of sheaths 
varies between one and five, with the maximum number con- 
sisting of three in the femoral veins, up to two in the internal 
jugular vein, and one in the femoral artery. Sheath sizes usually 
correlate directly with the size of the patient and vary between 
4 and 8 French (Fr). The 7 or 8 Fr sheaths are helpful when 
intravenous drug administration is required because a side- 
arm sheath larger than the catheter permits free, unobstructed 
flow of fluid into the vein. In addition, some ablation catheters 
have larger tips and require an 8 Fr sheath for introduction. 

The ultimate number and location of the sheaths also depend 
on the success of catheter manipulation and preference of the 
operator. For example, the coronary sinus (CS) catheter can 
be advanced from the inferior or superior vena cava. From the 
inferior caval approach, a catheter can be manipulated into the 
CS from the femoral vein/inferior vena cava (IVC) by looping 
the catheter in the right atrium or by directly advancing it from 
the right atrium (2,3). If this is either not successful or not desir- 
able, a sheath or catheter can be advanced from the superior 
vena caval approach. This is accomplished from the arm (the 
median basilic vein in the left arm is preferred), neck (either 
internal jugular, but right is preferred), or subclavian vein (either 
right or left) approach (2,3). A limitation to the arm approach is 
that the arm is extended throughout the procedure, which can 
be uncomfortable to the patient and can interfere with the lat- 
eral fluoroscopy tube positioning. An advantage to the internal 
jugular vein is that its larger size can more easily accommodate 
a second sheath if needed (e.g., in a patient such as the one 
shown in Figure 17.2, in whom a mapping or ablation catheter 
is manipulated from above to reach a location along the tricus- 
pid annulus not accessible from the femoral approach). 

Although not mandated, to enhance safety a femoral artery 
cannula allows access to monitor arterial blood pressure con- 
tinuously throughout the procedure. When a sheath is placed 
in the femoral artery for retrograde access to the left ventri- 
cle, a side-arm sheath one size larger than the catheter permits 
accurate pressure recordings. Otherwise, a small plastic can- 
nula/dilator is used. 

The use of anticoagulation to minimize thromboem- 
bolic complications varies among laboratories and is difficult 
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Figure 17.2. Right anterior oblique (RAO) and left anterior oblique (LAO) single-frame radiographs (top) from 
biplane cine with accompanying diagrammatic illustrations (bottom) showing multiple-electrode catheter posi- 
tions during an intracardiac electrophysiologic study in a 6-year-old boy with WPW syndrome (right anterior 
septal accessory AV pathway). A: The RAO view (anterior-posterior tubes rotated 45 degrees) provides the 
operator with a direct anterior-posterior view (right to left, respectively, as viewed in the radiograph and illustra- 
tion), with the AV valves nearly perpendicular to the operation. B: The corresponding LAO biplane view (lateral 
tubes rotated 45 degrees) provides the operator with a direct left-right view (tricuspid valve annulus on left and 
mitral valve annulus on right, with septal area between). Note that three 6 Fr catheters were advanced from the 
femoral veins and positioned in the high right atrium (HRA), right atrial appendage (RAA), right ventricular apex 
(RVA), and His position. Two 6 Fr catheters were advanced from the right internal jugular vein and positioned 
in the coronary sinus (CS) posterior to the mitral valve (MV) annulus and under the tricuspid valve (TV) leaflet 
anterior (ant. septal) to the His catheter where the accessory AV pathway (AP) was located. The tricuspid valve 
annulus and the mitral valve annulus are depicted in positions predicted by the catheter positions to demonstrate 
approximate locations. The surface electrocardiographic leads and skin electrodes, as well as RF and defibrilla- 
tion skin pads, are not labeled. (See Fig. 17.8 for recordings from these electrode catheters in this patient.) 


to analyze because it is difficult to separate the diagnostic 
procedure from the various interventional procedures (cath- 
eter ablation and the techniques used for ablation). Zhou et al. 
(11) reviewed the literature to show that heparin use does not 
eliminate the risk of thromboembolic complications during RF 
catheter ablation. Anfinsen et al. (12) in a randomized study 
in adults showed that heparin administration immediately after 
sheath placement significantly decreased hemostatic activation. 
In a separate study, these investigators also showed that the 
procedure duration prior to heparin administration determined 


hemostatic activation and fibrinolysis independent of RF abla- 
tion (RFA) (13). Tse et al. (14) found both platelet and coagu- 
lation activation during RFA, but platelet activation was not 
found during cryoablation. The heparin dose varies among 
laboratories, but the initial dose is usually 70 to 100 U/kg, to a 
maximum of 5,000 U. Ongoing heparin anticoagulation can be 
provided by a continuous intravenous infusion (e.g., 15 to 20 U / 
kg/h) or by boluses. To follow the degree of optimal anticoagu- 
lation during long procedures, the activated clotting time (ACT) 
is measured one to three times per hour to achieve a desired 
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value of 200 to 300 seconds, except when a 3-D balloon array- 
mapping system is used within the left atrium or ventricle and 
an ACT of >300 seconds is desirable. For typical studies, most 
laboratories administer 100 U/kg of heparin after all the sheaths 
are in, monitor the ACT every 30 to 60 minutes, and give addi- 
tional boluses of heparin to keep the ACT >200 seconds. 

Electrode Catheters 

The catheter sizes vary from 2 to 7 Fr. Traditionally, 4 Fr catheters 
were used virtually only for infants, whereas 5 Fr catheters most 
often were used in young children, and 6 and 7 Fr catheters 
were used for adolescents and adult-sized patients. Smaller (2 to 
3 Fr) catheters can be used for intracardiac recordings as well 
as for epicardial mapping (by advancing the catheters from the 
CS into the very small branches throughout the epicardial sur- 
face) (15). These small catheters may be used in small children 
to record intracardiac electrograms throughout the conduc- 
tion system. Although these small catheters may be difficult to 
manipulate, up to three catheters can be used in the same sheath. 
Also, 2 Fr active fixation catheters (e.g., Medtronic, Inc.) can 
be used in patients such as those with preexcitation/Wolff-- 
Parkinson-White (WPW) syndrome who undergo a single- 
catheter short-duration study to assess risk of rapid A-V 
conduction of atrial fibrillation. These small catheters can be 
used in any size patients with the advantage of minimizing the 
venous puncture site — and therefore skin, muscle, and vein 
trauma — allowing quick recovery with low groin morbidity. 

Catheter electrodes vary in number and interval dis- 
tance. Traditionally, catheters used for recording and pac- 
ing were in a quadripolar configuration, whereas catheters 
used primarily for recording and mapping contain between 
6 and 12 electrodes. However, currently, catheters with 6 to 
10 electrodes often are used for multiple purposes, such as 
recording/mapping in the CS and atrial pacing. Similarly, some 
catheters are designed to record atrial and His potentials from 
proximal electrodes, while distal electrodes are used to pace 
the ventricle. Specially formed catheters also are available 
for the His location with an “S” shaped tip providing stable 
seating between the anterior and septal tricuspid leaflets. These 
catheters tend to work best in larger pediatric patients. Short 
(1 to 2 mm) interelectrode distances for the bipoles, separated 
by 5 to 10 mm spacing allow high quality electrograms and 
precise mapping, while spanning a larger region of the heart. 

The number of catheters used during a study depends not 
only on the size of the patient and the underlying problem but 
also on whether the electrophysiologist prefers the minimum or 
maximum possible amount of catheter manipulation during the 
study. If the least amount of catheter manipulation is desired, 
more catheters are positioned initially, and these are left in place 
for the duration of the procedure. Electrophysiologists who use 
more catheters prefer the advantage of simultaneous recording 
from the multiple catheters to optimize data collection. If mul- 
tiple changes in catheter positions are deemed acceptable, fewer 
catheters initially are placed. Use of fewer catheters requires 
moving the catheter from one area to another and perhaps back 
to the original position during the study. However, it may not 
be possible without using mapping systems (described later, 
e.g., the NavX system, St. Jude Medical, Minneapolis, MN, 
and shown in Fig. 17.3) to return the catheter to the precise 
original location, and electrogram consistency may be com- 
promised or the arrhythmia affected by the catheter movement 
(e.g., arrhythmia may not be inducible thereafter, so optimal 
gathering and recording of information is lost). Also, with each 
catheter position change, the otherwise satisfactorily sedated 
patient may become disturbed, in the absence of anesthesia. 

Manipulation and placement of electrode catheters involves 
several factors, including patient size and age, underlying 


arrhythmia, objectives of the individual study, size and type 
of catheters (e.g., steerable), and underlying cardiac and blood 
vessel anatomy. 

Catheter access to the left atrium or ventricle is desirable 
for several reasons, usually for the purpose of recording and 
stimulation of the left atrium and ventricle for evaluation and 
mapping of supraventricular tachyarrhythmias. With increas- 
ing use of catheter ablation, left-sided APs or ectopic arrhyth- 
mia foci require catheter access to the left side. The location of 
the CS provides precise mapping of APs along the mitral valve 
annulus. For left-sided atrial and ventricular ectopic foci and 
for ablation catheter manipulation, a lone catheter within the 
CS is insufficient. This has prompted use of the retrograde arte- 
rial approach or the transseptal approach via a patent foramen 
ovale or a transseptal needle and sheath (Brockenbrough) tech- 
nique. Limitations are associated with each technique (2,16). 

Biplane (rather than single-plane) fluoroscopy is not essen- 
tial but becomes more critical as the procedure becomes more 
complicated. It helps minimize the risk of perforation and 
enhances procedural efficiency, while maximizing the precision 
of catheter manipulation during mapping. For mapping, espe- 
cially when it involves the tricuspid annulus, mitral annulus, 
and posterior septal area, the positioning of the fluoroscopy 
x-ray tubes in a perpendicular alignment to the long and short 
cardiac axes optimizes recognition of anatomic relationships 
(Fig. 17.2). This involves rotation of the anterior-posterior 
tubes to approximately 30 degrees RAO position and the lat- 
eral tube perpendicular at about 60 degrees LAO position. In 
addition, 10 to 15 degrees of caudal angulation of the LAO 
tube provides a view directly orthogonal to the mitral annulus, 
facilitating mapping of left-sided APs (Fig. 17.4). 

Recording and Stimulation Technique 

The display and recording of the intracardiac electrograms are 
undertaken after catheter placement. Most electrograms are 
displayed and recorded in a bipolar fashion, although unipo- 
lar electrograms are obtainable easily and can be helpful for 
mapping arrhythmia foci (17). Various recordings and stim- 
ulation systems are commercially available, and some labo- 
ratories customize systems. Most laboratories use a digital 
computer-based system that maximizes recording and stimu- 
lation efficiency by eliminating manual switching of catheter 
connections, eliminating paper recordings, providing a data- 
base/reporting system, and providing online measurements 
with freeze-scope capability (Fig. 17.1). The 3-D mapping sys- 
tems, used primarily when ablation is planned, incorporate the 
temporal and spatial (anatomic) details and therefore provide 
much more precise diagnostic data (see Interventional section 
for more details) (18). Also, many 3-D systems have the capac- 
ity to capture continuous rhythm for analysis when sustained 
tachyarrhythmias are not inducible or when the arrhythmia 
is associated with intolerable hemodynamics. The 3-D map- 
ping systems have added an important diagnostic component 
to electrophysiologic studies and also have provided increased 
safety by decreasing radiation exposure because catheter 
manipulation can be performed without, or by minimizing, 
fluoroscopy (19,20). Regardless of the specific 3-D system 
used, Packer (18) summarizes the minimal general require- 
ments as follows: (i) accurately replicate the cardiac anatomy 
underlying the arrhythmia, (ii) provide a plausible representa- 
tion of activation of that chamber, as linked to the specific 
anatomic site of data acquisition, (iii) readily capture and 
intelligibly display other details of physiology, and (iv) cata- 
logue the site of interventions. These features are illustrated in 
Figures 17.5 to 17.7. 

A standard method or order of electrogram display and 
recording on the optical disk monitor does not exist, but typical 
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Figure 17.3. Two recordings in a 3-year-old boy with incessant, fast (220-ms cycle length; rate 272 beats per 
minute), orthodromic reciprocating AV reentrant SVT that demonstrate the advantage of fast recording speed. 
Left: Using a recording speed of 100 mm/s, the earliest retrograde (conduction via posterior septal accessory AV 
pathway) atrial activation was difficult to determine. The atrial activation closest to the vertical line appeared 
to be either from the distal pair of electrodes on the tricuspid valve annulus mapping catheter (TVD) located at 
the posterior septal area or from the proximal pair of electrodes on the coronary sinus (PCS) catheter, located 
approximately 0.5 cm into the CS from the os. Right: By doubling the recording speed to 200 mm/s, the earli- 
est electrogram not only appeared to be more easily detected by the TVD electrodes but also the low-amplitude 
earliest electrogram appeared to be from the accessory AV pathway (see also Fig. 17.3). (Other abbreviations 
are as described in Fig. 17.8). 


examples are illustrated in Figure 17.8. It is advantageous 
to record at least three or four simultaneous surface ECGs, 
including two perpendicular limb leads to elicit P or QRS fron- 
tal plane axis changes and one or two chest leads to maximize 
detection of bundle branch changes. A major effort should be 
undertaken to record a His bundle electrogram (HBE). Virtually 
all mechanisms of arrhythmias and conduction system distur- 
bances are definitive only when an HBE is recorded. When the 
usual catheter position (superior or septal tricuspid valve annu- 
lus) fails to elicit an HBE, advancing a catheter retrogradely to 


the noncoronary aortic sinus can allow successful recording. 
With catheters used for both recording and stimulation, the 
distal pair of electrodes is best suited for pacing consistency, 
and all proximal pairs are then used for recording. Because 
of fast tachycardia rates in children, fast recording capability 
(200 mm/s or higher) is essential to differentiate electrograms 
recorded by the various electrode catheters (Fig. 17.3). 

The pacing and recording protocols used are variable, and 
emphasis should be on flexibility and patient-specific diagnosis 
and findings. The specific protocols chosen should be adapted to 
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Figure 17.4. Catheter projections for ablation procedures. Note how left anterior oblique (LAO) view plus caudal 
angulation maximally elongates the mitral annulus. (From Saul JP, Hulse JE, DeW, et al. Catheter ablation of 
accessory atrioventricular pathways in young patients: use of long vascular sheaths, the transseptal approach and 
a retrograde left posterior parallel approach./ Am Coll Cardiol 1993;21:571-583, with permission.) 
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Figure 17,5. This figure shows the use of the EnSite 3-D intracavitary balloon noncontact mapping system 
(St. Jude Medical, St. Paul, MN). (A, top left) Fluoroscopic RAO image is shown: (1) wire in main pulmonary 
artery placed to enable advancing the balloon/mesh catheter, (2) 64-electrode mesh inflated balloon in the right 
ventricular outflow tract (RVOT), (3) mapping/ablation catheter in RVOT, (4) high right atrial catheter, (5) ret- 
rograde mapping/ablation catheter in aortic root/sinus, (6) His catheter, and (7) RV apex catheter. (B, top middle) 
Picture of mapping balloon shows a grid of wires criss-crossing the surface of the balloon, creating 64 individual 
electrodes, (top right) A computer reconstruction of the right atrium (CSO, coronary sinus os; APP, appendage) 
showing the endocavitary location of the balloon and voltages on the endocardial surface at a single point in 
time. Activation is currently septal, shown by the white color above the CSO. (Bottom Panels) Right atrium dur- 
ing intra-atrial reentry tachycardia (IART) in a 14-year-old boy after an atriopulmonary Fontan operation. The 
torso shows these are slight RAO projections. The atrium is large and bulbous. Although a little fuzzy, an area 
of presumed block secondary to a right lateral atrial scar is shown by a dark line along the anterolateral RA. 
When played as a movie the tachycardia proceeded around the scar inferior to superior on the anterior surface 
and superior to anterior on the posterolateral. The two images show posterior activation on the left and lateral 
activation on the right. The image of the balloon can be seen within the chamber. 


the patient as they relate to the preprocedure diagnosis, but they 
also should remain flexible during the study, dependent on ongo- 
ing elicited findings. It is beyond the scope of this chapter to pro- 
vide examples of protocols for each specific type of arrhythmias 
and conduction disturbances. Most can be found either else- 
where in this chapter or in the literature (2 — 4,16,21— 23 ). How- 
ever, in Table 17.1, a list of pacing protocols provides examples 
of options used during intracardiac studies. Also, with the advent 
of catheter ablation and with the advances in 3-D mapping tech- 
nology, the techniques and objectives of mapping have assumed a 
major new role and are emphasized in the interventional section 
of this chapter. The important general mapping concepts include 
the fluoroscopic image, catheter manipulation techniques, vari- 
ous modes of pacing, nuances of electrogram recordings, and 
3-D mapping (Figs. 17.1-17.4,17.8,17.9, Figs. 17.5-17.7). 


Administration of Drugs 

Intravenous drug administration during an intracardiac study 
encompasses three general categories: anesthetic drugs, provoc- 
ative arrhythmic drugs, and antiarrhythmic drugs. Of the three, 
anesthetic drugs are the most commonly administered and 
were discussed earlier in this chapter. The most commonly used 
provocative arrhythmic drug is isoproterenol. Other less fre- 
quently used provocative drugs include epinephrine, atropine, 
aminophylline, phenylephrine, procainamide, or flecainide (for 
Brugada syndrome) (2,3,24-28). Because of sleep- or sedative- 
induced vagotonia, one of these provocative drugs may be nec- 
essary to induce or sustain tachycardia, which is essential to 
determine arrhythmia mechanisms and the site of arrhythmia 
foci or pathways. Also, some arrhythmias can be observed only 
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Figure 17.6. When imaging of multiple-catheter location is desired with or without the need for anatomic imaging 
detail, a mapping system such as NavX (St. Jude Medical, St. Paul, MN) or the latest fast mapping version of Biosense 
CARTO can be used. As shown in this image of the left and right atria, all the catheter locations can be seen. The CS 
catheter is under left atrium in green , and an ablation catheter can be seen in the right middle pulmonary vein through 
the right atrium. The torso shown in this is an LAO view. The system provides the ability to reflect real-time motion 
of catheter position, minimizing use of fluoroscopy and radiation exposure (see text). In addition, the catheters can 
be used to derive “geometry” by sequential positioning of any of the catheter electrodes at multiple sites along the 
endocardial chamber. With the new Velocity system shown here the geometry can be made out of multiple segments 
to create a realistic 3-D model of cardiac structures. This image is also improved by merging the catheter-acquired 
data with a CT image. Once the geometry is made, modifications like “cutting out” the tricuspid and mitral valves 
can be added, as shown here. Then signals can be acquired from any catheter electrodes and timing points derived to 
make a timing map. The timing map shown here is in the left atrium with early activation in pink red in the low lat- 
eral left atrium, probably near the left lower pulmonary vein. Activation proceeds anteriorly and superiorly to yellow 
and blue colors. The ECG and electrograms at the bottom include a window (right lower) that demonstrates where 
in the cardiac cycle the colors in the image correspond to. Although not shown in this patient, the location of abla- 
tion lesions or other points of interest can be easily added. (With permission from St. Jude Medical, St. Paul, MN.) 


when the heart rate is lower or are observed better in the pres- 
ence of second-degree AV block (e.g., atrial reentry tachycar- 
dia), situations where enhanced vagotonia is helpful and can be 
induced by an infusion of phenylephrine titrated to moderately 


raise arterial pressure. The doses of isoproterenol and epineph- 
rine continuous-drip infusions are similar and range from 0.01 
to 0.1 /ig/kg/min. Atropine (0.01 to 0.04 mg/kg) is used infre- 
quently because it cannot be administered as a continuous drip 


Figure 17.7. AP potentials. The first four signals are surface 
ECG leads. The second two come from the mapping/ 
ablation catheter. Note that there is minimal preexcitation 
in the surface leads pre-ablation; however, a very large 
potential is seen in the distal electrode pair of the mapping 
catheter (arrow) preceding the surface QRS. This probable 
AP potential is no longer present after the ablation. 
(From Saul JP, Hulse JE, De W, et al. Catheter ablation 
of accessory AV pathways in young patients: use of long 
vascular sheaths, the transseptal approach and a retrograde 
left posterior parallel approach./ Am Coll Cardiol 1993;21: 
571-583 , with permission.) 
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Figure 17.8. Three recordings in a 6-year-old boy (same patient as in 
Fig. 17.2) with preexcitation owing to a right anterior septal accessory 
AV pathway showing baseline sinus rhythm (A), orthodromic recip- 
rocating AV reentrant SVT (B), and sinus rhythm after successful RF 
catheter ablation (C). In each plot, the four recordings from surface 
ECG leads are displayed at the top, followed by intracardiac recordings. 
The electrograms from the proximal two electrodes on the quadripolar 
catheter in the high right atrium (HRA) are followed by the proximal 
(HBEP), middle (HBEM), and distal (HBED). HBEs from the hexapo- 
lar catheter positioned across the anterior septal area of the tricuspid 
valve. Recordings from this His bundle location elicit activity in the low 
atrium (best recorded by the HBEP), the His bundle (best recorded by 
the HBEM or HBED), and the anterior septal inflow area of the right 
ventricle (best recorded by the HBED). In (A), note that the presence of 
preexcitation from an anterior septal accessory AV pathway eliminated 
the ability to record an HBE because the septal right ventricular myo- 
cardium was activated first by conduction through the accessory AV 
pathway. The HBE was recorded later, during SVT, when antegrade 
conduction existed through the His (H) bundle alone (retrograde con- 
duction was via the accessory AV pathway) and after successful abla- 
tion (B and C, respectively) slightly anterior to the His bundle catheter 
location. This is shown best by the low-amplitude, almost continuous 
electrogram between the atrial and ventricular electrograms recorded by 
the distal electrodes (TVD). The electrograms recorded by the proximal, 
middle, and distal pairs of electrodes on the hexapolar catheter in the 
CS are designated PCS, MCS, and DCS, respectively. The next recording 
was from the proximal pair of electrodes on the quadripolar catheter in 
the right ventricular apex (RVA). The femoral arterial pressure (FAP) is 
displayed below. 


and because of its longer-lasting effects. Phenylephrine can be 
given as a bolus of 0.50 to 1.0 ^g/kg and titrated as an infusion 
to the desired blood pressure. 

Before the ablation era, antiarrhythmic drug administration 
during intracardiac electrophysiologic study commonly was used 
to assess drug safety and efficiency of planned chronic therapy 


(29). Although chronic medical therapy still exists as a treatment 
option (especially for patients with ventricular arrhythmias), its 
use is declining because of the increased application of ablation 
treatment and cardioverter-defibrillator device options. 

Antiarrhythmic drug administration also is used commonly 
to achieve acute effects. This is indicated most often in an 


410 SECTION III ■ Electrophysiology 


TABLE 


17.1 


Pacing Protocols for Intracardiac 


Electrophysiologic Study 


1. Sinus node function 

a. Sinus node recovery time 

b. Sinoatrial conduction time 

2. A V conduction 

a. Continuous atrial decremental pacing 

b. Premature atrial extrastimulus technique (during sinus and/or eight-beat drives of a-paced rhythm) 

3. VA conduction 

a. Continuous ventricular decremental pacing 

b. Premature ventricular extrastimulus technique (during sinus and/or eight-beat drives of v-paced rhythm) 

4. Atrial muscle conduction and refractory period 

a. Premature atrial extrastimulus technique (during sinus and/or eight-beat drives of a-paced rhythm) 

5. Ventricular muscle conduction and refractory period 

a. Premature ventricular extrastimulus technique (during eight-beat drives of v-paced rhythm) 

6. Induction of SVT 

a. One or more of the following: Continuous atrial decremental pacing (or short bursts), premature atrial extrastimulus technique 
(using one or more drive cycle lengths, one to three extrastimuli, and one or more pacing sites such as HRA, LRA, CS), 
continuous ventricular decremental pacing, premature ventricular extrastimulus technique (during sinus and/or eight-beat 
drives of v-paced rhythm) 

b. If unsuccessful, add provocative drug and repeat step 6a 


7. Determine SVT mechanism, map location 

a. Results of steps 6a, b 

b. One or more of the following during underlying SVT rhythm with use of recording electrodes in several locations pertinent to 
type of tachycardia: Premature atrial extrastimulus technique (from one or more pacing sites such as HRA, LRA, CS), premature 
ventricular extrastimulus technique (from one or more pacing sites such as RV, LV) 

8. Risk stratification in asymptomatic or symptomatic WPW 

a. Premature atrial extrastimulus technique (using one or more drive cycle lengths, one or more pacing sites such 
as HRA, LRA, CS)to determine the antegrade effective refractory of the AP 

b. Continuous atrial decremental pacing (or short bursts) to determine minimum cycle length for 1 :1 conduction in the AP 

c. Attempted induction of SVT as in steps 6a, b, and determine mechanism as in step 7 

d Premature right ventricular extrastimulus technique (using one or more drive cycle lengths) to determine the presence of 
retrograde conduction and the effective refractory of the AP. 

e Attempted induction of atrial fibrillation to determine the minimum preexcited RR interval during atrial fibrillation. 

9. Induction of ventricular tachyarrhythmia 

a. One or more of the following: Continuous ventricular decremental pacing (or short bursts), premature ventricular extrastimulus 
technique (using one or more drive cycle lengths, one to four extrastimuli, and one or more pacing sites such as RVA, RVOT, LV), con- 
tinuous atrial decremental pacing, premature atrial extrastimulus technique (during sinus and/or eight-beat drives of v-paced rhythm) 

b. If unsuccessful, add provocative drug and repeat step 8a 

10. Determine VT mechanism, map location 

a. Results of steps 8a, b 


AV, atrioventricular; VA, ventriculoatrial; HRA, high right atrium; LRA, lower right atrium; CS, coronary sinus; SVT, supraventricular tachycardia; RV, right ventricle; LV, left 
ventricle; RVA, right ventricular apex; RVOT, RV outflow tract; VT, ventricular tachycardia. 


attempt to block atrioventricular (AV) nodal conduction. The 
AV nodal blocking effects of verapamil, esmolol, propranolol, 
adenosine, or phenylephrine (as discussed above) are helpful to 
elucidate arrhythmia mechanisms and to distinguish the type 
of AV and ventriculoatrial (VA) conduction, if present (30-32). 

Complications 

Complications have been reported and analyzed for nonelec - 
trophy siologic cardiac catheterizations in children (33-38). 
Only the 1998 report by Vitiello et al. (37) and the summary 
in a previous edition of this book by Kugler (16) have separate 
analyses of electrophysiologic studies. Vitiello et al. (37) 


conducted an extensive statistical analysis (stepwise multiple 
logistic regression followed by categorical variable testing 
of models, which was further tested by Hosmer-Lemeshow’s 
goodness of fit) of 4,952 consecutive cases (3,149 diagnostic, 
1,371 interventional, 383 electrophysiologic, 41 ablation). 
Electrophysiologic procedures had the lowest rate of major 
complications at 0.7%, similar to the 0 . 8 % of diagnostic 
procedures, and both were less than the interventional (abla- 
tions included in interventional) rate of 2.0%. An electro- 
physiologic study was not an independent risk factor for a 
complication. However, because ablation was included as an 
interventional procedure, it was an independent risk factor 
for complication during electrophysiologic study. It appears 
that addition of an ablation procedure increases the risk of 
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FIGURE 17.9. Three recordings from the same patient as in Fig. 17.10 demonstrating the recording of an electro- 
gram from an accessory atrioventricular (AV) pathway (AP). A: During orthodromic reciprocating AV reentrant 
SVT (220-ms cycle length, same recording as in Fig. 17.3), an early, low-amplitude electrogram {arrow, AP) was 
recorded before a biphasic electrogram that appeared to be either a fusion with the following atrial (A) elec- 
trogram or a biphasic atrial electrogram. H, His bundle. B: During ventricular pacing (500-ms cycle length), a 
virtually identical electrogram was recorded {arrow, AP). C: During ventricular pacing at the same cycle length 
after successful RF catheter ablation, the AP electrogram was eliminated {arrow). Also, after the ablation, normal 
retrograde conduction was verified by several other pacing protocols (not shown). (Other abbreviations are as 
described in Fig. 17.8.) 


the procedure to a level similar to that of other interventional 
catheter procedures (16). For the Pediatric Electrophysiology 
Society’s catheter ablation registry, Schaffer et al. (39) studied 
the mortality rate and found a mortality rate of 0.12% for 
all procedures and a correlation of mortality with underlying 
heart disease (increased to 0.89%), greater number of energy 
applications, left-sided procedures, and lower body weight. 
The latter risk factor also was found in the single-center report 
of Rhodes et al. (38) for patients <5 kg, but they included only 
nonelectrophysiology catheterization procedures. 


TRANSESOPHAGEAL TECHNIQUE 


This section covers both the isolated transesophageal study, 
as well as one performed as a preliminary study for supraven- 
tricular tachycardia (SVT) inducibility or WPW syndrome risk 
stratification prior to a possible catheter ablation procedure. 
The primary difference is that sedation might be replaced by 
general anesthesia if an ablation is being considered to imme- 
diately follow the transesophageal procedure. 

Educational and Emotional Preparation 
of Patient and Family 

The preparation of the patient and family for a transesopha- 
geal study centers on explaining the technique and addressing 
expectations and concerns related to placement of the catheter 
followed by pacing and stimulation. Educational materials 


backed by an honest but positive and confident approach 
during the explanation session are important in successfully 
achieving the goals of a transesophageal study in an older 
child or adolescent. In infants and small children, the same 
approach is modified and directed toward the parents. 

Sedation 

If general anesthesia is not being used as described above, 
mild to moderate sedation usually is sufficient to maximize 
patient cooperation while relieving discomfort and anxiety. 
For infants, children, and adolescents, intravenous midazolam 
(0.05 to 0.1 mg/kg) with morphine (0.05 to 0.1 mg/kg) or fen- 
tanyl (1 to 2 fig/kg), is an effective analgesic/amnestic sedative 
combination. Before a peripheral intravenous line is estab- 
lished, oral diazepam (0.2 to 0.4 mg/kg) or intranasal mida- 
zolam (0.2 to 0.3 mg/kg) can also be used to control anxiety 
and thereby allow the patient to be more cooperative (40). 

Preparation of Patient in the Procedure Room 

Whether in an inpatient or outpatient setting, the transesopha- 
geal technique easily is adaptable to virtually any type of room 
or location where the patient can be comfortably supine and 
where sufficient space exists for equipment and monitoring. 
After peripheral intravenous access is established, the surface 
ECG leads are placed and connected. A direct current (DC) 
defibrillation and cardioversion system should be available, or 
chest pads can be placed routinely, as with most intracardiac 
studies. Sedation is administered as needed with appropriate 
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vital sign (heart rate, respiratory rate, and blood pressure) and 
oximetry monitoring protocols established. In most infants 
and children, comfortable extremity restraints are necessary 
to prevent withdrawal of the catheter by the patient. The suc- 
cess of a transesophageal study depends highly on a positive, 
encouraging approach during the procedure by the pediatric 
electrophysiologist, pediatric cardiology nurse, and associ- 
ated personnel. A soothing, comforting manner is necessary 
for successful passage of the catheter, as well as for successful 
recording and stimulation because of the potential mild dis- 
comfort encountered during each of these steps. 

Catheter Placement 

Similar to passage of a nasogastric tube, initial placement of 
the catheter involves lubrication (KY type jelly usually is suf- 
ficient, but local lidocaine gel can be beneficial). Entry through 
the nares is followed by firm but gentle advancement through 
the posterior pharynx into the esophagus. Encouragement of 
repeated swallowing by the awake patient facilitates the cath- 
eter placement. The distance of catheter advancement required 
to reach the predicted area best suited for recording and pacing 
directly correlates with patient height (41) (Fig. 17.10). How- 
ever, this predicted depth may not actually be the ideal location 
and minor adjustments may be necessary. The optimal catheter 
electrode position for pacing correlates with the largest atrial 
electrogram amplitude. Short distances (a few millimeters) of 
catheter withdrawal and advancement are performed until the 
maximum atrial electrogram amplitude is found. The catheter 
is then secured by taping it to the patient’s face or nose. 

Equipment and Recording/Stimulation Technique 

The three major equipment components are the electrode cath- 
eter, the recording apparatus (monitor, strip-chart recorder), 
and the stimulator (Fig. 14.8). Successful transesophageal 



Height (cm) 

Figure 17.10. Graph of depth of transesophageal electrode 
catheter insertion (measured from distal electrode on catheter) 
from the nares in pediatric patients of various heights. By plot- 
ting the patient’s height, in centimeters, the correlating distal 
electrode depth can be determined. After the distal electrode 
has been positioned at the predicted depth, small adjustments 
may be necessary for optimal recording and pacing. (From 
Benson DW Jr, Sanford M, Dunnigan A, et al. Transesoph- 
ageal atrial pacing threshold: Role of interelectrode spac- 
ing, pulse width and catheter insertion depth. Am J Cardiol 
1984;53:1102-1106, with permission.) 


recording and stimulation in infants, children, and adolescents 
have been reported with various types of electrode catheters. 
Transesophageal electrode catheters differ in size (4 to 10 Fr), 
interelectrode distance (2 to 30 mm), and number of elec- 
trodes (bipolar, quadripolar, hexapolar). Although the adult 
“pill” electrode can be used in the older child and adolescent, 
the electrode catheter is better suited for the pediatric patient. 
Moreover, some transesophageal catheter manufacturers have 
been receptive to customized catheter design regarding elec- 
trode number and interelectrode distance. Benson et al. (41) 
found that the interelectrode distances (12, 22, and 28 mm) 
had no significant effect on pacing thresholds regardless of 
age or size of the patient. Essentially no data are available 
that compare catheter sizes in pediatric patients; however, 
intuitively, if electrode contact with the esophageal wall is 
an important goal, the largest possible catheter size should 
be used. In normal-sized newborn infants, the nares easily 
accommodate catheters in the 5 to 7 Fr range; however, a 
10 Fr catheter can be placed through the mouth if there is dif- 
ficulty with the smaller catheter in the nares. In older children 
and adult-sized adolescents, 10 Fr catheters are used most 
often. Bipolar electrode configuration limits the technique to 
either recording or pacing, so quadripolar electrode catheters 
have been designed to permit simultaneous pacing and record- 
ing, with the recording interelectrode distance shorter (2 mm) 
than the pacing interelectrode distance (12 to 30 mm). Most 
catheters used today are bipolar. 

The recording equipment consists minimally of a strip- 
chart recorder with an ECG monitor. Without a monitor, the 
strip-chart recorder can run continuously and, therefore, also 
functions as the monitor. The recording system can be set up 
in a unipolar or bipolar fashion (Fig. 17.11). When possible, 
performing the procedure in the intracardiac EP laboratory 
allows use of the same digital recording system used for more 
complex studies, with all its inherent advantages and standard 
signal filtering capabilities. 

A unipolar recording system is the simplest and involves 
the lowest investment in equipment because a preamplifier 
is not required. A three-channel ECG machine can func- 
tion as both a strip-chart recorder and monitor (Fig. 17.11). 
A three-channel simultaneous-recording ECG machine uses 
one channel for a unipolar esophageal lead and the other 
two channels for two surface ECG leads. For example, the 
VI chest lead is connected to one of the electrodes on the 
transesophageal catheter. The recordings from the V2 and 
V3 chest leads are then displayed or recorded simultane- 
ously to permit comparison of the QRS and P waves on 
the surface leads with the electrograms from the unipolar 
esophageal lead (Figs. 17.11 A and 17.12). Alternatively, two 
simultaneous unipolar esophageal electrograms, each from a 
separate esophageal electrode, can be displayed or recorded 
with the recording from one surface ECG lead. Recording 
during pacing is carried out either without the simultaneous 
transesophageal electrogram, by reconnecting the VI chest 
lead to the VI skin lead as illustrated in Figure 17.13, or 
with the simultaneous recording from a transesophageal lead 
(Figs. 17.11B and 17.14). 

A bipolar system has the advantages of more reproducible 
and reliable atrial electrograms. The baseline wanders less, 
and the atrial electrograms are more distinct and the ventricu- 
lar electrograms less prominent, which makes the recordings 
more distinguishable (Fig. 17.15). However, standard ECG fil- 
ters are 0.05 to 50 Hz, which are still not ideal for high-quality 
bipolar electrograms. The simplest solution is to perform the 
study in the intracardiac electrophysiology laboratory where 
the recording system includes variable filtering as needed and 
the pacing systems can provide the necessary output. When 
using a standard 12-lead ECG machine, a bipolar recording 
can be achieved by connecting two esophageal electrodes to 
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Stimulation Mode 

Simultaneous Stimulation and Surface ECG Recording 


Recording Mode 

Unipolar 




Simultaneous Stimulation and TE Recording 




Figure 17.11. Diagrammatic illustration showing the recording and stimulation components of the transesopha- 
geal (TE) electrophysiologic technique. The recording mode (A) can be set up in a simple unipolar system (top) 
by connecting one esophageal electrode terminal to a surface ECG lead (e.g., VI) while recording one or two 
other simultaneous surface ECG leads (e.g., V2, V3). (See Figs. 17.12 and 17.15A for examples of unipolar 
recordings.) A bipolar recording system (bottom) can be used by adding a preamplifier. (See Fig. 17.15B for an 
example of a bipolar recording.) The stimulation mode (B) can be set up using either a bipolar or a quadripolar 
transesophageal electrode catheter. The bipolar electrode catheter permits only recording or stimulation, but 
not both simultaneously. An example of bipolar pacing using a bipolar electrode catheter is shown (top) with 
recording of the surface ECG during pacing. (See Fig. 17.13 for an example of ECG recording during pacing.) 
Simultaneous esophageal recording during pacing (bottom) can be accomplished in a unipolar or bipolar record- 
ing mode. (See Fig. 17.14 for an example of unipolar recording during pacing.) LA, left arm; LL, left leg; RA, 
right arm; RL, right leg. 


the bipole of an ECG limb lead (e.g., right arm and left leg for 
lead II). Signal quality can be enhanced by the addition of a 
preamplifier between the catheter and the monitor/strip-chart 
recorder (Fig. 17. 11 A), but if it is not available, most stud- 
ies can be performed adequately by adjusting the ECG high- 
pass filters to 0.5 or 1.0 Hz. A bipolar system is better than a 
unipolar system with regard to pacing-induced artifact, but the 
latter is not eliminated by a bipolar system because the high 
amplitudes and long pulse widths of bipolar transesophageal 
pacing present a problem in ECG recording and, therefore, 
measuring intervals. Benson et al. (42) have reported success 
using a prototype stimulus artifact suppressor that allowed for 
much-improved ECG recordings, but such a device rarely is 
used today. 

The stimulator system requires capability for a long pulse 
width (>10 m) and high current (10 to 25 mA) (42,43). 


Several investigators have shown that pulse widths greater 
than the standard 2 m for intracardiac pacing are necessary to 
overcome high impedance and to penetrate the esophagus to 
reach the atrial (paraseptal) myocardium, particularly in non- 
infants. Although reports of pulse width duration for success- 
ful transesophageal atrial pacing have included low values of 
<2 m, atrial pacing is most consistent and reproducible at 6 to 
10 m and current of 10 to 15 mA (28,29). Delivery of stimu- 
lus current >15 mA (at a constant pulse width of 10 m) is 
associated with patient discomfort (41,43). Moreover, lower 
stimulus current is needed at higher pulse width settings (e.g., 
15 or 22 m). Therefore, for patients with high thresholds, 
discomfort can be minimized by increasing the pulse width, 
limiting the current threshold with a goal of <15 mA. 

Transesophageal atrial pacing is most successful and best 
tolerated when performed at stimulator outputs >20% above 
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Figure 17.12. Unipolar simultaneous transesophageal recordings (top) with surface leads V2 and V3 at two 
recording speeds (A: 25 mm/s; B: 50 mm/s) from a newborn baby with sustained, regular tachycardia, 206 beats 
per minute (290-ms cycle length), showing atrial flutter (2:1 AV block) as the mechanism. The atrial (A-A) cycle 
length (145 m) was half of that of the ventricular cycle length (290 m). 


threshold. Some investigators use a constant pulse width of 
10 m and vary the stimulus current to obtain a threshold. 
With either technique, transesophageal atrial pacing can be 
accomplished successfully in >90% of pediatric patients using 
presently available transesophageal electrode catheters with- 
out excessive discomfort and mild sedation at relatively low 
stimulator outputs (less than twice threshold) of <10 m pulse 
width and 15 mA stimulus current (43,44). 


Figure 17.13. Recordings (25 mm/s) 
from simultaneous surface electro- 
cardiographic leads (VI, V2, V3) in a 
7-year-old boy with intra-atrial reentry 
tachycardia (underlying cardiac diag- 
nosis: Postoperative Fontan’s) show- 
ing conversion of the atrial tachycardia 
(310-ms cycle length) by transesopha- 
geal atrial pacing using a bipolar elec- 
trode catheter. After multiple modes 
of atrial pacing protocols, successful 
conversion to sinus was finally accom- 
plished with eight beats of a 280-ms 
drive cycle length, followed by three 
extrastimuli (190-ms intervals each). 


Ventricular transesophageal pacing has been accomplished 
in adults by stimulating at high outputs currents ranging from 
20 to 30 mA with a pulse width of 40 m and by using a spe- 
cially designed flexible lead passed into the stomach (45,46). 
In a case report of ventricular transesophageal pacing in a 
2,400-g premature infant with congenital AV block, high out- 
put also was required: 10-ms pulse width with 45-V ampli- 
tude (current was not specified) (47). Overall success rates of 
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Figure 17.14. Unipolar transesophageal simultaneous recordings (top) with surface leads V2 and V3 from a 
3-year-old boy with incessant normal and wide QRS SVT (220-ms cycle length) showing simultaneous trans- 
esophageal pacing (interelectrode distance 24 mm) and recording (interelectrode distance 2 mm). Using a quad- 
ripolar electrode catheter, the esophageal recording (V, ventricular; A, atrial) during tachycardia was interrupted 
by 8 beats of atrial pacing (200-ms cycle length), which converted the tachycardia to several beats of sinus before 
wide QRS reciprocating AV reentrant SVT recurred. Note the wandering baseline of the unipolar esophageal 
recording before, during, and after pacing. 


stable transesophageal ventricular pacing have ranged from 
50% to 75% in adult patients. Data are not available from a 
pediatric series. 

The pacing protocols for transesophageal pacing are lim- 
ited, on a practical basis, to atrial pacing. As with the intracar- 
diac pacing protocols, the specific protocols should be suited 
to the patient and the preprocedure diagnosis. In Table 17.2, 
a list of pacing protocols provides examples of several options 
used during transesophageal electrophysiologic studies. 


Administration of Drugs 

Sedative, provocative arrhythmic, and antiarrhythmic 
drugs are administered intravenously as individually indi- 
cated, similar to the intracardiac studies discussed earlier. 
The major differences relate to the practical application to 
primarily supraventricular arrhythmias in transesophageal 
studies, contrasted with both supraventricular and ven- 
tricular arrhythmias in intracardiac studies. The one caveat 


Unipolar 


A 



Bipolar 



Figure 17.15. Two transesophageal recordings (50 mm/s) in a 2,250-g newborn with atrial flutter (150-ms atrial 
cycle length) and 2:1 AV block showing a comparison of unipolar (A) and bipolar (B) recordings. Note that the 
prominent ventricular electrogram and the wandering baseline in the unipolar recording are eliminated in the 
bipolar recording. Therefore, the atrial electrogram is better delineated in the bipolar recording. 
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Pacing Protocols for 
Transesophageal 
Electrophysiologic Study 

1. Sinus node function 

a. Sinus node recovery time 

2. A V conduction 

a. Continuous atrial decremental pacing 

b. Premature atrial extrastimulation technique (during sinus 
and/or eight-beat drive of a-paced rhythm) 

3. Atrial muscle refractory period 

a. Premature atrial extrastimulation technique (during sinus 
and/or eight-beat drive of a-paced rhythm) 

4. Induction of SVT 

a One or more of the following: Short bursts of a-pacing, 
continuous atrial decremental a-pacing, premature atrial 
extrastimulation technique (using one or more drive cycle 
lengths and one to three extrastimuli) 

b. If unsuccessful, add provocative drug and repeat 4a 

5. Determine SVT mechanism 

a. Results of 4a, b 

b. Record transesophageal electrogram, determine intervals 

6. Determine drug efficacy/safety 

a. Administer drug 

b. For efficacy, repeat provocative a-pacing modes that 
induced pacing before drug 

c. For safety, repeat steps 1-3 

7. Terminate tachycardia 

a One or more of the following: Short bursts of a-pacing, 
continuous atrial decremental pacing, premature atrial 
extrastimulation technique (using one or more drive cycle 
lengths and one to three extrastimuli) 

8. Risk stratification in asymptomatic or symptomatic WPW 

a. Premature atrial extrastimulus technique to determine the 
antegrade effective refractory of the AP 

b. Continuous atrial decremental pacing (or short bursts) 
to determine minimum cycle length for 1:1 conduction in 
the AP 

c. Attempted induction of SVT as in steps 4a, b, and 
determine mechanism as in steps 5 

d. Attempted induction of atrial fibrillation to determine the 
minimum preexcited RR interval during atrial fibrillation. 

AV, atrioventricular; SVT, supraventricular tachycardia. 


is ventricular tachycardias (VTs) that are reproducibly 
induced and terminated with atrial pacing like “Belhassen” 
tachycardia (48,49), where diagnostic and follow-up 
efficacy studies can be performed with transesophageal 
techniques. 

Complications 

Complications of transesophageal studies are infrequent and pre- 
dominantly inconsequential (41,50,51). Mechanical or anatomic 
problems such as undetected obstructions or mucosal trauma or 
placement in a bronchus can arise during passage of the catheter 
through the nares and pharynx. These usually are recognized 
and are transient. Using lower stimulation outputs, no esopha- 
geal mucosal damage has been documented even after hours of 
continuous pacing if outputs are reasonably low. However, with 


excessively high outputs esophageal damage can occur. Although 
technically not a true complication, transesophageal pacing in 
rare cases causes intolerable discomfort that is sufficient to dis- 
rupt completion of the study. Ventricular arrhythmias may be 
induced from inadvertent ventricular pacing or from rapidly con- 
ducting atrial-paced beats (51-53). This rare but serious problem 
of induced ventricular arrhythmias requires readily accessible 
DC cardioversion/defibrillation and resuscitative equipment. 


OBJECTIVES OF DIAGNOSTIC 
ELECTROPHYSIOLOGIC STUDIES AND 
COMPARISON OF INTRACARDIAC AND 
TRANSESOPHAGEAL TECHNIQUES 


One or more of the objectives listed in Table 17.3 are pertinent 
during electrophysiologic studies. The specific objectives per- 
formed relate to several factors, including arrhythmia diagno- 
sis, underlying cardiac diagnoses, planned therapy, and which 
electrophysiologic technique (intracardiac or transesophageal) 
is used. The following discussion outlines the advantages and 
limitations of the two techniques relative to the objectives of 
the electrophysiologic study. 

Ample studies of electrophysiologic results for both 
intracardiac and transesophageal techniques involving the 
objectives listed in Table 17.3 have been reported. The ability 
of the two techniques to accomplish the objectives of an 
electrophysiologic study encompasses multiple factors. It is 
important to realize the advantages and limitations of the two 
techniques. In this manner, when presented with an individual 
patient with a specific diagnostic or therapeutic problem, either 
the intracardiac or transesophageal technique (or both) can be 
chosen. Although the intracardiac technique may be superior in 
accomplishing virtually all of the clinical objectives, limitations 
in terms of cost, higher risk, and application in small infants 
may dominate in specific situations, making the transesopha- 
geal technique the best choice for the individual patient. 

In Table 17.3, a comparison of the two techniques is graded 
(by opinion only) on a scale ranging from 0 (— ), indicating no 
ability to accomplish the objective, to 4 (+ + + +), indicating 
an approximately perfect (or universal) ability to accomplish 
the objective. The inability to routinely pace the ventricle is 
the major limitation to the transesophageal technique. There- 
fore, when the objectives that involve ventricular pacing are 
analyzed, the transesophageal technique is inferior. Another 
major limitation of the transesophageal technique involves 
the fixed site of recording and stimulation, which limits the 
ability to effectively evaluate mechanisms of supraventricular 
arrhythmias, sinus node function (increased distance to sinus 
node), AV conduction, and site of AV block (inability to record 
HBE). The inability to reach the effective refractory period of 
the atrium is occasionally overcome by increasing the energy 
output. This is a potential limitation to the transesophageal 
technique, especially when attempting to fully evaluate patients 
with preexcitation when the AP refractory period is limited by 
reaching the atrial refractory period first. 

Although the major advantages of the intracardiac technique 
involve its superiority in accomplishing specific objectives, the 
transesophageal technique is far superior in terms of cost, time 
commitment, and risk. Therefore, in many situations, limita- 
tions of the transesophageal technique are outweighed by its 
advantages. Also, it may be better to use one technique for a 
patient with a specific arrhythmia, but in another patient with an 
identical arrhythmia it may be better to use the other technique. 
In some patients, particularly in unique situations in which 
catheter access is a problem, the transesophageal technique is 
used during an intracardiac electrophysiologic procedure to 
provide additional and/or optional atrial recording/pacing site. 


table 17.2 
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1 ,1 Comparison of Intracardiac and Transesophageal Techniques to Accomplish 
] Objectives of the Electrophysiologic Study 

Objective 

Intracardiac 

Transesophageal 

1. Determine cause of unexplained symptoms suggesting arrhythmia 

+ + + 

++ 

2. Terminate AV reentrant SVT, AV nodal SVT, or intra-atrial reentry/atrial flutter 

+ + + + 

+ + + 

3. Determine mechanism of ECG-documented SVT to define treatment options 

+ + + 

+ + 

4. Assess efficacy/safety of antiarrhythmic drug therapy for SVT 

+ + 

+ + 

5. Assess efficacy/safety of antiarrhythmic therapy for ventricular arrhythmia 

+ + 

- 

6. Assess sinus node function 

+ + 

+ 

7. Assess AV conduction 

+ + + 

+ 

8. Assess site of AV block 

+ + + 

- 

9. Evaluate potential risk in patient with: 

a. Preexcitation 

+ + + 

+ + 

b. Ventriculartachycardia 

+ + + 

- 

10. Determine optimal mode of chronic pacemaker therapy for bradycardia pacing 

+ + 

+ 

11. Determine efficacy/safety and optimal mode of antitachycardia pacemaker therapy 

+ + 

+ 

12. Perform catheter ablation at same setting 

+ + + 

- 

13. Assess efficacy/safety after catheter ablation 

+ + + 

+ a 


AV, atrioventricular; SVT, supraventricular tachycardia. 
a SVT only. 


Finally, as noted above, the transesophageal study may be used 
before a catheter ablation procedure in the same setting to test 
arrhythmia inducibility in a patient with undiagnosed palpita- 
tions or for risk stratification in a patient with asymptomatic 
WPW. By understanding the limitations and advantages of the 
two techniques the cardiologist can optimally recommend the 
appropriate technique for the individual patient. 


ELECTROPHYSIOLOGIC STUDIES— THERAPEUTIC 
CATHETERIZATION 


In 1932, based on surface electrocardiographic data alone, 
Wolferth and Wood (54) correctly hypothesized that the struc- 
tural abnormality underlying WPW syndrome (55) was an 
accessory AV connection or AP. However, it was not until Sealy 
et al. (56) surgically cured a patient with WPW syndrome and a 
right-sided AP that the anatomic basis of the disease proposed 
so long before was confirmed. This milestone also heralded the 
beginning of a prolonged debate concerning the optimal man- 
agement of symptomatic and asymptomatic WPW syndrome: 
medical, surgical, or none. That debate has now changed from 
“which” to “when,” as ablation procedures have progressed 
from application of uncontrolled miniexplosions generated by 
high-energy defibrillator shocks delivered through the tip of 
a catheter, to precise localization of the atrial or ventricular 
AP insertion sites followed by temperature-controlled heating 
or freezing of a small volume of myocardium with RF (57) 
or cryoenergy (58). However, despite these changes, several 
questions regarding the early and late implications of catheter 
therapy in small children whose myocardial development is 
still underway remain unanswered (59,60). 

This introduction to interventional electrophysiologic cath- 
eterization uses the treatment of AP-mediated tachyarrhythmias 
as a focal point for discussion. However, catheter-based therapy 
now has been applied to the cure or modification of most pediatric 


arrhythmias, including AV node reentry tachycardia (61), ectopic 
atrial tachycardia (EAT), atrial reentry/flutter, congenital junc- 
tional ectopic tachycardia (JET), and some forms of VT (62). 


THE DECISION TO ABLATE: SAFETY VERSUS 
EFFICACY 


One overriding theme in the management of arrhythmias in 
children compared to adults is an emphasis on safety over effi- 
cacy. Although there are few cases at any age where safety is 
not an important concern, the relatively benign course of many 
arrhythmias in childhood, the potential disruption even thera- 
pies such as permanent pacing cause for a child, and the fact 
that parents are usually the decision making surrogate for the 
child, often lead to a different decision tree for children than in 
adults. Furthermore, for some situations and technologie, there 
are important differences (e.g. - the potential for coronary dam- 
age with RF energy application at the AV groove, the size of the 
patient and the heart). 

Ablation in patients with WPW syndrome is an excellent 
example of how decision making may be age dependent (63). 
In this chapter, the term WPW is used to describe the con- 
dition of preexcitation on the surface ECG, with or without 
coexisting tachycardia. Due to a variety of concerns, even the 
most symptomatic infant with WPW and paroxysmal SVT 
only rarely is a candidate for ablation (64-66). Myocardial 
(60) and potentially severe coronary injury (67-70) are more 
likely with ablation in this age-group than in older patients. 
Furthermore, about 40% of APs in infants spontaneously 
stop functioning in the first year of life (71,72), and an addi- 
tional third of patients are unlikely to have symptoms between 
infancy and early childhood (73). In children over the age of 
4 years with symptomatic arrhythmias, the balance between 
risks and benefits clearly shifts toward ablation therapy, but 
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generally only if the ablation can be performed safely (63). 
In contrast to the situation in infants, even asymptomatic 
patients with WPW between the ages of about 8 and 18 years 
can be managed more aggressively than adults. Unlike asymp- 
tomatic adults over the age of 28 years, who are unlikely to 
ever have symptoms (74,75), the older child with a high-risk 
AP is exactly the type of patient who may present with sudden 
arrhythmic death as their initial symptom. This leads to the 
recommendation that such patients undergo risk stratification 
and those who are high risk be offered catheter ablation as a 
therapeutic option (76). Furthermore, the guidelines for sports 
participation in patients with WPW recommend risk stratifi- 
cation prior to approval for this age-group (77). Other age- 
dependent differences in management decisions are addressed 
when discussing individual arrhythmias below. 


ENERGY SOURCES 


Various energy sources have been used for ablation of myocar- 
dial tissue. Although many of the techniques rely on the gen- 
eration of heat to destroy tissue, alternate mechanisms include 
chemically induced cell death, application of high current den- 
sities to disrupt intracellular membranes, and cooling to first 
reversibly silence cells followed by freezing to burst them. 

Direct Current 

In 1979, Vedel et al. (78) reported the first use of a DC shock 
through a catheter to produce complete AV block (inadvert- 
ently, in that case). His findings soon led to the use of DC 
catheter ablation for intentional production of complete heart 
block in a limited number of patients with drug-refractory 
supraventricular arrhythmias (79). Although the method was 
moderately successful in producing clinically effective AV 
block (-90% of 127 patients in one large series), complica- 
tions were sometimes severe, including production of new 
arrhythmias, cardiac tamponade, and sudden death (80). With 
the possible exception of one series (81), similar results were 
obtained when DC ablation techniques were applied for the 
elimination of accessory AV connections or VT; moderate suc- 
cess was attained with infrequent but serious complications 
(82). Based on the results in adults, appropriate skepticism 
concerning the use of DC ablation in small hearts led to lim- 
ited use of the technique in pediatric patients. Although success 



was possible, a high incidence of complications has resulted in 
there being no current circumstances in which DC ablation 
is recommended for the treatment of arrhythmias in children 
(83,84). The so-called low-energy DC ablation technique (2 
to 40 J) introduced in 1986 (85) was significantly safer than 
standard DC ablation, even within the CS, but its introduction 
was nearly simultaneous with the much more controllable RF 
techniques described below. 

Radiofrequency 

The theoretical advantages of controlled lesion formation 
using RF current to heat tissue combined with an existing 
neurosurgical experience using RF current (86) led Huang et 
al. (87) to attempt closed-chest ablation of the AV node with 
catheter-delivered RF energy. Their use of relatively low power 
(<50 W) appeared to provide adequate tissue heating to induce 
permanent AV block without significant complications, such 
as perforation or proarrhythmia, and with a lesion that was 
histologically well demarcated. The appeal of this technique 
was noted immediately by several investigators, such that by 
1987, reports of the use of this technique in humans for both 
AV node and AP ablation were beginning to appear (88). 

Since 1987, a number of studies, both in vitro and in vivo, in 
adult animals have confirmed that the cause of myocardial cell 
death with RFA is tissue heating to a temperature greater than 
approximately 50°C (57).Tissue heating to >90°C to 100°C is 
associated with tissue boiling, coagulum formation on the tip of 
the catheter, an increase in impedance, and a decrease in deliv- 
ered current (89). Cell death appears to occur almost immedi- 
ately at temperatures above 52°C, suggesting that cell death is 
the result of both protein denaturation and dehydration. The 
histologic changes have been described as coagulation necrosis 
(87). Haines and Watson (57) demonstrated that the lesion size 
grows exponentially with time, with a half-time of about 18 sec- 
onds. The temperature decreases hyperbolically with distance 
away from the electrode tip (inversely proportional to the radial 
distance) so that the lesion dimensions are directly proportional 
to the temperature measured at the tip-tissue interface. We have 
demonstrated similar findings for RF lesions made in immature 
myocardium (Fig. 17.16) (60). Thus, theoretically it is possible 
to accurately control lesion size by controlling the RF power out- 
put such that a particular preset temperature is achieved at the 
tip-tissue interface. 

Current commercial systems supply RF energy at 500 KHz 
using a generator that can either supply unmodulated voltage/ 



Figure 17.16. Lesion volume as a function of the duration of RF application (A) and the electrode tip temperature 
(B). Volume increases exponentially as a function of lesion duration. For (A), the tip temperature was held con- 
stant at 80°C. The time constant (time required to reach 63% of the ultimate asymptotic lesion size of 79 mm 3 ) 
was 22 seconds. Ninety percent of the maximum lesion was reached by 45 seconds. Lesion volume appeared to 
grow linearly as a function of electrode tip temperature. Previous data in adult animals had shown linear increase 
in width and depth with tip temperature. 
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power or control the temperature of the catheter tip through 
power modulation between 0 and 50, 60, or 100 W, depending 
on the manufacturer and catheter used (90). Energy is delivered 
in a unipolar fashion from the catheter tip to one or two large 
skin reference electrodes, positioned either on the patient’s chest, 


buttocks, or leg. During each RF application, voltage, power, 
current, impedance, and temperature are available and can be 
monitored continuously. Appropriate filters are available in most 
recording systems so that intracardiac electrograms and surface 
ECG leads can be monitored during RF delivery (Fig. 17.17). 



A 


70°C Application 



Figure 17 . 17 . A: Test application with radio frequency (RF) generator set to 50°C. Maximum temperature achieved 
is 45°C. AP block occurs after 1.8 seconds and power is turned off after 3.1 seconds. AP conduction returns 3.6 
seconds after turning off the power. B: After return of AP conduction, a full application is delivered with the 
RF generator set to 70°C. Peak temperature achieved is 56°C, and AP conduction block occurs at 1.5 seconds. 
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Control of catheter tip temperature during power application has 
not necessarily improved the success rate of ablation procedures, 
but has (a) almost completely eliminated overheating, imped- 
ance increase, and coagulum formation, (b) helped determine 
whether inadequate heating rather than incorrect catheter loca- 
tion is responsible for lack of success at a particular site, and (c) 
allowed low temperature heat mapping by intentionally produc- 
ing low-temperature (45°C to 50°C) applications, which cause 
reversible electrical changes in the tissue (Fig. 17.17) (91). 

As noted above, chronic lesions in adult dogs appear to be 
well demarcated histologically and are approximately the same 
size as the acute lesions (87). However, in 1994, we reported 
that chronic atrial and ventricular lesions produced in immature 
(-1 -month-old) sheep may increase in size during the subsequent 
6 to 8 months of normal development (60). This finding may have 
important implications for the use of RFA in very small children. 

Cooled-Tip Radiofrequency 

As noted, one of the limitations in creating larger RF lesions 
is that high temperatures at the tip-tissue interface lead to 
boiling, coagulum formation, and impedance increase, pre- 
venting further delivery of RF energy to the tissue. Over the 
past few years, it has become apparent that tip cooling can 
decrease the tip-tissue interface temperature, allowing the 
delivery of more RF power, pushing the peak temperature fur- 
ther into the tissue, and increasing lesion size by as much as a 
factor of two (92). Tip cooling can be accomplished passively 
with a more thermally massive tip (e.g., 8 to 10 mm in length, 
gold, etc.) (93) or by actively using a variety of methodologies 
(e.g., shower head, internal flow, porous metal, sheath flow) 
(92,94), achieving lesion widths and depths of 10 to 15 mm. 
Although this technique already has been critically useful for 
treatment of a number of arrhythmias, there are two impor- 
tant caveats. First, lesions can be too large, creating uninten- 
tional damage to structures, such as coronary arteries and 
second, cooling will reduce lesion size when maximum power 
is already being delivered with a noncooled ablation tip. 

Microwave 

In contrast to RF heating, which primarily is resistive, micro- 
waves heat with a propagating magnetic field that have the 
potential to heat tissue at a distance from the origin of the field. 
In vitro studies with microwave antennas have shown that the 
volume of heating is probably somewhat larger than that seen 
with RF, but is more dependent than RF on antenna construc- 
tion characteristics, electromagnetic frequency, and geometry 
of the antenna in relation to the tissue (95). Although there are 
no commercial microwave systems available now, microwave 
ablation some day still may have a bearing on the treatment 
of VT or atrial flutter, where larger lesions may be necessary, 
than for common forms of SVT, where RF and cryo techniques 
have been adequate. 

Cryotherapy 

Catheter-based cryotherapy was introduced into the clinical 
arena around the year 2000 for ablation of a variety of cardiac 
arrhythmias (96-101), but there are limited reports of its use 
in children (98,102,103). Cryoablation has several potential 
advantages over RFA, including (a) reversible cryomapping 
prior to the production of a permanent lesion (100,104,105), 
(b) adherence of the catheter tip to the endocardium upon freez- 
ing, (c) a well-defined edge of the cryolesion (104), (d) minimal 
effects on adjacent coronary arteries (106,107), and (e) a lower 
incidence of thrombus (108,109). The first four of these issues 


are particularly relevant to small children because of the close 
proximity of a variety of critical cardiac structures to the abla- 
tion target. The most common reported major complication 
during RFA in pediatric patients is AV block (66,110,111), and 
there appears to be a higher potential for coronary artery injury 
in this patient group (68-70,112,113), even during slow path- 
way modification (70). Both of these effects appear to be much 
less likely or absent with cryoablation (114). However, despite 
previous belief that cryoenergy did not have the same potential 
for RF lesion growth in immature myocardium as reported for 
RF energy (60), a recent report from Khairy et al. (109) demon- 
strated that, in fact, cryoenergy produces nearly identical late 
lesion characteristics to RF energy in immature swine. 

Cryotherapy is performed with a system that cools the 
tip of a catheter by expanding a liquid gas within the tip and 
removing heat from the surrounding blood and tissue. Sys- 
tems allow for both ice mapping at a tip temperature of -25 
to -40 C where the catheter adheres and nearby tissue loses 
electrical activity but few cells are killed and ablation at a tip 
temperature of < -65°C where a lesion will be formed. Once 
cells freeze, they expand and burst. After 4 minutes at the abla- 
tion temperature, a typical lesion size is 3 to 6 mm in diameter, 
smaller than those seen for RF. One of the contrasting fea- 
tures of cryoablation compared to RF is that there is a much 
larger zone of reversibility as the lesion expands because tissue 
cooling above the freezing point will lead to loss of electri- 
cal activation well prior to the loss of viability. This feature 
has dramatically enhanced the safety profile in clinical trials to 
date. In fact, despite frequent use of the technology for septal 
tachycardia substrates, there are no reports of AV block with 
cryoablation (96,98-101), even in children as small as 20 kg, 
in the presence of a His potential (Fig. 17.28)(103). 

The primary disadvantage of cryoablation is that inher- 
ent in its high level of safety is a smaller lesion size than for 
RFA. For ablation of septal tachycardia substrates (AV node 
modification, anterior and posterior septal pathways), cryoab- 
lation success rates have been statistically similar to those for 
RF techniques (96,98-101). However, recurrence rates have 
sometimes been higher (115). Most operators are less aggres- 
sive with RF in septal areas and have had to be highly aggres- 
sive with cryotherapy to achieve success. Furthermore, with 
one exception in which 97% success was reported in a series of 
24 pediatric patients with left-sided APs (116), even aggressive 
application of cryoenergy has not yielded similar success rates 
to RF for ablation of nonseptal APs. Although the data are lim- 
ited in very small children and infants, anecdotal evidence sug- 
gests that cryoablation may be effective for all AP locations in 
these unique patient groups. Because of its acute safety profile, 
the use of cryoablation is most important for septal substrates, 
small children, and patients with abnormal anatomy where the 
precise location of the AV conduction system is not known. 

Other 

Any energy source that creates tissue heat has the potential to 
ablate myocardium in a similar manner to RF and microwave 
energy. Laser energy has been used to successfully ablate ven- 
tricular myocardium in both normal animals and humans with 
VT (117-119). The use of high-power ultrasound delivered 
through a catheter also has been reported as a means of heat 
ablation. One potential advantage might be the simultane- 
ous use of diagnostic ultrasound to monitor lesion produc- 
tion (120). Finally, chemical ablation achieved by delivering 
a toxic agent such as alcohol into the coronary artery or vein 
supplying the myocardium responsible for an arrhythmia has 
been used in both animals and humans. However, technical 
problems with selective delivery will probably prevent this 
technique from ever reaching widespread use. 
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Summary — Energy Sources 

Several energy types are available currently for use in cath- 
eter ablation procedures. However, currently, for procedures 
in children, cryotherapy and RF energy with or without tip 
cooling appear to have the best safety and efficacy profile. 
Both energy sources can reproducibly control lesion character- 
istics through assessment of tip temperature and application 
time. In general, RFA is more effective, but for the reasons 
discussed above, cryoablation is safer. At this time, the balance 
between which source is used for which procedure depends on 
the arrhythmia substrate, the location of the target, including 
the proximity of the AV node and coronary arteries, and the 
preference of the center and operator. 


PROCEDURE— GENERAL 


Preablation 

Prior to the ablation procedure, standard electrophysiologic tech- 
niques should be used to identify the tachycardia mechanism, 
and, if appropriate, the location of the arrhythmia substrate. 
Differences from the standard study are related primarily to the 
actual mapping and ablation. Although not absolutely necessary, 
biplane fluoroscopy is very useful for precise 2-D localization of 
catheter tip positions. For most APs and AV node modifications, 
cameras are placed in the 30-degree RAO and 60-degree LAO 
positions, with 10- to 15 -degree caudal projections (Fig. 17.4). In 
addition to camera angles, the development of deflectable tipped 
catheters with closely spaced electrode configurations, which are 
now available from a number of manufacturers, has greatly facil- 
itated accurate mapping and ablation in all parts of the heart. 


Three-Dimensional Electroanatomic Mapping 

Over the past 10 years, a few novel methods have been intro- 
duced to simultaneously present 3-D, detailed electrical and 
anatomic information, facilitating mapping and reducing 
fluoroscopy exposure. One, termed “nonfluoroscopic,” uses 
a technology similar to a global positioning system to identify 
the precise catheter tip position and orientation (Fig. 17.18) 
(CARTO, Biosens e-Webster, Baldwin Park, CA). Another, 
termed “noncontact,” uses the electrical signals in the blood 
pool of a cardiac chamber to derive an inverse solution for the 
signals on the endocardial surface (Fig. 17.5) (EnSite — St. Jude 
Medical, St. Paul, MN. Other systems provide simpler 3-D 
localizations of the catheter electrodes, using either imped- 
ance (NavX — St. Jude Medical, St. Paul, MN Fig. 17.6, and 
Loca-Lisa, Medtronic, Minneapolis, MN) or ultrasound local- 
ization (RPM, Cardiac Pathways), and can catalog catheter 
locations and timing signals during either mapping or abla- 
tion. Although location identification with impedance-based 
systems like NavX can be less accurate than the magnetic- 
based CARTO system, impedance-based systems do allow 
for location and timing data from any catheter, consequently 
providing faster collection of both geometry and timing data. 
Consequently, most available systems now have a feature for 
impedance-based catheter location. The location tracking and 
cataloging feature is an important component of all 3-D sys- 
tems, enabling the operator to be aware of where critical car- 
diac structures are, where applications have been made and 
their outcome. Although all of these systems have their limita- 
tions, including high cost for the CARTO catheter and EnSite 
balloon catheter, it is clear that they contribute significantly 
to our understanding of arrhythmias and their mechanisms, 
and probably enhance success for complex cases (121-126), 


reduce radiation exposure (20), and make completely non- 
fluoroscopic procedures possible. 


PROCEDURE— SUBSTRATE SPECIFIC 


Accessory Pathways 

Mapping 

Jackman et al. (127) and others have described important elec- 
trogram characteristics that help identify the precise location 
of antegradely and retrogradely conducting APs. Electrograms 
should be examined for the presence of probable AP potentials 
(Fig. 17.7) as well as the shortest AV time in preexcited sinus 
rhythm or atrial-paced rhythm and the shortest VA time dur- 
ing orthodromic reciprocating tachycardia or ventricular-paced 
rhythm (127). To help localize left free wall and left posteroseptal 
APs, a multielectrode catheter may be used in the CS (Figs. 17.2, 
17.4, 17.19, and 17.20), but is probably not always necessary 
because it is the electrogram from the tip of the ablation cath- 
eter that ultimately determines the final ablation site. Typically, 
a deflectable tipped mapping/ablation catheter is used to localize 
right-sided APs on the tricuspid annulus either from the right 
femoral vein or the left subclavian vein. These techniques have 
been well described elsewhere (5,127). Some of the 3-D mapping 
techniques described above may be particularly useful for septal 
APs, to better understand the local anatomy, identify the loca- 
tion of critical structures, and identify prior ablation locations. 

Ablation Catheter Manipulation — General 

After initial localization, additional mapping and RFA are per- 
formed with introduction of a large -tipped (4 to 10 mm) steerable 
electrode catheter. These catheters are now available from a num- 
ber of manufacturers in multiple sizes (5, 6, 7, and 8 Fr tips) and 
with a variety of deflecting curve options. For technical reasons, 
cryoablation catheters are not available in <7 Fr. The following 
standard approaches to AP ablation have been reported (5,127). 

Left Freewall Pathways 

Left freewall APs can be approached using a deflectable-tipped 
catheter advanced retrograde from the aorta into the left ven- 
tricle (5,127) or transseptal (5). For the retrograde approach, 
an attempt is made to place the catheter tip under and perpen- 
dicular to the mitral leaflet (Ao-LV) (Fig. 17.7) or through the 
mitral valve and above the mitral leaflet (LV-LV) (Fig. 17.19). 

For the transseptal approach, the area of the foramen ovale 
is first probed with the mapping/ablation catheter for patency. If 
not patent, a standard transseptal puncture is performed using 
any of a variety of techniques and sheaths (see below). The 
mapping/ablation catheter then is placed through the transsep- 
tal sheath into the left atrium. Generally, the tip of the ablation 
catheter is maneuvered so that fluoroscopically it appears to be 
near the AV groove, confirming such location by the electrical 
recording from the distal pair of electrodes. Then the catheter 
tip is manipulated through deflection, rotation, and longitudinal 
movement to map the left AV groove. In many cases, catheter sta- 
bilization for mapping and ablation can be enhanced by deflect- 
ing the catheter and pulling it back into the sheath until only the 
four electrodes protrude, giving the appearance of a hockey stick 
(Fig. 17.20). Then the sheath and catheter are moved along their 
long axis as a single unit from septum to lateral freewall and 
the catheter torqued either clockwise (posterior groove) or coun- 
terclockwise (anterior groove) within the sheath. Access to left 
lateral pathways in larger patients sometimes requires exchange 
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Figure 17.18. Three-dimensional mapping using the CARTO, Biosense nonfluo- 
roscopic system. Color scales go from red-orange being the earliest activation 
to blue— purple being the latest (see scale bar in images). Gray represents an area 
of low voltage determined to be scar tissue. Each white dot represents one point 
where the catheter was placed and activation times determined. The “face” at the 
top of each image shows the direction of the image (A) sinus rhythm — RAO pro- 
jection (see face) of the right atrium (RA) in an adult patient with prior repair of a 
VSD as a child. As expected with sinus rhythm, activation spreads from the antero- 
lateral RA down toward the tricuspid valve. Activation lasts 122 m, from 79 m 
before to 43 m after the fiducial point (bar at upper left). The two images show the 
mapping catheter tip in two different locations acquiring mapping data — high lat- 
eral RA on the left and low septal RA just behind the tricuspid valve on the right. 
A: Tricuspid valve is now seen en face. Activation now proceeds from high anterior 
(red) down the septum, under the tricuspid valve and up the lateral RA wall. Acti- 
vation now lasts 286 m from 149 m before to 137 milliseconds after the fiducial 
point (bar at left), encompassing the entire cardiac cycle. This could be considered 
“typical” atrial flutter circling the tricuspid valve, but in a clockwise direction. B: 
Atrial reentry/flutter — LAO caudal image (see face) of the RA. C: Atypical intra- 
atrial reentry tachycardia (IART). Straight left lateral view of the septal surface of 
the RA (see edge of face with eyes forward). This 27-year-old patient with tricus- 
pid atresia began to have IART soon after an atriopulmonary Fontan. After fail- 
ing multiple medications and catheter ablation procedures, he underwent a right 
atriectomy and conversion to a lateral tunnel, but continued to have IART. After 
many subsequent years of failed medical therapy, he underwent mapping with the 
CARTO system demonstrating extensive atrial scarring, and a single IART circuit 
was identified encircling a large septal scar or ASD patch. Note counterclockwise 
procession from red to yellow to green to blue to purple in this left septal view. 
Ablation was successful with an actively cooled-tip system to block conduction in 
the inferior segment of the circuit (around the purple color). The patient has been 
asymptomatic since. 



of the typical Mullins-type transseptal sheath for one of a variety 
of specialized sheaths that are now available (see below). 

Most operators today prefer the transseptal approach for 
left freewall pathways in both adults and children, because it 
generally is more consistent, cannot damage the aortic valve 
or the left or right coronary artery orifices, and theoretically 
is less likely to damage ventricular myocardium. However, the 
overall results and complications from the transseptal and ret- 
rograde techniques are similar. 


Right Freewall Pathways 

Right posterior and right posterior paraseptal pathways 
almost always can be approached from the right femoral vein 
with a deflectable-tipped catheter placed above the tricuspid 
valve (IVC-RA). Right lateral and right anterior pathways can 
be approached either from the right femoral vein and IVC or 
from the right internal jugular vein and superior vena cava 
(SVC). For right lateral pathways, most operators find the 
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30° RAO 60° LAO, 15° Caudal 


Figure 17.19. “ Standard” retrograde approach from the aorta. The point of successful ablation is along the poste- 
rior AV groove at the sight of the large catheter tip. Note: overlapping of CS catheter in the LAO view, but cath- 
eter position well below the CS catheter in RAO view, indicating that the tip of the catheter is in the left ventricle. 


use of a long vascular sheath (see below) very important to 
enhance catheter stability and improve access. Right anterior 
pathways also can be ablated on the ventricular side of the 
tricuspid leaflet (SVC-RV), using an approach from the SVC 
and placing the catheter tip through the tricuspid valve orifice 
(Fig. 17.2), as previously described (5). 



30° RAO 60° LAO, 1 5° Caudal 


Figure 17.20. Transseptal approach. The top two cine frames 
show a failed attempt to place the catheter retrograde through 
the mitral valve on top of the mitral annulus. The transseptal 
approach (bottom two frames) was successful with the cath- 
eter in position very close to, but slightly different from, the 
retrograde mitral approach. Note the hockey-stick appearance 
of the catheter tip {arrow) using the transseptal approach. 
A “Jackman” orthogonal catheter is in the CS, an octapolar 
catheter is at the HIS bundle, and a quadripolar catheter is at 
the right ventricular apex. The deflectable ablation catheter 
has a large tip. (From Saul JP, Hulse JE, De W, et al. Cath- 
eter ablation of accessory atrioventricular pathways in young 
patients: use of long vascular sheaths, the transseptal approach 
and a retrograde left posterior parallel approach. } Am Coll 
Cardiol 1993;21:571-583, with permission.) 


Posterior Septal Pathways 

For left-sided septal pathways, the retrograde aortic technique 
can be used with an attempt to deflect the catheter tip under the 
mitral valve near the aortic annulus. Alternatively, a transseptal 
approach can be used by extending the catheter all the way 
around the mitral annulus to the area of the septum. However, 
many of these pathways are intimately related to the CS (128- 
137) and only can be ablated within or around the CS (5,5). 
The CS and the region around the os can be approached from 
the right atrium, using the right femoral vein/IVC or the subcla- 
vian vein/SVC. (IVC-CS and SVC-CS). Regardless of approach, 
one must be aware of the small size and close proximity of 
the coronary arteries in this region. In fact, over the last few 
years there has been a realization that the coronary arteries in 
the posterior septal region may be at a higher than previously 
realized risk for collateral damage during application of RF 
energy in this region (69,70,112,113,138). Consequently, many 
operators now perform preablation coronary angiograms for 
any pathway near the posterior septum to evaluate the prox- 
imity of the ablation site to a small coronary artery. Pathway 
locations “near” a small coronary artery are either not ablated 
or are ablated using cryotherapy, for the reasons stated above 
in the description of cryotherapy, and below in the discussion 
of safety. This issue is particularly important for small children 
and infants, who have smaller coronary arteries and shorter 
distances from the ablation sites to the coronary artery. 

Right Anterior Septal Pathways 

These pathways are perhaps the most difficult to ablate safely, 
because of the close proximity to the AV conduction system. 
As with other anterior right-sided pathways, they can be 
approached from below via the IVC or above via the SVC. It 
is not uncommon that the best location for AP ablation also 
has a relatively large His potential on the ablation catheter, 
raising concern about unintended damage to the normal AV 
conduction system (Fig. 17.21). In fact, permanent complete 
AV block has been reported during RFA in as many as 10% 
of patients with right anterior septal pathways (111,139,140). 
Although rapid junctional acceleration during application of 
RF energy in such locations may predict impending permanent 
AV conduction system damage, AV block can be quite sudden 
in onset and permanent. A number of techniques can be used 
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Figure 17.21. Successful cryoablation of a 
right anterior septal AP. A: ECG at the initia- 
tion of cryomapping during tachycardia. His 
potential can be seen on the ablation catheter. 
B: Termination of tachycardia during cry- 
omapping. SVT terminates with VA block just 
0.6 seconds before reaching -25°C and 47.4 
seconds from the initiation of cryomapping. 
C: ECG at the termination of cryoablation 
shows sinus rhythm and a His potential still 
on the ablation catheter. CS, coronary sinus. 
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to help avoid AV block. We have found that approaching the 
AV groove from above via the SVC allows for somewhat easier 
separation of the ablation location from the bundle by deflect- 
ing the catheter superiorly away from the His bundle. If the 
ablation catheter is seen lateral to the His catheter in the LAO 
caudal view, theoretically the His bundle should be at least a 
few millimeters from the ablation location. However, the most 
important advance we have found for these pathways is the use 
of cryoablation (97,103,141-144). Cryo systems allow for (a) 
observation of the effects without junctional acceleration when 
close to the normal AV conduction system, (b) reversibility dur- 
ing mapping at higher temperatures around -30°C, (c) catheter 
adhesion, and (d) the ability to electrically test AV conduction 
continuously during ablation (Fig. 17.21). Furthermore, even 
if cryoablation is unsuccessful due to early recurrence (119), 
often it is possible to identify a safe location for the applica- 
tion of RF energy to permanently ablate the pathway. As with 
coronary injury for posterior septal pathways, AV conduction 
system damage may be an even more important issue in chil- 
dren than in adults because of the close proximity of all cardiac 
structures in the smaller heart, and the larger impact of needing 
permanent AV pacing in a child. Thus, despite a higher recur- 
rence rate than with RF, cryoablation is probably the therapy of 
first choice for septal pathways in the pediatric patient. 

Use of Long Vascular Sheaths 

The approach to left and right freewall pathways in particu- 
lar can often be improved by use of one of a variety of long 


sheaths, including 6, 7, and 8 Fr straight and specially designed 
sheaths. The presence of the sheath provides catheter stability, 
markedly improves torque transmission from the catheter han- 
dle to the tip of the catheter, and allows for coaxial steering 
of the catheter tip (5). These characteristics may be critical for 
the atrial approach on either the right or left side, even when 
a patent foramen ovale is present. The set of sheaths that has 
gained the widest appeal is designed to facilitate an approach 
to the left and right AV groove in which the catheter tip ends 
up parallel to the plane of the groove (Swartz Left SL1-4 and 
Right SRO-4, St. Jude Medical, St. Paul, MN). However, any 
sheath that helps deliver the catheter to the correct location 
will facilitate stability and enhance efficacy. These sheaths 
seem to be most helpful for right freewall pathways, but are 
designed for use in every right and left-sided location. 

Ablation 

Ablation can be performed in either sinus rhythm or orthodro- 
mic reciprocating tachycardia. However, if performed in tachy- 
cardia, the catheter is likely to move when the AP blocks and the 
tachycardia terminates. Thus, catheter stability during ablation 
of retrograde conduction can be improved by performing the 
ablation during right ventricular pacing and observing for loss 
of retrograde VA conduction during the ablation (Fig. 17.22). 

When RF energy is being used and permanent ablation is 
desired, the initial catheter tip set point is usually 70°C. However, 
as noted above, a particular site can be tested for success by set- 
ting the desired temperature to 50° C and stopping RF application 
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Figure 17.22. Electrograms and RF 
outputs during an ablation. When RFA 
is performed during sinus rhythm (A), 
one can watch either the surface delta 
wave or the local AV interval. Note 
changes in both the surface ECG and 
the local electrogram (arrow) approxi- 
mately 3 seconds after the application 
of RF energy. In (B), the RF application 
was performed during ventricular pac- 
ing for a concealed AP. RF outputs are 
not shown, but note how AV interval 
abruptly changes from 40 to 135 milli- 
seconds, approximately 6 seconds after 
the application of RF energy. (From 
Saul JP, Hulse JE, De W, et al. Cath- 
eter ablation of accessory atrioventricu- 
lar pathways in young patients: use of 
long vascular sheaths, the transseptal 
approach and a retrograde left posterior 
parallel approach. J Am Coll Cardiol 
1993;21:571-583, with permission.) 


at 5 to 10 seconds if success is not achieved, reducing myocardial 
damage to an absolute minimum (Fig. 17.17) (91). Based on the 
observation that permanent success is associated with early dis- 
appearance of AP conduction (127,145), lesions should be made 
for only 5 to 10 seconds unless the delta wave disappears, tachy- 
cardia terminates, or there is a noted change in VA conduction. If 
any of these three conditions are met, the temperature should be 
set at 70°C and the RF application continued for 30 to 60 seconds. 
Without temperature monitoring, the delivered power is likely 
to be too high or too low. Thus, with temperature monitoring, 


the delivered power varies dramatically in an individual patient 
between individual applications, depending on catheter tip loca- 
tion and stability, both of which are affected by respiratory 
activity. Consequently, when general anesthesia is used, asking 
the anesthesiologist to hold respiration in either expiration or 
inspiration can markedly reduce catheter movement, improving 
the accuracy and effectiveness of the ablation application while 
reducing the possibility for catheter dislodgement. 

When cryoablation is used, the system may be used in either 
the mapping or ablation mode, as described above. In either 
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case, as with RF energy, the earlier the effect the more likely 
the conduction block will be permanent. AP block prior to 15 
seconds after a tip temperature of -25°C is reached is desirable. 
Once AP block is observed, cryoablation is performed at the 
lowest possible temperature (-70°C to -80°C) for 4 minutes. 
There is evidence that repeating the application for 4 minutes 
in the same location (so-called freeze— thaw— freeze) will signifi- 
cantly increase the lesion size and reduce the risk of recurrence, 
which may be higher with cryoablation than RFA (97,103,141). 
However, as experience has been gained with cryotherapy, initial 
and long-term results have improved (97,100,114,146-148). 

Following creation of a successful lesion, patients usually are 
observed in the electrophysiology laboratory for 30 to 60 min- 
utes, after which repeat electrophysiologic testing is performed, 
sometimes with and sometimes without an infusion of isoproter- 
enol. A bolus of adenosine also may be used to unmask residual 
AP function by briefly reducing or eliminating AV node function 
and enhancing AP conduction (149). Most patients can be dis- 
charged on the day of the procedure or the morning after. 

Results 

Regardless of pathway location, the presence of multiple 
pathways, catheter approach, or patient age, initial suc- 
cess rates for elimination of APs can be as high as 98% 
(5,62,150,151), and typically range between 85% and 95% 
(5,62,90,150,151,152). The most reliable outcome data in 
children probably come from the Prospective Assessment after 
Pediatric Catheter Ablation (PAPCA)(151,153,154) in which 
2,761 ablation patients from a wide variety of US centers were 
enrolled prospectively and 481 of them followed for a period 
of 2 years. Overall initial success rates for AP ablation were 
about 94%, with results varying significantly by locations (left 
freewall 98%, right freewall 90%, left septal 88%, right septal 
89%). Fluoroscopy times can be long compared to other pedi- 
atric catheter procedures, but have generally come down over 
time (155,156). High variance in the difficulty of individual 
procedures, combined with the variability between investi- 
gators, probably attests to a large number of poorly defined 
factors that affect each procedure. However, the overall high 
success rates, sometimes requiring a second procedure, also 
indicate that these factors can be overcome. 

From the 481 PAPCA patients followed prospectively, 
12.3% of the 361 with an AP substrate had a recurrence 
within 12 months of the procedure (153). As with initial 
success, recurrence also varied by pathway location, vary- 
ing from 4.8% for left freewall pathways to 24.6% for right 
septal pathways. Left septal had the lowest rate at 4.8% and 
right freewall were intermediate at 15.8%. Although these 
rates may be higher than in other reports from single cent- 
ers or uncontrolled registries, they are the only data from a 
prospectively controlled trial in children and the subjects have 
the broadest center representation of any prospective ablation 
trial. Thus, these recurrence rates may be the most accurate 
representation of what can be expected in the average pediat- 
ric ablation center. 

Permanent Form of Junctional Reciprocating 
Tachycardia 

The permanent form of junctional reciprocating tachycardia 
(PJRT) is not strictly a pediatric disease. However, it occurs 
primarily in young patients, causing a nearly incessant tach- 
ycardia that frequently is refractory to medical therapy, and 
often leads to ventricular dysfunction (157). Despite the name, 
PJRT is caused by a concealed (retrograde only) AP with 
decremental conduction properties that classically has been 


described to have a posterior septal location (157). The results 
of RFA studies that can confirm a precise AP location have 
demonstrated that (a) the majority (>95%) of these pathways 
can be ablated and (b) their location may be in almost any 
position around the AV groove (Fig. 17.23) (158). The high 
safety and efficacy of RFA for PJRT, combined with the fact 
that pharmacologic therapy often is ineffective, suggest that 
catheter ablation probably is appropriate as first-line therapy 
for this syndrome, particularly if ventricular dysfunction is 
present (159). 

As with any other AP, the method of ablation of PJRT path- 
ways is dependent on location. Because many of the pathways 
are posteroseptal, ablation within the mouth or veins of the 
CS often is necessary. For such cases, coronary angiography 
should be performed prior to ablation. If a small coronary 
artery is within 2 to 3 mm of the expected ablation site, cry- 
oablation should be strongly considered in place of RF energy. 
If cryotherapy is either unavailable or ineffective, RF energy 
application should be minimized by reducing catheter size, 
temperature setpoint, and maximum power and/or duration. 
High-energy RF application with active or passive cooled-tip 
technology should be avoided if possible within the CS or used 
with extreme caution. 

Mapping virtually always should be performed during 
tachycardia. The VA interval during tachycardia generally is 
long with a long isoelectric segment between the ventricular 
and atrial signals, and an AP potential may be present in as 
many as 75% of cases (160). Recurrence rates are higher than 
for typical APs, and some patients may require more than one 
procedure for initial success (150,153,158,160-163). Of note, 
despite the proximity to the AV node, AV block has not been 
reported in the larger series of patients with PJRT who have 
undergone RFA (158,160-162). 


Atrioventricular Node Modification 

Dual AV nodal physiology is the substrate for AV node reen- 
try tachycardia. Regardless of whether this physiology is the 
result of anatomic or functional dissociation of AV nodal 
conduction, it now seems clear that either the fast or slow 
AV nodal pathways can be modified to eliminate AV node 
reentry. Most early reports using either DC or RF energy 
to modify the AV node concentrated on eliminating conduc- 
tion over the fast AV nodal pathway by delivering energy to 
an area just proximal to the His bundle, where a relatively 
large atrial and relatively small or absent His potential were 
recorded (164,165). When successful (80% to 95% of cases), 
this so-called fast pathway ablation usually results in signifi- 
cant prolongation of the AH and PR intervals, and, unfortu- 
nately, regardless of the energy form used, most investigators 
have inadvertently produced complete AV block in 2% to 
10% of patients (164). Although these characteristics make 
the technique undesirable for most children and adolescents, 
a small number of successful fast pathway ablations was 
reported in pediatric patients without significant complica- 
tions (61,62). However, since around 1994, almost all AV 
node modifications have been directed at the “slow path- 
way” by positioning the catheter inferior and posterior to 
the AV node (166). 

The advantages of the slow pathway technique are that 
normal AV node function can be preserved in the fast path- 
way and the risk of complete AV block is lower than with 
a fast pathway ablation (62,150,166). Importantly, even this 
small risk of AV block virtually has been eliminated by the 
use of cryoenergy in place of RF energy for slow pathway 
ablation. In fact, no cases of unintended permanent AV block 
have been reported using cryoablation for the treatment of 
AV node reentry (97,100,102,103,141,1 67). It should be 
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Figure 17.23. Location of APs leading to PJRT. The schematic diagram reveals pathway locations as identified 
by successful RFA site. Circles represent pathways causing PJRT while the square represents a typical concealed 
pathway found as a second pathway in one patient. Note that four pathways were located outside of the typical 
posteroseptal location. (A-D) show representative angiograms of catheter-electrode positions in four locations. 
In panel A, the large tipped ablation catheter approaches from the IVC. Its final position is in the mouth of 
the CS, near the ostium of the middle coronary vein (posteroseptal pathway). In panel B, the ablation catheter 
approaches from the SVC and loops upon itself in the RAO view; together with the LAO view, the findings 
demonstrate a right lateral position. In panel C, the ablation tip is positioned via the SVC and overlies the distal 
HIS electrode, indicating a right anterior pathway. In panel D, the large tip catheter positioned in the CS was 
used for mapping only. A deflectable tipped catheter with a “dumb-bell” shaped electrode was used for ablation, 
and was positioned using a transseptal approach from the IVC to the posterior mitral annulus (left posterior 
pathway). (From Ticho BS, Saul JP, Hulse JE, et al. Variable location of accessory pathways associated with the 
permanent form of junctional reciprocating tachycardia and confirmation with radiofrequency ablation. Am J 
Cardiol 1992;70:1559-1564, with permission.) 


noted that AV block is possible with cryoablation and there 
is at least one anecdotal case the author JPS has been told 
about, but none has been demonstrated in a publication. 
Initial recurrence rates in the early reports were somewhat 
higher with cryoablation than RFA of the slow pathway 
(97,100,102,103,141,167). However, more recent reports 
have found recurrence rates under 5%, similar to those with 
RF Energy (148,147,168). 

When mapping the slow pathway, some investigators 
have found that the presence of a small electrical potential 


from a presumably discrete slow pathway potential is a 
highly sensitive indicator of an appropriate catheter posi- 
tion (166), while others have found this slow pathway 
potential to have very poor specificity (169). Thus, many 
ablation techniques have been developed, including a purely 
anatomic approach to the inferior aspects of the AV node 
(169) and the use of slow junctional acceleration as an indi- 
cator of slow pathway node proximity. This latter observa- 
tion is not useful for cryoablation because cooling of the 
slow pathway does not lead to junctional acceleration as 
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does heating. Consequently, the technique with cryoablation 
focuses more on elimination of slow pathway conduction 
with only transient changes to fast pathway conduction as 
procedural endpoints (102,103). 

Using RF energy to modify the slow AV nodal pathway, 
the PAPCA study investigators reported that between 97% 
and 99% of AV node reentry tachycardia can be eliminated 
in children <17 years of age, but with a 2.1% incidence of 
AV block (151). Similar success rates can be obtained with 
cryoablation, but as noted above, most if not all of the AV 
block can be avoided (97,100,102,141,). Cryoablation may 
be particularly important in smaller children, in whom the 
close proximity of both the fast and slow pathways to each 
other and the bundle of His provides a much higher theoreti- 
cal risk of inadvertent AV conduction system damage. This 
potential for AV block with the subsequent need for long-term 
electronic pacing has led to a formal guideline recommenda- 
tion that RFA for well-controlled SVT be delayed until age 5 
years (63). However, this recommendation occurred before the 
availability of cryotherapy, a likely modifying factor when the 
guidelines are updated. 

In addition to the risk of AV block, we reported coronary 
damage in a child undergoing slow pathway modification with 
RF energy for AV node reentry resistant to drug therapy (70). 
After transient ST changes were observed, selective coronary 
angiography showed a dominant right coronary artery giving 
off a posterior left ventricular branch artery that had an 80% 
stenosis (Fig. 17.24). The vessel course was within 2 to 3 mm 
of where the catheter tip was placed during the last RF applica- 
tion ablation. Acute management was conservative, and after 
2 days, repeat angiography demonstrated some improvement 
with an approximately 50% stenosis. Repeat selective right 
coronary angiography 2 months later revealed complete resolu- 
tion of the narrowing (Fig. 17.24). Although this is the first case 
of coronary injury reported for AV node modification, coro- 
nary damage has been reported in many other posterior loca- 
tions during AP ablation in humans and experiments in animals 
(67-69, 139,170-172). Furthermore, this case highlights several 
important issues regarding the potential for coronary artery 
injury during RFA in children. 

First, coronary artery injury may occur with slow path- 
way ablation for atrioventricular nodal reentry tachycar- 
dia (AVNRT). Second, acute coronary artery injury has the 
potential to be missed and is likely an underreported phenom- 
enon. Third, infants and young children may be at particu- 
lar risk. The inflammatory component of tissue injury caused 


by RF energy has been shown to invade layers of the right 
coronary artery, leading to acute narrowing when RF energy 
is applied to the atrial side of the lateral tricuspid annulus in 
pigs (67). Furthermore, maturation of this injury can result 
in significant late coronary stenosis (112). Thus, with RF 
energy application, coronary stenosis may occur acutely or be 
delayed. Our patient’s injury was nearly missed because ST 
segment changes did not occur until 100 seconds after the last 
RF application and resolved spontaneously within minutes 
despite a significant persistent stenosis of the involved artery. 
Other instances of coronary artery injury following RFA also 
have been nearly missed because of this delay (69,172,173). 
Alternatively, cryoenergy has been shown to have minimal to 
no effects on coronary arteries in animals (114,174). 

To absolutely minimize the chance of coronary injury in 
children, the following should be considered for patients under 
20 kg undergoing slow pathway modification for AVNRT 
(a) cryotherapy is the preferred ablation methodology, (b) in 
all patients where RF energy is used, selective coronary angi- 
ography of the artery supplying the posterior septum should 
be performed prior to ablation, (c) if a small coronary artery 
is within 2 to 3 mm of the expected ablation location, RF 
energy should not be delivered, and (d) if any RF energy is 
delivered, acute follow-up angiography should be performed 
post ablation (173). 


Ectopic Atrial Tachycardia 

EAT is an uncommon form of chronic SVT primarily occur- 
ring in pediatric patients that often leads to cardiomyopathy 
and can be difficult to control medically (175). EAT in chil- 
dren typically is due to automaticity in a single non-sinus 
focus, which may occur almost anywhere in the left or right 
atria but tends to occur more frequently in the locations 
shown in Fig. 17.25. Left-sided foci near the pulmonary 
veins are more common in children (176-178), as opposed 
to right atrial foci in adults (179). Although EAT has been 
reported to resolve spontaneously in a few cases, the some- 
times devastating effects of the arrhythmia on cardiac 
function, combined with the hypothesis that the arrhythmia 
arises from a single non-sinus atrial focus, and some reports 
of successful surgical excision of the focus (175) led to rela- 
tively early attempts at eliminating EAT with DC catheter 
ablation techniques (180). These attempts were promising, 
but the technique never gained wide acceptance because of 



Figure 17.24. A: LAO projection of right coronary angiogram a few minutes after the ST segment changes in 
Figure 17.2 had spontaneously normalized. An approximately 80% stenosis (arrow) is seen in a posterior left 
ventricular branch off a dominant right coronary. The ablation catheter was moved away from the septum at 
the time of angiogram, but had been immediately adjacent to the stenosis during the RF application. B: Similar 
LAO projection of right coronary angiogram 2 months following ablation. Arrow marks are of prior stenosis, 
which is now resolved. 
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EAT Focus Location 



IVC 


Figure 17.25. Location of EAT foci in the first 25 patients 
ablated at Children’s Hospital in whom detailed mapping was 
possible. Closed circles ( n - 23) indicate sites of successful 
ablation, and open circles ( n - 2) indicate foci that could not be 
eliminated, in one case because of a broad area of fibrous dys- 
plasia that was resected at surgery, and another patient because 
of multiple atrial foci of which this was only one. LAA, left 
atrial appendage; RAA, right atrial appendage; PV, pulmonary 
vein; SVC, superior vena cava; IVC, inferior vena cava. 


the risks of acute damage and the fears of chronic myocardial 
damage associated with the DC technique. In addition, there 
was considerable speculation that elimination of one EAT 
focus was inadequate due to the later appearance of others, 
particularly for right-sided foci (175). 

Impressively, the use of RF catheter ablation for EAT has 
revolutionalized its treatment. The first reported experience 
in a group of 12 patients who all presented with cardiomy- 
opathy and drug-resistant EAT demonstrated that in all but 
one patient with diffuse atrial dysplasia, RF catheter ablation 
could successfully and safely eliminate the arrhythmia without 
long-term recurrence up to a median of approximately 2 years 
(176,178). Furthermore, the data demonstrated that the 
arrhythmia focus is anatomically very small, because tachy- 
cardia termination took place in a median of 2.0 seconds after 
application of RF energy (Fig. 17.26). These results now have 
been confirmed in larger series in which up to 96% of EAT 
foci in children have been successfully eliminated with RFA 
(62,146,151). Because of these high success rates using abla- 
tion and the morbidity of drug therapy, the question of drug 
therapy generally has been reduced to one of whether it should 
be attempted at all in patients with ventricular dysfunction, 
and if so, how long should one wait for reversion to sinus 
rhythm before proceeding to ablation. 

Initial procedure failure and late recurrence tend to be asso- 
ciated with the presence of multiple foci or intermittent EAT 
during the procedure. Multiple foci portend poorly for long- 
term success (175), both because there is increased difficulty 
in differentiating the foci during mapping and more than one 
focus seems to be indicative of other foci emerging after the 
ablation procedure. Fortunately, in the pediatric population, 
most EAT is due to a single non-sinus focus. 

Overall, EAT ablation seems to be extremely low risk. 
Pulmonary vein stenosis is the only unique complication and 
can occur when the EAT focus is near or within a pulmonary 
vein (Fig. 17.25). Clinically significant stenosis has not been 
reported for a pediatric case, but it was previously quite 
common in adults undergoing focal or narrow circumferen- 
tial atrial fibrillation ablation procedures in similar locations 
(181-183). There is also a potential for damage to the sinus 
node or the right phrenic nerve for foci that occurs along the 
crista terminalis, but injury is less likely in a patient who has 
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Figure 17.26. Ectopic atrial tachycardia ablation. Note how 
ectopic P waves terminate immediately at the onset of appli- 
cation of RF energy. (From Walsh EP, Saul JP, Hulse JE, et 
al. Transcatheter ablation of ectopic atrial tachycardia in 
young patients using radiofrequency current. Circulation 
1992;86:1138-3346, with permission.) 


never had heart surgery because the phrenic nerve continu- 
ously slides over the epicardial surface of the heart. Most other 
EAT foci are not near vital structures, such as the A V node or 
a coronary artery (Fig. 17.25). 


Atrial Flutter or Fibrillation in the Absence 
of Other Heart Disease 

In the pediatric patient, atrial reentry tachycardias are rela- 
tively rare in the absence of either structural or functional 
heart disease. The term lone atrial flutter or fibrillation has 
been applied here, referring to the isolated nature of the 
arrhythmia findings. However, both of these tachyarrhythmias 
occasionally are observed in pediatric patients. There are two 
age ranges for presentation. Perhaps the most common is dur- 
ing third trimester fetal life when atrial flutter accounts for up 
to a third of fetal tachycardias (184), often lasting through 
delivery and leading to ventricular dysfunction. Neonatal 
atrial flutter almost universally resolves without recurrence if 
the baby can be managed successfully during fetal and early 
neonatal life (185). Consequently, ablation therapy for such 
infants should not be necessary and has never been reported. 

A second presentation peak occurs during adolescence 
when both atrial flutter and fibrillation may present in the 
absence of any identifiable structural, hormonal, or chemical 
cause. Although initial management should be conservative, 
in contrast to the infants, the arrhythmia typically recurs mul- 
tiple times in this age group despite medical therapy, creating 
a need for ablation therapy similar to the scenario in adults. 
The use of catheter ablation has been reported for both flut- 
ter and fibrillation in young patients. Success rates have been 
over 90% for the flutter subgroup in a relatively large series of 
patients in the Pediatric Ablation Registry (110). Interestingly, 
acute success has also been reported in seven of eight pediat- 
ric patients with paroxysmal atrial fibrillation who underwent 
ablation of either a single ectopic atrial focus or pulmonary 
vein electrical isolation (186). Furthermore, one of the cases 
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we included in a series of EAT ablations in 1992 (176) was a 
12-year-old boy who presented with recurrent atrial fibrilla- 
tion that was eliminated permanently after ablation of a single 
left pulmonary vein ectopic focus. 

Specific technical details for ablation of either atrial flutter 
or fibrillation in the larger child are not particularly different 
from those in adults (187-189), so they are not reviewed here. 
However, the decision of when to ablate can be quite different, 
particularly for fibrillation. After conversion from a first epi- 
sode of one of these arrhythmias, either no therapy or a drug to 
block the AV node response is adequate. After recurrences, the 
threshold for ablation of atrial flutter can be similar to that in 
adults. The use of ablation therapy for the rare cases of atrial 
fibrillation in pediatric patients also is appealing, but the high 
emphasis on safety over efficacy noted above for all children 
necessitates that a decision to use RFA in this age group be 
considered only after failure of multiple antiarrhythmic agents. 
Furthermore, the technique chosen should be the most con- 
servative in terms of safety, since complications such as pul- 
monary vein stenosis and stroke may be devastating to a child. 

Intraatrial Reentry Tachycardia in the Presence of 
Congenital Heart Disease 

Commonly known as atrial flutter, intraatrial reentry tachy- 
cardia (IART) is uncommon in children with structurally and 
functionally normal hearts, but quite common after surgery 
for congenital heart disease. Although the prevalence is highest 
after either an atrial repair of transposition of the great arteries 
(Mustard or Senning technique) (190) or after the Fontan repair 
(191), IART may occur after any repair that includes an atrial 
scar (atrial septal defect, tetralogy of Fallot, etc.) (192). IART 
generally is easy to convert to sinus rhythm with DC cardio- 
version or atrial pacing via an esophageal lead, an intracardiac 
lead, or an implantable antitachycardia device (193). However, 
prevention is critically important in some patients because IART 
can be life-threatening (190,193) and increases the likelihood of 
atrial thrombus formation. Unfortunately, prevention of IART 
is much more difficult than cardioversion, with drugs of all 
classes being generally ineffective and, even worse, often unsafe 
(194). Consequently, RF catheter ablation to either prevent 
IART (195,196) or to eliminate AV conduction and institute 
ventricular rate-responsive pacing recently has gained promi- 
nence as a therapeutic option. IART in postoperative congenital 
heart patients may have multiple circuits in the same patient 
and be much more complex to ablate than “typical” atrial flut- 
ter, which generally is treated easily by electrically dividing the 
tricuspid annulus-IVC isthmus (195) (Fig. 17.27). Despite these 
complexities and a relatively high recurrence rate (125,197), 
acute success rates were initially reported at about 75%. How- 
ever, since 2002, we and others have approached a rate of 95% 
(121,125,195,197,198). The use of 3-D mapping techniques 
probably is most important in this patient group (Figs. 17.5, 
17.6, 17.18). Recurrence remains a problem, probably second- 
ary to inadequate lesion formation, but technologies that pro- 
duce larger lesions, such as the tip cooling techniques described 
above, will appear to improve even late outcome (121,125,126). 

Junctional Ectopic Tachycardia 

In the pediatric population, unlike in adults, JET occurs in 
two relatively distinct settings: postoperative and congenital 
(199,200). The electrophysiologic characteristics of both vari- 
eties are similar to those of EAT (200), suggesting they also are 
due to abnormal automaticity, in this case arising from either 
low in the AV node or high in the His-Purkinje system. How- 
ever, direct intracellular recordings have not been obtained. 



Figure 17.27. Sites of mapped exit points from zones of slow 
conduction at which ablation was attempted. In this schematic 
cartoon of the right atrium, filled circles represent 17 sites of 
successful termination of atrial reentry and open circles rep- 
resent the presumed exit point of the circuit from the zone 
of slow conduction for five circuits not successfully ablated. 
A right atriotomy would normally be performed along the lat- 
eral reflected wall of the atrium in this view and may extend 
across the reflected opening to the base of the right atrial 
appendage; it is not possible to define with precision the sites 
of right atriotomy in individual cases. The crista terminalis 
would be expected to run along the line in which the right 
atrium has been opened in this view. SVC, superior vena cava; 
RAA, right atrial appendage; FO, fossa ovalis; CS, coronary 
sinus; TV, tricuspid valve; IVC, inferior vena cava. (Reprinted 
from Triedman JK, Saul JP, Weindling SN, et al. Radiofre- 
quency ablation of intra-atrial reentrant tachycardia after 
surgical palliation of congenital heart disease American heart 
association. Circulation 1995;91:707-714, with permission.) 


The postoperative and congenital forms of JET differ pri- 
marily in their duration and response to therapy (201-204). 
Postoperative JET typically is transient after ventricular septal 
defect repair, either alone or at the time of repair of more com- 
plex anomalies (205). It responds to cooling and a variety of 
antiarrhythmic agents (202-204). In contrast, congenital JET 
typically is chronic and incessant, but may resolve spontane- 
ously over a period of years (200). Both JET types may result 
in severe hemodynamic compromise and appear to be exacer- 
bated by both endogenous and exogenous adrenergic stimula- 
tion (200,204), and both arrhythmias seem to respond well to 
amiodarone (206). 

The propensity for JET eventually to resolve spontane- 
ously and the high theoretical risk of AV block from either 
catheter (83) or surgical (200) ablation of the JET focus in 
the AV junction suggest that JET initially may be best treated 
medically by minimizing adrenergic stimulation and beginning 
either intravenous or oral amiodarone (200,206,207), particu- 
larly in infants. However, anecdotal data from a few reports 
(207-213) and more recently a large series from a multicenter 
study (214) have demonstrated that with ablation, it is pos- 
sible to eliminate JET while preserving AV conduction. The 
multicenter study from Collins et al. (214) reported ablation 
success in 83% of 17 patients undergoing RFA and 85% of 
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27 patients undergoing cryoablation, but few technical details 
were available in that report. Cryoablation was the preferred 
technology in recent years. Thus, when JET is resistant to 
medical therapy, persistent after a prolonged period of control, 
or producing intractable hemodynamic compromise, cryoab- 
lation probably should be attempted. 

The specific details from the small number of reported cases 
of successful JET ablation provide few overarching recommen- 
dations to use when approaching these patients. Although in 
most cases, the region of interest has ended up in the anterior 
septum near the bundle of His, successful ablation in at least 
one case was reported in the posteroseptal region below the 
CS os, with the site identified using retrograde atrial activa- 
tion as a guide (209). This region corresponds to the site used 
for slow pathway modification, and should be associated with 
a low incidence of permanent AV block. However, the data 
presented may be most consistent with frequent paroxysms 
of AV node reentry tachycardia triggered by junctional escape 
beats, and other investigators have not found mapping of ear- 
liest retrograde activation to be useful (211-213,215). None- 
theless, because this area generally is “safe,” initial attempts 
at ablation may be applied in the posterior septal region. If 
unsuccessful, mapping should focus on identifying the site of 
the earliest His potential during JET. Prior to ablation, the 
catheter should be moved very slightly posterior to that site, 
attempting to increase the atrial electrogram size and minimize 
the His activation from the distal ablation tip, similar to the 
methodology used in the past for fast pathway ablation. Most 
early reports of successful elimination of JET without causing 
AV block used this technique with brief, lower power appli- 
cations of RF energy. However, there is probably a high risk 
of AV block in children using RF techniques, leading to the 
non-evidenced-based but probably appropriate switch to cry- 
oenergy for ablation of JET. Figure 17.28 demonstrates the use 
of cryotherapy for ablation of JET in a 10-year-old with inter- 
mittently incessant tachycardia. Earliest His activation during 
tachycardia actually was found with retrograde mapping just 
under the aortic valve (Fig. 17.28). The intermittent nature of 
the JET in this case allowed for ablation during sinus rhythm. 
The high degree of safety of this methodology around the AV 
conduction system makes it ideal for both cryomapping and 
cryoablation, with successful elimination of the JET and pres- 
ervation of the AV node, despite a catheter signal and location 
suggesting very close proximity to the His bundle. The out- 
come of cases like this (214) combined with the demonstrated 
reversibility of cryomap applications suggests that cryother- 
apy should be the treatment of first choice for ablation of JET. 

Ventricular Tachycardia 

High success rates for both DC and RFA have been reported 
for two forms of VT in pediatric patients. In 1990, Morady 
et al. (215) first reported successful elimination of idiopathic 


right-sided VT in 10 relatively young patients without struc- 
tural heart disease using catheter-delivered DC energy. Other 
reports soon followed. In all of these series, pace mapping, as 
well as the site of earliest endocardial activation, were used 
as guides to the appropriate ablation site, but neither method 
was clearly superior. The youngest patient in any of these series 
was 18 years old, but a number of younger patients have since 
been reported 62,150,151,216-218). Both DC and RF energy 
also have been used to eliminate bundle branch reentry VT 
and idiopathic left VT by ablation of the right bundle branch 
or a left posterior Purkinje fiber (218,219). An entrainment 
technique that can identify sites most likely to ablate reentrant 
VT after myocardial infarction (220) has been used to success- 
fully ablate reentrant VT in patients with tetralogy of Fallot 
and its variants (218,221-225). 


COMPLICATIONS AND FOLLOW-UP 


In children, acute major complications appear to occur in 1% 
to 2% of cases, and include complete AV block when ablating 
septal pathways (62,111,127,150,151), inadvertent coronary 
damage or coronary vein perforation (68-70,127,138), and 
vascular and embolic injury (61). Other minor complications 
have included Doppler-detectable increases in valvular regur- 
gitation, minor vascular injury, and minor skin burns at the 
reference electrode skin site (5,62). 

Follow-up studies have shown no evidence of new coro- 
nary abnormalities by traditional angiography at 1 to 6 
months post ablation (5,127), and no significant increase in 
ventricular arrhythmias as late as 2 to 3 years. Importantly, 
however, acute coronary injury may not resolve (173), and 
animal studies have revealed coronary intimal thickening in 
arteries near the ablation site (69,112). Currently no data exist 
to assess the long-term effects of RF lesions on coronary func- 
tion or arrhythmogenicity in developing infants and children. 

The PAPCA study did not report any deaths in its 2,761 
patients; however, in prior reports, death has been a rare com- 
plication of RFA procedures in children. Kugler et al. (62) 
reported a total of four procedure-related deaths in 4,135 chil- 
dren (0.097%) from 1991 to 1996, and Schaffer et al. (39) 
reported an incidence of 0.12% for patients with structurally 
normal hearts. The incidence was higher (0.89%) for patients 
with structural heart disease undergoing ablation. 

SPECIAL CONSIDERATIONS FOR PEDIATRICS 

Age (Infants) 

There are three special considerations in infants that make their 
management different from the older patient when considering 



Figure 17.28. Successful cryoablation at location 
with His potential in a patient with JET. (A) Iden- 
tical His potentials are clearly seen from the abla- 
tion catheter (retrograde approach through the 
aortic valve) and from the His catheter (in a usual 
position) just prior to initiation of cryomapping. 
B: Fluoroscopic images in the anteroposterior 
(AP) view shows the cryoablation catheter over- 
lapping the image of the His position catheter. 
ABL, ablation; HBE, His bundle electrogram. 
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catheter ablation. First, the risk of a sustained reentrant pri- 
mary atrial tachycardia, such as atrial fibrillation, is very close 
to zero in the small structurally normal heart, making the risk 
of sudden death in infants with WPW very low (71,226). Sec- 
ond, in approximately 40% of infants, AP function will sponta- 
neously disappear by 1 year of age (71,72). Finally, the known 
risks of any catheterization, combined with the specific risks of 
catheter ablation in this age group (59,66, 227-229), suggest 
that pharmacologic control should be aggressively pursued 
prior to ablation. This last issue deserves further discussion. 

In humans, myocardial cell division probably occurs 
through approximately 6 months of age (230). Although this 
finding could potentially protect the myocardium from long- 
term complications secondary to early injury, the observation 
has been made that ventriculotomy scars produced in new- 
born puppies (231) and RFA lesions in immature lambs (60) 
appear to increase in size during subsequent development. 
Furthermore, as noted above, in neonatal swine, both RF and 
cryo lesions have been noted to increase in size with age (109). 
In addition, in contrast to mature ablation scars from adult 
animals, late lesions from the neonatal lambs and swine often 
were invasive and poorly demarcated histologically from the 
surrounding tissue (60,109). The potential clinical importance 
of these results is underscored by a reported sudden death 
2 weeks after an AP ablation in a 5-week-old, 3.2 kg infant 
(5,59). An echocardiogram from the infant at the time of a 
brief resuscitation, and autopsy findings, revealed relatively 
large lesions extending into the left ventricle from the intended 
mitral groove ablation site. Another heightened risk in infants 
is coronary artery damage due to the potentially close proxim- 
ity of the coronaries to the ablation catheter and the reduced 
capacity for protective cooling during RF application in any 
small coronary artery. Although most reports of coronary 
damage have been limited to the posterior septum or a non- 
dominant right coronary (67,69,70), complete occlusion of 
the left circumflex artery has been reported in a 5-week-old, 
5.0 kg infant undergoing RFA of a left lateral AP (68), as well 
as in older patients (172,232). 

Despite these disturbing cases, nonpharmacologic therapy 
will be necessary in a small subset of the infants with AP- 
mediated tachycardia (228,233). Until accurate methods are 
available to assess lesion size in real time, alternative meth- 
odologies should be used in all infants. Data on the effects of 
cryotherapy suggest that this form of energy may be much less 
harmful to coronary arteries, even when in very close contact 
(114,174,234), due to the differing effects of cold and heat 
on connective tissue and the vascular inflammatory response. 
Coronary artery flow also protects the vessel through local 
warming during cryotherapy, similar to how flow protects 
through local cooling during RF energy application. If techni- 
cal or other considerations require the use of RF energy, con- 
siderable caution should be used. RF lesion size is related to 
catheter tip size, RF power, tip temperature, and lesion dura- 
tion (235,236). Thus, the following technical modifications 
should be adopted: (a) deliver energy in as atrial a location as 
possible, (b) use a 5 Fr catheter tip, (d) use low temperature 
mapping (50°C to 55°C) to identify the correct location prior 
to higher-temperature RF application (91), (d) use a lower- 
temperature set point of 60°C for the ablation lesion, and (e) 
use shorter duration lesions (7 to 10 times the time to effect, 
with a maximum of 30 to 40 seconds). The future development 
of real-time ultrasonographic or other modality monitoring of 
lesion size may also help reduce the procedural risks (237). 

Size 

Patient size by itself does not appear to affect the success rate 
of catheter ablation, but has distinctly influenced the catheter 


approach. Some have advocated using the standard retrograde 
approach to left-sided APs, but with two modifications: (a) 
a smaller catheter (5 or 6 Fr), and (b) fewer catheters, one 
for the ablation and one additional diagnostic catheter, both 
modifications designed to avoid vascular complications. Other 
researchers, including our own group (5), have worried about 
producing inadvertent ventricular lesions and have found that 
manipulation of the ablation catheter inside small ventricles is 
more difficult, leading to the use of the transseptal approach 
to all left-sided pathways, as described above. In fact, using 
the atrial approach, smaller patient size may actually make 
catheter manipulation easier, as discussed below. 

Preexcitation Syndromes in Patients with Structural 
Congenital Heart Disease 

Though not only a pediatric issue, the combination of struc- 
tural heart disease and arrhythmias will clearly be encoun- 
tered often by the pediatric electrophysiologist. In agreement 
with previous studies (238,239), a review of this issue in all 
database patients with congenital heart disease at the Chil- 
dren’s Hospital in Boston found that preexcitation syndromes 
are statistically increased in patients with Ebstein malforma- 
tion, congenitally corrected transposition of the great arteries 
(ccTGV), and hypertrophic myopathy (196). Of course, pre- 
excitation also occurs in other patients with congenital heart 
disease, but with an incidence not statistically higher than the 
general population. 

Ebstein Malformation 

The association of WPW with Ebstein disease and with the 
left-sided tricuspid valve in ccTGV probably has its basis in 
the embryology of tricuspid valve formation (240-242). The 
leaflets of the AV valves normally develop through a process 
of undermining, or delamination of the interior surface of 
the embryonic ventricular myocardium. Separation of the 
atrium from the ventricle occurs through completion of this 
process and encroachment of fibrous tissue from the AV sul- 
cus. The mitral valve and the anterior leaflet of the tricuspid 
valve are fully delaminated early in development; however, 
the posterior and septal leaflets of the tricuspid valve are not 
even fully formed by 3 months gestation (242). Ebstein dis- 
ease appears to occur when there is arrested development of 
tricuspid valve formation sometime between delamination of 
the anterior and the posterior leaflets. The high prevalence of 
preexcitation combined with anatomic findings of accessory 
connections in a number of selected cases of Ebstein malfor- 
mation (241,243) suggests that the arrested valve develop- 
ment results in remnants of muscular or specialized tissue 
connections that cross the AV groove. In fact, multiple path- 
ways are common in these patients, often with a combina- 
tion of a posteroseptal pathway and one or more additional 
freewali pathways. 

The electrophysiology of the APs in patients with con- 
genital heart disease is not particularly unique. Bidirectional, 
antegrade only and retrograde only pathways have been 
reported. Furthermore, these patients have the same range of 
tachyarrhythmias found in patients with structurally normal 
hearts: orthodromic and antidromic AV reciprocating tachy- 
cardia and other SVTs (AVNRT, atrial flutter/fib, and so on) 
with bystander participation of an antegradely conducting AP. 
However, the physiologic and clinical implications of the tach- 
ycardia may be markedly different in patients with congenital 
heart disease. 

Abnormal hemodynamics, increased incidence of isolated 
atrial and ventricular ectopy, sometimes poor tolerance of 
antiarrhythmic therapy, and the need for surgical repair that 
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accompanies congenital heart disease all contribute to an 
increased need for aggressive arrhythmia management in this 
patient population. However, abnormal anatomy and atypical 
conduction systems may also enhance the difficulty and risks of 
either surgical or catheter ablation. Though difficult, RF cath- 
eter ablation results have been good enough to recommend 
the procedure in: (a) all patients requiring subsequent surgical 
repair to avoid postoperative arrhythmias as a complication 
and (b) most symptomatic patients over 1 year of age with 
significant structural lesions. A review of the reported cases of 
RFA in patients with congenital heart disease shows that most 
of the patients have Ebstein malformation (127,152,244-246). 
However, a significant portion has more complex anatomy 
with AV valve discordance and, often, heterotaxy. Multiple 
pathways are extremely common in this group, occurring 
between 30% and 80% of patients (127,243-245,247), com- 
pared to 5% to 10% in patients without congenital heart dis- 
ease (127,152,248-250). It is interesting to note that similar 
to the patients with Ebstein malformation, patients with AV 
discordance had all of their APs associated with the tricuspid 
valve regardless of atrial situs, AV relationship, or valve func- 
tion. This finding is in contrast to the more random location 
of APs reported for patients without congenital heart disease 
(127,152,248-253). Hypertrophic cardiomyopathy is the 
exception where pathways are more likely to be on the normal 
left-sided mitral valve. 

Some aspects of the procedure in patients with Ebstein 
malformation are of special note. First, differentiation of 
atrial and ventricular signals and precise localization of the 
AV groove can be difficult, leading to a lack of specificity for 
what appear to be excellent signals in predicting a success- 
ful ablation site. In fact, very early ventricular activations, 
which might be termed “pseudo” AP potentials can often be 
seen near the AV groove (Fig. 17.29). This issue is particularly 
important for older patients who have large hearts with poorly 
defined AV grooves. The true AV groove is best identified by 
the right coronary artery. Use of a right coronary electrode 
wire can be considered (248,254), but may be difficult due 
to a diminutive right coronary artery, and may need to be in 
place for long periods when multiple pathways are present. 
A safer recommended alternative is continual display of the 
relevant coronary angiogram using a real-time biplane image 
storage and display system. As with any AP, searching for bal- 
anced atrial and ventricular electrograms during mapping is 
important. Despite these maneuvers, it may still be very dif- 
ficult to define the AV groove in these patients, requiring more 
test applications of the ablation modality to identify the cor- 
rect location. Catheter stabilization for freewall pathways in 
the largest hearts is difficult and is not sufficiently improved 
through the use of a long sheath or a variety of approaches (5) 
(see prior section). One observation that is difficult to prove 
statistically is that the smaller chamber size in smaller patients 
with structural heart disease is a technical asset in catheter 
ablation. In one series (244), a total of seven procedures last- 
ing an average of 4.1 hours were required to ablate seven 
of nine accessory connections in six patients under 40 kg, 
whereas seven procedures lasting an average of 6.5 hours were 
used to ablate only three of seven connections in four patients 
who weighed over 40 kg. 

As expected, it appears to be impossible to approach the 
ventricular side of the tricuspid valve in patients with Ebstein 
malformation. No specific reports have noted the use of 
nonstandard ablation technologies for the patient with Ebstein 
malformation, but a few observations can be made. Coronary 
damage has been reported on multiple occasions in patients 
with Ebstein anomaly (69), probably due to the thin RV wall 
and often diminutive right coronary artery. Consequently, 
despite the tendency to use higher-power active or passive 
cooling ablation systems for difficult cases, such technologies 


should only be employed when an adequate distance between 
the catheter tip and the artery has been documented. The 
definition of “adequate” depends on the size of the nearby 
coronary artery — the larger the size, the safer the ablation. 
Furthermore, strong consideration should be given to the 
use of cryotherapy, at least as a mapping tool. Safety will be 
enhanced and the adhesion of the catheter may be particularly 
useful in the larger patients. 

When multiple pathways are present, persistence may be 
the electrophysiologist’s best weapon for successful ablation. In 
general, 80% to 90% of patients can be rendered arrhythmia 
free by the procedure, with relatively infrequent major com- 
plications, such as permanent AV block (127150,244,245). 
However, recurrence rates have been reported as high as 
40%, particularly when multiple pathways are present 
(127,150,244,245). 



FIGURE 17.29. Electrograms near the AP with Ebstein mal- 
formation. Electrograms A through F were recorded with the 
distal pair of an ablating catheter very near the point of suc- 
cessful ablation shown in F. Note early ventricular activation 
in parts A through D, despite lack of success. Electrograms in 
parts D and E were not significantly different, but part E had 
transient success. F, the point of permanent success, probably 
has the earliest activation; however, the differences are much 
clearer in retrospect. The dark vertical line marks the point of 
earliest surface QRS activation for all electrograms. G shows 
the position of the atrial and HIS electrograms. Pathway loca- 
tion was posterior septal. 


434 SECTION III ■ Electrophysiology 


1 . 


2 . 



3. 



DORV (l,D,A), situs inversus, 
pulmonary stenosis, PAPVC, 
dextrocardia 


TGA (l,D,D), situs inversus, 
subpulmonary stenosis 


DORV (S,L,L), situs inversus, 
pulmonary stenosis, 
straddling mitral valve 



Figure 17.30. A: A cartoon demonstrating the locations of the mitral valve (MV), tricuspid valve (TV), the His bundle, 
and APs in three patients with preexcitation syndromes and atrioventricular discordance. Patient 1 corresponds with 
parts (A) and (B). The angiogram in the anteroposterior projection (B) illustrates the importance of defining the anatomy 
of the AV valves. The decapolar catheter (bottom white arrow in B) was advanced from the left-sided IVC across the 
mitral valve and positioned with the second pair of electrodes at the His bundle. The mapping catheter (black arrow in 
A, upper white arrow in B) was advanced from the IVC across the atrial septum to the right-sided (anatomic) left atrium 
and positioned at the location of the AP, which in this case was at the superior and anterior portion of the left-sided 
tricuspid valve. The unmarked catheter is an atrial pacing catheter in the left-sided right atrium. DORV, double outlet 
right ventricle; PAPVC, partial anomalous pulmonary venous connection; TGA, transposition of the great arteries. 


Corrected Transposition 

Ablation procedures in patients with AV discordance (S,L,L or 
I,D,D) require special considerations. First, detailed echocar- 
diography and angiography are instrumental in defining the 
complex anatomy of the atria, the AV ring, and the CS, so 
that the cameras and catheters can be positioned appropri- 
ately (Fig. 17.30). Second, careful attention must be given to 
locating the normal conduction system. Virtually, all patients 
with AV discordance have had their AP associated with the 
tricuspid valve, while the His bundle has been associated more 
closely with the mitral valve. As predicted by Ho and Ander- 
son (255), the normal conduction axis often is located at an 
anterior position along the AV groove. Once the “normal” 
and abnormal conduction fibers are located, electrophysi- 
ologic study and RFA of the APs can proceed with less risk 


of damage to the normal conduction system. Mapping and 
ablation requires a detailed knowledge of the anatomy and 
often innovative approaches. For instance, for cases of atrial 
inversion (right atrium on the left, and vice versa) with AV 
discordance (I,D,D), an atrial approach to the right-sided 
tricuspid valve may require a reverse transseptal procedure 
from the left-sided IVC and right atrium to the right-sided left 
atrium. If present, the CS in such cases will also be reversed. 
AVNRT may also be present in these patients, requiring iden- 
tification of the slow pathway of an AV node that is typically 
along the anterior mitral annulus. Clearly, the need for a 
detailed understanding of the anatomy in these cases cannot 
be overemphasized. Ablation technologies similar to those rec- 
ommended above for Ebstein patients, including cryoablation 
as the preferred energy source, are applicable to AV discord- 
ance patients as well. 
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Double Atrioventricular Nodes 

In hearts with discordant AV connections, the AV node typically 
is situated superior and anterior in the atrial wall near the antero- 
lateral quadrant of the mitral valve (240,255). A second AV node 
that often is present more inferiorly in the normal area of the 
triangle of Koch can also link to the ventricular conduction fibers 
posteriorly, usually inferior to a ventricular septal defect. If the 
posterior and anterior ventricular bundle branches link together, a 
conduction sling, sometimes referred to as a “Monckeberg sling,” 
is formed (Fig. 17.31) (240,256,257). These anatomic findings 
provide the substrate for a host of different modes of ventricular 
excitation or preexcitation and AV reciprocating tachycardias. 
However, prior to our reports, there had been no electrophysi- 
ologic documentation of this phenomenon (258,259). 

In 2001, we reported seven such cases, all of whom had AV 
discordance (2-S,L,L and 1-I,D,D) and characteristics consistent 
with the diagnosis of two separate AV nodes (twin or double) 
(258). Five of the seven also had malaligned AV septal defects. 
The electrophysiologic findings included: (a) the existence of 
two discrete nonpreexcited QRS morphologies, each with an 
associated His-bundle electrogram and normal HV interval; (b) 
decremental as well as adenosine-sensitive anterograde and ret- 
rograde conduction; and (c) inducible AV reciprocating tach- 
ycardia with anterograde conduction over one AV node and 
retrograde conduction over the alternate AV node. Ventricu- 
lar premature beats placed into tachycardia when the His was 
refractory could preexcite the atrium, indicating that the tachy- 
cardia involved two AV connections. In all cases, applications 
of RF energy at the site of the bidirectional pathway resulted 
in transient junctional acceleration with an identical QRS mor- 
phology to that generated by anterograde conduction over the 
targeted AV node and modified or eliminated antegrade and 
retrograde conduction at that site. Although there is a possibil- 
ity that one or the other of these pathways was a Mah aim-type 
AV fiber, their locations and the presence of near-normal HV 
intervals, retrograde conduction, orthodromic tachycardia, and 
junctional - type acceleration during RFA all favor a second AV 
node. The precise etiology may make little difference for the 
management of such patients, but the phenomenon is impor- 
tant to be aware of to avoid damage to the more robust of the 
two conduction systems during ablation procedures performed 
prior to surgery in these patients with complex anatomy. 

Clearly, an extensive understanding of the anatomy and 
electrophysiology should be obtained in such patients before 
proceeding to mapping and ablation. Furthermore, the lack 
of clarity in defining the anatomy of AV conduction in these 
patients suggests that ablation should first be undertaken using 
cryotherapy, proceeding to RF energy only if unsuccessful or 
after a recurrence. The one caveat to this recommendation is 
that low-power RF application may be helpful in identifying 
the location of the anterior and posterior AV nodes through 
their acceleration response when heated. 


Preexcitation and Congenital Heart Disease: 

Summary 

A few recommendations concerning catheter ablation in 
patients with congenital defects can be made: (a) an attempt 
should be made to carefully identify the location of the nor- 
mal AV conducting system, particularly in patients with AV 
discordance, (b) the anatomic tricuspid valve is the most 
likely location for accessory connections, (c) smaller patient 
size may be an asset, (d) an atrial approach probably should 
be attempted first for connections around the tricuspid annu- 
lus (right or left sided), (e) the true AV groove should be well 
identified, using atrial and ventricular electrogram balance, a 
coronary angiogram, or if feasible and available, a coronary 
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Figure 17.31. A: Diagram of the base of the heart and the AV 
conduction system in congenitally corrected transposition of 
the great arteries (corrected) as seen from above. Note the 
bicommissural mitral valve on the right and the tricommis- 
sural tricuspid valve on the left. The AV node may either lie 
posteriorly (Post. Node) in the septum in a somewhat normal 
location, anteriorly on the right-sided mitral valve (Ant. Bun- 
dle) or in both places (Anderson RH, Arnold R, Wilkinson JL. 
The conducting system in congenitally corrected transposition. 
Lancet 1973;1:1286-1288, with permission, Ref. 260). B: Dia- 
gram of the conduction system from a patient with corrected 
transposition in a criss-cross heart, with AV valve anatomy 
similar to that shown in (A). Note the dual conduction system 
with both the posterior and anterior AV nodes penetrating into 
the ventricles and near connection of the conduction systems 
within the ventricle. 
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mapping wire in larger patients, and (f) whenever possible, 
cryoenergy should be considered as the ablation technology to 
minimize the risk to the AV conduction system and adjacent 
small coronary arteries. With these caveats in mind, it appears 
that despite the difficulties of unusual anatomical landmarks 
and abnormally positioned conduction systems, most APs in 
patients with structural congenital heart disease can be ablated 
safely and effectively. 


SUMMARY 

Children are usually smaller than adults, but in general ablation 
techniques used in adults should not simply be miniaturized to 
fit the size of the pediatric patient. Multiple factors, including 
the distribution of arrhythmia mechanisms, ongoing myocardial 
development, potentially increased risk of vascular injury and 
AV node damage, as well as the effects of smaller cardiac size 
should all influence the ablation technique. An overriding theme 
in the child should be that safety takes precedence over efficacy. 
Thus, variations of technique should include the decision to 
ablate, the energy source and its delivery, the catheter approach 
to the heart and the AV ring, and the follow-up. For instance, 
because of its strong safety profile and despite lower efficacy, 
the use of cryotherapy may be even better suited to ablation 
in children than in adults. Attention to these factors probably 
is most important in infants. In addition, the pediatric patient 
is more likely to have the simultaneous presence of structural 
congenital heart disease, which in itself has a variety of implica- 
tions for the decision to ablate and the procedure technique. 
Alternatively, there are numerous similarities between adult and 
pediatric patients. Specifically, regardless of age, it seems clear 
that a variety of techniques and approaches is necessary to suc- 
cessfully ablate APs in all locations around the AV groove. 
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A rrhythmias are common in the general pediatric population 
and frequently are an important clinical problem in pa- 
tients with structural congenital heart disease. Arrhythmias 
have a broad spectrum of clinical presentations, ranging from 
no symptoms to sudden death. There is a wide variety of causes 
of arrhythmias and an even broader range of treatments. On 
the most basic level, arrhythmias can be divided into bradyar- 
rhythmias and tachyarrhythmias. 


SINUS NODE 


The sinoatrial node is an extensive, subepicardial structure 
located on the crista terminalis of the right atrium between 
the inferior and superior vena cavae (1). The blood supply 
to the sinus node has three major variants, with the right 
coronary artery supplying it 60% of the time, left circumflex 
coronary artery 36%, and the remainder by both coronary 
arteries (2). The main function of the sinus node is electri- 
cal; therefore, it is dependent on ion channels. These cells 
have unique properties and exhibit a slow, spontaneous 
phase 4 depolarization known as the pacemaker potential 
that is affected by circulating catecholamines (3). The sinus 
node also has a very strong sympathetic and parasympathetic 
innervation through cardiac ganglionic plexi that directly 
affect the rate of depolarization. Increased sympathetic tone 
increases depolarization, while increased parasympathetic 
tone reduces depolarization. Disorders in any of these areas 
can result in abnormal sinus function resulting in bradyar- 
rhythmias or tachyarrhythmias. 


ANATOMY OF THE ATRIOVENTRIUCLAR NODE 

The atrioventricular (AV) node is the electrical structure that 
connects the atrium to the ventricles. It is a complex structure 
made up of different structures that are based on variable cel- 
lular morphology and function. It generally is located at the 
base of the interatrial septum within the triangle of Koch. As 
with the sinus node, it has a very rich autonomic innervation 
with both sympathetic and parasympathetic neurons (4). Its 
main function is to allow delayed impulse transmission from 
the atrium to the ventricle. This delay ensures that the atria 
have a chance to contract before the ventricles are stimulated. 
When the sinus node fails, the AV node has automaticity and 
can function as an escape pacemaker. 

The AV junction consists of transitional cells, specialized 
nodal cells (AV node), and the penetrating AV bundle (bundle 
of His) (Fig 18.1). The first part of the AV node is the transi- 
tional cells. These cells tend to be laid into tracts (i.e., the fast 
and slow pathways) that lead directly from the atrial myocar- 
dium into AV node proper (5). As the cells exit the compact 


bundle, they begin to organize into larger individual bundles 
separated by fibrous tissue. As the lower cells progress even 
more distally, they form the penetrating AV bundle. The pen- 
etrating bundle is engulfed by the central fibrous body (CFB) 
and also is referred to as the bundle of His. Conduction exits 
the bundle of His into the ventricles via the left and right bun- 
dle branch and the Purkinje fibers. Abnormalities affecting this 
complex series of fibers at any level can result in AV block or 
tachyarrhythmias . 


TACHYCARDIA 


An abnormal mechanism of tachycardia, or tachyarrhyth- 
mia, results from an area other than the sinus node elevat- 
ing the heart rate above the sinus rate or alternatively from 
an intrinsically abnormal sinus node. Tachyarrhythmias arise 
as a result of abnormal impulse initiation or conduction and 
may be classified in several different ways. One way to clas- 
sify tachyarrhythmias is based on their mechanism of initia- 
tion and propagation. There are three basic mechanisms by 
which tachyarrhythmias start: reentry, abnormal automatic- 
ity, and triggered activity. It is important to understand these 
mechanisms because the clinical presentation and features of 
the tachycardia depend on their underlying mechanism. 

Reentry is the most common form of tachyarrhythmia and 
is responsible for most supraventricular and many ventricular 
tachycardias (VTs). For reentry to occur, two distinct conduct- 
ing pathways must be linked around an area of nonconducting 
tissue. One limb of the circuit must display slow conduction 
while the other limb has a long refractory period (Fig. 18.2). 
This type of arrhythmia can be terminated if one or both limbs 
of the tachycardia are disrupted. They usually have a rapid 
onset and offset (usually in a single beat) and may present 
with rates above 300 beats per minute. Examples of reentrant 
tachycardias are AV node reentry tachycardia, accessory path- 
way-mediated tachycardia, and atrial flutter. 

Automaticity is the ability of a cell to depolarize sponta- 
neously. With abnormal automaticity, there is either abnor- 
mally fast activation of cells that exhibit automatic function 
or development of spontaneous depolarization in cells that 
typically do not possess automaticity. Abnormal automaticity 
often has a metabolic cause (electrolyte disturbances, thyro- 
toxicosis, hypoxia, ischemia, fever, etc.). It can occur in oth- 
erwise normal children but also frequently is seen in acutely 
ill children and often exacerbated by intravenous sympatho- 
mimetics. The arrhythmias caused by abnormal automatic- 
ity show behavior similar to sinus rhythm in that they speed 
up and slow down according to metabolic changes and are 
generally refractory to direct current cardioversion. Examples 
of enhanced automaticity include atrial ectopic tachycardia 
(AET), junctional ectopic tachycardia (JET), and some forms 
of VT. 
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Figure 18.1. AV node anatomy. This dia- 
gram illustrates the location of the AV node 
within the triangle of Koch. One can follow 
the propagation of a sinus beat down the 
fast and slow pathways, through the com- 
pact AV node, located within the CFB, to 
its exit into the His bundle. CS, coronary 
sinus; IAS, intra-atrial septum; FO, foramen 
ovale; IVC, inferior vena cava; TrV, tricus- 
pid valve; CFB, central fibrous body. 
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Figure 18.2. Mechanism of reentry. 
A: Reentry involves two inter- 
connected limbs of tissue that 
conduct electrical impulses with 
an area between the two with 
no electrical conduction. One 
limb has fast conduction with a 
long refractory period. The other 
limb has slower conduction but a 
shorter refractory period. B: If a 
premature impulse occurs, it may 
block in the rapidly conducting 
limb and conduct down the slow 
limb only. C: When the impulse 
reaches the connection between 
the two limbs, the faster conduct- 
ing limb is no longer refractory 
and able to conduct a retrograde 
impulse. D: This retrograde 
impulse then activates the slowly 
conducting tissue setting up the 
reentrant circuit. 
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table 18.1 

Approximate Normal Resting 

Heart Rates in the Pediatric 
Population by Age 

Age 

Resting Heart Rate (bpm) 

Birth-1 wk 

90-160 

1 wk-1 yr 

100-170 

1-2 y 

80-150 

3-7 y 

70-135 

7-10 y 

65-130 

1 1—1 5 y 

60-120 


The third and most rare mechanism of arrhythmogenesis is 
triggered activity, which has features of both automaticity and 
reentry. This is the result of an after-depolarization, which is 
an abrupt change in the membrane potential during the action 
potential (early after-depolarization) or following full repo- 
larization (delayed after-depolarization). This may serve as a 
stimulus for an ensuing action potential, leading to a sustained 
arrhythmia. These after-depolarizations are a feature of many 
drug-induced arrhythmias (such as digitalis toxicity), and trig- 
gered activity is associated with the initiation of ventricular 
arrhythmias in long QT syndrome (6). 


Clinical Presentation 

Normal heart rates in pediatric patients are age dependent 
(Table 18.1). One must realize that these are normal resting 
heart rates. The challenge is actually obtaining an accurate 
resting heart rate. Palpation of a child’s pulse or obtaining an 
ECG can lead to fear and/or anxiety, thereby increasing heart 
rate through significant sympathetic input. The maximum 
sinus heart rate that one can achieve is typically 220 beats per 
minute minus the patient’s age. Although heart rates above 
220 beats per minute rarely can be sinus in origin, heart 
rates in this range should warrant evaluation for an abnor- 
mal mechanism of tachycardia. Initiation and termination of 
tachycardia with a single beat also should raise suspicion for 
an abnormal mechanism of tachycardia. Syncope is a rela- 
tively uncommon presentation of tachycardia in the absence 
of other symptoms suggesting an arrhythmia or underlying 
channelopathy. 


Evaluation 

The most important aspect for diagnosis of tachyarrhythmias 
is the electrocardiogram (ECG). Documentation of the elec- 
trocardiographic rhythm during times of symptoms or tachy- 
cardia is the cornerstone for differentiation between sinus 
tachycardia and abnormal mechanisms of tachycardia. Ideally, 
this is performed as a 12-lead rhythm strip but may be done in 
any manner capable of recording and documenting the ECG. 
As arrhythmias may stop suddenly without warning, immedi- 
ate documentation should be one of the first steps in manag- 
ing a patient with a tachyarrhythmia following assessment for 
hemodynamic stability. The most helpful ECG for a specific 
diagnosis of a tachyarrhythmia is during times of “wobble”: 
when a tachycardia, starts, stops, or changes. Therefore, a con- 
tinuous ECG strip should be performed during the time of any 
intervention to terminate tachycardia, not just before and after. 


At times, it can be difficult to diagnose the exact nature of 
a tachycardia based on an ECG or rhythm strip alone. In these 
cases, it may be necessary to use other diagnostic tools to char- 
acterize the tachycardia. Vagal maneuvers such as Valsalva or 
the dive reflex may be used to alter the tachycardia or in some 
instances terminate it. The dive reflex is initiated by placing a 
bag of ice over the entire face (including the nose and mouth) 
for a period of 10 to 15 seconds or submersing the entire face 
in an ice water mixture. Although this is a strong vagal stimu- 
lus, it may be alarming to parents, and care should be taken in 
small patients to avoid superficial damage to the skin from the 
ice. Other vagal maneuvers such as ocular stimulation, carotid 
massage, gagging, and rectal stimulation are best avoided in 
the pediatric setting. 

Postoperatively, atrial temporary pacing wires can be used 
to obtain a pure atrial signal when it is difficult to determine 
the relationship of the P wave to the QRS during tachycar- 
dia. The two atrial pacing wires are connected to the white 
(right arm) and black (left arm) leads. This gives a distinct 
deflection representing atrial activity in lead 1 (see Fig. 18.3). 
Alternatively, a soft electrophysiology (EP) catheter (either a 
small transvenous catheter or a specialized catheter made for 
transesophageal pacing and recording) can be placed in the 
esophagus and connected to the ECG machine in a similar 
manner to obtain a recording of the left atrial signal. 

A thorough history is also very important. Unfortunately, 
palpitations are a common complaint in children, especially 
among teenagers. Differentiation between tachyarrhythmias 
and sinus tachycardia due to other causes can be challenging. 
The onset and termination of tachycardia are important his- 
toric features. The onset of tachycardia frequently is described 
as sudden in both sinus tachycardia as well as tachyarrhyth- 
mias. The termination of tachycardia typically is gradual in 
sinus tachycardia. In a tachyarrhythmia, the termination may 
occur in a single beat. Dizziness can occur with both tach- 
yarrhythmias and sinus tachycardia. If palpitations precede 
dizziness, this is more consistent with a tachyarrhythmia. If 
dizziness is the first symptom, a tachyarrhythmia is unlikely 
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Figure 18.3. ECG tracing obtained using atrial temporary pac- 
ing wires. The two atrial pacing wires are connected to the 
right arm {white) and left arm (black) leads giving a pure atrial 
signal in lead I (marked by asterisk). Using this tracing, it is 
possible to delineate the atrial signal from the QRS complex 
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to be the source of symptoms. Quantification of the heart 
rate also can be challenging to obtain from a history because 
it is infrequent that an actual pulse is taken during an epi- 
sode. Asking the child or parent to tap with his or her hand 
to approximate the symptoms may be a beneficial tool to esti- 
mate heart rate. Heart rates that are faster than one is able to 
count should prompt evaluation for a tachyarrhythmia. 

Many tachyarrhythmias only occur with exercise as the 
increased catecholamine state may enhance conduction in 
the AV node, making reentrant tachycardias more likely or 
enhancing automaticity. In these particular circumstances, 
performing an exercise treadmill test may be indicated to elicit 
an abnormal tachycardia. Several different protocols can be 
used depending on the particular type of exercise that causes 
the tachycardia. The typical continuous escalating protocol 
(Bruce protocol) may be used or modified to replicate the type 
of activity that triggers the tachyarrhythmia. 

As many patients who have tachyarrhythmias have a normal 
resting ECG when not in tachycardia, a 24-hour cardioscan 
or Holter monitor that records all ECG activity continuously 
for a 24-hour period rarely is helpful in diagnosing tachyar- 
rhythmias unless symptoms happen daily. The monitor may 
be worn for 48 hours or even longer, but once again it is only 
helpful if symptoms occur while the monitor is being worn. 

If symptoms happen only occasionally, one of two types 
of event monitors may be prescribed. The first is a small 
recording device containing electrodes that has the capabil- 
ity of recording an ECG only when activated. When a patient 
feels symptoms, he or she places the device on the chest and 
activates it, which then creates a recording of the rhythm at 
that time. The recordings then can be transmitted electroni- 
cally to obtain an ECG during the symptoms. A second type of 
event monitor is a looping recorder. This device is connected 
by ECG monitoring electrodes to the patient and continuously 
records the rhythm. When the recording switch is activated, it 
has the capability to go back and record ECG tracings several 
minutes prior to the activation as well as following the activa- 
tion. It also can be programmed to automatically record the 
rhythm if the heart rate exceeds or drops below a certain set 
rate. The external loop recorder may have issues with com- 
pliance because the ECG electrodes often are irritating to the 
skin and must be changed on a regular basis. A different type 
of loop recorder actually may be implanted under the skin to 
continuously record the cardiac rhythm, thus avoiding the 
problem of constantly having ECG leads attached. It func- 
tions similar to an external loop recorder. The loop recorder 
can then be downloaded to obtain the rhythm tracings. This 
can be done with the same programmer used to interrogate 
a pacemaker or can be done via a unit placed in the patient’s 
home. An implantable loop recorder can be useful in pediatric 
patients for determining the presence or absence of an arrhyth- 
mia during symptoms of syncope, near syncope, and palpi- 
tations when conventional diagnostic testing such as ECG, 
Holter monitoring, and/or external loop recording is inconclu- 
sive (7). The drawback is the necessity for a minor surgery to 
implant the device with the need to remove the monitor when 
it is no longer needed or when the battery life ends (typically 
around 3 years after implantation). Fortunately, implantable 
loop recorders are rarely indicated in pediatric patients and 
should be reserved for cases when it is critical to document the 
presence and/or characteristics of an arrhythmia. After docu- 
mentation of the tachycardia, it is then possible to characterize 
further the arrhythmia and plan a strategy for therapy. 

Characterization of Tachycardias 

One method for categorizing tachyarrhythmias is to examine 
the width of the QRS complex and divide the tachyarrhythmias 


into narrow complex and wide complex. In making this dis- 
tinction, one must take into account the duration of the QRS, 
which depends on the patient’s age and history of cardiovas- 
cular surgery. In general, neonates have shorter QRS durations 
than other age groups. In a child <1 year old, a QRS duration 
of more than 80 milliseconds (two boxes on a standard ECG) 
should be considered wide. It is always important to measure 
the QRS duration as a QRS duration of 100 milliseconds may 
look narrow to the naked eye on an electronic monitor tracing 
present at the bedside. In general, narrow complex tachycar- 
dia originates from an area above the ventricles. The differen- 
tial diagnosis of wide complex tachycardia, including VT, is 
discussed later in this chapter. 

Sinus Arrhythmia 

Although named as an arrhythmia, this phenomenon is related 
to increasing amounts of vagal tone and is entirely normal. 
In sinus arrhythmia, the P wave axis remains normal, but the 
heart rate increases with inspiration and decreases with expi- 
ration. It may be more prominent in younger patients with 
faster heart rates and is present at some point during 24-hour 
monitoring in almost all children (8). This variation in rate 
rarely exceeds 100% (e.g., from a rate of 60 to 120 beats per 
minute); if it does, it may signify an abnormality. 

Narrow Complex Tachycardias 

Supraventricular tachycardia (SVT) is the most common sus- 
tained arrhythmia in children, with an estimated incidence 
from 1 in 25,000 to as high as 1 in 250 children (9). The most 
common age at presentation in childhood is within the first 
2 months of life (10). 

SVT is defined as an abnormally rapid rhythm that origi- 
nates proximal to the bifurcation of the bundle of His, is caused 
by an abnormal mechanism (specifically excluding sinus tach- 
ycardia), and does not have flutter waves on the surface ECG. 
Although most patients with SVT have a structurally normal 
heart, 20% of patients have structural heart disease (11). 

One method for subdividing narrow complex tachycardias 
is to examine the relationship between the QRS complex and 
the P wave on the ECG. To do this, a line is drawn halfway 
between two successive QRS complexes. If the P wave is buried 
in the QRS complex or is visualized prior to the line between 
the two consecutive QRS complexes, the tachycardia is con- 
sidered to be a short RP tachycardia. If the P wave is visualized 
after this line, it is considered to be a long RP tachycardia. The 
description of specific types of long RP versus short RP tachy- 
cardias is listed in Table 18.2. 

Accessory Pathway-Mediated Tachycardia 

In the normal heart, the atria and ventricles are isolated elec- 
trically from each other by the fibrous annulus of the tricuspid 
and mitral valves. The only way for electrical impulses to pass 
from the atria to the ventricles is through the AV node, which 
penetrates through the central fibrous body to conduct elec- 
trical impulses. An accessory pathway is an additional electri- 
cal conduction pathway from the atria to the ventricles. This 
pathway results from a defect in the fibrous annulus as the 
embryonic atria and ventricles become electrically isolated. 
This process occurs in all fetuses during cardiac develop- 
ment but regresses in most cases. Persistence of one of these 
connections creates an accessory pathway. Accessory path- 
ways are derived from either normal ventricular myocardium 
or specialized conduction tissue. Accessory pathways can 
conduct antegrade only (Mahaim fibers), both antegrade and 
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table 18.2 

Characteristics of Narrow Complex Tachycardia 


SVT Type 

Incessant/ 

Paroxysmal 

P Wave 
Axis 

RP 

Relationship 

Adenosine 

Response 

Reentrant or 
Automatic 

AVN (typical) 

p 

LSRA 

Short 

Terminate 

Reentrant 

AVN (atypical) 

i 

LSRA 

Long 

Terminate 

Reentrant 

WPW 

p/i 

Not HRA 

Short 

Terminate 

Reentrant 

URAP 

p/i 

Not HRA 

Short 

Terminate 

Reentrant 

PJRT 

1 

LSRA 

Long 

Terminate 

Reentrant 

Mahaim 

P 

LSRA 

Short 

Terminate 

Reentrant/auto 

AET 

p/i 

Not HRA 

Long (may 
Wenckebach) 

None or term 

Automatic 

NFAT 

p 

Not HRA 

Long (may 
Wenckebach) 

Terminate 

Reentrant 

JET 

1 

HRA 

AV dissociated 

None or slow 

Automatic 

Atrial Flutter 

p/i 

Not HRA 

Long (may 
Wenckebach) 

AV block 

Reentrant 


AVNRT, AV node reentry tachycardia; WPW, Wolff-Parkinson-White; URAP, unidirectional retrograde accessory pathway; 
PJRT, permanent form of junctional reciprocating tachycardia; AET, atrial ectopic tachycardia; NFAT, nonautomatic focal atrial 
tachycardia; JET, junctional ectopic tachycardia; HRA, high right atrium; LSRA, low septal right atrium 


retrograde (Wolff-Parkinson-White [WPW]), or retrograde 
only (unidirectional retrograde accessory pathway [URAP]). 

There are two different mechanisms by which accessory 
pathways can cause SVT. In an orthodromic tachycardia, the 
conduction is antegrade through the AV node to the ventricle 
and then retrograde through the accessory pathway to the 
atrium (see Fig. 18.4A). This is the usual form of accessory 


pathway-mediated tachycardia and results in a rapid rate with 
a narrow QRS complex. The other mechanism is termed anti- 
dromic tachycardia (see Fig. 18.4B). In this form of tachycar- 
dia, conduction is antegrade through the accessory pathway 
to the ventricle then retrograde through the AV node to the 
atrium and can only occur in accessory pathways with ante- 
grade conduction. Because the activation of the ventricle is 
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Figure 18.4. ArOrthodromic SVT 
using an accessory pathway. The 
rate is around 320 beats per minute 
and the QRS morphology is nar- 
row as the antegrade activation is 
through the AV node and the ret- 
rograde activation is through the 
accessory pathway. B: Antedromic 
SVT induced during an EP study. 
The QRS morphology is wide and 
has the same activation pattern as 
the manifest preexcitation on the 
ECG in sinus rhythm as the ante- 
grade limb is through the accessory 
pathway. 
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through the accessory pathway and not the AV node, this type 
of tachycardia is always a wide complex tachycardia. The acti- 
vation of the ventricle will have the same pattern as the pattern 
of preexcitation seen on the surface ECG in sinus rhythm. Of 
note, in both types of tachycardia all four components (ventri- 
cle, accessory pathway, atrium, and AV node) are critical for 
maintaining the reentrant tachycardia circuit, and the tachy- 
cardia may be terminated in any one of these four limbs. 

Wolff-Parkinson-White 

In 1930, Drs Wolff, Parkinson, and White described an ECG 
syndrome consisting of a functional bundle branch block and 
a short PR interval in healthy people with paroxysms of tachy- 
cardia (12). This syndrome now bears their names. WPW syn- 
drome or ventricular preexcitation involves the combination 
of three findings: a PR interval shorter than normal for the 
patient’s age, a slurred upstroke of the QRS complex (i.e., a 
delta wave), and a QRS complex of longer duration than nor- 
mal for age (see Fig. 18.5). There also frequently are changes 
in the ST or T waves. These findings may not be found in all 
leads, and the midprecordial leads (V2-V4) may be the most 
sensitive. Other clues to the presence of WPW are left axis 
deviation, the absence of Q waves in lead V6, abnormally 
wide Q waves in the limb leads (a pseudoinfarction pattern), 
junctional escape beat seen with a different QRS morphology, 
and accentuation or loss of preexcitation with a premature 
atrial contraction (PAC). The EP definition of preexcitation, or 
WPW, is a His to ventricle (HV) interval of <35 milliseconds. 

Its incidence is 0.1% to 0.3% among the general population 
and is more prevalent in men than women (13-15). However, 
the true incidence of WPW may be much higher because many 
patients are asymptomatic. Although asymptomatic patients 
do not technically meet the definition for WPW “syndrome” 
(because they do not have tachycardia), these patients are still 
labeled as having WPW, although a more correct description 
would be ventricular preexcitation. 

WPW has a known association with congenital heart dis- 
ease, ranging from 9% to 32% of patients, so an echocardio- 
gram generally is indicated (10,16-18). The structural cardiac 
diseases know to be associated with WPW include Ebstein 
anomaly of the tricuspid valve, corrected transposition of the 
great arteries, and hypertrophic cardiomyopathy; noncardiac 
associations include glycogen storage disease and tuberous 


sclerosis. The majority of WPW cases tend to be sporadic in 
nature, but in a small minority of these patients (3%), there is 
an identifiable affected first-degree relative, and familial cases 
have been reported (7p3 chromosomal association) (19). In 
addition, approximately 9 % of WPW patients have more than 
one accessory pathway (20). The incidence of multiple path- 
ways may be as high as 20% of patients who have underlying 
congenital heart disease (21). 

WPW may participate in arrhythmic substrates in two dif- 
ferent ways. The first is as one of the limbs in a reentrant SVT. 
The second is conduction to the ventricle during atrial fibril- 
lation. Many patients will present with symptomatic SVT, but 
some will have WPW discovered on an ECG done for other 
reasons. However, a significant percentage of incidentally dis- 
covered patients with WPW will develop an arrhythmia — 15% 
after a mean follow-up of 37.7 months in a large Italian study 
(22). In higher-risk groups (patients with rapidly conducting 
accessory pathways or multiple pathways), this figure may be 
as high as 44% (23). In a large study of military personnel fol- 
lowed over 20 years, 23% with constant preexcitation devel- 
oped reentrant SVT compared to 8.3% who only exhibited 
intermittent preexcitation (24). 

Episodes of SVT decrease in frequency over the first year 
of life in >90% of patients. However, tachycardia recurs in 
approximately 30% of them at an average age of 7 to 8 years 
(18). Furthermore, there is evidence that in the first year of 
life the accessory pathway loses anterograde conduction in as 
many as 40% of patients and SVT becomes noninducible in a 
similar percentage, suggesting loss of retrograde conduction as 
well (25). However, if a WPW pattern persists on ECG, there 
is up to a 29-fold increased chance of SVT recurrence, requir- 
ing additional antiarrhythmic therapy to control SVT (26). If 
SVT presents after an age of 1 year, >90% of patients will have 
a recurrence (27). 

Patients with WPW rarely present with symptoms of heart 
failure from the hemodynamic effects of preexcitation alone. 
This is presumed to be because of dyssynchronous ventricular 
contraction associated with an extremely preexcited rhythm 
(28). In addition, there is an improvement in ejection frac- 
tion after ablation of septal accessory pathways in pediatric 
patients (29) as well as rapid normalization of ventricular 
function and reverse left ventricular remodeling after elimina- 
tion of ventricular preexcitation in adult patients (30). 

Patients with WPW are at risk of developing atrial fibril- 
lation. There are two likely mechanisms of paroxysmal atrial 



Figure 18.5. WPW with a shortened PR interval, widened QRS, and slurring of the upstroke of the QRS (Delta 
wave). Note the deep, wide Q wave in lead aVR (pseudoinfarction pattern) and the unusual appearance of the 
ST segments due to the preexcitation. 
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Figure 18.6. Atrial fibrillation in a patient with WPW. This creates an irregularly irregular wide complex tachy- 
cardia characteristic of this arrhythmia. 


fibrillation in patients with WPW syndrome: one mechanism is 
reversible and directly related to the accessory pathway, while 
the other is intrinsic and accessory pathway-independent 
atrial vulnerability (31). Just as patients with multiple acces- 
sory pathways may be at a higher risk of SVT, they are also 
at a higher risk of atrial fibrillation (32). Atrial fibrillation 
as a presenting symptom occurs rarely, with an incidence of 
6% in one study (33). Atrial fibrillation in WPW presents as 
a characteristic irregular wide complex tachycardia (see Fig. 
18.6). This feature separates this arrhythmia from most VTs, 
which have a relatively constant cycle length. Rapid conduc- 
tion through the accessory pathway may lead to VT or fibril- 
lation with resultant hemodynamic collapse (34). Adenosine, 
digoxin, and calcium channel blockers typically are contrain- 
dicated in WPW patients in atrial fibrillation because they pro- 
mote conduction through the accessory pathway rather than 
the AV node, precipitating ventricular arrhythmias. Direct 
current cardioversion is the preferred therapy, especially in the 
presence of rapid conduction down the accessory pathway. 

The incidence of both malignant WPW syndrome resulting 
in cardiac arrest and WPW causing SVT is higher in patients 
with syncope than in patients who are otherwise asympto- 
matic (35). Therefore, syncope in a patient with WPW should 
prompt rapid referral for further diagnostic testing. 

Risk Stratification 

Risk stratification may be beneficial, even in asymptomatic 
individuals, because sudden cardiac death may be the first 
presentation of WPW syndrome in up to 1.4% of patients, 
according to an Italian study (22). However, other studies 
from the United States indicate that the overall sudden cardiac 
death rate is low (on the order of 0.0015 per patient-year) 
and that sudden cardiac death is extremely rare in patients 
who are asymptomatic at diagnosis (36). Rapid antegrade 
conduction through an accessory pathway is the primary 
risk factor for sudden cardiac death. Tachyarrhythmia indue - 
ibility and multiple accessory pathways also are risk factors 
for potentially life-threatening arrhythmic events (34). The 
risk of sudden cardiac death in patients younger than 8 years 
old is very small and is minimal in patients younger than 5. 
As invasive and noninvasive testing in this young age group 
may present challenges, it is acceptable to wait until ages 5 to 
8 years to perform risk stratification. In a study by Bromberg 
et al. (37), cardiac arrest was the only distinguishing clinical 


feature between high and low-risk groups and the first mani- 
festation in 80% of the children of an accessory pathway that 
can precipitate a life-threatening arrhythmia. As patient his- 
tory is not helpful in distinguishing high-risk groups in WPW, 
other methods of risk stratification need to be performed. 

One method of stratifying patients with WPW by risk is 
to perform an exercise treadmill test. If there is loss of preex- 
citation, this suggests a low-risk accessory pathway (38,39) 
(see Fig. 18.7). The loss of preexcitation should occur in a 
single beat, rather than gradually, in order to classify the path- 
way as low risk based on the treadmill test (40). Although, 
intermittent preexcitation seen either on an ECG or 24-hour 
cardio monitor is a predictor of poor anterograde conduction 
through the accessory pathway, it has been observed in some 
patients with cardiac arrest (41). 

The test that has held up as the best predictor for patients 
at risk for sudden death is the measurement of the shortest pre- 
excited RR interval (SPERRI) during atrial fibrillation, which 
can be performed if a patient presents in atrial fibrillation. 
Atrial fibrillation also can be induced by rapid atrial pacing 
from a transesophageal pacing probe (42) or by using a sin- 
gle transvenous pacing catheter placed in the atrium. During 
atrial fibrillation, two QRS complexes that show preexcitation 
are located and the shortest interval between two consecutive 
beats is measured in milliseconds. A SPERRI of 220 to 250 mil- 
liseconds and especially <220 milliseconds is more commonly 
seen in patients with WPW who have experienced cardiac 
arrest (37,43). These patients are candidates for ablation, or 
medical therapy to alter the conduction properties of the acces- 
sory pathway if ablation is not possible. However, an EP study 
is more useful to identify those at low risk of sudden death 
because the overall risk of sudden death in WPW is low. As 
many accessory pathways, particularly septal pathways, may 



Figure 18.7. Loss of preexcitation in a single beat during an 
exercise treadmill test indicating a low-risk accessory pathway. 
The asterisk indicates the beat with loss of preexcitation. 
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augment their conduction in the presence of catecholamines, it 
may be beneficial to perform the risk assessment while using 
an isoproterenol infusion (44). It is controversial whether the 
risks of performing an ablation of an accessory pathway (par- 
ticularly one located in a high-risk location) outweigh the true 
risk of an arrhythmic sudden death, but eliminating conduc- 
tion via catheter-based technology should be strongly consid- 
ered in rapidly conducting pathways. 

Unidirectional Retrograde Accessory Pathway 

An accessory pathway may be present even when the surface 
ECG shows no overt manifestation. These pathways may con- 
duct retrograde only (URAP) and, therefore, can be the cause of 
a reentrant SVT. The therapy and management of these acces- 
sory pathways are similar to those for WPW, but because there is 
no antegrade conduction, these patients are not at the same risk 
for sudden death from rapid conduction in atrial fibrillation. 

Treatment of Supraventricular Arrhythmias 

Treatment of supraventricular arrhythmias depends on patient 
age, severity of symptoms, spontaneous termination, length of 
symptoms, presence of other cardiac defects, and number of 
episodes. Medical treatment typically is effective, but does not 
address the underlying cause. Catheter ablation, particularly 
in patients older than 5 years of age should be considered. 
Ablation indications are discussed in another chapter in this 
book (see Chapter 17). 

Permanent Junctional Reciprocating Tachycardia 

A unique type of accessory pathway-mediated tachycardia is 
the permanent form of junctional reciprocating tachycardia. 
Initially, this tachycardia was thought to arise from the AV 
junction and thus was named a junctional reciprocating tachy- 
cardia. Later investigation actually showed this to be a slowly 
conducting accessory pathway, but the name permanent 
junctional reciprocating tachycardia (PJRT) has persisted. 
A PJRT fiber typically is located in the posterior septum on the 
right side of the heart, although fibers may be located in the 
midseptum or even on the left side of the heart. Because these 
fibers conduct slowly, the tachycardia presents as a long RP 


where the P wave is visible easily on the surface ECG. The ECG 
in tachycardia has a classic morphology with deeply negative 
P waves in the inferior leads, II, III, and aVF (see Fig. 18.8). 
This type of tachycardia frequently is present immediately 
after birth but because of its relatively slow rate (150 beats 
per minute) may not be appreciated on routine examinations 
in newborns and infants. PJRT also tends to be an incessant 
tachycardia and may lead to a tachycardia-induced cardiomy- 
opathy if left untreated (45). 

Mahaim Fibers 

Mahaim fibers are special types of accessory pathways connect- 
ing the atria to the ventricles bypassing at least part of the AV 
node. Descriptions of these fibers identify them as connecting 
either the atria to the fascicles (atriofascicular fibers), the bundle 
of His to the ventricles, the fascicles to the ventricles, or the 
atria to the bundle of His. These fibers generally are located 
on the right ventricular side of the heart but occur rarely on 
the left ventricular side. Because of their right-sided location, 
during tachycardia the patient’s ECG has a left bundle branch 
block pattern. These pathways have unique properties similar 
to those of the AV node in that they often possess decremental 
conduction (conduct slower at a faster rate) and are typically 
catecholamine sensitive. Unlike most other accessory pathways, 
some of these fibers may have automaticity and are capable of 
depolarizing spontaneously (46). Tachycardia may result from 
this spontaneous depolarization or from reentrant tachycar- 
dia using the Mahaim fiber as the antegrade limb and the AV 
node as the retrograde limb. On the surface ECG in normal 
sinus rhythm, they often present as a normal PR interval with 
a slurred upstroke of the QRS (pseudo-preexcitation) resulting 
from ventricular depolarization through the Mahaim fiber (47). 
These fibers often times have only intermittent conduction, and 
although Mahaim fibers conduct antegrade, their risk for rapid 
ventricular conduction during atrial fibrillation likely is not pre- 
sent and therefore does not present a risk for sudden cardiac 
death. 

Automatic Focus (Atrial Ectopic Tachycardia) 

Atrial ectopic tachycardia (also known as ectopic atrial tachy- 
cardia) results when an abnormal focus of cells distinct from 
the sinus node in the atrium spontaneously depolarizes faster 
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Figure 18.9. These two irregular rhythms from different patients have a similar rate, but the underlying mecha- 
nism is different. The top strip represents an atrial tachycardia as there is a clear change in the P-wave axis from 
the normal sinus beats. The bottom strip represents a sinus arrhythmia which is a normal finding particularly 
in pediatrics with acceleration during inspiration and slowing during expiration with no change in the P wave 
axis or morphology. 


than the underlying sinus node. AET can be incessant, and 
its rate may increase or decrease based on sympathetic tone 
and catecholamine state. Distinct P waves typically are vis- 
ible, although the P waves may have an abnormal morphology 
or be notched (see Fig. 18.9). First-degree AV block or even 
Mobitz type I second-degree AV block (Wenckebach) may be 
present and provide clues about the presence of an abnormal 
tachycardia (48). The P waves at the onset of tachycardia are 
similar to the morphology of subsequent P waves in the tachy- 
cardia. Often times, the focus of the AET is in the right atrium 
along the crista terminalis or in the right atrial appendage 
(49). The P-wave axis in tachycardia frequently is abnormal 
on the surface ECG, unless its origin is near the sinus node or 
right upper pulmonary vein. When the focus is near the sinus 
node it shows as an upright P wave in lead I and aVF (similar 
to normal sinus rhythm), but the P wave frequently is negative 
(rather than biphasic) in lead VI, thus providing a clue to the 
presence of an ectopic atrial focus. In up to one-third of cases, 
multiple atrial foci may be the source of the tachycardia (50). 
Automatic focus atrial tachycardias account for 4% to 6% of 
SVT and are often incessant; these too can be associated with 
significant cardiac dysfunction (51). 

The atrial rate in AET frequently displays periods of warm- 
ing up and cooling down rather than a paroxysmal onset and 
termination. Often, this tachycardia appears initially as a wide 
QRS tachycardia. This occurs because of the refractory periods 
of the bundle branches that usually accommodate the faster 
rate and normalize. Adenosine can be useful in diagnosing this 
arrhythmia because it blocks the AV node without affecting 
the ectopic focus, and the arrhythmia generally does not termi- 
nate. However, some foci are adenosine sensitive, particularly 
those originating around the AV node (52). Cardioversion and 
overdrive pacing may temporarily suppress AET only to have 
it quickly resume its initial rate at least in part because of its 
catecholamine sensitivity. 

Spontaneous resolution of AET is unlikely in children older 
than 3 years (53). For this reason, cardiac catheterization 
with ablation techniques generally is recognized as first-line 
therapy. However, in children younger than 6 months, there 
is a high incidence of spontaneous resolution of tachycardia 
with a low long-term incidence of recurrence. It is advisable to 
attempt medical control in these patients until the tachycardia 
resolves if the tachycardia is sustained or very rapid. Slower 
atrial tachycardias (<220 beats per minute) that are not inces- 
sant may not require therapy if the ventricular function is nor- 
mal, although these patients require close follow-up. 

Some arrhythmias that are difficult to control with medical 
therapy are caused by hamartomas within the myocardium. 
If reasonable control of the arrhythmia can be obtained with 
medication, they frequently will regress (54). In rare cases, 
when control cannot be achieved with maximal medication, 
the patient may require surgical excision of the tumor (55). 
These tumors frequently are visible to the naked eye as pale 
colored areas of the myocardium and can be excised. 


Nonautomatic Focal Atrial Tachycardia 

Nonautomatic focal atrial tachycardia (NAFAT) results from a 
small reentrant circuit within the atrium (i.e., micro-reentrant 
tachycardia) (56). This type of tachycardia, like other reentrant 
tachycardias, can be reproducibly induced with programmed 
atrial stimulation and can be terminated with adenosine. It 
commonly is located in the right atrium in patients with either 
normal or structurally diseased hearts (57). Although distinct 
from AET, its management is similar and is very amenable to 
ablation. 

Chaotic Atrial Tachycardia 

Chaotic atrial tachycardia or multifocal atrial tachycardia is 
a type of atrial tachycardia with multiple foci, which results 
in three or more P wave morphologies on the ECG. It has 
been described in children with otherwise normal hearts as 
well as in patients with acute viral bronchiolitis or advanced 
pulmonary disease. Because of the rapid chaotic nature of the 
tachycardia, it may be difficult to distinguish from atrial fibril- 
lation. This type of tachycardia is difficult to treat and can be 
refractory to pace termination, DC cardioversion, and adeno- 
sine. This type of tachycardia is not amenable to ablation and 
typically is treated with medical therapy using Vaughn Wil- 
liams class IA, IC, or III agents (see Table 18.3). 

Junctional Ectopic Tachycardia 

JET is an automatic focus tachycardia arising within or imme- 
diately adjacent to the AV junction. This tachycardia has a 
relatively high familial incidence. This tachycardia is, by defi- 
nition, generally a narrow complex tachycardia with a QRS 
morphology identical to the QRS morphology in sinus rhythm 
(see Fig. 18.10). The classic description of this tachycardia 
is that there is no association between the P waves and the 
QRS complexes on the ECG. In reality, this tachycardia has 
all Junctional- Atrial (J-A) relationships from 1 to 1, to J-A 
Wenckebach, to no relationship. Retrograde P waves often are 
visualized in the terminal portion of the QRS. With adenosine, 
there may be loss of the retrograde conduction, resulting in 
dissociation of the P wave and the QRS. JET has two differ- 
ent forms: idiopathic JET, which is observed in a structurally 
normal heart, and postoperative JET 

Postoperative JET occurs in up to 6% of patients undergo- 
ing cardiac surgery and is seen more frequently with use of 
inotropic agents such as dopamine (58). Congenital JET is one 
of the rarest forms of SVT in infants and also one of the most 
difficult to treat. Congenital JET is presumed to be present 
from birth but may not be identified until months or years 
later. Patients with congenital JET have a wide range of clini- 
cal presentations. Patients with JET presenting at or younger 
than 6 months of age are more likely to have incessant JET 
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table 18.3 


Vaughan-Williams Classification 


Class I 

Block sodium channels 
Decrease speed of depolarization 
Slow conduction velocity 
Subdivided into la, lb, and Ic 
Class II 

Beta-blocking drugs 
Block adrenergic receptors 
Decrease sympathetic tone 
Class III 

Block potassium channels 
Increase action potential duration 
Class IV 

Calcium channel blockers 
Affect mainly SA and AV nodes 
Direct membrane effect 
Class V 

Digitalis agents 

Affect mainly SA and AV nodes 
Act indirectly by increasing vagal tone 


and to have faster JET rates, and the mortality rate in this 
population is approximately 4% (59). With current medical, 
ablative, and device therapies, the majority of patients have a 
good outcome. 


Atrial Flutter 

Atrial flutter is an uncommon arrhythmia in the pediatric 
population. It typically occurs in newborn infants and postop- 
eratively in congenital heart disease patients. Newborn infants 
present within the first 2 days of life with tachycardia and fre- 
quently have signs of congestive heart failure (60). The ECG 
for these patients has the typical saw-toothed flutter waves (see 
Fig. 18.11) with atrial rates between 300 and 600 beats per 
minute and variable conduction to the ventricles. If the flutter 
waves cannot be distinguished easily on the ECG, adenosine 
can be given to reveal the flutter waves. Treatment is direct 
current-synchronized cardioversion with 0.5 to 1 J/kg. Atrial 
overdrive pacing also can be used if the atrial rate is slow, but 
this is more difficult to perform. Newborns with atrial flutter 
typically have no structural heart disease and have no further 
problems after successful cardioversion. A 24-hour cardios- 
can should be placed after cardioversion to rule out the rare 
reentrant tachycardias or atrial tachycardias that initiated the 
atrial flutter. Generally, the atrial flutter will not recur, and 
if no evidence of other arrhythmias is present, these infants 
do not require antiarrhythmic therapy and follow-up is not 
necessary (61). 

Atrial Fibrillation 

Atrial fibrillation is an uncommon arrhythmia in the pediat- 
ric population but is important to recognize. Atrial fibrillation 
presents as an irregularly irregular rhythm with the same QRS 
morphology as in sinus rhythm (see Fig. 18.12). Although 
P waves frequently are not visible in atrial fibrillation, they 
may be seen in patients with coarse atrial fibrillation. Atrial 
fibrillation can occur in the context of WPW or following 
extensive surgery involving the atrium such as a total cavopul- 
monary connection or atrial switch operation (Mustard or 
Senning). Patients who present with atrial fibrillation with- 
out evidence of structural heart disease warrant evaluation 
for other arrhythmias, such as reentrant SVT, that degenerate 



Figure 18 . 10 . Slow JET. Note the narrow QRS morphology similar to sinus rhythm. The asterisks denote the 
underlying sinus rhythm P waves. There is no relationship between the P waves and the QRS, except for a single 
P wave that falls in a period where the AV node is not refractory from the ectopic junctional rhythm and is there- 
fore able to conduct to the ventricle (sinus capture beat) denoted by the arrow . These sinus capture beats likely 
indicate that the underlying conduction in the AV node is intact. 
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Figure 18.11. Neonatal atrial flutter with a saw-toothed pattern and an atrial rate of around 375 beats per min- 
ute. There is variable conduction through the AV node to the ventricles with predominantly 2:1 block, but also 
3:1 block noted by the arrows . 


into atrial fibrillation or an underlying channelopathy. If none 
are found, the problem could simply be primary or lone atrial 
fibrillation, which has been described in the late teenage years 
(62). Occasionally, atrial fibrillation may be the initial pres- 
entation of hyperthyroidism, myocarditis, or digoxin toxicity. 

One of the initial therapies for chronic atrial fibrillation was 
ablation of the AV node with implantation of a permanent pace- 
maker. Because of the permanent loss of AV synchrony combined 
with the long-term need and dependence on a pacemaker as well 
as chronic anticoagulation, this therapy should be reserved only 


for the most refractory and symptomatic cases of atrial fibrilla- 
tion that have failed to respond to multiple medical therapies. 

Intraatrial Reentrant Tachycardia 

Intraatrial reentrant tachycardia (IART) occurs in patients who 
have undergone previous cardiac surgery either on or through 
their atria and are left with extensive scarring. This unique form 
of arrhythmia is similar to atrial flutter. It tends to have slower 



Figure 18.12. Atrial fibrillation with an irregularly irregular rhythm. This is coarse atrial fibrillation with visible 
atrial activity that is disorganized and chaotic. Some of the beats (noted by arrows) are conducted aberrantly 
through the AV node causing the QRS morphology to change. 
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Figure 18.13. Intra-atrial reentry tachycardia. The P waves of 
the tachycardia are frequently buried in the T waves or the 
QRS when the tachycardia has 2:1 conduction, especially in 
the presence of a bundle branch block. Note the flat isoelectric 
baseline between the P waves and the relatively small ampli- 
tude compared to atrial flutter. 

rates than atrial flutter, with atrial rates in the 140 to 200 beat 
per minute range. The ECG is different because there tends to 
be an isoelectric baseline between two consecutive P waves, 
unlike atrial flutter, where constant atrial activity creates the saw- 
toothed pattern (see Fig. 18.13). The P waves in IART may be 


very small and are often missed, particularly if they are buried 
within the QRS complex or the T wave. Adenosine can be used to 
unmask this type of tachycardia. Because this type of tachycar- 
dia often occurs in patients with underlying sinus node dysfunc- 
tion (SND), patients presenting with an unusually fast heart rate 
(>100 beats per minute) should be carefully examined for the 
presence of this arrhythmia. There is utility in placing epicardial 
ablation lesions in strategic positions (the so-called maze or maze- 
Cox III procedure) to prevent IART, and atrial fibrillation in 
pediatric patients and adults with congenital heart disease. This 
is particularly useful in patients who have had extensive atrial 
operations such as the Fontan procedure. Long linear probes can 
quickly form deep uniform lesions without the need to arrest the 
heart or place the patient on cardiopulmonary bypass. These 
lesions appear to have a relatively good long-term success even in 
the most complicated patients. For patients with atrial arrhyth- 
mias having a Fontan revision, there is up to a 76% recurrence 
without the placement of intraoperative ablation lesions (63). 
Physicians at most large centers routinely place ablation lesions 
(maze procedure) when doing a Fontan conversion. The late 
recurrence of atrial arrhythmias is only 13% to 22% (64,65). 

Wide Complex Tachycardias 

Wide complex tachycardias should be assumed to be VT 
until proven otherwise. However, there are several situations 
when a wide complex tachycardia may be supraventricular in 
origin (see Fig. 18.14). The most common scenario involves 
the presence of a SVT with aberrancy. With rapid onset of 
a tachycardia, either the left or right bundle branch may be 


Figure 18.14. Diagrammatic representation of 
tachycardias with prolonged (wide) QRS. Such 
tachycardias may be due to (A) orthodromic 
reciprocating tachycardia (ORT) with bundle 
branch block (BBB), (B) antidromic tachycardia 
using an accessory AV connection (ART), (C) 
primary atrial tachycardia with BBB, (D) atrio- 
ventricular nodal reentry tachycardia (AVNRT) 
with a bystander accessory connection (AC), (E) 
tachycardia using a Mahaim fiber, or (F) ven- 
tricular tachycardia. Despite the diversity of 
mechanisms, ventricular tachycardia should be 
assumed until or unless additional data to the 
contrary are available. 


A 


ORT 

with 

BBB 



1° AT 
with 
BBB 


E 




Antidromic 
Tachycardia 
over Mahaim 


B 



ART 


D 



AVNRT 

with 

Bystander 

AC 


F 




Variable 

AV node conduction: 

Fast 
/VW> Slow 


CHAPTER 18 ■ Disorders of Cardiac Rhythm and Conduction 453 



Figure 18.15. The initial portion of the tracing shows a wide complex tachycardia that subsequently changes to 
a narrow complex tachycardia at exactly the same rate. This is all SVT and not two different arrhythmias. The 
initial portion is aberrantly conducted. As the AV node and bundle branches accommodate to the faster rate, the 
SVT becomes narrow. 


refractory and not able to conduct impulses. This results in a 
wide complex tachycardia on the ECG. A left bundle branch 
block pattern of aberrancy is much more common in neonates, 
while a right bundle branch block pattern is more common in 
children and adolescents. Frequently, the bundle will accom- 
modate the tachycardia, and the QRS complex will become 
narrow (see Fig. 18.15). A second common scenario occurs 
when a SVT presents with a wide complex in the presence of 
an underlying bundle branch block on a baseline ECG or in 
the presence of preexcitation from WPW. 

Most wide complex tachycardias except for ventricu- 
lar fibrillation are relatively regular tachycardias. When an 


irregular wide complex tachycardia is present, the possibility 
that this it is atrial in origin should be raised. 

Ventricular Tachycardia 

VT is defined as three or more premature ventricular con- 
tractions (PVCs) in a row at a rate faster than 120 beats per 
minute. Slower rates, within around 10% to 20% of the 
underlying sinus rate, are referred to as accelerated ventricular 
rhythms and typically have a benign prognosis and treatment 
typically is not necessary (66) (see Fig. 18.16). A hallmark 



Figure 18.16. Accelerated ventricular rhythm. There is a wide complex rhythm that is within 20% of the under- 
lying sinus rate and gradually overtakes the underlying sinus rhythm. There is no relationship between the ven- 
tricles and the atria (so-called VA dissociation) which distinguishes this as a ventricular arrhythmia (the arrows 
designate P waves that have no relationship to the tachycardia). This variant has a benign prognosis. 
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Figure 18.17. Ventricular tachycardia in a neonate. Note the relatively narrow complexes that are different from 
sinus beats and retrograde P waves in the initial portion of the tracing. 


of VT is that the QRS complex is different than that of the 
sinus QRS complex but does not have to be wide. In infants 
younger than 2 years old, the QRS duration in VT can be as 
short as 0.06 seconds, and the rate can be as fast as 500 beats 
per minute (see Fig. 18.17). VT rarely can present as a nar- 
row complex tachycardia in older patients as well. This occurs 
when the focus of the tachycardia is in close proximity to or 
contained within the normal conduction system. Most VTs, 
particularly in patients with structural heart disease, are reen- 
trant in nature, although automatic foci occur in patients with 
structurally normal hearts. 

In the normal pediatric population, spontaneous VT has 
an approximate incidence of 1/100,000 in the childhood years 
and may present any time between infancy and young adult- 
hood (67). However, short episodes of VT can occur in up to 
3% of otherwise healthy teenagers on routine Holter moni- 
toring (68). In comparison to patients with structural heart 
disease or cardiomyopathy, patients with normal cardiac 
anatomy and function generally have a benign course. The 
presence of underlying heart disease, presence of symptoms, 
rapid rate of VT, and exacerbation of VT with exercise are 
risk factors for adverse events in nonischemic VT in children. 
Control of arrhythmias by ablation or antiarrhythmic medica- 
tions may be indicated in this population (69). The chance of 
resolution is higher when the onset occurs during the first year 
of life (resolution in about 90% of patients) compared with 
onset beyond the first year of life to 15 years of age (resolu- 
tion in about 50%). The clinical profile is more favorable for 
patients with right-sided VT (resolution in 76% and symptoms 
in 25%) compared with patients with left-sided VT (resolution 
in only 37% and symptoms in 67%) (70). 

Two forms of VT are thought to be benign variants — right 
ventricular outflow tract tachycardia (left bundle branch block, 
inferior QRS axis on ECG) and idiopathic left VT (right bundle 
branch block, superior QRS axis on ECG). These tachycardias 
tend to be responsive to verapamil. The benign variant of VT 
originates from the right ventricular outflow tract in around 
50% of patients (71). It is important to recognize underly- 
ing precipitating causes of VT — such as long QT syndrome, 


arrhythmogenic right ventricular cardiomyopathy (ARVC), 
anomalous coronary arteries, and hypertrophic cardiomyopa- 
thy — because these patients may be at higher risk for sudden 
death. An echocardiogram is indicated in all patients with VT, 
and further imaging, including magnetic resonance imaging 
or cardiac catheterization, may be indicated in cases with a 
higher index of suspicion for underlying pathology. 

More than 50% of pediatric patients with symptomatic 
or sustained VT have underlying structural heart disease, and 
another 25% may have at least subtle evidence of myopathy 
(72). Ventricular tachyarrhythmias in young infants may be 
associated with myocarditis, prolonged QT syndrome, severe 
electrolyte disturbances, or small hamartomas within the 
ventricular myocardium. In older children, VT may be asso- 
ciated with myocarditis, prolonged QT syndrome, medica- 
tion overdose or toxicity, various forms of cardiomyopathy, 
arrhythmogenic right ventricular dysplasia, coronary artery 
abnormalities, and congenital heart disease both before and 
after surgery. 

Patients with sustained or hemodynamically unstable ven- 
tricular arrhythmias or resuscitated sudden death episodes 
generally require placement of an implantable cardioverter 
defibrillator (ICD). 

Torsades de pointes (also known as torsades) is an uncom- 
mon form of polymorphic VT with a characteristic twist- 
ing of the QRS complex around the isoelectric baseline 
(see Fig. 18.18). It commonly occurs in the presence of a 
channeJopathy, such as Brugada syndrome or Jong QT syn- 
drome (congenital or drug related), but may be associated 
with electrolyte abnormalities (particularly hypokalemia or 
hypomagnesemia), acid-base disturbances, endocrine dis- 
orders such as hypothyroidism, hyperparathyroidism or 
pheochromocytoma, myocardial ischemia, and myocarditis. 
Episodes typically are short lived and paradoxical and termi- 
nate spontaneously. However, longer episodes may progress 
to ventricular fibrillation and result in rapid hemodynamic 
compromise and sudden cardiac death (73). This tachycardia 
is unique in that it may respond to treatment with either iso- 
proterenol or magnesium. 
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Figure 18.18. Torsades de 
pointes with its rapid polymor- 
phic nature, and shifting of the 
QRS axis rapidly around an iso- 
electric baseline. 


Tachycardia-Induced Cardiomyopathy 

Although arrhythmias frequently occur in the context of 
depressed ventricular function, occasionally the primary cause 
of ventricular dysfunction is an arrhythmia. The ventricular 
dysfunction may be so severe that these patients may be listed 
for heart transplantation. One study showed that an inces- 
sant atrial tachycardia was present in 17% of patients listed 
for cardiac transplantation and accounted for 37% of patients 
initially diagnosed with idiopathic cardiomyopathy (74). The 
specific mechanisms of ventricular dysfunction secondary to 
tachyarrhythmias are poorly understood, but the arrhythmia 
typically is incessant. The minimum duration or heart rate nec- 
essary to develop dysfunction is unknown. Most studies suggest 
that patients who develop tachycardia-induced cardiomyopa- 
thy have heart rates >140 beats per minute (75). The origin of 
the tachycardia may be atrial or ventricular and may have an 
automatic focus or reentrant mechanism. SVTs are the most 
common cause of tachycardia-induced cardiomyopathy (76), 
although incessant ventricular arrhythmias may also result in 
cardiomyopathy. Ventricular rhythms causing cardiomyopathy 
are usually of automatic focus and frequently originate from the 
right or left ventricular outflow tract (77). Once an arrhythmia- 
causing tachycardia-induced cardiomyopathy is under control 
by either medication or catheter ablation, ventricular function 
typically normalizes. Many patients show a marked improve- 
ment as soon as 3 weeks after normalization of heart rate, 
although it may take up to 21 months to see a full recovery (78). 


Premature Atrial Contractions 

A PAC or supraventricular premature beat is a depolariza- 
tion of atrial tissue that is distinct from sinus node tissue and 
manifests on ECG as a premature P wave. In most instances, 
it has a different morphology and axis from those of the sinus 
P waves. Most PACs are conducted to the ventricles with a 
normal QRS. Because the premature P wave occurs earlier and 
earlier, conduction to the ventricles may occur with a different 
QRS morphology than sinus rhythm (i.e., aberrantly conducted 
PAC). This occurrence may simulate a PVC. For any early QRS 
that has morphology different than that of the sinus beats, the 
preceding T wave should be examined carefully for a hidden 


P wave. Occasionally, a premature P wave may occur so early 
that it results in no conduction to the ventricles. This situation 
may simulate sinus bradycardia because the premature P wave 
may conduct into the sinus node, delaying the next expected 
sinus impulse. In situations of paroxysmal bradycardia, espe- 
cially those in which conducted PACs are on the same tracing, 
the T wave should also be searched carefully for the presence 
of hidden P waves. This phenomenon is especially common in 
newborn infants. Many tracings similar to the one in Figure 
18.19 are interpreted as multiform PVCs with PACs and sinus 
bradycardia, when in fact most of these patients have only 
PACs, some of which conduct aberrantly and some of which 
block. PACs are common in the pediatric population. More than 
half of children have at least one PAC in a 24-hour monitoring 
period, and PACs occur more often in patients as they progress 
through their teenage years (8). Isolated PACs are benign and 
require further evaluation. If frequent PACs are noted on an 



Figure 18.19. Premature atrial complexes are noted by the 
arrows. The first two PACs do not conduct to the ventricle 
(block). The next four complexes conduct to the ventricle but 
do not have a normal-appearing QRS (aberrantly conducted). 
The appearance of the aberrancy varies having both a left and 
a right bundle branch block morphology. 
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ECG or on monitoring strips, a 24-hour cardioscan monitor 
should be placed to exclude episodes of atrial tachycardia. 

Premature Ventricular Contractions 

A PVC is a premature QRS complex that does not have the 
same morphology as the sinus complex and is not preceded by 
a P wave. Especially in infants, PVCs may not have a broad 
QRS complex, but they have a morphology different than 
that of the sinus QRS. If all PVCs have similar morphology, 
they are referred to as uniform; if they have more than one 
morphology, they are called multiform. A ventricular couplet 
is defined as two PVCs in a row. Bigeminy is an alternating 
rhythm in which every other beat is a PVC, and trigeminy is 
when every third beat is a PVC. 

Most children with PVCs have structurally normal hearts, 
and 40% of otherwise normal children may have PVCs seen on 
Holter monitoring (79). PVCs are multiform in up to 25% of 
patients, but there is no difference in prognosis from uniform 
PVCs (69). If the heart is completely normal, the prognosis for 
most children with uniform PVCs is good, and the condition is 
entirely benign. Although less well studied, the prognosis for 
uniform ventricular couplets is probably the same as for isolated 
PVCs. PVCs may spontaneously disappear, and PVCs with a 
right bundle branch block morphology may have a higher 
chance of resolution than PVCs with a left bundle branch block 
morphology (80). Rare cases of ventricular dysfunction occur as 
a direct result of PVCs in adults; with a PVC burden of >24%, 
this phenomenon is very rare in pediatrics (81). 

Other factors that may be related to tachycardia-induced 
ventricular dysfunction are male gender, persistence of PVCs 
throughout the day, and the presence of repetitive mono- 
morphic VT (82). If the history, physical examination, ECG 
(other than the rhythm), and echocardiogram are normal and 
the 24-hour cardioscan monitor shows only uniform PVCs 
and/or couplets, there is no need for medical therapy in these 
patients. It is prudent to repeat the cardioscan once after the 
initial evaluation to ensure that the ectopy has not changed or 
progressed. If a patient wishes to participate in competitive 
sports, an exercise treadmill test may be useful to determine 
the response of the ectopy to exercise. 

Occasionally, PVCs are associated with long QT syndrome, 
myocarditis, hypertrophic cardiomyopathy, and congenital heart 
disease before or after surgery. Often in these patients, the rest- 
ing ECG is abnormal, the ectopy is frequent (>1,000 PVCs an 
hour), or the PVCs are multiform. Closer surveillance is required 
in these patients, and they may require further evaluation. 

Postoperative Arrhythmias 

Hemodynamically significant postoperative arrhythmias are a 
frequent complication of pediatric cardiac surgery, occurring 
in about 15% of patients, with younger age and longer bypass 


and cross-clamp times being risk factors for arrhythmia (83). 
JET and SVT are the most common postoperative arrhythmias 
(84). These arrhythmias may be transient and directly related 
to the cardiac surgery but also may be related to the underly- 
ing cardiac condition. Arrhythmias occurring more than 3 to 
4 days following cardiac surgery may be an issue in the long- 
term care of these patients. 


TREATMENT 


All arrhythmias are mediated through the cardiac action poten- 
tial. Antiarrhythmic medications affect the shape of the intra- 
cardiac action potential. They work by altering ion channels 
or blocking receptors. The Vaughan-Williams classification 
system was developed to help categorize antiarrhythmic drugs 
(85). This system organizes drugs based on their major mecha- 
nism of action — where they affect the cardiac cell membrane 
and subsequently the cardiac action potential (see Table 18.3). 
Changes in the action potential may change the conduction 
velocity, refractoriness, or automaticity (see Table 18.4). 

Class I 

Class I agents affect the sodium channels. They are divided 
into three categories: la, lb, and Ic based on the effect they 
have on the action potential (see Fig. 18.20). 

Class la agents slow the upstroke of the action potential, 
therefore prolonging its duration. This effect decreases con- 
ductivity and increases refractoriness. 

Procainamide is a class la agent that suppresses normal 
and abnormal automaticity and slows conduction in accessory 
pathways in addition to being mildly vagolytic. Procainamide 
alters the ECG by increasing PR interval, QRS duration, and 
QT interval. It is metabolized approximately 35% by the liver, 
producing N-acetylprocainamide (NAPA), which prolongs the 
QT interval. The production of NAPA varies and is determined 
genetically. The other 65% is excreted by the kidneys. The 
therapeutic range is 4 to 12 mg/mL. NAPA levels have been 
measured in the past but have minimal therapeutic significance. 
Amiodarone and ranitidine increase procainamide levels. The 
intravenous dosage is a bolus of 10 to 15 mg/kg with close 
blood pressure monitoring. A continuous infusion of 30 to 80 
micrograms (mcg)/kg/min can be employed. High doses have 
a negative inotropic effect, and caution should be exercised in 
patients with a prolonged QT interval, Brugada syndrome, left 
ventricular dysfunction, or sinus dysfunction. Because of this, 
procainamide generally is not a first-line agent. It can be used 
to treat supraventricular as well as VT if the tachycardia does 
not break with adenosine or immediately recurs after conver- 
sion. It also can be used in atrial fibrillation and atrial flutter. It 
is safe to use in neonates, but doses may need to be reduced in 
premature infants and those with renal dysfunction (86). 



Figure 18.20. Changes in the action potential seen with Vaughan-Williams class I medications. 
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Class lb agents have minimal effect on the upstroke of the 
action potential but do shorten its duration, which decreases 
refractoriness. Lidocaine is a lb agent that inhibits fast inward 
sodium current, which primarily affects the ventricular 
myocardium. It shortens the action potential with no effect 
on QRS duration in sinus rhythm. It is highly selective for 
depressed myocardial tissue. The half-life is 5 to 10 minutes, 
and hypokalemia can decrease its effect. The typical loading 
dose of 1 mg/kg and infusion rate of 20 to 50 mg/kg/min can 
be titrated to achieve a therapeutic range of 1.5 to 5 mg/mL. 
Although not included in the 2010 Pediatric Advanced Life 
Support (PALS) guidelines, it may be useful in VT. Side effects 
include vertigo, tremor, seizures, obtundation, and bradycar- 
dia (in patients with SND). The hemodynamic effect is mini- 
mal at standard doses. 

Unlike lidocaine, mexiletine is available in oral form. Out- 
side of treatment for long QT syndrome, mexiletine is used 
only for frequent PVCs that cause symptoms or in patients 
with triggered VT (87). It rarely suppresses sustained VT and 
has prominent central nervous system side effects. 

Class Ic drugs cause a marked slowing of upstroke of the 
action potential with minimal effect on the action potential 
duration. This results in a marked decrease in conductivity 
with little effect on refractoriness. The most commonly used 
agents are flecainide and propafenone. 

Flecainide is a Ic agent that shortens conduction velocity 
with little effect on the sinus node but may exacerbate brady- 
cardia in patients with SND. It is a pronounced negative ino- 
tropic agent. ECG effects include prolonging the PR and QRS 
intervals with minimal effect on the QT interval. The half- 
life changes with age: 12 hours in children <1 year old and 
>12 years old and 8 hours in children 1 to 12 years of age. Dairy 
products interfere with absorption, and patients may become 
toxic if dairy products are removed from their diet. Flecainide 
is 75% metabolized by the liver and 25% excreted by the kid- 
neys. A therapeutic level is 0.2 to 1 mg/mL. QRS widening is 
infrequently seen at a therapeutic concentration and if present 
should warrant immediate evaluation for a high flecainide level. 
It is used in PJRT, AET, and SVT. Side effects include blurry 
vision (the most common side effect), dizziness, headache, 
fatigue, tremor, nausea, vomiting, and anorexia. It should be 
used with caution in patients with structural heart disease or 
primary cardiomyopathies. Severe proarrhythmia occurs in 1 % 
to 3% of patients with abnormal hearts, and inpatient telem- 
etry monitoring should be considered when initiating flecainide. 

Class II 

Beta-blockers have evolved over the years with the advent of 
newer and more selective agents. The first-generation beta- 
blockers are nonselective for beta-1 (predominantly located 
in the heart) and beta-2 (predominantly located in bronchial 
smooth cells) receptors and include propranolol and nado- 
lol. Second-generation beta-blockers have relative selectivity 
for beta-1 receptors and include metoprolol, atenelol, and 
esmolol. Third-generation beta-blockers are selective or non- 
selective with potentially important ancillary properties and 
include carvedilol, which has the additional property of being 
an alpha-blocker that causes vasodilation. 

Propranolol is a nonselective beta-blocker. In addition to 
its beta-blocking effects, it may have some direct effect on 
cell membrane stabilization. It is used in SVT, in ventricular 
arrhythmias (especially those that are catecholamine induced), 
and in atrial flutter or fibrillation to slow the ventricular 
response. More data exist regarding use in infancy, and there 
is a commercially available liquid preparation. Because of its 
rapid metabolism, is should be given 3 to 4 times a day or in a 
long-acting formulation. 


Side effects include exacerbation of bronchospasm, hypo- 
glycemia, depression, insomnia, fatigue, personality changes 
including aggression, and nightmares. 

Nadolol is another nonselective beta-blocker that is similar 
in action to propranolol, but it has a preference for beta-1 
receptors. It has a half-life of almost 24 hours, so it needs to 
be taken only once a day. It has been shown to be effective in 
the treatment of channelopathies such as long QT syndrome 
or catecholaminergic polymorphic VT (88,89). 

Atenolol is a selective beta-1 antagonist. Because of its 
metabolism, it should be given 2 times per day in the pediatric 
population. It has been used in SVT, primary atrial tachycar- 
dias, and VTs, especially those exacerbated by catecholamines 
or exercise. 

Although carvedilol is used more frequently in patients with 
heart failure, it has antiarrhythmic effects, particularly at high 
doses. It decreases ventricular ectopy in patients with dilated 
cardiomyopathy (90). Carvedilol likely has antiarrhythmic 
effects in addition to its beta-blocking properties — including 
alpha-adrenergic blocking effects and KCNH2 (HERG)- 
related potassium channel-blocking effects (shown in in vitro 
studies) — and has additional minimal blocking effects on 
sodium and calcium channels (91). 

Esmolol, a short-acting selective beta-1 antagonist, is an 
excellent antiarrhythmic medication that can be delivered rap- 
idly to the patient because its only form is intravenous. It has 
rapid clearance by erythrocyte esterases and has a half-life of 9 
minutes in adults and 2 to 4 minutes in younger patients. The 
typical dose is 500 micrograms (mcg)/kg taken intravenously 
over 1 minute followed by a constant infusion at 25 mcg/kg/ 
min. The infusion may be titrated upward until the desired effect 
is achieved, with a maximum of 200 mcg/kg/min. Side effects 
include decreased heart rate, decreased blood pressure, and, sub- 
sequently, a decreased cardiac index. Cardiac function typically 
recovers within 10 to 15 minutes of discontinuing the infusion. 

Caution must be exercised when using beta-blockers in 
patients with reactive airway disease. In addition, mood 
changes including depression or aggression, constipation, 
fatigue as well as hypoglycemia can occur in children receiving 
beta-blockers. 


Class III 

Class III drugs inhibit potassium channels, which delays repo- 
larization and prolongs the action potential. 

Amiodarone is an antiarrhythmic agent with a complex 
array of actions, including sodium-channel inhibition, beta 
blockade, alpha-receptor blockade, and calcium channel- 
blocking activity. ECG changes can include prolongation of 
the PR interval, prolongation of the QT interval, a decrease 
in T wave amplitude, widening of the T wave, and a decrease 
in heart rate. It is one of the most potent antiarrhythmics, 
but also has the one of the most extensive side effect pro- 
files. Amiodarone is poorly absorbed orally, with only 30% 
to 50% absorbed from the gastrointestinal tract, which may 
cause erratic bioavailability. It is highly lipophilic and distrib- 
utes into many tissues. It may have a large volume of distribu- 
tion (as high as 500 L), which can result in delayed onset of 
antiarrhythmic actions and delayed onset of side effects. The 
half-life ranges from 8 to 107 days. There is a poor correlation 
between plasma levels and efficacy, so measuring levels gener- 
ally is not recommended. It is cleared by excretion in tears, 
sweat, and bile. 

Toxicides are the primary limitation of using amiodar- 
one and occur in up to 30% of pediatric patients (92). Many 
adverse reactions are related to the total cumulative dose. 
Photosensitivity is one of the most common side effects and 
is significant in up to 20% of patients. This sensitivity ranges 
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from susceptibility to sunburn to blue-gray discoloration of 
sun-exposed skin. Thyroid dysfunction is also a prominent 
adverse event in children. Amiodarone reduces peripheral 
conversion of T4 to T3, resulting in hypothyroidism (up to 
10%) or hyperthyroidism. Other side effects include elevation 
of hepatic enzymes, weakness, peripheral neuropathy, corneal 
microdeposits resulting in decreased night vision, and esoph- 
ageal reflux from paralysis of the lower esophageal sphinc- 
ter. The most serious adverse reaction is pulmonary fibrosis, 
which is the only side effect that is not greatly improved or 
resolved by termination of amiodarone therapy (93). Fortu- 
nately, pulmonary fibrosis is extremely rare in children. Nau- 
sea is common with initiation but usually resolves with time. 
Amiodarone also can be given intravenously, but hypotension 
can occur with rapid intravenous loading, possibly because of 
the calcium-channel effects. Amiodarone typically does not 
have a significant effect on ventricular function, including in 
pediatric patients who have undergone recent cardiac surgery 
(94). It may be particularly useful in postoperative JET, which 
often is refractory to therapy (94). Loading should be initi- 
ated in the hospital to monitor for proarrhythmia and side 
effects. 

In general, thyroid function tests and liver function tests 
should be performed at the start of therapy as a baseline and 
every 6 months while on amiodarone. Yearly ophthalmol- 
ogy examinations and pulmonary function tests (in patients 
able to comply, with particular attention paid to the carbon 
monoxide diffusing capacity) should be done to monitor for 
toxicity. Careful monitoring of digoxin, warfarin, and pheny- 
toin levels should be performed because amiodarone increases 
levels of all these medications. Amiodarone-associated thyroid 
dysfunction is common in adults with congenital heart dis- 
ease, with women and those with complex cyanotic lesions 
being at particular risk (95). In addition, amiodarone plus a 
beta-blocker may be effective for preventing shocks after an 
ICD implant (96). 

Sotalol, another class III agent, initially was developed as 
a beta-blocker but also has the effect of prolonging the action 
potential as well as prolonging refractoriness. This results in 
prolongation of the QT interval. The drug's primary use is in 
SVT, but it is effective in VTs. It is well absorbed orally and 
is renally excreted with a half-life of 7 to 18 hours. Sotalol 
dosing is based on a nomogram and typically is dosed based 
on body surface area (60 to 200 mg/m 2 /day). The side effects 
are predominantly due to beta-blocking effects and include 
fatigue, dizziness, depression, headache, exacerbation of 
bronchospasm, bradycardia, AV block, and depression of 
cardiac function. Proarrhythmia can occur, with torsades de 
pointes being the most common, resulting from prolongation 
of the QT interval. The QT interval must be followed closely 
while patients are taking the drug because a corrected QTc 
<500 milliseconds has <2% risk of torsades, while a corrected 
QTc >550 milliseconds has a risk of torsades as high as 11%. 
Sotalol should be avoided in patients with hypokalemia or 
hypomagnesemia. Because of the incidence of symptomatic 
sinus bradycardia, AV block, and ventricular arrhythmias 
sotalol typically is initiated in the hospital with constant ECG 
monitoring (97). 

Newer antiarrhythmic agents such as dofetilide and 
dronedarone may have utility in the treatment of arrhyth- 
mias in congenital heart disease patients, but there is limited 
experience with their use in children. Dofetilide, a class III 
antiarrhythmic agent, selectively inhibits the rapid component 
of the delayed rectifier potassium current, thus prolonging 
refractory periods (98). Dofetilide has been shown to be effec- 
tive at controlling atrial arrhythmias in adult patients with 
congenital heart disease, but has a 15% incidence of exces- 
sive QT prolongation or torsades. Several patients in one 
study discontinued therapy because of waning effectiveness, 


manifest by recurrence of their arrhythmias (99). Dronedar- 
one is similar to amiodarone, although less potent, but has a 
better safety profile, lacking the thyroid, pulmonary, dermato- 
logic, and neurologic toxicity (100). The efficacy and safety of 
dronedarone in patients with congenital heart disease remain 
to be determined. It may cause a rise in creatinine as well as 
liver dysfunction. An adult trial in advanced congestive heart 
failure patients was terminated prematurely because of excess 
mortality (101). 

Class IV 

Calcium channel blockers are Class IV agents in the Vaughn- 
Williams classification. Calcium channel blockers may be use- 
ful in AV node reentry tachycardia, idiopathic left VT, or right 
ventricular outflow tract tachycardia and to slow the ventricu- 
lar response in atrial flutter or fibrillation. These drugs are rel- 
atively contraindicated in children younger than 1 year of age 
because of their greater sensitivity to negative inotropic effects, 
which may result in cardiovascular collapse and sudden death. 
They also are contraindicated in patients with WPW, as they 
may preferentially direct conduction down the accessory path- 
way, making ventricular fibrillation more likely. 

Class V 

Digoxin is classified as a Class V agent. It binds to Na- 
K-ATPase transport enzyme, which increases intracellu- 
lar calcium via the Na-Ca exchange system. This results 
in an increase in vagal tone, which mediates EP effects, 
for instance, slowing AV node conduction and prolonging 
refractoriness. Applications for digoxin include controlling 
ventricular rate in primary atrial tachycardias and SVTs, 
particularly in fetal arrhythmias. Its effectiveness during 
exercise is limited because of low vagal tone; digoxin does 
not appear to blunt the heart rate during exercise. Cau- 
tion should be used when giving digoxin to patients with 
WPW because it decreases the effective refractory period 
of the accessory pathway and may facilitate rapid conduc- 
tion during atrial fibrillation. The half-life is age dependent: 
premature neonates, 60 hours; term neonates, 35 hours; 
infants, 18 hours; children, 37 hours; and adults, 35 to 
48 hours. Adverse effects include nausea, vomiting, ano- 
rexia, headache, lethargy, confusion, and visual changes. 
Cardiac adverse effects include sinus bradycardia, AV block, 
supraventricular ectopy, ventricular ectopy, VT, and ventric- 
ular fibrillation. Digoxin may increase the risk of refractory 
ventricular arrhythmias or bradyarrhythmias after DC car- 
dioversion. It is excreted primarily by the kidneys and must 
be used with extreme caution in patients with renal failure 
or the potential to develop renal dysfunction. Predisposing 
factors to toxicity also include increased myocardial sensi- 
tivity due to hypokalemia, hypomagnesemia, hypocalcemia, 
myocardial ischemia, myocarditis, and hypoxemia or taking 
drugs that decrease digoxin clearance, such as amiodarone, 
verapamil, spironolactone, or erythromycin. 

Digitalis toxicity may present as a prolonged PR interval, 
ST segment changes, AV block, or ectopic junctional, atrial, or 
ventricular arrhythmias. Toxicity treatment may include atro- 
pine for bradycardia and AV block and lidocaine and/or phe- 
nytoin (class lb antiarrhythmic) for tachycardias. High levels 
may require digoxin-immune Fab antibody therapy. 

Adenosine 

Adenosine works on specific receptors that are linked to potas- 
sium-channel stimulation located in the sinus and AV nodes. 
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Pharmacologic Treatment of 
Arrhythmias 


Treatment of Automaticity (AET) 

Decrease phase 4 and 0 depolarization 
/3-Blocker (propranolol) 

Sodium channel blocker (flecainide) 

Alter surrounding tissue 
Slow conduction (i V max ) 

Na+ channel blocker (flecainide) 

Prolong refractoriness (tERP) 

Class III agent (sotalol, amiodarone) 

Treatment of reentry 

Decrease conductivity of one limb 

Na+-channel blockers (procainamide, flecainide) 
p-Blockers (propranolol, atenolol) 

Prolong refractoriness of one limb 
Class la Agents (procainamide) 

Class III Agents (sotalol, amiodarone) 

Frequently, AVN is one limb of circuit 

Calcium channel blockers (except in WPW) 
/3-Blockers 

Treatment of triggered activity 
Shorten action potential duration 
Class lb (mexiletine) 

Suppress Afterdepolarizations 
/3-blockers (propranolol, atenolol, nadolol) 


Activation of these receptors shortens the action potential 
duration. The EP effects include decreased rate of sinus node 
firing, slowing or block of AV nodal conduction, and shorten- 
ing of atrial action potential. There is a biphasic response in 
the sinus node with an initial bradycardia that is a direct effect 
of activation of adenosine receptors followed by a subsequent 
sinus tachycardia that is an indirect effect from an autonomic 
reflex from carotid body chemoreceptors. Adenosine is metab- 
olized rapidly by erythrocytes and endothelial tissue with a 
very short half-life of 1 to 5 seconds. The dose is usually 
100 to 200 fi g/kg, with a maximum dose of 12 mg, but doses 
of up to 400 jUg/kg may be given in refractory cases. Adeno- 
sine can be used in both the acute management of SVT to 
terminate reentrant arrhythmias and to establish the diag- 
nosis in atrial arrhythmias. If the tachycardia is dependent 
on the AV node (AV node reentry tachycardia or accessory 
pathway-mediated tachycardia), it typically will terminate 
with adenosine. Atrial flutter or I ART typically will not be 
affected by adenosine, but blocking the AV node and thus the 
ventricular response may reveal tachycardia that is masked 
by the QRS complex or T wave. Generally, automatic focus 
tachycardias (atrial or ventricular) are not affected but occa- 
sionally will terminate with adenosine administration. For this 
reason, an ECG recording during adenosine administration 
is very important. Adverse effects include chest discomfort, 
flushing, acute bronchospasm, and hypotension. The delayed 
chemoreceptor reflex may accelerate AV nodal conduction of 
atrial arrhythmias or precipitate atrial fibrillation. The initial 
bradycardia may precipitate torsades in patients with congen- 
ital or drug-induced prolonged QT. Patients who have had 
heart transplantation may be particularly sensitive to adeno- 
sine, resulting in long periods of ventricular asystole. A dose 


of one-quarter to one-half the typical dose should be used in 
these patients. 

In cases where adenosine is unsuccessful, it is important 
to determine the specific circumstances. If the adenosine is 
not given fast enough, there may be no response whatsoever. 
Other tachycardias (like sinus tachycardia) may temporarily 
slow down, but then immediately resume when the adeno- 
sine has been metabolized. Reentrant tachycardias using an 
accessory pathway may terminate, but then be reinitiated by 
a premature beat immediately after termination. Junctional 
or VTs may show temporary ventriculoatrial (VA) block with 
resultant VA dissociation without affecting the underlying 
tachycardia. As there are multiple reasons why adenosine 
“didn’t work,” it is important to obtain an ECG or rhythm 
strip during adenosine administration to determine the true 
response. 


Magnesium 

Magnesium also can be used as an antiarrhythmic agent, but 
its mechanism of action is not well established. Magnesium 
slows conduction in the AV node and suppresses after depolar- 
izations. It should be considered as a first-line agent in patients 
with torsades de pointes, particularly those caused by congeni- 
tal or drug-acquired long QT syndrome, and may have use in 
digitalis toxicity (102,103). 


OTHER THERAPIES 

In the case of reentrant tachycardias, pacing faster than the 
tachycardia cycle length can disrupt the circuit and terminate 
the tachycardia. This is particularly useful in the postopera- 
tive setting, where atrial and ventricular temporary pacing 
wires provide a means to pace the heart, or in the presence 
of implantable pacemakers or defibrillators. Alternatively, 
catheters can be placed transesophageally (for atrial flutter 
or reentrant SVT) or transvenously to pace terminate tachy- 
cardias. For patients presenting with intractable arrhythmias 
associated with poor ventricular function or myocarditis, 
mechanical support is an option until the tachycardia can be 
eliminated or controlled (104). 


Defibrillation/Cardioversion 

Defibrillation is the electrical conversion of a disorganized 
ventricular fibrillation into a normal rhythm. Cardioversion is 
the conversion of an organized tachycardia. For an organized 
tachycardia with a pulse, the energy should be delivered using 
a shock synchronized to the QRS complex. For ventricular 
fibrillation or torsades, an unsynchronized shock should be 
used. If the defibrillator is not able to sense QRS complexes, it 
will NOT discharge in the “synchronized” mode. 

Defibrillation may be performed using either standard pad- 
dles or adhesive patches. Patches have the advantage of not 
requiring an operator to hold the paddles in position. For 
ventricular conversion, patches may be placed in the stand- 
ard position of one patch to the right of the sternum and the 
other at the ventricular apex in the mid axillary line. For atrial 
tachycardias, it is beneficial to place the patches directly on 
the front and back of the chest. For unsuccessful cardiover- 
sions, it is important to differentiate from an unsuccessful defi- 
brillation due to inadequate energy dose or improper paddle 
placement from termination with immediate reinitiation of the 
arrhythmia. 


TABLE 18.4 
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It is critically important to begin cardiopulmonary resus- 
citation (CPR) as soon as an arrest starts and defibrillate the 
heart as quickly as possible after an arrest. Even if there is an 
organized electrical activity on the ECG, one should always 
check a pulse to ensure that the electrical activity is creating 
a mechanical contraction. If no pulse is palpable, CPR should 
be resumed. It also is important to give sedation to awake 
patients as the energy delivered is a painful stimulus. 

Antiarrhythmic medications may have an effect on defibril- 
lation threshold from external defibrillators as well as ICDs. 
An increase in defibrillation thresholds is seen with flecainide, 
propafenone, amiodarone, and lidocaine, while sotalol and 
beta-blockers decrease defibrillation thresholds (105). 


BRADYCARDIA 

Bradycardias are defined as a heart rate less than normal for 
age. The most important distinction in bradycardias is dif- 
ferentiation of transient, functional slowing of the heart rate 
from that caused by an underlying disease of the conduction 
system. 

Sinus Bradycardia 

A hallmark feature of the sinus node is its adaptability to 
change. The majority of these changes are physiologic result- 
ing from physical activity, fever, sleep, or illness. The auto- 
nomic nervous system plays a vital role in regulating the 
depolarizations and, therefore, the rate of sinoatrial nodal cell 
discharges. While the normal sinus rate for an adult is between 
50 and 90 beats per minute, these rates vary in pediatrics based 
on age (see Table 18.1). 

The definition of sinus bradycardia is a rhythm that orig- 
inates in the sinoatrial node and is less than the lower rate 
acceptable for age (see Fig. 18.21). In addition, the axis of 
the P wave should be between 0 and 90 degrees (an upright 
P wave in leads I and aVF on the ECG), with each P resulting 
in normal AV activation. As previously stated, the sinus node 
may extend inferiorly to near the orifice of the inferior vena 
cava, therefore occasionally resulting in a slight shift in this 
P wave axis with a focus in the low right atrium resulting in 
a negative P wave in lead aVF on the ECG, but this is only 
seen at slower heart rates and typically reverts to the normal 
location at higher rates. Absolute limits for sinus bradycardia 
with a pediatric population have not been established firmly 


because most of the studies performed in this area have not 
evaluated “normal” children (i.e., those without an indication 
for either an ECG or Holter monitor). 

Sinus bradycardia is, in general, a benign entity that 
often occurs in athletes or during rest/sleep. Each person 
has his or her own set heart rate, and rates below “nor- 
mal” values may be seen but may be completely normal and 
physiologically appropriate for an otherwise asymptomatic 
individual. Because of the general lack of symptoms, the true 
incidence of sinus bradycardia in the pediatric population is 
unknown. In a study performed on highly trained junior ath- 
letes, many subjects were found to have marked sinus brady- 
cardia (106). Although the majority of patients with sinus 
bradycardia are asymptomatic, some may have symptoms 
of fatigue, syncope, exercise intolerance, sleepiness, and/or 
nightmares (107). 

Common causes of sinus bradycardia include physical con- 
ditioning, anorexia, medications, or acute infections. Periods 
of abrupt sinus bradycardia and/or sinus arrest can occur in 
breath-holding spells or vasovagal/autonomic-mediated syn- 
cope. After a diagnosis of sinus bradycardia, a thorough his- 
tory and review of symptoms is warranted to attempt to rule 
out a pathologic cause. Reversible causes of sinus bradycardia 
include such disorders as Cushing’s triad (acute increase in 
intracranial pressure, hypertension, and irregular respiration), 
hyperkalemia, hypercalcemia, hypoxia, hypothyroidism, 
hypothermia, and ingestions of such substances as beta- 
blockers, lithium, and digitalis (108). Rarely, cases of sinus 
bradycardia also may signify another disease such as myocar- 
ditis, diphtheria, or rheumatic fever (109). 

The initial evaluation for a patient with bradycardia 
involves a complete history, physical examination, and an 
ECG. Having the patient do mild exercise (jumping jacks) in 
the office and then repeating an ECG may be sufficient evi- 
dence of normal sinus node functioning. If additional testing 
is necessary to confirm sinus bradycardia, other noninvasive 
tests such as a Holter monitor, an event monitor, or a 30-day 
loop recorder may be indicated. These tests have the advantage 
over the ECG in that the patient’s symptoms can be logged and 
directly correlated with symptoms. If these tests are not helpful 
or worry persists, the exercise stress test is another noninva- 
sive test that can help rule out a pathologic sinus bradycardia. 
Invasive testing of the sinus node (sinus node recovery times or 
SNRTs) essentially has been abandoned in pediatrics because 
of its lack of sensitivity and specificity along with the ease of 
Holter monitoring and exercise stress testing. 

The exercise stress test can be performed on children as 
young as 4 to 5 years old. This test is designed to give precise 


Figure 18.21. Sinus bradycardia 
in a newborn. Note the slow rate 
with a normal P wave axis in 
an otherwise normal ECG. The 
pauses between two beats may 
be representative of underlying 
SND. 
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measurements of heart rate in response to an increasing load. 
The goal of exercise testing in a child with sinus bradycardia 
is to determine their maximal heart rate response. The diag- 
nosis of SND — defined as any disturbance, impairment, or 
abnormality in the function of the sinus node — depends on 
the patient’s effort, as the normal peak heart rate achievable 
during exercise stress testing is dependent on patient age and 
effort. The vast majority of patients who have an exercise 
test as an evaluation for sinus bradycardia achieves normal 
peak heart rates and therefore needs no further workup. 
Those patients who achieve a normal peak heart rate that 
is significantly lower than expected (typically<135 beats per 
minute) or have an exaggerated, rapid decline in heart rate 
during recovery may have SND rather than simple sinus 
bradycardia. 


Treatment 

The only reason to treat patients with sinus bradycardia is 
when symptoms of fatigue or syncope are temporally correlated 
with the presence of a slow heart rate on multiple occasions. 
Routine sinus bradycardia in the absence of any underlying 
cause or symptoms does not require treatment. Severe cases of 
autonomic dysfunction or breath-holding spells with frequent 
sinus pauses resulting in syncope may benefit from pacemaker 
placement, but this almost never is necessary, particularly in 
young children for whom the symptoms frequently will resolve 
by age 4 to 6. In addition, there is frequently a blood pressure 
drop in older patients that may result in continued symptoms 
and syncope despite an adequate heart rate. 


Sinus Node Dysfunction 

SND generally occurs in the setting of sinus bradycardia with 
slow escape rhythms and can be associated with tachyarrhyth- 
mias such as atrial fibrillation or flutter. This disorder is some- 
what uncommon in the pediatric age group but becomes more 
prevalent in adults who had congenital heart surgery at earlier 
ages. There are two main groups of SND in the pediatric age 
group. In the first, disease is caused by a primary disorder asso- 
ciated with ion channels in the sinus node (a channelopathy). 
This is discussed in another chapter (see Chapter 16). Disease 
in the second group has causes such as vagal tone, congenital 
heart disease, postsurgical state, or a reversible cause including 
hypothyroidism or medications. 

Most patients with SND, like those with sinus bradycardia, 
are asymptomatic. Multiple factors may be directly attributed 
to the fact that these patients, in spite of slow or absent sinus 
rhythm, are asymptomatic. First and foremost is that the pres- 
ence of symptoms depends on the function of the remaining 
cardiac conduction system (atrium, AV node, and ventricles). 
If the patient has an appropriate atrial or junctional escape 
rhythm, they may be completely asymptomatic. Their clini- 
cal presentation also depends, in large part, upon age, with 
older patients tending to be asymptomatic, in part because 
they tend to self-limit and therefore symptoms such as exercise 
intolerance and fatigue go unnoticed. Infants with SND tend 
to present with poor feeding, lethargy, and failure to thrive 
while older children and adults are relatively asymptomatic. 
In studies performed on children with SND, almost 75 % were 
asymptomatic (107,110). Those who experience symptoms 
may have only subtle signs of fatigue, inability to keep up with 
their peers, shortness of breath, syncope, or more marked 
symptoms of congestive heart failure or IART. Sudden death 
also has been reported in rare patients with SND, but these 
cases tend to involve primary SND and, contrary to popular 
belief, not secondary SND (111-113). 


Etiology of sinus node dysfunction 

There is a myriad of causes of SND in the pediatric age group, 
including ion channelopathies, malignancies, inflammatory 
disorders, cardiomyopathies, structural heart disease, and 
surgical damage. In addition, readily reversible causes include 
hypothyroidism, increased vagal tone, hypothermia, and 
medications. For this section, the focus is on the surgical and 
untreatable causes. 

SND may result from cardiac surgery and disruption of 
the sinus node artery during the repair or during placement of 
the superior vena cava cannula for cardiopulmonary bypass 
(114a,114b,115). For a complete list of nonreversible, nonge- 
netic causes of SND, please refer to Table 18.5. 

The evaluation of SND is the same as for patients with sinus 
bradycardia. One clue that may help differentiate SND from sinus 
bradycardia is the complete absence of sinus node activity with 
slow escape rates or atrial flutter or fibrillation following a sinus 
pause as these are not typically seen in patients with a normal 
sinus node. If clinically indicated, laboratory evaluation including 
a drug screen, thyroid function tests and evaluation for rheumatic 
disorders, infections, or metabolic causes may be performed. 


Treatment 

When a reversible cause of SND has been excluded and symp- 
tomatic SND is present, the treatment is implantation of a per- 
manent pacemaker. This includes patients with chronotropic 
incompetence as a result of required drug therapy. 


Disorders of Atrioventricular Conduction 

The term AV block describes an abnormality in the conduc- 
tion of atrial impulses through the AV node to the ventricles. 


Nonreversible, Nongenetic 
Causes of SND 

Congenital Heart Disease 

Atrial septal defects, primum, secundum, and sinus venosus 
Pulmonary stenosis 
Ventricular septal defects 
Transposition of the great arteries 
Single ventricle 
Patent ductus arteriosus 
Coarctation of aorta 
WPW syndrome 
Cardiomyopathies 

Idiopathic, hypertrophic, and infiltrative 
Inflammatory 

Muscular dystrophy, of all types, especially Emery-Dreifuss 
Friedreich ataxia 
Kawasaki disease 
Other 
Tumor 

Guillain-Barre 
Kearns-Sayre syndrome 
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This abnormality can range from a simple delay in impulse 
transmission, as in first-degree AV block, to a complete inter- 
ruption of signal transmission, classified as complete, or 
third-degree, AV block. Each form of AV block has a distinct 
anatomic or physiologic cause for the electrical abnormality 
and can be either transient or permanent in nature. The cause 
of this arrhythmia may be structural cardiac disease, trauma, 
myocardial infarction or inflammation, or abnormal impulse 
propagation from an underlying cardiac channelopathy. In 
pediatric patients, the majority of block occurs in the AV node 
proper (116). The block can result from enhanced vagal tone, 
congenital heart disease, surgery, or infections such as Lyme 
disease (117). 

First-Degree Atrioventricular Block 

First-degree AV block is defined as prolonged conduction 
through the AV node that is greater than accepted for age 
(see Fig. 18.22). Although called “AV block,” it is not truly 
a block and a more correct terminology may be “prolonged 
PR interval.” The upper limit for the PR interval, like other 
ECG findings in pediatrics, varies with age, ranging from 
70 milliseconds in infants to 200 milliseconds in adolescents. It 
manifests as prolongation of the PR interval with every P wave 
followed by a QRS complex. It can be caused by delay within 
the atrium, AV node, or His-Purkinje system. Generally, the 
finding is normal, with a prevalence of up to 8% of normal 
children (118). This ECG finding also has been described in 
patients with a patent ductus arteriosus (119). Other causes of 
first-degree AV block include increased vagal tone, acute rheu- 
matic fever, Ebstein’s anomaly, medications (digoxin, calcium 
channel blockers, sotalol, amiodarone, and procainamide), 
and electrolyte disturbances (hyper- and hypokalemia and 
-calcemia as well as hypomagnesemia). Despite the severity of 
disorders and medications, this ECG finding has little clinical 
significance and generally requires no treatment. In some chil- 
dren, there is no underlying cause, and it may be considered 
normal for that individual. 

Second-Degree Atrioventricular Block 

Second-degree AV block is defined as the failure of at least 
one nonpremature atrial impulse to conduct to the ventricles. 
A number of different forms of second-degree AV block 
exist (see Fig. 18.23). These include Mobitz type I, Mob- 
itz type II, 2:1 AV block, and high-grade second-degree AV 


block (presence of some AV conduction, but more than two 
consecutive P waves fail to conduct). 

Mobitz type I, or Wenckebach, is the most common type of 
second-degree AV block. Typical Wenckebach is characterized 
by the following four criteria (120): 

1. Progressive prolongation of the PR intervals 

2. PR interval prolongation at progressively decreasing incre- 
ments 

3. Progressive shortening of the RR interval 

4. Eventual failure to conduct an atrial beat to the ventricle 

When Wenckebach occurs with a normal QRS duration, 
the location of the delay is in the AV node, proximal to the 
bundle of His (120). When the QRS duration is prolonged 
and Wenckebach occurs, the block may be in the AV node or 
within and/or below the His bundle. 

This conduction abnormality most commonly is transient 
in nature and caused by vagal influence. The majority of epi- 
sodes of Wenckebach occurs in healthy, asymptomatic patients 
during sleep or other times of high resting vagal tone. A small 
percentage of patients may have underlying AV node disease 
or a progressive conduction system disturbance. Wenckebach 
typically does not occur while awake except rarely in highly 
trained professional athletes. Wenckebach during exercise or 
at times of increased catecholamine state is pathologic and 
should be thoroughly evaluated for the presence of conduction 
system disease. If the Wenckebach is thought to be physiologic 
(particularly during sleep), no therapy is required and follow- 
up is unnecessary. 

The pathologic form of second-degree AV block, or Mob- 
itz type II, is characterized by a constant P-P interval without 
lengthening of the PR interval prior to the nonconducted P. 
This rare conduction abnormality generally but not always 
represents a conduction defect below the bundle of His (121). 
The most common reason for this problem in the pediatric 
population is myocarditis and/or postsurgical complications. 
Another potentially lethal cause has been described in patients 
who develop rejection after cardiac transplant (122,123) or 
who have posttransplant coronary artery disease (124). If a 
reversible cause for this form of AV block cannot be found, 
the recommendation is for implantation of a permanent pace- 
maker. 

Another form of AV block that rarely occurs in pediatric 
patients is 2:1 AV block. This arrhythmia generally occurs in a 
patient during times of high vagal tone such as sleep but also 
may be seen in patients with long QT syndrome. It is impos- 
sible to classify 2:1 AV block as either type I or II because there 


Figure 18.22. First-degree AV 
block. Note the prolonged PR 
interval with otherwise normal 
conduction in a 1:1 manner 
from the atrium to the ventricle. 
This finding is typically benign 
and related to an increased vagal 
tone or resting state. At faster 
heart rates, it may be a marker 
of atrial tachycardia or AV 
nodal conduction disease. 
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Figure 18.23. Second-degree AV 
block. A: Mobitz type I or Wencke- 
bach with progressive prolongation 
of the PR interval followed by a 
dropped beat. This finding may be 
normal, particularly during sleep. 
B: Mobitz type II with no prolon- 
gation of the PR interval prior to a 
dropped beat. This type of block is 
always pathologic. 



is no stable PR interval with successively conducted beats. The 
presence of Mobitz type I or Mobitz type II block on a long 
rhythm strip or 24-hour monitor may help to distinguish these 
two types. Differentiation also can be performed using an 
intracardiac tracing by looking for the presence of a bundle 
of His recording following the atrial depolarization. If the His 
is present, block occurs below the AV node. In addition, most 
patients who have Mobitz type II block have an underlying 
bundle branch block, although patients with Mobitz type I 
may as well. The treatment for 2:1 AV block is no different 
from that already outlined for type I and II AV block. The QT 
interval should be carefully measured in patients with 2:1 AV 
block as long QT syndrome can result in this finding. 

High-grade or advanced second-degree AV block occurs 
when there are two or more successive sinoatrial impulses 
that are not propagated through the AV node. This form of 
AV block may have a reversible cause, such as acute myocar- 
ditis and rheumatic fever, an irreversible cause such as lupus 
or congenital cardiac disorders, or as a direct result of car- 
diac surgery (125-128). Patients with this conduction disor- 
der need to be evaluated at regular intervals. The majority of 
these patients, regardless of symptoms, will require pacemaker 
implantation. In the asymptomatic patient with an unknown 


cause of advanced second-degree AV block and a structurally 
normal heart, management would be similar to that of com- 
plete AV block (CAVB). 

Complete Atrioventricular Block 

CAVB, or third-degree AV block, is the complete failure of 
sinus atrial impulse conduction to the ventricles (Fig. 18.24). 
In addition, the atrial rate must be faster than the ventricu- 
lar rate to assure that the AV dissociation is not caused by a 
junctional or ventricular rhythm (e.g., sinus bradycardia with 
junctional escape or an accelerated junctional or ventricular 
rhythm). This rhythm disturbance generally is diagnosed using 
an ECG and confirmed by a 24-hour Holter monitor. There is 
currently no indication for EP testing in patients with CAVB. 

The incidence of congenital CAVB (CCAVB) in live-born 
infants is 1 in 20,000 (129). The majority of affected pediat- 
ric patients come from three distinct groups: those with struc- 
tural cardiac disease, maternal connective tissue disorders, or 
cardiovascular surgery complications (130-132). In addition, 
other causes of CAVB have been described including infec- 
tions, myopathies, and genetic disorders (133-135), 



Figure 18.24. Complete AV 
block. The atrial rate is faster 
than the ventricular rate, there 
is no relationship between the P 
waves and the QRS complexes, 
and there are P waves that 
should conduct but do not. 
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The first major cause of CAVB is associated with structural 
cardiac disorders. The etiology of nonimmune CAVB has been 
postulated by Lev (136) to occur as the result of a develop- 
mental abnormality of the AV node. This can be caused by 
a complete absence of the AV node, lack of union between 
the AV node and distal conduction system, or the presence of 
an aberrant, nonfunctioning, or poorly functioning system. 
The most common structural cardiac abnormalities associ- 
ated with CAVB are AV septal defects, both with and with- 
out associated left atrial isomerism and AV discordance with 
ventriculoarterial discordance (congenitally corrected transpo- 
sition of the great arteries) (130,132). Additional cardiovas- 
cular malformations (tetralogy of Fallot, atrial septal defects, 
transposition of the great vessels, and tricuspid atresia) have 
been described, without any apparent association between the 
structural abnormality and the conduction defect (130,132). 

A second major cause of CAVB can be attributed to mater- 
nal autoimmune disorders (137,138). It occurs in fetuses of 
mothers with systemic lupus erythematosus (SLE), Sjogren 
syndrome, rheumatoid arthritis, scleroderma, and undifferen- 
tiated connective tissue disorders (139-141). Specifically, it has 
been associated strongly with maternal autoantibodies desig- 
nated as anti-SS-A/Ro, anti- SS-B/La, or both (142). Many 
women who deliver babies with CAVB do not have symptoms 
of any connective tissue disorder at the time, with half dem- 
onstrating only serologic evidence of their disease (143). In 
addition, the vast majority of mothers with SLE will not have 
offspring with CAVB. Their risk of conceiving an infant with 
CAVB is only 1 in 60 (144). If maternal autoantibodies to SSA/ 
Ro are present, that risk, 1 in 20, increases dramatically (145). 
The risk of recurrence of CAVB in subsequent pregnancies is 
between 10% and 16% (142). 

The mechanism of damage to the conduction system occurs 
when maternal antibodies cross the placenta and react with 
their corresponding antigens expressed on the surface of cells 
of the fetal cardiac conduction system, resulting in immuno- 
globulin deposition on the cells of the fetal conduction system 
and on the cardiac myocytes. This local inflammatory reaction 
leads to permanent damage to the fetal cardiac conduction sys- 
tem because of localized cellular apoptosis (146— 150). Patients 
with antinuclear antibodies may have a higher incidence of 
long-term development of heart failure and death compared to 
those who are antibody negative (151). 

The third major cause of CAVB is as a direct result of a 
surgical or catheter intervention that results in damage to the 
His bundle or AV node. In a number of surgical repairs, dam- 
age to the AV node is a known complication because of the 
close proximity between the defect and the conduction sys- 
tem. These defects include perimembranous ventricular septal 
defects, AV canal repairs, and congenitally corrected transpo- 
sition of the great arteries with ventricular septal defect. In 
other repairs, such as aortic and mitral valve replacements, 
the prosthetic valve tissue often impinges on the normal AV 
conduction system, which also results in block. 

AV block remains a relatively rare complication of cardio- 
vascular surgery, affecting overall fewer than 3% of patients. 
A number of preoperative and intraoperative risks have been 
identified in these patients, including younger age, lower 
weights, and longer aortic cross clamp or cardiopulmonary 
bypass (84). Often this type of block is temporary and does 
not require long-term treatment although patients can be at an 
increased long-term risk for developing AV block. In this era 
of cardiovascular surgery, the majority of surgeons place tem- 
porary pacing wires at the time of repair that can be removed 
2 to 3 days following surgery if no signs of conduction block 
have occurred (152). If any conduction block is noted, the 
heart can be paced until it is determined that normal conduc- 
tion has returned or the patient requires a more permanent 
system. 


Since the advent of catheter interventions for the treatment 
of arrhythmias or to occlude septal defects, an additional cause 
of AV block has emerged. EP procedures and a number of per- 
cutaneous catheter interventions also pose a risk of developing 
AV block either as an acute or late complication. The risk of 
AV block in these patients is thought to be as a direct result 
of impingement of the device (septal occluder or aortic or pul- 
monic valve) on the AV node (153-156). In the majority of 
patients, the AV block is noted acutely and can be rectified by 
device removal. However, some patients develop this as a late 
complication. These tend to be permanent. 

In addition to these well-known causes, a small group 
of patients has been identified with a genetic mutation that 
results in CAVB. A mutation in the cardiac transcription 
factor NKX2.5 can result in familial atrial septal defects or 
hypoplastic left heart syndrome in an autosomal dominant 
inheritance pattern (157). AV node conduction abnormali- 
ties also occur in Holt-Oram syndrome and atrial septal 
defects. Patients with structurally normal hearts and a muta- 
tion in SCN5A, a sodium ion channel responsible for long 
QT and Brugada syndrome, can have a range of AV con- 
duction abnormalities, including complete block (158). In 
addition, infections may produce AV block including acute 
rheumatic fever, Chagas disease, diphtheria, and Rocky 
Mountain spotted fever. Lyme disease also can present with 
high-grade AV block, which may be the only manifestation 
of this infection. 

Symptoms and Treatment 

Fetal Congenital Complete Atrioventricular Block 

A wide range of symptoms has been identified in patients 
with CAVB. The symptoms that patients present with tend to 
depend, at least in part, on the patient’s age at presentation. 
CCAVB, when identified in a fetus, can vary from asympto- 
matic to hydrops fetalis. Recent studies have documented 
exceptionally high mortality rates for these patients, rang- 
ing from 7% to 33% in infants and fetuses with structurally 
normal hearts and as high as 86% in those with structural 
cardiac lesions (130-132,143,159). Poor outcomes are associ- 
ated with the presence of structural cardiac disease, hydrops, 
ventricular rates <55 beats per minute, AV valve regurgitation, 
dilated cardiomyopathy, prolonged corrected QT interval, or 
delivery at or before 32 weeks’ gestation (130-132,143,159). 

The goal of managing a fetus with CAVB is the birth of 
a healthy infant. This outcome can best be accomplished by 
early intervention at the first sign of the problems listed in 
the prior paragraph. Also, identification of fetuses at risk for 
developing CAVB is important, allowing the initiation of ther- 
apies to prevent the onset or progression of the conduction 
abnormality. These goals can be accomplished by increasing 
the fetal heart rate and/or contractility or by removing the 
inflammatory agents or modulating it through immune sup- 
pression. 

The maternal or direct fetal administration of sympathomi- 
metic agents such as ritodrine, terbutaline, isoproterenol, and 
salbutamol may improve both fetal heart rates and contractil- 
ity (130,160-162). These medications are not given routinely 
as there frequently is no improvement because AV conduction 
has not been restored. However, it has been proposed that a 
trial of sympathomimetics should be considered in fetuses with 
CAVB with signs of deterioration (160). The reduction of the 
maternal antibody titer through plasmapheresis also has been 
performed but with variable results. Also, the use of intrave- 
nous gamma globulin has resulted in a complete reduction of 
the maternal anti-Ro antibody titer (163). Only a limited num- 
ber of patients has had these therapies during pregnancy and 
they are not used in most centers. 
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The use of fluorinated steroids, dexamethasone and beta- 
methasone for the treatment and prevention of CAVB also has 
been reported ( 1 3 0, 1 3 1 , 1 42, 1 64-1 6 6 ). In one study comparing 
the use of fluorinated steroids to an untreated control group, 
the use of steroids in fetuses that already had developed CAVB 
failed to restore any A V conduction but somewhat improved 
hydrops and other symptoms (167). Steroids administered 
soon after the onset of second-degree AV block may result in 
the permanent reversal of advanced AV conduction disorders 
in some fetuses, and fluorinated steroids should be considered 
in fetuses with early forms of AV block and/or hydrops. 

In summary, fetal CAVB is a relatively rare condition with 
evolving management. It is recommended that all mothers 
with anti Ro and La antibodies (SSA and SSB) have an early 
fetal echocardiogram. In the fetus of a mother with a connec- 
tive tissue disorder, early detection of advanced AV conduction 
abnormalities and/or hydrops should prompt the considera- 
tion to use fluorinated steroids with the goal of preventing the 
progression of the inflammatory process. In addition, referral 
to a center with expertise in high-risk obstetrics, fetal cardiol- 
ogy, and pediatric and neonatal pacemaker implantation and 
management should be considered strongly near the time of 
delivery. 

CAVB in Infants, Children, and Young Adults 

A wide array of symptoms occurs in infants, children, and 
young adults with structurally normal hearts and CAVB. 
These symptoms range from nothing to Stokes-Adams attacks 
(sudden transient episode of syncope) and sudden cardiac 
death. The underlying reason for symptoms or lack of symp- 
toms is the patient’s underlying escape rate and rhythm. Those 
patients with a reasonable junctional escape that is chrono- 
tropicalsly competent tend to be relatively asymptomatic. 
Those with very slow resting heart rates that do not signifi- 
cantly increase with exercise tend to have symptoms of fatigue, 
syncope, nightmares, or even congestive heart failure. 

After documentation of CCAVB in asymptomatic patients 
with an ECG, their evaluation includes a number of tests to 
determine whether they meet criteria for implantation of a 
pacing system. In patients newly diagnosed with CCAVB, an 
echocardiogram routinely is performed to evaluate for structural 
cardiac disease or myocarditis. If a congenital cardiac anomaly 
is a hemodynamically significant defect, then a pacing system 
is recommended if there are symptoms or if the heart rate is 
<70 regardless of symptoms. This recommendation stems from 
an increased incidence of death (29% vs. 8%) in patients with 
structural heart disease when compared to normal patients (168). 

In asymptomatic patients with structurally normal hearts, the 
first test is a 24-hour Holter monitor to detect episodes of abrupt 
pauses >2 to 3 times the underlying cycle length, average heart 
rate <50 beats per minute, complex ventricular ectopy, wide 
QRS escape rhythm, VT, or symptoms associated with slow 
heart rates, all of which are indications for pacing. After the 
Holter monitor, the next test (in patients old enough to partici- 
pate) is an exercise stress test. During the test, careful attention 
is paid to the patient’s maximal heart rate at peak exercise and 
symptoms. If the patient has symptoms, an increase in ventricu- 
lar ectopy or an episode of VT, pacing may be indicated. The 
final test, usually performed on an annual basis, is an echocar- 
diogram to evaluate the size and function of the left ventricle. 

CCAVB patients compensate for their reduced heart rate by 
increasing their left ventricular end diastolic volume and there- 
fore their stroke volume. It is common to see ventricular dila- 
tion in these patients on echocardiography, but the function 
typically is normal or hyperdynamic. A decrease in function 
or extreme dilation is concerning and may require pacemaker 
implantation. In those patients with CCAVB who do not meet 
requirements for pacemaker implantation by their late teen 


years, prophylactic pacemaker implantation may be consid- 
ered. This is based on a large prospective study of adults with 
isolated congenital heart disease, in which the authors found 
that 50% of previously asymptomatic adult patients develop 
symptoms and 10% will die prematurely (169). 

When surgical AV block is identified, these patients must 
be paced temporarily in the immediate postoperative phase. 
The underlying junctional escape rhythm in these patients is 
not reliable and may result in episodes of asystole. In addition, 
pacing allows a more appropriate ventricular rate and a resto- 
ration of AV synchrony that can be important to the patients’ 
hemodynamic status. Paced patients with surgical AV block 
should be evaluated daily for return of native AV conduc- 
tion. Atrial and ventricular lead capture thresholds should be 
adjusted to at least twice the safety margin (lowest output that 
reliably captures the myocardium). The patient should have 
implantation of a permanent pacing system if the AV block 
is not expected to resolve or persists at least 7 days following 
surgery. Without implantation of a pacing system in postop- 
erative AV block, the mortality rate has been reported to be as 
high as 60% within the first year alone (170). 

If temporary pacing for hemodynamically significant AV 
block is needed, there are several options. The first is transcu- 
taneous pacing that can be performed through many external 
defibrillators. This may provide a temporary method for pac- 
ing the heart, but is not a good long-term solution and usually 
is not tolerable in an alert patient. Temporary pacing catheters 
also can be placed through the femoral or internal jugular 
veins to stimulate the heart. Pacing typically is performed in 
the ventricle regardless of the source of bradycardia to ensure 
an adequate ventricular rate to provide blood flow to the body. 
There are three types of catheters. The first uses a balloon to 
guide the catheter into position. This is helpful, unless there is 
ventricular asystole with no forward flow to guide the balloon 
into the ventricle. The second is a fixed curve or deflectable 
catheter used for EP studies that can be placed into the ventri- 
cle. In general, this requires fluoroscopic guidance in the cath 
lab to properly position. The final type is a temporary pacing 
catheter that has a small electrode tip that is actually screwed 
into the myocardium under fluoroscopic guidance. This tech- 
nique has the advantage of having a stable position with little 
chance for dislodgement with subsequent loss of pacing cap- 
ture, but is more difficult to place and remove. All of these are 
temporary solutions and require assessment for the need for a 
permanent pacing system after being in place for 1 to 2 days. 

Bundle Branch Block 

Synchronous depolarization of the left and right ventricles 
occurs through specialized conduction tissue and results in 
a narrow complex QRS on the ECG. This conduction tissue 
divides into a left and right bundle branch after the bundle of 
His. The right bundle continues into the right ventricular apex 
and then turns anteriorly and is contiguous with the modera- 
tor band. Typically, the left bundle branch quickly subdivides 
into a left anterior and left posterior fascicle resulting in acti- 
vation of the left ventricle prior to the right ventricle. 

When activation in one of these bundles is delayed, it 
results in a prolonged QRS duration for age. A right bundle 
branch block typically has a conduction delay in lead VI with 
an initial positive deflection followed by a deflection below 
the baseline followed by another positive deflection (RSR' pat- 
tern). A left bundle branch will typically have this pattern in 
lead V6 (see Fig. 18.25). 

This conduction delay may be congenital or acquired. Con- 
genital autosomal dominant right bundle branch block is a 
hereditary condition that typically is associated with normal 
cardiac function and no long-term consequences. Congenital 
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Figure 18.25. Bundle branch block. A: Right bundle branch block with an RSR' pattern in VI and slurred S wave 
in V6. B: Left bundle branch block with an RSR' pattern in V6 and slurred S wave in VI. 


right bundle branch block also occurs frequently with Ebstein 
anomaly of the tricuspid valve. Right bundle branch block 
also can occur in ARVC, myocarditis, following orthotopic 
heart transplantation or in Brugada syndrome (typically right 
bundle branch only in lead VI and/or V2). More commonly 
right bundle branch block is acquired following cardiac sur- 
gery particularly following ventricular septal defect or AV 
canal repair. Left bundle branch block is rare in the pediatric 
population. Kearns-Sayre syndrome and myotonic dystrophy 
can present with first or second-degree AV block that may pro- 
gress to higher levels of AV block and may therefore require 
early pacemaker implantation. 


PACEMAKERS AND IMPLANTABLE 
CARDIOVERTER DEFIBRILLATORS 

The original description of pediatric pacemaker implantations 
occurred in the 1960s and involved patients who had surgi- 
cal CAVB (171). Since that time, the indication for pediatric 
devices has expanded and the technology has advanced. Only 
basic concepts are discussed as there is a large number of text- 
books dedicated completely to a more in-depth examination 
of pacing and defibrillation indications, technology, and 


implantation techniques. These devices consist of a generator 
that contains the battery, circuitry and computer, and a lead 
that connects the generator to the myocardium. Leads can be 
placed through the venous system and placed on the endocar- 
dial surface of the heart (transvenous leads) or affixed directly 
on the outer surface of the heart by a surgeon (epicardial 
leads). Newer lead technology allows the lead to be placed on 
the myocardium and communicate wirelessly to the generator. 
Pacemakers perform four basic functions: 

■ Stimulate cardiac depolarization 

■ Sense intrinsic cardiac function 

■ Respond to increased metabolic demand by providing rate- 
responsive pacing 

■ Provide diagnostic information stored by the pacemaker 

An ICD performs all of the above functions but is able to 
detect VT and deliver antitachycardia pacing or a shock through 
the device to attempt to cardiovert or defibrillate the patient. 
The North American Society of Pacing and Electrophysiology/ 
British Pacing and Electrophysiology Group Generic (NBG) 
code was created as a standard method of describing the mode 
of pacing, the mode of sensing, and how the pacemaker will 
respond to the presence or absence of intrinsic beats. (172) 
(see Table 18.6). 


TABLE 18.6 

| Revised NASPE/BPEG Generic Code 



Position 

1 

2 

3 

4 

5 

Category 

Chamber(s) 

paced 

Chamber(s) 

Sensed 

Response to 
sensing 

Rate 

modulation 

Multisite 

pacing 

Letters used 

0 = none 

A - atrial 

V = ventricle 

D = dual 
(A + V) 

0 = none 

A = atrial 

V = ventricle 

D = dual 
(A + V) 

0 = none 

T = triggered 

1 = inhibit 

D = dual 

(T + 1) 

0 = none 

R = Rate 
modulation 

0 = none 

A = atrial 

V = ventricle 

D = dual 

(A + V) 


A triggered response is an active pacing response to a sensed event. This is used in dual-chamber pacemakers so thatthe 
underlying sinus rate can be "tracked" resulting in a 1:1 relationship between the atria and ventricles. An inhibit response results in 
the pacemaker not firing so that pacing does not occur when an intrinsic event is present Rate modulation involves sensors in the 
device that increase the heart rate in response to motion to simulate the increase in heart rate seen with physical activity. Multisite 
pacing involves more than one pacing lead in a particular chamberto create a more synchronous contraction. (Adapted from 
Bernstein, et al. The revised NASPE/BPEG generic code for antibradycardia, adaptive-rate, and multisite pacing. North American 
Society of Pacing and Electrophysiology/British Pacing and Electrophysiology Group. Pacing din Electrophysiol 2002;25:260-264.) 
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The indications for pacing and defibrillation for children 
are relatively similar to those for adult patients, but due to 
patient size, activity level, longevity, and venous access, a num- 
ber of unique considerations make the decision to implant a 
device not as straightforward. What type of device (single, 
dual, or multichamber) and how the device is implanted (trans- 
venous versus epicardial) are the first decisions one must make 
after the decision to pace has been reached. These decisions 
are influenced by the patient’s size, the presence of unrepaired 
structural cardiac disease or residual shunting, the inability to 
access the heart though the existing venous anatomy, and the 
necessity of device implantation. 

The overall goal of any device is to improve the patient’s 
underlying conduction abnormality while not limiting future 
decisions to upgrade the system. An example might be a 


7-year-old patient with SND and intact AV node function: 
This patient’s subclavian vein may be too small for implan- 
tation of a dual-chamber pacing system, but implanting 
a single-chamber system capable of pacing the atrium and 
allowing conduction down the intact AV node is a wise com- 
promise. These decisions also may affect the ability to pace/ 
defibrillate the patient through transvenous systems long 
term. The clinician’s goal is to pace the patient in a manner 
that will allow for continued pacing throughout the patient’s 
lifespan. 

The 2008 guidelines for device-based therapy of cardiac 
rhythm abnormalities are categorized into different classes 
and different levels within each class. The indications for the 
implantation of a permanent pacing system in a pediatric 
patient are listed in Table 18.7 (173). 


Indications for Pacing in the Pediatric Population 



Class I (Recommended) 

1. Advanced second- or third-degree AV block associated with symptomatic bradycardia, ventricular dysfunction, 
or low cardiac output 

2. SND with correlation of symptoms during age-inappropriate bradycardia 

3. Postoperative advanced second- or third-degree AV block that is not expected to resolve or that persists at least 7 days after 
cardiac surgery 

4. Congenital third-degree AV block with a wide QRS escape rhythm, complex ventricular ectopy, or ventricular dysfunction 

5. Congenital third-degree AV block in the infant with a ventricular rate <55 bpm or with congenital heart disease and a 
ventricular rate <70 bpm 

Class lla (Is Reasonable) 

1. Patients with congenital heart disease and sinus bradycardia (intrinsic or antiarrhythmic induced) forthe prevention of recurrent 
episodes of intra-atrial reentrant tachycardia 

2. Congenital third-degree AV block beyond the 1st year of life with an average heart rate <50 bpm, abrupt pauses in ventricular rate 
that are two or three times the basic cycle length, or associated with symptoms due to chronotropic incompetence 

3. Sinus bradycardia with complex congenital heart disease with a resting heart rate <40 bpm or pauses in ventricular rate longer than 3 s 

4. Patients with congenital heart disease and impaired hemodynamics due to sinus bradycardia or loss of AV synchrony. 

5. Unexplained syncope in the patient with prior congenital heart surgery complicated by transient complete heart block with residual 
fascicular block after a careful evaluation to exclude other causes of syncope. 

Class Mb (May Be Considered) 

1. Transient postoperative third-degree AV block that reverts to sinus rhythm with residual bifascicular block because of the 
long-term risk for development of AV block 

2. Congenital third-degree AV block in asymptomatic children or adolescents with an acceptable rate, a narrow QRS complex, and 
normal ventricular function 

3. Asymptomatic sinus bradycardia after biventricular repair of congenital heart disease with a resting heart rate <40 bpm or pauses in 
ventricular rate longer than 3 s 

Class III (Not Recommended) 

1. Transient postoperative AV block with return of normal AV conduction in the otherwise asymptomatic patient 

2 . Asymptomatic bifascicular block with or without first-degree AV block after surgery for congenital heart disease in the 
absence of prior transient CAVB. 

3. Asymptomatic type I second-degree AV block. 

4. Asymptomatic sinus bradycardia with the longest relative risk interval <3 seconds and a minimum heart rate more than 40 bpm 

Adapted from Epistein A, DiMarco J, Ellenbogen K, et al. ACC/AHA/HRS 2008 guidelines for device-based therapy of cardiac rhythm abnormalities. 

J Am Coll Cardiol 2008;5:E1-E62 
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TABLE 18.8 


Indications for Implantable Cardioverter-Defibrillator (ICD) 


Placement in Pediatric Patients 


Class I (Recommended) 


1. ICD implantation is indicated in the survivor of cardiac arrest after evaluation to define the cause of the event and to exclude any 
reversible causes 

2. ICD implantation is indicated for patients with symptomatic sustained VT in association with congenital heart disease who have 
undergone hemodynamic and electrophysiologic evaluation. Catheter ablation or surgical repair may offer possible alternatives in 
carefully selected patients 


Class ila (Is Reasonable) 


1 . ICD implantation is reasonable for patients with congenital heart disease with recurrent syncope of undetermined origin in the 
presence of either ventricular dysfunction or inducible ventricular arrhythmias at electrophysiologic study 

Class lib (May Be Considered) 

1. ICD implantation may be considered for patients with recurrent syncope associated with complex congenital heart disease and 
advanced systemic ventricular dysfunction when thorough invasive and noninvasive investigations have failed to define a cause 

Class III (Not Recommended) 


1 . ICD therapy is not indicated for patients who do not have a reasonable expectation of survival with an acceptable functional status 
for at least 1 year, even if they meet specific ICD implantation criteria 

2. ICD therapy is not indicated for patients with incessant VT or ventricular fibrillation 

3. ICD therapy is not indicated in patients with significant psychiatric illnesses that may be aggravated by device implantation or that 
may preclude systematic follow-up 

4. ICD therapy is not indicated for NYHA Class IV patients with drug-refractory congestive heart failure who are not candidates for 
cardiac transplantation or implantation of a biventricular pacing device that incorporates both pacing and defibrillation capabilities. 

5. ICD therapy is not indicated for syncope of undetermined cause in a patient without inducible ventricular tachyarrhythmias and 
without structural heart disease 

6. ICD therapy is not indicated when ventricular fibrillation or VT is amenable to surgical or catheter ablation (e.g., atrial arrhythmias associ- 
ated with WPW syndrome, right ventricular or LV outflow tract VT, idiopathic VT, or fascicular VT in the absence of structural heart disease) 

7. ICD therapy is not indicated for patients with ventricular tachyarrhythmias due to a completely reversible disorder in the absence 
of structural heart disease (e.g, electrolyte imbalance, drugs, or trauma) 

Adapted from Epistein A, DiMarco J, Ellenbogen K, et al. ACC/AHA/HRS 2008 Guidelines for device-based therapy of cardiac rhythm abnormalities. J Am Coll Cardiol 2008;5:E1-E62. 


ICD therapy is the standard of care for prevention of sud- 
den cardiac death in all age groups. The implantation of an 
ICD provides additional treatment in patients who experience 
life-threatening arrhythmias. The efficacy of ICDs to terminate 
ventricular arrhythmias has been proven in pediatric patients 
(174). The current indications for ICD implantation in pediat- 
ric patients and adults with congenital heart disease are based 
on data derived from adult studies and are located in Table 
18.8. The main reason for ICD implantation has evolved over 
the years from secondary prevention of sudden cardiac death 
to their current use for primary prevention in patients with an 
increased risk for sudden death. 

Biventricular Pacing 

Cardiac resynchronization therapy (CRT) uses two separate 
pacing leads in the right and left ventricle to restore electrical 
and mechanical synchrony in patients with an intraventricular 
conduction delay. Despite varying causes of dysynchrony, CRT 
has been successfully performed with good results. Although 
criteria for resynchronization have yet to be determined, 
research is currently being performed to guide clinicians as to 
which patients can benefit from this new technology. However, 


several case series have indicated that CRT produces excel- 
lent results in children with a response rate around 85% to 
90%, not only serving as a viable bridge to transplantation 
but also allowing many to be removed from transplantation 
lists because of improvement in symptoms and function ( 175— 
177). However, there is a relatively high complication rate for 
the procedure (including procedural deaths) and patients may 
require a surgical approach to place one or both pacing leads. 

Follow-Up 

After the implantation of a rhythm management device, they 
require close follow-up to ensure they are working appropri- 
ately. After initial implantation, the patient may be reevaluated 
relatively soon after implantation to ensure that the device is 
not infected and the incision is healing well. After this brief 
initial follow-up, patients then generally are evaluated in the 
office at 1 to 3 months after implantation and then at least 
once a year for the life of the device. During these visits, the 
device is interrogated to make sure the programming param- 
eters are appropriate for the patient’s age and lifestyle and the 
settings are optimized to maximize battery longevity. In addi- 
tion to device interrogation, patients may have an ECG, Holter 
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monitor, chest x-ray (particularly during times of rapid linear 
growth), and exercise stress test to evaluate rate responsiveness 
and pacemaker function. Between visits, patient may perform 
device checks remotely through a telephone or wireless con- 
nection. These “transtelephonic checks” can give important 
information about battery status or problems with the device 
or lead. In addition, actual tracings of arrhythmias may be 
transmitted in patients with defibrillators who have had an 
ICD shock. 


SUMMARY 


Tachyarrhythmias and bradyarrhythmias are not uncommon 
in the pediatric age group. They have a wide variety of presen- 
tations and treatments. As our knowledge about these condi- 
tions continues to progress, specific therapies can be directed 
to diagnosing, curing, or preventing these conditions. 
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INTRODUCTION 


Approach to the care of the neonate with congenital heart 
disease is multidisciplinary. Regardless of where the patient 
is cared for (neonatal intensive care unit, cardiac intensive 
care unit) a firm understanding of neonatal physiology and 
development by the managing medical team is imperative to 
provide state-of-the-art interdisciplinary care. This chapter 
provides a unique perspective of the neonate from a multi- 
organ system approach. Cardiac lesion-specific data are out- 
lined throughout the textbook; therefore this chapter does not 
include a discussion of these conditions. Instead, this chapter 
focuses on the complex interactions of multiple organ systems 
in neonates who also have congenital heart disease. In addi- 
tion, an overview of lung development and the management 
of a patent ductus arteriosus in premature infants is presented. 


TRANSITIONAL CIRCULATION 


With the onset of spontaneous respiration at the time of birth, 
the low-resistance placenta is removed from the circulation, 
thus increasing systemic vascular resistance. Expansion of the 
lungs elicits an immediate decrease in the pulmonary vascu- 
lar resistance as a result of physical recruitment of pulmonary 
vasculature and vasodilation of the pulmonary arteriolar bed 
in response to an elevated oxygen content. In turn, the shift 
of the systemic and pulmonary vascular resistances causes a 
reversal of flow of the ductus arteriosus from right to left to 
predominantly left to right. In theory, this change from fetal 
circulation causes an increase in pulmonary blood flow and a 
decrease in systemic venous return due to the lack of umbili- 
cal venous flow. Left atrial pressure increases and eventually 
exceeds the pressure in the right atrium leading to closure of 
the foramen ovale flap against the crista dividens, eliminat- 
ing shunting at the atrial level. All of these alterations may be 
influenced by disease processes that affect the systemic and 
pulmonary vascular resistances, inhibiting the usual transition 


to adult circulation (1,2). Additionally, after the initial 
precipitous fall in pulmonary vascular resistance, it continues 
to fall gradually in the first 48 hours of life and takes several 
weeks to fall to adult levels. In a normal neonate, the ductus 
generally closes functionally within several days of life. 


PATENT DUCTUS ARTERIOSUS 


Classic studies by Gittenburger-De Groot have described the 
sequence of events that occur in the infants that lead to func- 
tional and anatomic closure of the ductus arteriosus (3). The 
molecular events explaining closure and the predisposition of 
the ductus to remain patent in premature infants have been 
described (4-8). Ductal closure is dependent upon an initial 
ductal constriction which results from the development of 
hypoxia within the ductal media. Hypoxia mediates a series 
of molecular events that then lead to disruption of the internal 
elastic lamina and endothelial cell. Smooth muscle cells pro- 
liferate forming intimal mounds that impinge on the ductal 
lumen, ultimately leading to its anatomic closure. In premature 
infants, ductal constriction is essential for anatomical closure 
of the ductus arteriosus. But this alone may not be sufficient 
for ductal closure. Hypoxia in the muscular media may not 
occur and the post-constriction sequence fails to follow. Thus, 
premature infants may present with a symptomatic patent 
ductus arteriosus (PDA), especially those who are <30 weeks 
of gestation. 

The incidence of PDA in premature infants is inversely 
related to gestational age. In a recent multicenter trial of indo- 
methacin prophylaxis in premature infants weighing <1,000 g, 
the incidence of PDA in the placebo group was 50% (9). Pre- 
mature infants with a PDA may present with classic findings 
of a left-to-right shunting lesion. In this case, infants typi- 
cally have a systolic murmur, increased left precordial activ- 
ity, sometimes with an associated thrill, bounding pulses, and 
a wide pulse pressure that also may be evident on umbilical 
arterial waveform tracings. Unfortunately, many infants with 
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a physiologically significant PDA may not have these findings. 
Thus there should be a high index of suspicion for a PDA even 
without classic physical findings in a premature infant who 
has lung disease. Doppler-echocardiography is the gold stand- 
ard for diagnosing a PDA, and should be performed before 
treatment decisions are made. 

Physiology of the PDA is secondary to overperfusion of the 
lung and possibly underperfusion of the systemic circulation. 
Infants’ lungs are fully recruited at rest so that any increase in 
flow from left-to-right shunts predictably increases fluid fil- 
tration in the lung (10). Increased fluid filtration will lead to 
pulmonary edema if it exceeds the ability of the lymphatics to 
remove fluid, and pulmonary edema is frequently associated 
with pulmonary overcirculation from a PDA. The PDA may 
also steal from the systemic circulation. Animal studies have 
shown that even small shunts underperfuse systemic organs 

(10) . Studies in extremely premature infants with a hemody- 
namically significant PDA observed that although total left 
ventricular output was increased, flow was decreased in the 
abdominal aorta, celiac, mesenteric, and renal arteries, while 
there were no differences in the anterior cerebral artery flow 

(11) . While the changes in acute physiology are concerning, 
the effect of a PDA on the outcome of premature infants and 
the management of a PDA is controversial (12,13). 

The management of the PDA in premature infants has 
changed dramatically over the last decade. The uniform find- 
ings from animal studies are that a PDA is associated with 
underperfusion of the systemic circulation and overcirculation 
of the pulmonary bed with the development of pulmonary 
edema (10,11). If these findings can be extrapolated to prema- 
ture infants who weigh <1,000 g and approaches to prevent- 
ing or treating the PDA lacked significant toxicity, it would 
support taking aggressive steps to prevent the development of 
a significant PDA, or at the very least, for treatment of these 
infants with a clinically significant PDA. Furthermore, epide- 
miologic data indicate that premature infants who develop 
a clinically significant PDA have higher rates of mortality 
and morbidity than do comparably sized infants who do not 
develop a significant PDA (14,15). 

Treatment approaches include surgical ligation, pharmaco- 
logic treatment with cyclooxygenase inhibitors, or supportive 
medical management with fluid restriction, cardiovascular 
support, and therapy with diuretics. As recently as 1996, 
an analysis of strategies including prophylaxis, early treat- 
ment, and late treatment after overt symptoms indicated 
that the most reasonable approach to the PDA in prema- 
ture infants is using indomethacin either prophylactically in 
high-risk populations or within the first few days of life when 
the PDA became evident prior to the development of overt 
symptoms (16). However, there have been marked improve- 
ments in perinatal care including an increased emphasis on 
the treatment of mothers who are at risk for delivering a 
premature infant with antenatal steroids (17,18). Likewise 
a more aggressive approach to noninvasive respiratory sup- 
port strategies allows even premature infants born <1,000 g 
to be frequently not supported with pressors or mechani- 
cal ventilation in the first 24 hours of life. In this changing 
clinical context, aggressive treatment of the PDA in an infant 
with minimal lung disease and support has come into ques- 
tion. A recently published meta-analysis has concluded that 
prophylactic treatment of premature infants with cyclooxyge- 
nase inhibitors, while reducing the need for surgical ligation 
of the ductus and lowering the incidence of intraventricular 
hemorrhage, elicited no differences in survival or neurodevel- 
opmental outcomes (19). Thus, a reasonable interpretation 
of the present clinical evidence supports the conclusion that 
the beneficial effect in closing the ductus in a population of 
infants who would have developed a symptomatic PDA may 
be offset by the deleterious effects of treating some infants 


who would not have developed a PDA with a potent class of 
drugs with a significant frequency of side effects. Thus, treat- 
ment of a hemodynamically significant PDA appears to be the 
most prudent approach in extremely low birth weight infants. 
A recent meta-analysis comparing indomethacin with ibupro- 
fen demonstrated no difference in efficacy in patients treated 
with ibuprofen, yet yielded a significantly lower incidence of 
side effects (20). This meta-analysis may lead to the conclu- 
sion that, at present, ibuprofen is the best treatment option 
for those with a symptomatic PDA. However, a recent analysis 
combining data from American and European studies found 
that ibuprofen therapy was associated with a greater risk 
of the development of bronchopulmonary dysplasia (BPD) 
than indomethacin therapy (21). Thus, the optimal choice of 
cyclooxygenase inhibitors remains unanswered. 

Treatment of a PDA has taken a risk-based approach. If a 
premature infant with echocardiographic evidence of a PDA 
in the first week of life requires mechanical ventilation for 
support of lung disease that cannot be attributed to respira- 
tory distress syndrome (RDS), treatment is warranted and a 
course of ibuprofen is probably the preferred choice. Further- 
more, independent of the amount of cardiopulmonary support 
required, if a premature infant has clinical evidence of a PDA, 
such as wide pulse pressures, an active precordium, or a loud 
murmur and an echocardiogram demonstrates a ductus with 
evidence of left atrial or left ventricular enlargement, treat- 
ment is also warranted. 

The role of surgical ligation in infants has become even less 
clear than the pharmacologic approach to treatment of a PDA. 
There is no evidence that early aggressive treatment with PDA 
ligation improves clinical outcomes (22), and recent evidence 
suggests that late ligation of a significant ductus arteriosus is 
associated with concerning long-term neurodevelopmental 
outcomes (23). These data do not exclude the need for surgi- 
cal ligation, but rather may highlight the point that extremely 
premature infants who have a PDA evident after the first week 
of life define a population of infants at extremely high risk for 
long-term morbidity. However, based on the concerns about 
surgery, many clinicians choose to treat infants failing a course 
of cyclooxygenase inhibitors with fluid restriction and diuret- 
ics and defer ligation for the most symptomatic infants. 

Lung Development 

Lung development from the embryonic phase to the alveo- 
lar phase has been studied in humans and in many mammals 
(24-27). Furthermore, the molecular basis for lung devel- 
opment continues to be elucidated and a discussion of the 
mechanisms for lung development is beyond the scope of this 
chapter. However, since lung development proceeds through 
postnatal life for several years, understanding the effects on 
lung development of congenital heart disease, its treatment, 
and supportive medical care for lung disease is important. 
Overall lung development can be optimized in infants with 
respiratory disease and heart disease whether they are born 
prematurely or not. 

Infants born as early as 23 weeks of gestation can survive. 
At 23 weeks of gestation, infants are still in the cannulicular 
phase of lung development, which continues through 26 weeks 
of gestation. Despite the relatively immature lung architecture, 
including no identifiable alveoli and a thickened alveolar inter- 
stitium with a double capillary network, the lung can subserve 
enough air exchange function for the infant to survive. The sac- 
cular phase of lung development extends from 27 to 36 weeks 
of gestation and the alveolar phase starts at 37 weeks and pro- 
ceeds through approximately 3 years of postnatal age. In infants 
born prematurely without heart disease, supportive care with 
mechanical ventilation and supplemental oxygen frequently 
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injures the lung and predisposes the infant to the development 
of chronic BPD (28). Furthermore, perinatal inflammation of 
the lung is frequently observed in premature infants, which 
also can injure the lung profoundly (29). The injury caused by 
lung support and/or inflammation leads to an arrest of lung 
development, and the lung function abnormalities can persist 
for years (30,31). Thus in infants, especially premature infants, 
who have heart disease and require supportive care delivered 
to the respiratory system, therapies should be pursued that 
limit lung injury and thereby limit aberrations in lung develop- 
ment, similar to treatment strategies being explored in infants 
born prematurely who do not have heart disease. 

The most important intervention to improve the outcomes 
of premature infants is the administration of antenatal steroids 
to mothers who are at risk of delivering a premature infant. 
The landmark study by Liggins and Howie demonstrated a 
beneficial effect of antenatal steroids given to mothers who 
delivered infants at <34 weeks of gestation (32). These results 
have been verified by many other randomized, double-blinded, 
placebo control trials. While the initial studies focused on 
decreasing the incidence of respiratory distress, there was 
also evidence that antenatal corticosteroid (ACS) administra- 
tion decreased mortality and other morbidities in premature 
infants (33-35). ACS administration enhanced lung and circu- 
latory development. So much so that an NIH consensus state- 
ment stated strongly that ACS should be given to mothers with 
threatened premature delivery between 24 and 34 weeks of 
gestation (17). Details for ACS administration can be found 
in the NIH consensus statement. There is no present evidence 
that supports repeat ACS administration to those mothers who 
do not deliver within 1 week of steroid administration (18). 

Surfactant administration has been shown to improve out- 
comes in premature infants. Exogenous surfactant has been 
given in prophylactic and rescue modes. In the prophylaxis 
studies of premature infants who were at high risk of hav- 
ing RDS, surfactant administration was given within 15 to 
20 minutes of birth. This led to lower mortality rates and less 
morbidity than was seen in infants who were given surfactant 
after the diagnosis of RDS was established (selective) (36). 
These differences are less relevant in more mature infants. 
Thus, infants born after 30 weeks of gestation can be assessed 
for development of RDS and if RDS is present, surfactant 
should be delivered in the rescue mode (37). 

In the last decade, as the antenatal steroid administration to 
mothers has increased and the expertise of noninvasive respira- 
tory support has been enhanced, many infants, even extremely 
premature infants, are delivered with minimal lung disease so 
that a trial of noninvasive respiratory support with nasal con- 
tinuous positive airway pressure (CPAP) may be reasonable. 
In 2008, the COIN (continuous positive airway pressure on 
intubation at birth) trial was published in which 610 infants 
between 25 and 28 weeks were randomized to either CPAP 
or intubation with surfactant at birth (38). While there were 
some differences favoring the CPAP group at 28 days of life, 
the outcomes at 36 weeks postmenstrual age for morbidity and 
mortality were not different. Another study by the SUPPORT 
study group (surfactant positive pressure and pulse oximetry 
randomized trial) enrolled 1,310 infants between 24 and 27 
weeks of gestation which randomized similarly to the COIN 
study. The study results showed no statistically significant dif- 
ferences in the composite outcome of death or BPD at 36 weeks 
postmenstrual age (39). The combination of these findings sug- 
gest that infants born at 24 weeks of gestation up to 28 weeks 
of gestation who were exposed to maternal ACS and are vigor- 
ous at birth may be supported with CPAP without prophylactic 
surfactant. However, if the infants’ oxygen requirement rises to 
>40%, administration of surfactant should then be considered. 

Other therapeutic measures in premature infants that help 
to prevent development of BPD include: (a) monitoring to 


prevent hyperoxemia and minimize exposure to supplemental 
oxygen and mechanical ventilation, (b) fluid restriction in the 
first few days of life (40), and (c) the institution of aggres- 
sive and early parenteral and enteral nutrition. The combi- 
nation of therapies just discussed is supported in premature 
infants without congenital heart disease. However, there are 
no reports regarding the impact of congenital heart disease on 
lung development in premature infants, or on postnatal lung 
development in term infants. Acute management of premature 
infants with congenital heart disease is thus extrapolated from 
what has been observed in premature infants without heart 
disease. 


PULMONARY HYPERTENSION 


Abnormalities of smooth muscle development frequently influ- 
ence acute cardiopulmonary physiology in newborn infants. 
Pulmonary hypertension is frequently present when there is 
abnormal vascular smooth muscle development. Pulmonary 
hypertension presenting in the newborn period is classified 
into three separate categories based on the underlying mecha- 
nisms for the development of the disorder. The three categories 
include underdevelopment, maldevelopment, and maladap- 
tive forms. In this classification only underdevelopment and 
maldevelopment pulmonary hypertension are associated with 
abnormalities of smooth muscle development. In fetal devel- 
opment, airway branching and smooth muscle development 
occur in parallel in an environment where pulmonary vascu- 
lar resistance is high and blood flow is low. In normal lung 
development, smooth muscle development around the vascu- 
lature extends to the level of the respiratory bronchiole. When 
the fetus is compromised by poor placental function and high 
placental vascular resistance, smooth muscle development is 
altered so that it extends further distally in the pulmonary vas- 
culature and is thicker. The thickening occurs as a combina- 
tion of intimal and adventitial thickening which gives rise to 
maldevelopment pulmonary hypertension (41). Underdevel- 
opment pulmonary hypertension is associated with pulmonary 
hypoplasia which leads to a decreased cross-sectional surface 
area of the pulmonary vascular bed. In addition, underdevel- 
opment pulmonary hypertension is frequently associated with 
maldevelopment of the pulmonary vasculature (42). 

Infants with maldevelopment pulmonary hypertension fre- 
quently present with evidence of poor placental function and 
poor adaptation to their extrauterine environment. Evidence 
for poor placental function may present as a poorly nour- 
ished infant with evidence of fetal weight loss. The perinatal 
period is often associated with marked fetal distress because 
labor taxes the function of the compromised placenta. Thick 
meconium may be noted and the infant may be depressed or 
asphyxiated at birth. Even without these adverse perinatal 
events, the abnormal pulmonary vascular bed may not allow 
the normal rapid initial drop in pulmonary vascular resistance 
and subsequent increase in pulmonary blood flow which are 
essential for appropriate cardiopulmonary physiology and 
adaptation to an adult-type circulation in series with high pul- 
monary blood flow and air exchange in the lung. 


RESPIRATORY PHYSIOLOGY 


In the fetus, the organ of respiration is the placenta and the 
lung is a high resistance, minimal flow, liquid-filled organ. 
Furthermore, the fetal lung secretes fluid into the airway (43). 
During late gestation surfactant production increases in prepa- 
ration for the lung becoming the organ of respiration, and the 
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molecular processes essential for fluid absorption are induced 
(44). This induction is enhanced by labor. At delivery with the 
onset of regular respirations, optimal air exchange physiology 
occurs when lung volume is adequate and pulmonary vascular 
resistance drops allowing the resultant increase in blood flow. 

Disorders of transition occur when any one of the three 
critical steps do not occur or are delayed. The three disor- 
ders of transition are: (a) transient tachypnea of the newborn, 
which occurs when the removal of lung water is delayed, (b) 
RDS, formerly known as hyaline membrane disease, and (c) 
pulmonary hypertension of the newborn which occurs when 
the normal drop in pulmonary vascular resistance does not 
occur or is delayed. Each of these disorders has a characteristic 
physiology which leads to alterations in air exchange. In most 
cases, the primary aberration is hypoxemia, even though the 
physiology by which this aberration occurs is different. 

In order to understand respiratory physiology of the new- 
born it is critical to understand some of the physical properties 
of the lung that determine ventilation. The equation of motion 
describes the properties of the lung important for proper 
ventilation: 

A P = 1 IcV + RV + IV 

where P represents the pressure applied to the respiratory sys- 
tem, C is compliance which is defined as the change in volume 
divided by the change in pressure, describing the elastance of 
the respiratory system, V is volume, R is resistance, V is the 
flow, I is inertance, and V is acceleration. Thus, properties of 
the lung can be divided into the static properties of the lung 
which are measured when there is no flow and is dependent on 
the compliance term in the equation of motion, and the resis- 
tive properties of the lung, which are measured when there is 
flow and are dependent on the resistance term in the equation 
of motion and inertance which, in most cases is thought to 
be negligible relative to the static and resistive properties and 
is therefore ignored. In well newborn infants the compliance 
is normal and the resistance is low so that minimal effort or 
energy is needed to provide reasonable ventilation to the res- 
piratory system independent of whether the infant is doing the 
work or if the infant requires mechanical ventilation. 

In infants with primary lung disease, the most common 
biochemical derangement is arterial hypoxemia. The mecha- 
nisms for significant hypoxemia in infants with lung disease 
are primarily ventilation-perfusion abnormalities and/or 
right-to-left shunting (both intrapulmonary and extrapul- 
monary). The sum of the shunt fraction and the ventilation- 
perfusion inequalities is the venous admixture. The venous 
admixture is higher in newborns even without lung disease 
(45,46). In parenchymal lung disease, the venous admixture 
increases dramatically and arterial hypoxemia may become 
profound. Furthermore, the relative proportion of the shunt 
fraction and VIQ abnormalities is dynamic such that as 
ventilation of the lung improves it has been shown that the 
shunt fraction and low VIQ compartments may be affected 
independently or in tandem. The primary strategy in infants 
with lung disease is to improve the function of the low VIQ 
compartment. Administration of supplemental oxygen may 
improve the oxygen concentration in the terminal air units 
and may relieve hypoxic pulmonary vasoconstriction, in 
which case improvement in oxygenation occurs by decreas- 
ing the size of the shunt compartment with no effect on the 
low VIQ compartment. Improving the ventilation to the low 
VIQ compartment of the lung frequently addresses both the 
shunt compartment and the low VIQ compartment. In this 
case, these strategies may recruit the shunt compartment by 
improving ventilation, raising the partial pressure of oxygen, 
and relieving hypoxic pulmonary vasoconstriction. The same 


strategies may recruit the former low VIQ compartment into 
the normal VIQ compartment at the same time. Thus while 
administration of supplemental oxygen is relatively safe and 
may decrease the shunt compartment, supportive strategies to 
safely increase ventilation to the most diseased areas of the 
lung may affect the shunt compartment and low VIQ com- 
partment simultaneously. 

The most appropriate strategy to support the respiratory 
system in the diseased lung depends on the physical properties 
of the lung, including the static properties and the resistive 
properties. It is appropriate to bear in mind that supportive 
measures which improve the function of the diseased lung do 
not improve the underlying disorder. In fact, supplemental 
oxygen is toxic and the application of positive pressure to the 
lung causes injury (47). When positive pressure is adminis- 
tered the strategy utilized should be tailored to the abnormali- 
ties in the lung. In lung diseases dominated by low respiratory 
system compliance, such as RDS or hyaline membrane disease, 
the airways and airspaces fill and empty quickly so that if 
mechanical ventilation is utilized, a fast rate-low tidal volume 
ventilation strategy should be used and has been associated 
with better outcomes (48). In diseases dominated by high air- 
way resistance, a ventilator strategy using a slower rate with 
slightly higher tidal volume ventilation is more successful. 
Examples of such diseases include meconium aspiration and 
BPD. In infants with RDS, the safest and most efficient tech- 
nique to improve lung physiology is by increasing the mean 
airway pressure and the safest and most efficient technique to 
increase mean airway pressure is to increase the end pressure 
(49). In fact, many infants with RDS can be managed with 
CPAP only which is the preferable mode in relatively mature 
infants (50,51). 


CARDIOPULMONARY INTERACTION 


The pulmonary vasculature in the lung of infants is fully 
recruited at rest and is particularly predisposed to the devel- 
opment of pulmonary edema when flow is increased via ana- 
tomic left-to-right shunts. The rate of fluid filtration (Q f ) in 
the lung or any other organ or vascular bed is governed by the 
Frank-Starling equation: 

Qf = K f [(C -'Ppn.v) - (*mv - *pmv)] 

where K f is hydraulic conductance, P mv is hydrostatic pres- 
sure in the microvasculature, P pmv is hydrostatic pressure in 
the peri-micro vascular space, a (sigma) is the reflection coeffi- 
cient, n mv is oncotic pressure in the microvasculature, and K pmv 
is oncotic pressure in the perimicrovascular space. 

Abnormalities in K f and P mv are the dominant variables 
in fluid filtration. K f is a function of the number and size of 
the pores in the endothelial cell layer. Disorders that injure 
endothelial cells markedly increase K { and fluid filtration (52). 
When K { is increased and leads to pulmonary edema, it is char- 
acterized as permeability pulmonary edema. There are many 
disorders that increase K f and lead to pulmonary edema, but 
the most common disorders confronted in the newborn period 
include RDS and sepsis both of which are frequently associ- 
ated with lung inflammation and a component of lung edema 
secondary to inflammatory injury (53,54). Unfortunately 
mechanical ventilation has the potential to induce lung inflam- 
mation, thus careful supportive care to limit lung inflamma- 
tion is imperative. 

High pressure pulmonary edema is common in the new- 
born period, since the lung of the newborn is fully recruited at 
rest, left-to-right shunts increase fluid filtration substantially 
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(55,56), and elevations of left atrial pressure also increases fil- 
tration. The equation for P mv is: 

^mv = ^LA + C (-^PA “ ^LA ) 

where c is equal to a constant between 0 and 1 and PA and 
LA are pulmonary arterial and left atrial, respectively. This 
equation illustrates the significant impact of elevated P LA in 
lung fluid filtration. P LA (or pulmonary venous pressure) can 
be particularly elevated in some forms of congenital heart dis- 
ease (e.g., obstructed anomalous pulmonary venous connec- 
tion, mitral valve disease, or hypoplastic left heart syndrome). 
Fluid accumulation in the lung can only occur when fluid 
filtration exceeds lymphatic function which returns filtered 
fluid to the venous circulation (Q f > Q h ). Q L is dependent on 
intrinsic contractility of the lymphatics in the lung and on the 
right atrial pressure. Right atrial pressure may be elevated in 
infants with lung disease enhancing fluid accumulation in the 
lung and the pressures at which lymphatic flow is impaired are 
lower in the fetus and newborn than in older patients. In sum- 
mary, infants with lung disease and/or heart diseases are more 
predisposed to develop pulmonary edema than in any other 
age-group because increases in flow are invariably associated 
with increased microvascular pressure and developmentally 
impaired lymphatic function is frequently incapable of meet- 
ing the demands of increased fluid filtration. 

The effects of pulmonary edema on respiratory physiology 
are dependent on the location of the edema fluid. Typically fluid 
filtration occurs in the alveolar capillary, but hydrostatic forces 
in the lung favor fluid accumulation in the extra-alveolar inter- 
stitium (57). The extra-alveolar interstitium contains airways 
so that fluid can compress the airways leading to constriction 
and increased airway resistance (58). This explains the finding 
of cardiac asthma and increased airway resistance with pulmo- 
nary edema. Decreased respiratory system compliance can also 
occur with pulmonary edema, primarily when accumulation 
occurs in the alveolar space and impairs surfactant function. It 
is difficult to filter fluid to the extent that fluid accumulates in 
the alveolar space because respiratory epithelial cells are excel- 
lent barriers to fluid egress and they actively pump fluid from 
the alveolar space into the interstitium (59). The extra-alveolar 
interstitium can accumulate excessive fluid before it egresses 
into the alveolar space. However, the lung is more susceptible 
to alveolar fluid accumulation when increased fluid filtration is 
associated with injury to respiratory epithelial cells. 

Treatment for pulmonary edema is almost entirely sup- 
portive, and includes measures to lower P mv or to support 
the respiratory system by applying positive pressure. Meas- 
ures to decrease P mv include reducing pulmonary blood flow 
by decreasing left-to-right shunts, or by decreasing circulating 
blood volume. Decreasing fluid administration is a reasonable 
short-term maneuver to decrease fluid filtration, but only if the 
fluid restriction does not impair the delivery of adequate nutri- 
tion. Therapy with diuretics may also reduce P mv by decreasing 
circulating blood volume. While equipotent doses of diuretics 
improve lung function by decreasing lung water, furosemide 
has the additional effect of pulmonary dilation (60) which 
lowers P mv further. Thus this diuretic is more effective for pul- 
monary edema than are equipotent doses of other diuretics. 
Pulmonary edema may accumulate to the extent that pres- 
sure support to the lung is necessary. The delivery of positive 
pressure does not decrease fluid accumulation in the lung. It 
simply improves the acute physiology, usually by improving 
V/Q mismatching (61,62) by improving ventilation to the low 
VIQ compartment in the lung. Decreasing pulmonary edema 
by decreasing or by improving lymphatic function would be 
optimal, but measures to consistently achieve these improve- 
ments have not been described. 


Abnormalities of pulmonary vascular physiology are con- 
fined primarily to inappropriate vasoconstriction. Persistent 
pulmonary hypertension in the newborn occurs when the nor- 
mal decrease in pulmonary vascular resistance that occurs at 
birth does not occur and can be a result of underdevelopment, 
maldevelopment, or maladaptive forms of pulmonary vascu- 
lar disease as described previously. Pulmonary hypertension 
in the newborn frequently presents with significant hypoxia 
because of right-to-left shunting at the fetal shunt pathways 
at the atrial and ductal levels. Pulmonary constriction is usu- 
ally on the arterial side of the circuit so that therapies which 
dilate the pulmonary circuit may improve hypoxemia without 
increasing fluid filtration if the venous circuit is normal. 

Pulmonary hypertension was the most common reason for 
placing infants on extracorporeal life support because specific 
pulmonary vasodilators had not been identified. However, 
inhaled nitric oxide has unequivocally improved the abnormal 
pulmonary physiology observed in infants with pulmonary 
hypertension. In several large randomized trials, nitric oxide 
was effective at reducing the incidence of death or the need for 
extracorporeal support (63). Inhaled nitric oxide was approved 
for utilization in infants with hypoxic respiratory failure in 
1997 and was restricted to infants at or beyond 34 weeks of 
gestation. The utilization of this drug has meant that treat- 
ments previously used to support these infants, including 
high concentrations of oxygen and/or induced alkalosis, are 
contraindicated. Typical indications for the utilization of 
inhaled nitric oxide in term or near-term infants are respira- 
tory failure as indicated by an oxygenation index of >20 to 25 
(OI = Fi0 2 x mean airway pressure x 100/PaO 2 ) and evidence 
of pulmonary hypertension from Doppler-echocardiography. 
Supportive efforts with mechanical ventilation and/or admin- 
istration of surfactant that improve lung inflation improve the 
efficacy of inhaled nitric oxide (64). Nitric oxide is started 
at 20 ppm and is decreased in 50% decrements when sup- 
plemental oxygen requirements decrease substantially, usu- 
ally to <50%. When the dose of nitric oxide is 5 ppm, further 
decrements must be done cautiously as rebound pulmonary 
hypertension has been described in this range (65). Infants 
<34 weeks of gestation may also present with hypoxic respira- 
tory failure and recent trials have been published suggesting 
that these infants may also benefit from treatment with nitric 
oxide (66-68). However, nitric oxide therapy has not yet been 
approved for these infants. 


HYPERTROPHIC CARDIOMYOPATHY IN INFANTS 
OF DIABETIC MOTHERS 


Maternal diabetes poses several risks to both the fetus and the 
newborn infant including fetal growth alterations, metabolic 
derangements, RDS, elevated pulmonary vascular resistance, 
congenital anomalies, and hypertrophic cardiomyopathy (69). 
From a cardiovascular standpoint, fetal heart development 
may be altered with reports of a 15% incidence of congenital 
heart disease in this population (70). In animal studies involv- 
ing diabetes during pregnancy, abnormal gene expression has 
been shown to impair cardiogenesis in the fetus during the 
first trimester (71,72). During the second and third trimester, 
maternal diabetes has been associated with the development 
of hypertrophic cardiomyopathy that generally manifests as 
asymmetric septal hypertrophy. The incidence of hypertrophic 
cardiomyopathy has been reported to be approximately 30% 
to 38% in infants of diabetic mothers (70,73-74). The clini- 
cal presentation varies considerably with a spectrum from a 
limited process that abates within months of birth to severe 
cardiac compromise leading to mortality (74). Cardiac issues 
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have been noted in fetuses regardless of type of maternal dia- 
betes. A recent study noted a 50% rate of newborn hyper- 
trophic cardiomyopathy in type 1 diabetic mothers; however, 
a 25% rate was noted in infants of type 2 diabetic mothers 
(74). In contrast, an approximate rate of 2% was noted in 
infants of mothers with gestational diabetes (74). A com- 
parison of those with well-controlled gestational diabetes to 
normal controls revealed mild hypertrophic changes in the 
diabetic group. However, these hypertrophic changes were not 
associated with significant pathology including no left ventric- 
ular outflow tract obstruction although minor changes in right 
ventricular diastolic function were observed (75). 

The exact etiology of this hypertrophic change is unknown 
but plausible evidence suggests that hyperinsulinism triggers 
hyperplasia and hypertrophy of myocardial cells (76,77). Stud- 
ies have noted increased maternal serum insulin-like growth 
factor I (IGF-I) at the time of delivery associated with neona- 
tal hypertrophic cardiomyopathy (78,79). Clinical correlation 
of the neonatal hypertrophic cardiomyopathy to a history of 
maternal diabetes is paramount; however if the history is not 
clear, rare potential associations should be evaluated including 
Fabry disease, Costello syndrome, and Pompe disease (80-82). 


RESPIRATORY SYNCYTIAL VIRUS 


Infections caused by respiratory syncytial virus (RSV) create 
significant morbidity and mortality for patients at high risk 
including premature infants, infants with BPD, and infants 
with complicated hemodynamically significant congenital 
heart disease. The overall hospitalization rate for patients 
<1 year of age with RSV is 2% annually. Those at high risk 
experience approximately five times the rate of admissions 
for RSV-related illness as compared to those not at high risk 
(83-86). No active immunization program has ever been 
shown to be efficacious for RSV (87,88); however passive 
immunity with palivizumab has been shown to decrease RSV 
infections in high-risk infants. Palivizumab is a monoclonal 
antibody directed against the F protein of RSV (89,90). Pal- 
ivizumab has been shown to decrease RSV-related hospitaliza- 
tions in patients with hemodynamically significant congenital 
heart disease (91). Monthly intramuscular injections (15 mg/ 
kg) during RSV season in this patient population yielded a 
45% reduction in RSV-related hospitalizations, a 56% reduc- 
tion in total days of RSV-related hospitalizations, and a 73% 
reduction in RSV hospitalization days with increased supple- 
mental oxygen (91). Evidence exists in patients who receive 
palivizumab and then undergo surgery involving cardiopulmo- 
nary bypass that the levels of monoclonal antibody decrease 
dramatically. Therefore, after surgery involving cardiopulmo- 
nary bypass, dosing should be repeated at a safe time in the 
postoperative period. 


NEUROLOGY 


The fetal development of the brain and heart occur simulta- 
neously (92). Therefore, impaired brain maturation and sus- 
ceptibility to injury has been shown in patients with various 
forms of congenital heart disease (93,94). A case-control study 
showed an increased risk of microcephaly, as defined by a head 
circumference less than the third percentile, in newborns with 
tetralogy of Fallot, hypoplastic left heart syndrome, and coarc- 
tation/arch anomalies (93). Intrauterine hypoxia may lead to 
central nervous system damage (93). In patients with hypoplas- 
tic left heart syndrome and transposition of the great arteries, 
neonates were found to have smaller and less mature brains 


than expected (94). A total maturation score was previously 
validated and used in this study which is a semiquantitative 
anatomic scoring system. This score utilizes four parameters 
to assess whole-brain maturity which include myelination, 
cortical infolding, involution of the glial cell migration bands, 
and presence of germinal matrix tissue (94). Magnetic reso- 
nance imaging (MRI) and magnetic resonance spectroscopy 
in neonates with congenital heart disease have shown white 
matter abnormalities before any cardiac intervention (95,96). 
Impaired brain maturation may lead to susceptibility to poor 
neurologic outcomes. Observers have noted that decreased 
cerebral oxygen delivery perioperatively, as evidenced by near- 
infrared spectroscopy, is associated with an abnormal psycho- 
motor development index and MRI abnormalities (97). 

Many institutions arrange for a head ultrasound study 
on patients prior to intervention for critical congenital heart 
disease. The head ultrasound is used to determine anatomi- 
cal issues, hemorrhage, ischemia, hydrocephalus, and atrophy. 
Although this test is routinely performed, it is often replaced 
by other imaging studies if there is an abnormality. Cranial 
ultrasound in patients with congenital heart disease has shown 
abnormalities in as high as 42% of those screened (98). Find- 
ings included widened ventricular and/or subarachnoid spaces, 
lenticulostriate vasculopathy, calcification of basal nuclei, and 
ischemia. Patients with left-sided obstructive lesions seem to 
have a higher incidence of brain abnormalities (98). There is 
increasing concern that certain lesions may impact cerebral 
blood flow not only postnatally but during fetal development. 
Cerebrovascular resistance is lower than normal in fetuses 
with hypoplastic left heart syndrome where cerebral perfusion 
occurs retrogradely via the ductus arteriosus (99). In patients 
with right-sided lesions, the cerebrovascular resistance is 
higher than those with left-sided obstructive lesions (99). This 
may have implications for neurologic development and subse- 
quent susceptibility to adverse sequelae. 

A recent study suggested that 19% of neurologic events 
occur preoperatively in patients with congenital heart dis- 
ease (100). Predictive factors for a neurologic event, namely 
seizure, abnormal tone or choreoathetosis include an abnor- 
mal preoperative imaging study and an Apgar score of <7 
at 5 minutes of life (100). MRI studies performed preop- 
eratively, acutely postoperatively (within weeks of surgery), 
and then several months postoperatively have shown abnor- 
malities. Preoperatively, patients mainly had periventricular 
leukomalacia (PVL) and infarct. Shortly after surgery, MRI 
examinations showed new PVL in 48%, new infarct in 19%, 
and a new parenchymal hemorrhage in 33% (101). The 
prevalence of stroke in one series was 10%, half of which 
occurred preoperatively (102). Lower birth weight, preoper- 
ative intubation, lower intraoperative hematocrit, and higher 
blood pressure at admission postoperatively were associated 
statistically with stroke (102). The majority were clinically 
silent with mechanisms felt to be due to either hypoperfusion 
or thromboembolism (102). Late MRI did show resolution of 
the findings in a subset of patients (103). Among 82 neonates 
who had undergone cardiac surgery, 54% had PVL but in 
older infants the incidence was only 4% (103). Early postop- 
erative hypoxemia and hypotension (mainly diastolic) were 
noted to be risk factors (103). 

Among survivors of congenital heart disease surgery, there 
are well-known late sequelae that may include learning disabil- 
ities, behavioral abnormalities, and attention deficit disorders 
(104,105). Many issues may lead to these findings including 
neuroprotection during cardiac surgery, use of deep hypother- 
mic circulatory arrest, and postoperative decreased perfusion 
from low cardiac output syndrome. With the application of 
perioperative noninvasive, real-time neurologic monitoring, 
interdisciplinary teams caring for the patient may be able to 
intervene and prevent brain injury. 
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GASTROINTESTINAL SYSTEM 


The development of the gastrointestinal system occurs as early as 
the 4th week of gestation. Mesenteric vascular system develop- 
ment parallels that of the intestine. Regulation of the mesenteric 
blood flow occurs at the arteriolar and precapillary level. Feeding 
causes hyperemia and as documented in animal studies (106), 
the neonate has lower intestinal vascular resistance than the fetus 
(107). Therefore, mesenteric blood flow is greater in the neonate 
than in the fetus until the second to fourth postnatal weeks, where 
intestinal resistance increases, with a corresponding decrease in 
blood flow and oxygen delivery. Of potential importance to those 
patients with critical congenital heart disease, mild hypoxia trig- 
gers dilation of the vascular bed and perfusion increases whereas 
severe hypoxia (P0 2 of 40mmHg or less) causes vasoconstric- 
tion, tissue hypoxia, and potential ischemia (108). 

The etiology of necrotizing enterocolitis (NEC) remains 
poorly understood, especially in term infants. Studies have 
shown that the majority of term newborns who develop NEC 
have underlying congenital disorders which are commonly either 
heart disease or endocrine disorders (109). A case control study 
of neonates with congenital heart disease showed that hypoplas- 
tic left heart syndrome (odds ratio 3.8), truncus arteriosus or 
aortopulmonary window (odds ratio 6.3) were independently 
associated with development of NEC (82). Additionally, in the 
same cohort, earlier gestational age at birth (36.7 weeks ±2.7 
weeks), prematurity, and episodes of shock or low cardiac out- 
put were all risk factors (110). There was no documented mor- 
tality difference in patients who developed NEC versus those 
who did not; however the hospital stay was significantly higher 
in those who developed NEC. In patients with congenital heart 
disease who develop NEC, it is felt that mesenteric ischemia 
associated with a low perfusion state is the etiology; however, 
infectious associations are difficult to elucidate (111). A recent 
study suggests that patients with congenital heart disease who 
develop NEC have less risk of major short- and long-term 
adverse outcomes as compared to patients without heart disease 
(112). Patients with heart disease and NEC experienced less risk 
of perforation, need for a bowel operation, strictures, need for 
a stoma, sepsis, and short bowel syndrome (112). This suggests 
that NEC in those with cardiac disease may be a distinct entity. 
Cardiac lesions that elicit a difficult balance between pulmonary 
and systemic blood flow (Q p :Q s ) whereby systemic perfusion can 
be limited due to a shift in the systemic and pulmonary vascular 
resistances pose a difficult dilemma to the intensivist regarding if 
and when to feed preoperatively and postoperatively. 

Many patients with congenital heart disease also have 
heterotaxy (situs abnormalities). Situs inversus totalis is asso- 
ciated with intra-abdominal anomalies in over half of the 
patients. These may include duodenal atresia, biliary atresia, 
gastroschisis with malrotation, and tracheoesophageal fis- 
tula. Hiatal and diaphragmatic hernias are commonly noted 
in patients with right isomerism. Patients with left isomer- 
ism may have malrotation and biliary atresia (113). Intestinal 
malrotation may lead to gastrointestinal complications and 
require emergent surgery. It is debatable whether an elective 
Ladd procedure is warranted in all patients with malrotation 
once the cardiac condition is stabilized or appropriately palli- 
ated. Upper gastrointestinal contrast procedures likely should 
be recommended in all patients with heterotaxy and cardiac 
lesions to evaluate for intestinal malrotation (114). 


RENAL 


Glomerular filtration rate (GFR) in term neonates is 20 mL/ 
min x 1.73 m 2 which is generally twice that of premature new- 
borns (115). GFR improves over the first several weeks of life 


in all newborns but the velocity at which it improves is less 
in premature infants. In term newborns, the GFR doubles in 
the first 2 weeks of life (116,117). These differences in GFR 
values among varying gestational age newborns impact the 
administration of medications that are primarily eliminated 
in the renal system. Digoxin dosages should be decreased 
for preterm infants. Creatinine is the most commonly used 
marker for renal function; however in neonates, interpreta- 
tion must take into account several caveats (118). The cre- 
atinine level is falsely elevated at birth, reflecting maternal 
levels. Over the first several weeks of life in term neonates, 
creatinine decreases rapidly to expected levels (0.40mg/dL). 
In those with extreme prematurity, a transient increase is 
noted over the first 4 days followed by a steady decrease over 
the next month of life. In premature infants, the transient rise 
in creatinine is caused by reabsorption of creatinine across 
renal tubules (119). 

Because of the unique vascular supply of the renal medulla, 
the kidney is susceptible to hypoxic-ischemic injury. In con- 
genital heart disease that either presents with decreased sys- 
temic blood flow in critical left-sided obstructive disease or 
a shift in Q p :Q s with resultant decreased systemic oxygen 
delivery, renal function may be altered. Prolonged ischemia 
may result in impairment in sodium and water reabsorption 
as well as decreased GFR (120). Similarly, use of angioten- 
sin converting enzyme (ACE) inhibitors may lower systemic 
blood pressure to the extent that hypoperfusion to the kid- 
ney occurs (121). Renal perfusion pressure may drop below 
the autoregulatory threshold and thus promote acute renal 
failure. Caution in dosing and monitoring of effects of ACE 
inhibitors in neonates is important to avoid adverse renal 
effects. 

Many institutions advocate the use of umbilical catheters 
in newborns with critical congenital heart disease for access, 
monitoring, and acquisition of blood samples. Arterial lines 
have been associated with aortic and renal arterial complica- 
tions including thrombosis. No definitive study has shown 
whether high or low umbilical arterial line placement affects 
the incidence of thrombotic complications; in fact, conflicting 
data exist (122,123). Both abdominal coarctation and renal 
artery stenosis have been reported as long-term complications 
of umbilical arterial lines. Umbilical venous lines are placed 
with the tip in the inferior vena cava cephalad to the hepatic 
and portal veins. Complications of these lines include throm- 
bosis of the portal or hepatic venous systems or inferior vena 
caval thrombus. Renal vein thrombosis may occur and could 
manifest itself with symptoms of oliguria, anuria, hematuria, 
thrombocytopenia, acidosis, and hemolytic anemia (124). 
Hypertension can occur late after renal vein thrombosis but 
the magnitude of hypertension is much less than those with 
umbilical artery thrombosis. 


CARDIAC INTERVENTION IN THE PREMATURE 
OR LOW BIRTH WEIGHT NEONATE 


Recent reports suggest that aggressive attempts to treat 
congenital heart disease in either premature or of low birth 
weight infants are appropriate. Delaying surgery or cardiac 
catheter intervention for weight gain lead to longer hospi- 
tal stays and increased morbidity (125). A meta-analysis 
of observational studies suggests that diagnosis is the fac- 
tor that is most predictive of mortality as compared to low 
birth weight (126). However, data exist that suggest the ideal 
gestational age for a patient with critical congenital heart dis- 
ease is 39 to 40 weeks of gestation (127). In 971 consecu- 
tive infants, patients born at 37 to 38 weeks of gestation had 
increased mortality, morbidity, and time on the ventilator as 
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compared to the reference group, 39 to 40 weeks of gestation 
(127). Interestingly, in the same analysis, those born before 
37 weeks of gestation or after 40 weeks of gestation also had 
increased morbidity rates and longer ventilatory times (127). 
Furthermore, in the Pediatric Heart Network single ventricle 
trial, subanalysis showed that rates of preterm birth (16% vs. 
12%, p < 0.001), low birth weight (18% vs. 8%, p < 0.001), 
and small for gestational age (22% vs. 10%, p < 0.001) were 
higher in those with single ventricle anatomy as compared to 
the general population (128). 

There are many studies evaluating the subgroup of patients 
<2,500 g who have congenital heart disease. In one report 
(129), the mortality rate for closed procedures was 10.4% ver- 
sus 5.4% for the comparison group. Similarly, the mortality 
rate for open heart procedures in those <2,500 g was 25.4% 
versus 10.5% for term counterparts. The actuarial survival 
rate at 10 years was 51%. Another study examined palliations 
versus complete biventricular repair in the same weight cutoff 
and noted that a higher mortality rate was seen in premature 
infants (vs. low birth weight) and in those who had undergone 
palliations (130). One study (131) showed that overall surgi- 
cal mortality in those <2,500 g (either palliation or definitive 
repair) was 18%. Definitive repair was associated with better 
outcomes with 13% mortality versus 28% mortality in those 
who underwent palliative surgery. Medium-term follow-up 
indicated that survival was 87% in those with corrective sur- 
gery and 54% in the palliation group. Obviously, morbidity 
is higher in the entire low birth weight group compared to 
term infants. Statistical analysis showed that early outcome 
was independent of age, weight, prematurity, use of cardio- 
pulmonary bypass, and type of intervention. The authors con- 
cluded that primary correction has an early survival benefit 
over palliation. These results were similarly noted in a series 
of 60 patients <2,500 g with 35 who had cardiopulmonary 
bypass (132). Overall results showed acute deaths being 15% 
and survival at 60 months to be 70% for the entire group. 
A recent study of 75 consecutive infants weighing <2,500 g 
who underwent surgical palliation with a heterogeneous set 
of heart anomalies including single ventricle anatomy and 
complex cyanotic congenital heart disease revealed a 90% 
overall 1 year survival and a 88% 5 -year survival by Kaplan- 
Meier analysis (133). Patients in this cohort who had a genetic 
abnormality had a 28% overall mortality rate as compared to 
5.4% in those without a chromosomal issue (133). 

Similar conclusions have been made for the very low birth 
weight infant (<1,500 g). Complete repair has been advocated 
for these patients since delays for weight gain have been shown 
to be associated with no long-term benefit and increased pre- 
operative morbidity. Additionally, complete surgical correc- 
tion is preferred over prolonged medical management or other 
palliative procedures (134). 

Aggressive surgical strategies for the low or very low birth 
weight neonate have prompted cardiac catheterization in the 
same group. A recent study compared those <1,500 g who 
had undergone catheterization in a case-control study with 
the comparison population weighing between 2 and 3 kg 
(135). In essence, success rates, complication rates, incidence 
of blood transfusions, and incidence of major complica- 
tions were the same for each group. The procedures in the 
very low birth weight infant are rare, yet pose an impetus 
for equipment alterations and safety considerations in the 
catheterization lab for these patients (135). In the past, tran- 
scatheter closure of the PDA in low birth weight or preterm 
infants was felt to be technically challenging and was thus 
not considered a good option as compared to traditional 
surgical intervention (136). However, several contemporary 
reports of catheterization intervention with various devices 
to occlude the PDA in selected preterm infants have been 
published (137-142). 


INTERDISCIPLINARY APPROACH 


This unique patient population merits the same interdiscipli- 
nary approach provided to children and adults with congenital 
heart disease. A firm understanding of neonatal physiology and 
organ system development is imperative to assure the highest 
quality of care. The future of this field may involve an evo- 
lution of multiple services that may lead to specific neonatal 
cardiac services that will promote research and enhance care. 
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P ediatric cardiovascular intensive care has become increas- 
ingly organized as a subspecialty over the past decade, in 
response to the explosion of knowledge and research in the 
patient with critical cardiac disease, the increasing complex- 
ity of cardiac lesions and procedures to treat them, and the 
growing numbers of patients of a younger age requiring car- 
diac intensive care. An international subspecialty society, the 
Pediatric Cardiac Intensive Care Society, was organized in 
2003 to address the issues facing practitioners (1). The con- 
sensus that critically ill pediatric patients with acquired or 
congenital heart disease (CHD) are best cared for in units 
or systems organized and designed for these patients and by 
practitioners with specialized training, expertise and skills in 
this area has dramatically changed the patient care paradigm. 
The pediatric cardiologist plays a central role in the critical 
care of these patients. This chapter reviews the organization 
of Pediatric Cardiac Intensive Care Unit (PCICU) services, as 
well as continuous quality improvement and family-centered 
care. Then, evaluation of cardiac output (CO) and treatment 
of low cardiac output syndrome (LCOS) are addressed. Next, 
major organ systems as they relate to cardiac intensive care are 
reviewed. Perioperative care for specific lesions and procedures 
is next presented. Finally, medical conditions in the PCICU 
and special considerations for the neonate and adult are 
reviewed. 


ORGANIZATION OF CARDIAC INTENSIVE 
CARE SERVICES 


Despite remarkable progress in the organization of PCICU 
services, there has been relatively little published information 
about the optimal delivery of care to this specialized patient 
population (2-4). Practitioners of the subspecialty may be 
pediatric cardiologists, pediatric intensivists, pediatric anes- 
thesiologists, or pediatric cardiac surgeons. In a recent sur- 
vey, 73% of North American and 59% of worldwide PCICUs 
involved care by pediatric intensivists (5). Specialized training 
in pediatric cardiac intensive care varies, from a 4th year of 
training following a standard pediatric cardiology or inten- 
sive care fellowship in the United States, to extra dedicated 
months of training during a pediatric intensive care fellow- 
ship, or pediatric cardiovascular anesthesiology fellowship. 
Many practitioners acquire significant training and experience 
in PCICU care after formal training is finished. Fellows who 
cover a PCICU can include those training in pediatric cardiol- 
ogy, intensive care, anesthesia, and congenital heart surgery. 
As of this writing, there is no formal specialized certificate 
or board certification in PCICU in the United States. Clearly, 
the physicians caring for PCICU patients optimally must 
have special interest, experience, and focus on this patient 


population and spend a significant amount of their clinical 
time caring for them in order to maintain skills, knowledge, 
and expertise in this complex and rapidly changing field. The 
projected significant need for PCICU physicians, and the rela- 
tively small number of these physicians being trained, means 
that continued multidisciplinary support of PCICU programs 
is essential (2,6). 

Similarly, the physical organization of PCICU beds varies 
considerably. In a recent survey of PCICUs in the United States 
and worldwide, 27 of 29 high-volume centers, defined as >300 
open surgical cases per year, cared for patients in dedicated 
PCICUs. Smaller programs were more likely to care for pediat- 
ric cardiac intensive care patients in mixed Pediatric Intensive 
Care Units (PICUs) or adult cardiac surgical ICUs (5). Designs 
range from separate, dedicated PCICUs remote from the 
PICU, to the PCICU having separate beds but being adjacent 
or in close proximity to the PCICU, to a mixed PICU/PCICU 
with cardiac patients dispersed throughout the unit. Other 
important design aspects considered optimal include close 
proximity to cardiac operating rooms (ORs) and catheteriza- 
tion laboratories to account for the frequent patient transfers 
back and forth for care, and the need for rapid response and 
frequent communication with the practitioners in these dis- 
ciplines. Proximity to imaging modalities such as computed 
tomography and magnetic resonance imaging is highly desir- 
able. Bed space considerations are very important, as PCICU 
patients often require space for echocardiography, nitric oxide 
(NO) delivery systems, extracorporeal support, and bedside 
surgical procedures. Ample space for the OR team, surgical 
lights, and provision for a sterile surgical field is highly desir- 
able. In addition, space for family is increasingly planned in 
modern PCICU designs. A minimum standard for bed space 
per patient in PICUs is 250 square feet (23 m 2 ), but in modern 
PCICU designs, up to 500 square feet are often planned (7). 
Bed spaces may be arranged as single room individual beds, as 
shared spaces divided by movable sliding glass partition doors, 
or as open-bay design for multiple patients. Careful considera- 
tion for visibility of beds and monitors should be made during 
design of the PCICU. Many PCICUs are designed with rectan- 
gular or square pods of 8 to 10 beds for maximum visibility 
and access. Adherence to local regulatory standards for win- 
dows, clean and dirty utility areas, isolation rooms, negative 
pressure rooms, and nutrition preparation areas is also very 
important. 

Although PCICUs may vary in terms of the type of patients 
admitted, it is important for each unit to have a specified set of 
admission criteria. Some units may be limited to postsurgical 
cardiac patients, but increasingly, PCICUs admit both medi- 
cal and surgical patients with critical cardiac disease requiring 
constant monitoring and access to medical, nursing, and ancil- 
lary expertise. This often includes the preoperative neonate, 
patients with severe medical cardiac disease, and even adults 
with CHD who have had cardiac surgery. 
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Multidisciplinary Team Approach to Pediatric 
Cardiac Intensive Care 

One of the most important paradigm shifts in PCICU care 
is the recognition that multidisciplinary care beyond the tra- 
ditional group of cardiologists, surgeons, intensivists, and 
anesthesiologists is increasingly important. Additional medi- 
cal disciplines including adult CHD, neonatology, neurology, 
gastroenterology and nutrition, general surgery, pulmonol- 
ogy, genetics, nephrology, and others are vitally important 
to provide consultations and participate in multidisciplinary 
rounds. Nursing care deserves special emphasis, as the special- 
ized skills and knowledge in PCICU care are critically impor- 
tant to establish and maintain. Nursing staffing ratios must be 
carefully planned, and nurse-to-patient ratios can vary from 
1:3 for less ill, nonventilated patients, to 1:1 for less stable 
ventilated patients, to 2:1 for extracorporeal membrane oxy- 
genation (ECMO) patients (5). In addition, as trainee duty 
hours and rotations are restricted by the U.S. Accreditation 
Council for Graduate Medical Education and other organiza- 
tions, midlevel practitioners are increasingly employed in PCI- 
CUs, including pediatric nurse practitioners and physician’s 
assistants. In some PCICU settings, pediatric hospitalists serve 
to augment manpower. Other crucial members of the multi- 
disciplinary team (ideally dedicated and with special exper- 
tise in PCICU) include respiratory therapists, extracorporeal 
life support (ECLS) specialists, pharmacists, nutritionists, 
occupational and physical therapists, social workers, transla- 
tors, and unit secretaries dedicated to the PCICU (3). Input is 
sought from all of these stakeholders in the patient’s care by 
the attending PCICU physician, and all members of the team 
must be given the opportunity to contribute on rounds, and 
other formats for multidisciplinary collaboration. Multidisci- 
plinary team planning for crises, including cardiopulmonary 
resuscitation (CPR) and ECMO, which includes simulation 
scenarios, is important to prepare for the actual events. The 
parent, patient, and family are also important members of 
the team (see below). This multidisciplinary approach, with 
the patient’s best possible outcome as the foremost priority, 
helps eliminate traditional barriers such as “surgical versus 
medical,” “physician versus nursing,” and “parent versus car- 
egiver.” The director of the PCICU should be a dedicated phy- 
sician leader who is a seasoned clinician possessing excellent 
skills in management, organization, and mentorship; these are 
essential qualities to maintain team cohesion and consistent 
excellent patient care (3). Managing diverse viewpoints from 
many disciplines with patience, and having consideration for 
all stakeholder contributions, are hallmarks of an effective 
leader. 

Night and weekend physician coverage of the PCICU is an 
important concern, as these commonly unstable patients often 
are admitted off hours following long surgical procedures, or 
are transported from outside facilities. It is ideal to provide 
24-hour in-hospital presence of an attending cardiac intensiv- 
ist to assist in dealing with complex management decisions, 
new admissions, and procedures. This may not be possible in 
all hospitals; provisions for rapid call-in of the attending phy- 
sician must be in place in this case. Ideally also, the on-call 
team of fellows, residents, and midlevel practitioners, as well 
as the attending physician, should have their duties limited to 
the PCICU. 

Special patient populations being admitted to the PCICU in 
increasing numbers include low birth weight (LBW) neonates, 
and adults over the age of 18 years, who have critical cardiac 
disease. The LBW patients require consultation with neona- 
tologists to optimize management, especially with regard to 
pulmonary management of immature lungs, feeding and nutri- 
tion, infectious issues, and multiple congenital anomalies other 
than the heart defect. The adult with CHD greatly benefits 


from consultation with adult CHD specialists, who also assist 
in coordinating other adult consultants who may be needed 
such as neurologists and nephrologists. Another increasing 
patient group includes patients requiring ECLS, in the form 
of ECMO or ventricular assist devices (VADs). The complex 
problem of anticoagulation regimens to prevent thrombosis 
while not allowing excessive bleeding requires ready avail- 
ability of consultants from hematology, or hematopathology 
services whose specialized knowledge of coagulation issues 
enhances care of these patients. 

Relationship between the PCICU, the Cardiac OR, 
and the Catheterization Laboratory 

An important principle of PCICU care is that the service 
should be delivered as a continuum of care well in advance 
of an intervention (3,5). This should begin with the presur- 
gical or catheterization admission to the PCICU, surgical or 
catheterization planning conference, or even the prenatal 
multidisciplinary conference where the care and disposition 
of antenatally diagnosed CHD patients are discussed. Ide- 
ally, patients requiring intensive care are admitted preopera- 
tively to the same unit, under care of the same team as they 
will have postoperatively to facilitate better knowledge of 
the patient’s unique condition and communication with the 
surgeon, cardiac catheterization team, and family. Coloca- 
tion of the PCICU near catheterization laboratories and car- 
diac ORs facilitates communication, rapid transport of very 
unstable patients, and proximity of skilled assistance dur- 
ing crises in the PCICU, ORs, or catheterization laboratory. 
The continuum-of-care principle also applies to immediate 
postoperative, or postcatheterization care, with clear hand- 
off communication from the procedural teams to the PCICU 
team and continuing of the support provided in the OR or 
catheterization laboratory. 

Continuous Quality Improvement and Patient Safety 
in the CICU 

Improving patient safety, reducing medical errors, and opti- 
mizing outcomes of care have been a priority of the US health 
care system since the landmark publications of the Institute 
of Medicine, “To Err is Human” in 1999 (8), and “Crossing 
the Quality Chasm” in 2001 (9). These issues are particularly 
important in the PCICU, where complex pathophysiology, 
invasive procedures, multiple caregivers, multiple physi- 
cian orders and medications, and the unpredictable nature 
of events present a multitude of opportunities for errors, 
both active and latent, which may result in adverse events 
(10). A culture of patient safety involves change that begins 
with the PCICU leadership and affects everyone involved in 
PCICU care, including junior physicians, nurses, and ancil- 
lary personnel. Important principles identified to promote a 
safety culture in complex environments include leadership 
promoting a safety culture; process design based on human 
limitations that eliminates unnecessary variability; promoting 
team work and team functioning; proactive anticipation of 
unexpected events; and creation of a learning environment 
that empowers any personnel to report errors and to speak 
up when unsafe practices are encountered. Care handoffs, 
whether between nursing or physician shifts, on transfer 
from OR to PCICU, or transition to a new care team, are 
frequent sources of error and miscommunication. Protocols 
for face-to-face handoffs that include a checklist improve 
consistency of communication and prevent many avoidable 
errors (11). Communication in the PCICU environment is a 
key concern. One simple method unique to this environment 
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Qp 1.47 L/min/m 2 Qs 2^ Ly m in/mpQp:Qs; 0.6:1 pa r 2.72 Um 2 Rp:Rs_- _ 
(Fick) (Pick) 

V0 2 cons 160 ml /m in/m 2 

(assumed) 

DIAGNOSIS 

1) Hypoplastic left heart syndrome (mitral and aortic stenosis). 

2) Norwood procedure with a 3.5 mm Blalock-Taussig (BT) shunt. 

3) Right subclavian artery occlusion. 

4) Right ventricular dysfunction. 

5) Bidirectional Glenn 

6) Poorly controlled atrial tachycardia. 

Figure 20.1. Diagram posted on the bed of a patient in the 
PCICU for rapid identification of cardiac anatomy. 


is to place a diagram of the cardiac anatomy of each patient, 
along with the recent surgical or catheterization procedure, 
on or near the bed, for easy visibility during an acute event 
(Fig. 20.1). Other programs with demonstrated effectiveness 
are central catheter insertion and maintenance “bundles” that 
include checklists for insertion that guarantee full sterile pre- 
cautions during insertion, placement of a chlorhexidine disk 
at the catheter insertion site, regular dressing changes, and 
daily assessment of the need for the catheter. The PCICU has a 
particularly high rate of central line-associated blood stream 
infections (CLABSI), and coordinated efforts have resulted in 
dramatic reductions in these events by as much as 80% to 
90% (12,13). 

The electronic medical record (EMR) is increasingly uti- 
lized in PCICUs and will become a requirement in the United 
States in the coming years. The EMR can be an important 
factor in improving the quality of data recorded that can lead 
to improved patient outcomes. The EMR can be an impor- 
tant tool for legible, accessible documentation of physician 
admission and daily progress notes, as well as the electronic 
nursing PCICU flow sheet that documents not only bedside 
monitor data but all medications and nursing interventions. 
The ability to perform bedside echocardiography efficiently, 
and to review the images at the bedside, is important to opti- 
mize PCICU care. Computerized physician order entry can 
lead to more accurate and timely carrying out of orders, and 
decision support functions tied to hospital formulary can help 
avoid medication errors. Implementation of a complete EMR 
system is costly, and careful planning is needed to ensure the 
EMR interfaces well with all other electronic systems, such 
as picture archiving and communicating systems (PACS), and 
Cardiology databases that display echo and catheterization 
images. Ample numbers of computer workstations, including 


mobile computer carts, are necessary to avoid delays in doc- 
umentation or physician orders. Processes of care must be 
understood, and the transition to EMR should be carefully 
planned to avoid work-arounds that prevent full and effective 
implementation of the system (14,15). 

Databases to measure quality and outcomes in the PCICU, 
both local internal databases, and national or international 
multicenter databases, are increasingly recognized as essential 
functions. It is crucial to have access to the PCICU’s basic data, 
such as number of admissions, type of surgical or catheter pro- 
cedure, diagnoses, demographics of admitted patients, severity 
of illness or complexity of surgical procedure, lengths of stay, 
days on mechanical ventilation, patients receiving mechani- 
cal support, and mortality and major morbidity rates. These 
data are used for internal quality improvement purposes, for 
comparison to outcomes from other PCICUs, and as the bases 
for research publications and presentations. Databases avail- 
able for PCICUs include the Virtual PICU Database Cardiac 
Module (16), Society of Thoracic Surgeons’ Congenital Heart 
Surgery Database (17), Congenital Cardiac Anesthesia Society 
Database (18), and IMPACT Registry for catheter interven- 
tions (19). 

Family-Centered Care 

Hospitalization in the PCICU for an intervention or illness, 
whether known in advance and planned, or emergent and 
unplanned, is a stressful and emotional experience for the 
patient, parents, and family. There has been considerable 
recent progress in involving the family as much as possible 
in their child’s care, and where possible and developmen- 
tally appropriate, involving the child in his or her own care. 
PCICU routines that can involve the parents in the child’s 
care, and reduce stress levels for both parent and patient 
include a liberal visitation policy that allows the parent to be 
at bedside with the child whenever possible (20). For times 
when the child is in surgery or the catheterization labora- 
tory, or when the parent needs a break from the PCICU envi- 
ronment, having comfortable family waiting areas in close 
proximity to the PCICU is very desirable. Private confer- 
ence rooms for discussions with the family, away from the 
unit, are another important feature to allow privacy during 
critical meetings. Some recent PCICU designs incorporate 
enough space into individual patient rooms to accommodate 
parent sleeping in the room. Allowing parents to be present 
on work rounds, to hear the presentation and discussion of 
their child’s care, has become an important routine in many 
PCICUs that, if done sensitively, increases the flow of accu- 
rate information to the parent and reduces stress. In a recent 
survey of PCICU physicians and nurses, 77% responded that 
parents had a right to be present during work rounds, 57% 
felt parents should be allowed to be present during inva- 
sive procedures such as tracheal intubation and arterial and 
central line placement, and 75% would allow them to be 
present during CPR. Of these scenarios, parents wanted to 
be present about 65% of the time for work rounds, but only 
about 30% of the time for invasive procedures, or for CPR 
(21). Family-centered care may require a change of culture 
among the physicians and nurses in the PCICU, and there 
must be an adequate orientation of the family members as 
to policies and expectations. With the presence of so many 
families in the PCICU, strict policies about not disclosing 
medical information heard about other patients’ conditions 
must be explained and enforced. Despite the occasional 
inconveniences, or changes in well-established routines, 
adopting family-centered care fully will result in greater par- 
ent and patient satisfaction, and help to reduce the stress, 
uncertainty, and other negative emotions associated with 
PCICU admission. 
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EVALUATION AND MANAGEMENT OF THE 
CARDIOVASCULAR SYSTEM 


The frequent or continual assessment of CO and oxygen deliv- 
ery, and ensuring that they are optimized, or at least that meas- 
ures are being undertaken to do so, are the central tenets of 
cardiac intensive care. This section will review various meth- 
ods that assess CO. 

Physical Examination, Bedside, and Laboratory Data 

Despite the availability of many technologically advanced meth- 
ods, CO should always be assessed by inspection and physical 
examination in addition to monitoring data, and the invasive and 
noninvasive methods described below. Poor CO is often heralded 
by pale or mottled extremities, diminished peripheral pulses, 
delayed capillary refill (>2 to 3 s), increasing cyanosis, tachycar- 
dia, poor heart tones, diminished pulses, cool extremities, pres- 
ence of third or fourth heart sounds, and evidence of hepatic and 
pulmonary congestion. Urine output is often decreased. Lethargy 
or irritability often accompanies low CO. Tachypnea, diaphore- 
sis, and poor feeding are often present. Although these are simple 
principles, they should not be forgotten in the modern profusion 
of technology-based monitoring methods. 

Routine continuous monitoring of physiologic variables in 
the PCICU including heart rate, electrocardiogram (ECG), arte- 
rial and central venous pressure waveforms, temperature, and 
end-tidal CO z (ETC0 2 ) can give important information about 
CO. These include the ECG displaying nonsinus rhythm, ele- 
vated filling pressures or lack of an “a” wave on atrial filling 
pressures, acute decrease in ETCO z with increased ETC0 2 to 
PaC0 2 gradient, blunted arterial waveform upstroke or excessive 
respiratory variation, and increased core -to -peripheral tempera- 
ture gradient. Chest radiograph findings include cardiomegaly, 
pulmonary edema, or, alternately, a paucity of pulmonary vascu- 
lar markings associated with inadequate pulmonary blood flow. 
Laboratory data include an increasing calculated base deficit or 
serum lactate, or persistent lactate above 2 mmol/L (22,23). 

Echocardiography 

Bedside echocardiography in the PCICU is a very impor- 
tant tool for assessment of CO during a given point in time. 
Whether formal echocardiogram with complete anatomic and 
functional assessment, with official interpretation or report- 
ing by an echocardiographer (preferred), or a rapid assess- 
ment with portable echocardiography during a crisis, this tool 
is indispensable for evaluation of CO in the PCICU, yielding 
information not obtainable by other methods. Besides the 
obvious measurement of ventricular function by qualitative 
assessment, ejection fraction or quantitative assessment using 
shortening fraction, or myocardial performance index, many 
other important findings are made during low CO states. These 
include residual anatomic defects such as shunts, outflow tract 
obstruction, presence and degree of valvular regurgitation or 
stenosis, pericardial fluid or thrombus leading to a diagnosis of 
tamponade, assessment of right ventricular function, tricuspid 
regurgitation jet, and position of the interventricular septum to 
assess pulmonary hypertension (PH), and many others (24). If 
standard transthoracic views are not adequate, transesophageal 
echocardiography can be performed in the intubated, sedated 
patient. Bedside echocardiography is essential during the per- 
formance of balloon atrial septostomy (BAS) (25). Obtaining 
a bedside echocardiogram the morning after cardiac surgery 
is routine in many PCICUs. Bedside echocardiography is an 
excellent modality to define intracardiac anatomy, but extra- 
cardiac structures (systemic-pulmonary shunts, pulmonary 
veins, cavopulmonary anastomoses, aortic arch) are not as 


reliably imaged by echocardiography and may require cardiac 
catheterization (see below). 

Venous Oximetry 

Measurement of true mixed venous oxygen saturation in the pul- 
monary artery (PA) of a patient with two ventricles and normal 
cardiac anatomy is rarely possible in the PCICU; much more use- 
ful is the measurement of oxygen saturation in the superior vena 
cava (SVC), used as a surrogate for mixed venous saturation 
(26). This technique is used during cardiac catheterization for 
calculation of CO using the Fick method. Many PCICU patients 
will have a catheter in the SVC for central venous access. A meas- 
ured, not calculated, oxygen saturation, or Scv0 2 , can be an 
important trend monitor to assess CO, and oxygen delivery and 
consumption. This measurement can be made intermittently, or 
during changes in patient status, or in response to interventions. 

Continuous monitoring of intravascular oxyhemoglobin 
saturation using reflectance catheters has been used in the 
umbilical artery, PA, and adult-sized central venous catheters 
for a number of years, but only recently have standard pedi- 
atric-sized 4 and 5 French, double and triple lumen central 
venous catheters become available for routine use to measure 
central venous oxygen saturation (Scv0 2 ) in pediatric patients. 
In several small studies of pediatric patients undergoing car- 
diac surgery, good correlation has been demonstrated between 
Scv0 2 as measured with the catheter, versus blood co-oximetry 
(r 2 = 0.8-0. 9, bias -0.03 to +1.09% with standard deviation 
4% to 8%) (27,28). The advantage of this method is that it is 
continuous, many patients have SVC catheters in place, and 
the oximetry catheters are of the same diameter as standard 
central venous catheters. Although assessment of each patient 
must be individualized, Scv0 2 below 50% in patients with 
univentricular hearts is often associated with low CO and/or 
oxygen delivery. For example, in univentricular neonates after 
Stage I palliation for hypoplastic left heart syndrome (HLHS), 
low ScvO z was associated with death and greater frequency 
of increased need for ECMO. Goal-directed therapy target- 
ing Scv0 2 >50% is associated with high postoperative survival 
and low complication rate in this population (29). 

Near-Infrared Spectroscopy 

Near-infrared spectroscopy (NIRS) is a noninvasive optical 
technique used to monitor brain and somatic tissue oxygena- 
tion. Most devices utilize 2 to 4 wavelengths of infrared light at 
700 to 1000 nm, where oxygenated and deoxygenated hemo- 
globin have distinct absorption spectra (2-4). An oxygen satura- 
tion is derived using variants of the Beer-Lambert equation. This 
saturation is designated a regional oxygen saturation (rS0 2 ) and 
is a weighted average of the saturation in venous, arterial, and 
capillary beds in the light path. Since its now classic description 
in 1977 by Jobsis (30), this technology has been the subject of 
over 1000 publications, and because of its noninvasive, com- 
pact, portable nature, and potential to measure tissue oxygena- 
tion in the brain and other organ systems during surgery and 
critical illness, it is gaining more widespread clinical use. 

In critical care medicine, cerebral NIRS has been used to 
monitor adequacy of cerebral oxygen delivery and as a sur- 
rogate for adequacy of global oxygen delivery in patients after 
cardiac surgery and in patients on ECMO or VADs (31,32). 
Changes in rS0 2 have a close correlation with changes in 
mixed venous saturation (Sv0 2 ) in both single- and two- 
ventricle patients after congenital cardiac surgery (33,34). 

NIRS can be used to measure tissue oxygenation in surgery 
and critical illness and because of its noninvasive continuous 
nature has intuitive appeal in conditions where low CO and 
other causes of shock would benefit from continuous monitoring. 
Somatic NIRS using a probe placed on the flank at T10-L2 has 
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been studied by Hoffman et al. (35) in a series of neonates after 
and during single- ventricle surgical palliation. In nine neonates 
undergoing cardiopulmonary bypass (CPB) with regional cer- 
ebral perfusion (RCP), mean cerebral rS0 2 pre-bypass was 65% 
and somatic rS0 2 was 59%. During RCP cerebral rS0 2 was 
81% versus 41% somatic, signifying relative tissue hypoxia due 
to lack of perfusion to subdiaphragmatic organs. After CPB, 
cerebral rS0 2 decreased to 53%, but somatic rS0 2 increased to 
76% (35). In 79 postoperative neonates undergoing Norwood 
Stage I palliation for HLHS, a cerebral-somatic rS0 2 differ- 
ence of <10% significantly increased the risk for biochemical 
shock, mortality, or other complications (36). Mean somatic 
rS0 2 < 70% was associated with a significantly increased risk of 
prolonged ICU stay, shock, and other complications. 

Somatic NIRS has also been used with a probe placed on 
the abdomen between the umbilicus and symphysis pubis to 
measure mesenteric rS0 2 in neonates and infants after cardiac 
surgery. In a study of 20 patients, Kaufman et al. (37) com- 
pared mesenteric NIRS and flank NIRS at T10-L2 to gastric pH 
measured by tonometry and lactate values. In 122 simultaneous 
measurements made in the first 48 hours after surgery, mesen- 
teric rS0 2 correlated significantly with gastric pH (r - 0.79) and 
serum lactate (r = 0.77), Sv0 2 (r = 0.89). These correlations were 
all better than those using flank NIRS. The authors concluded 
that mesenteric NIRS is a sensitive monitor of splanchnic tissue 
oxygenation and may have utility at managing these patients 
and improving outcomes. In addition, for infants undergoing 
biventricular repair, flank (renal) rS0 2 values below 50% for 
>2 hours in the immediate postoperative period were associated 
with higher peak creatinine levels, higher incidence of acute kid- 
ney injury, greater inotropic support, more days on mechanical 
ventilation, and higher serum lactate levels (38). 

These studies lend credence to the idea that NIRS-directed 
targeted interventions could be utilized to improve oxy- 


gen delivery to tissues and organs and potentially improve 
outcomes from surgery, anesthesia, and critical illness. To 
date, there is a lack of such published studies, but more are 
anticipated given the nature of this modality. 

Thermodilution Cardiac Output 

Percutaneous PA catheterization has a limited role in the 
PCICU for several reasons. The small size of many patients 
precludes placement of adequately sized sheaths and catheters, 
and many patients in whom PA catheter monitoring would 
be desirable have intracardiac shunting, invalidating results 
of standard thermodilution CO measurements and confus- 
ing mixed venous oxygen saturation (Sv0 2 ) measurements. 
In addition, right-sided intracardiac surgery makes PA cath- 
eterization undesirable. Thus, when pulmonary artery pres- 
sure (PAP) or Sv0 2 monitoring is indicated, transthoracic PA 
lines are the most common method used in congenital heart 
surgery. The availability of continuous central venous oxygen 
saturation catheters (see below), and the perception that the 
riskibenefit ratio for PA catheter placement is most often unfa- 
vorable, limit indications for this technique (39-42). 

Cardiac index may be measured by standard thermodilution 
methods, with care taken to input the correct calculation con- 
stant into the monitor software according to the catheter size and 
length, and volume and temperature of injectate. The average of 
three consecutive injections made in rapid succession at the same 
point in the respiratory cycle, that is, expiration, will optimize 
conditions to achieve an accurate measurement during steady- 
state conditions. Vascular resistances and stroke volume can also 
be calculated, using the formulae shown in Table 20.1 (41,42). 

Hemodynamic data represent only a portion of the 
information available from an oximetric PA catheter. The 


Hemodynamic Formulae for Pulmonary Artery Catheter 
Monitoring 


Normal Values 


Formula 

Adult 

Infant 

Child 

BSA 

2.8-4.2 Umin/m 2 

2-4 

3-4 

SVI = — 

BSA 

30-65 mDbeat/m 2 

40-75 

40-70 

LV o W| _ 1.36(MAP-PCWP)xSVI 

100 

45-60 g • m/m 2 

20-40 

30-50 

RVSWI =“( PA, -" <SI 

100 

5-10 g • m/m 2 

5-11 

5-10 

o VR1 _(MAP-CVP)x80 

Cl 

1500-2400 dyne • s ♦ cnr 5 m 2 

900-1200 

1300-1800 

PVRI ( PAP " PCWP)x80 

250-400 dyne - s * cnr 5 m 2 

<200 

<200 


C! 



Cl, cardiac index; CO, thermodilution cardiac output; BSA, body surface area; SV, stroke volume; SVI, stroke volume index; LVSWI, 
left ventricular stroke work index; RVSWI, right ventricular stroke work index; SVRI, systemic vascular resistance index; PVRI, 
pulmonary vascular resistance index. 
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® x Y9 en Delivery and Consumption Formulae 




Normal Values 


Formula 

Adult 

Infant 

Child 

Arterial 0 2 content: 

Ca0 2 = (1 .39 x Hb x Sa0 2 ) + (0.0031 x Pa0 2 ) 

18-20 mL/DI 

15-18 

16-18 

Mixed venous 0 2 content: 

Cv0 2 = 1.39 x Hb x Sv0 2 + 0.0031 x Pv0 2 

13-16 mUdL 

11-14 

12-14 

Arteriovenous 0 2 content difference: 
avD0 2 = Ca0 2 -Cv0 2 

4-5.5 mUdL 

4-7 

4-6 

Pulmonary capillary 0 2 content: 

Cc0 2 = 1.39xHbxSc0 2 + 0.0031 xPc0 2 

19-21 mLYdL 

16-19 

17-19 

Pulmonary shunt fraction: 

<2 S IQ t = 100(Cc0 2 -Ca0 2 )/(Cc0 2 -Cv0 2 ) 

2% -8% 

2-8 

2-8 

0 2 delivery index: 

D0 2 l =10 CO Ca0 2 /BSA 

450-640 m Dm in/m 2 

450-750 

450-700 

0 2 consumption index: 

V0 2 l = 10 CO (Ca0 2 -Cv0 2 ) 

85-170 mUmin/m 2 

150-200 

140-190 


Hb, hemoglobin; Sa0 2 , measured arterial oxygen saturation; Pa0 2 , partial pressure of oxygen in arterial blood; Sv0 2 , measured 
mixed venous oxygen saturation; Pv0 2 , partial pressure of oxygen in mixed venous blood; Sc0 2 , measured pulmonary capillary 
oxygen saturation; Pc0 2 , partial pressure of oxygen in pulmonary capillary blood; Qs, pulmonary shunt blood flow; Qt, total 
pulmonary blood flow. 


other half consists of oxygen delivery and consumption meas- 
urements and calculations, which may also be used to guide 
therapy in the critically ill patient who has LCOS (41,42) 
(Table 20.2). They require either measurement of mixed 
venous and systemic arterial saturations from blood samples 
from the tip of the PA catheter and arterial line (measured 
by co-oximetry, not calculated), or substitution of these val- 
ues with Sv0 2 from the oximetric catheter (a valid assump- 
tion if properly calibrated), and pulse oximeter value instead 
of measured systemic saturation. There are data from adult 
and pediatric critical care literature suggesting that the ability 
to increase and maximize both oxygen delivery and consump- 
tion may improve outcome, and that these are predictors of 
survival from critical illness, including postoperative cardiac 
surgery (43-46). 

Lithium Dilution and Pulse Contour Analysis 
Cardiac Output 

Because traditional percutaneous, balloon-tipped PA cath- 
eterization is limited in small children and those with intra- 
cardiac shunting several other recent methods to measure 
CO and oxygen delivery in patients with CHD have been 
applied. Lithium dilution cardiac output (LiDCO) uses a 
standard central line in the SVC or even a peripheral IV 
catheter, and a special femoral artery catheter equipped 
with a lithium-detecting electrode. A dilute solution of 


lithium chloride is injected into the vein, and arterial blood 
is withdrawn into the lithium electrode. The cardiac index is 
related to the area under the curve of the change of lithium 
concentration. This method has been demonstrated to have 
reasonable correlation with thermodilution CO in children 
after congenital heart surgery. In a study of 48 measurements 
in 17 patients 2.6 to 34 kg, correlation between LiDCO and 
thermodilution CO was good (r 2 = 0.96), mean bias was —0.1 
+ 0.31 L/min (47). 

Transpulmonary thermodilution CO uses a similar prin- 
ciple as LiDCO, with temperature as the indicator instead 
of lithium concentration. Cold saline is injected into a cen- 
tral venous catheter, and via a thermistor placed in a femoral 
artery, a time temperature curve is derived, which corre- 
lates reasonably well with standard thermodilution CO as 
measured by a standard PA catheter (48). Lithium and any 
thermodilution method are limited to patients without any 
intracardiac shunting, significantly restricting their use in 
patients with CHD. 

Yet another newer method is pulse contour analysis of 
the arterial waveform (PiCCO), which relates the contour 
and area under the curve to the stroke volume, thus the CO. 
This continuous method is periodically calibrated using 
transpulmonary thermodilution CO as described above 
(again making the method invalid in patients with intra- 
cardiac shunting), and demonstrate good correlation with 
transpulmonary thermodilution in a recent study of 24 post- 
operative pediatric cardiac patients (r 2 = 0.86, mean bias: 
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0.05 ± 0.4 L/min/m 2 ), and in pediatric patients undergo- PREVENTION AND MANAGEMENT OF LOW 

ing diagnostic catheterization after cardiac transplantation pADniAr nilTDHT CVMn n It 

(49,50). A recent comprehensive review of publications of WWUlAb UU 1 1 oYIMUnU vlt 

this method in children and in animal models of pediatric . 

disease, showed agreement that the stroke volume and CO Determinants of Cardiac Output and Oxygen 

derived with pulse contour analysis are generally accurate Delivery 

and precise, and may be a useful adjunct for measurement of 

CO in critically ill children (51). Besides the unique factors discussed earlier that alter hemo- 

Table 20.3 summarizes physical examination findings and dynamic management in patients with CHD, it is impor- 

other data associated with low CO. tant to recognize that alterations of preload, afterload, 

j Clinical Findings in Low Cardiac Output State 

Category Parameter 

Finding/Data 

Physical examination 

Peripheral perfusion 

Cool or mottled extremities 


Diminished peripheral pulses 


Delayed capillary refill 

Respiratory status 

Tachypnea, increased work of breathing, grunting, flaring, retractions 

Cardiac examination 

S3 or S4, diminished heart tones, tachycardia or bradycardia 

Other physical examination 

Diaphoresis, hepatomegaly, jugular venous distension, increasing 
cyanosis 

Mental status 

Lethargy or irritability 

Monitor data 

Arterial waveform 

Diminished pulse pressure, decreased upslope, hypotension, 
increased variation with respiration 

Atrial filling pressures 

Significantly elevated or decreased; lack of "a" wave 

ECG 

Nonsinus rhythm, tachycardia, bradycardia, ST-segment depression 
or elevation, lack of HR variability 

End-tidal C0 2 

Decrease in ETC0 2 , large end-tidal to arterial C0 2 difference 

Temperature 

Increased core-to-periphery temperature gradient (>5°C core to toe) 

Mixed venous (PA) or central venous 
(SVC) oxygen saturation 

Low Sv0 2 or Scv0 2 < 50% 

Near-infrared spectroscopy regional 
oxygen saturation 

Low cerebral rS0 2 < 50%, low somatic (renal) rS0 2 < 10% above 
cerebral rS0 2 

Laboratory and radiographic data 

Serum lactate 

Increasing, or persistently elevated over 2 mmol/L 

Calculated base deficit 

Increasing or >5 mEq/L 

BNP 

Elevated above 100 pg/mLand increasing 

Troponin-I 

Elevated above 0.15 ng/mL and increasing 

Chest radiograph 

Cardiomegaly, pulmonary edema, or paucity of lung vascular markings 

Renal function 

Elevated BUN and creatinine 


Poor urine output < 0.5 mL/kg/h 

Echocardiography 

LV ejection fraction or shortening 
fraction; dilated LV 

Decreased (EF < 50% or SF < 35%) 

Calculated cardiac index 

Thermodilution, lithium dilution, pulse 
contour analysis, echocardiographic 
by VTI method 

<2.0 IVmin/m 2 


S3,S4, third and fourth heart sounds; ETC0 2 , end-tidal carbon dioxide; PA, pulmonary artery; SVC, superior vena cava; Sv0 2 , mixed venous oxygen saturation; Scv0 2 , central 
venous oxygen saturation; rS0 2 , regional oxygen saturation; BUN, blood urea nitrogen; EF, ejection fraction; SF, shortening fraction, VTI, velocity time integral method. 
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Figure 20.2. Determinants of cardiac output and oxygen 
delivery. 

contractility, and heart rate are four cornerstones that affect 
CO before and after surgical correction of congenital car- 
diac disease (Fig. 20.2). In addition, diastolic dysfunction is 
common in patients with CHD, and measures to improve 
ventricular compliance are important. The oxygen-carrying 
capacity of blood is improved by increasing the hemoglobin 
concentration. Each of these factors should be adjusted for 
the specific congenital cardiac lesion and the cardiovascular 
physiology that is associated with the lesion. Figure 20.3 
details expected changes in ventricular pressure-volume, and 


Starling relationships with manipulation of preload, after- 
load, contractility, and lusitropy. 

Pharmacologic Therapy for Congenital 
Heart Disease 

The goal of drug therapy in an acute setting should be to opti- 
mize CO and oxygen delivery; improve perfusion pressure to 
vital organs such as brain, heart, and kidneys; and maintain 
an optimal balance between systemic and pulmonary blood 
flows with an appropriate level of oxygenation. High levels 
of inotropic and vasoactive infusions in the first 48 hours 
postoperatively for infants under 6 months of age are associ- 
ated with poor outcomes including need for mechanical cir- 
culatory support, prolonged ventilation, preserved neurologic 
injury, renal failure, long ICU stays, and death (52). Therefore, 
it is important to understand the actions of pharmacologic 
agents and to use them judiciously at the lowest effective doses. 

Drugs that may be used in the acute hemodynamic manage- 
ment of patients can be categorized as belonging to one of the 
following functional classes: 

1. Inotropes (epinephrine, dopamine, dobutamine, milrinone, 
calcium) 

2. Chronotropes (isoproterenol) 

3. Vasoconstrictors (norepinephrine, phenylephrine, vaso- 
pressin, terlipressin) 

4. Vasodilators (nitroglycerin, nitroprusside, prostaglandins, 
NO, nicardipine, fenoldopam) 

5. Beta adrenergic antagonists (esmolol) 

6. Newer cardiotonic and vasoactive agents (levosimendan, 
nesiritide) 

The cardiac intensivist must keep in mind that the indica- 
tions for and doses of these drugs in an individual patient are 
highly variable. Tables 20.4 and 20.5 summarize the effects 
and recommended dosages for these drugs. Affects such as age, 
disease state, and adrenergic receptor up- or down-regulation 
necessitate frequent titration of drugs to effect. 
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Figure 20.3. Changes in pressure volume and Starling relationships with manipulations of preload (A), diastolic 
compliance (lusitropy) (B), contractility (inotropic state) (C), and afterload (D). Point A represents baseline 
end-diastolic volume on the pressure-volume loop on the left of each panel, and baseline stroke volume on the 
Starling curve on the left of each panel. SV, stroke volume. (A) Effect of increasing preload. With administration 
of intravascular volume, end-diastolic volume and stroke volume are augmented significantly from point A to 
point B. However, diastolic compliance is nonlinear, and increases in stroke volume are progressively less with 
more intravascular volume administration from points B to C, and C to D. At high end-diastolic volumes and 
pressures, pulmonary capillary leak ensues resulting in pulmonary edema and pleural effusions. 
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Improve Diastolic Function (Positive Lusitropy) 



LV volume (ml_) 



Increase Contractility (Positive Inotropy) 



Afterload Reduction 
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Figure 20.3. (Continued) (B) Effect of improving diastolic function. Enhanced ventricular relaxation and com- 
pliance result in an increased end-diastolic volume at the same pressure, point A versus B. This results in an 
increased stroke volume at the same atrial pressure. Slowing heart rate, or instituting an agent such as milrinone 
can improve lusitropy. (C) Effect of increased contractility. Increases in the slopes of the pressure-volume loops 
from points A, to B, to C, represent progressively increased inotropic states. Increased contractility results in a 
higher stroke volume ejected at the same left atrial pressures. (D) Effect of afterload reduction. At normal ino- 
tropic state, represented by the changes from point A to point B, lowering afterload allows the heart to eject to a 
lower systolic pressure, resulting in a higher stroke volume. With a decreased baseline inotropic state, represented 
by the changes from point C to point D, the increase in stroke volume with afterload reduction is much greater 
for a comparable change in afterload. Heart failure patients and neonates are particularly sensitive to changes 
in afterload. 
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TABLE 20.4 

Inotropic Drugs 














Renal Vascular 

Drug 

Dose 

Receptors 

Inotropy 

HR 

SVR 

PVR 

resistance 

Epinephrine 

0.02-0.2 /zg/kg/min 

Lower Dose 

A. A > 

T 

T 

^ z 

4- z 

z 


Higher Dose 

a, > A- A 

T 

t 

t 

T 

t 

Norepinephrine 

0.02-0.2 /zg/kg/min 

a, > A- A 

T 

t 

t 


z 

Dopamine 

2-5 /zg/kg/min 

DA„ DA 2 



<-> 


z 


5-10 /zg/kg/min 

Pu Pl> «| 

T 

T 

z 




> 10 /zg/kg/min 

«i> Py, Pi 

t 

t 

T 

t 

T 

Dobutamine 

2-20 /zg/kg/min 

Py > P2' a y 

T 

t 

Z 

“ v~ 


Isoproterenol 

0.01-0.2 /zg/kg/min 

Py> Pi 

t 

t 

Z 

z 

z 

Milrinone 

Loading 25—1 00 /zg/kg 

Phosphodiesterase III 







Infusion 0.25-0.75 /zg/kg/min 

inhibitor/T cAMP 

t 

t 

z 

z 

z 

Calcium 

5-10 mg/kg IV bolus; 

Contractile proteins 

t 


T 

o.T 


chloride 

10 mg/kg/h infusion 







Nesiritide 

1 /zg/kg load; 

0.1-0.2 /zg/kg/min 

B-Natriuretic peptide 

<-» 


z 

Z 

t 

Levosimendan 

6-1 2 /zg/kg load; 

Troponin C, increasing 







0.05-0.1 /z g/kg/min 

Ca 2+ sensitivity; ATP- 
sensitive K + channels 
for vasodilation 

T 


z 

z 

z 


HR, heart rate; SVR, systemic vascular resistance; PVR, pulmonary vascular resistance; DA, dopamine. 



Vasoactive Drugs 







Drug 

Dose 

Receptors 

Inotropy 

HR 

SVR 

PVR 

Renal Vascular 
Resistance 

Vasopressin 

0.01-0.05 U/kg/h 

v„v 2 


( — z 

t 

t 

t 

Phenylephrine 

0.02-0.3 /zg/kg/min 

(Agonist) 


IT 

T 

t 

t 

Nitroglycerin 

0.2-10 /zg/kg/min 

Vascular myocyte/ 

Guanylyl Cyclase, cGMP T 


<-», T 

Z 

z 

z 

Nitroprusside 

0.2-5 /zg/kg/min 

Vascular myocyte/Guanylyl 
Cyclase, cGMP T 



z 

z 

z 

Inhaled nitric 
oxide 

10-40 ppm 

Vascular myocyte/cGMP t 


<-» 


z 


Prostaglandin 

0.01-0.2 jig/kg/min 

Vascular myocyte/cAMP t 



z 

z 

z 

Fenoldopam 

0.025-0.3 /zg/kg/min 
initial dose, titrate 
to maximum dose 

1.6 /zg/kg/min 

DA-1, a2 



z 

<-> 

z 

Nicardipine 

0.1-0.3 mg/kg/h; 
maximum 15 mg/h 

Calcium channel 
antagonist 


t 

z 


z 


V, vasopressin; HR, heart rate; SVR, systemic vascular resistance; PVR, pulmonary vascular resistance; DA, dopamine; cAMP, cyclic adenosine monophosphate, 
cGMP, cyclic guanosine monophosphate. 
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Inotropes 

Epinephrine 

Epinephrine is an endogenous catecholamine that is secreted by 
the adrenal glands and has strong a- and /3-adrenergic receptor 
activation. This action on both types of adrenergic receptors 
leads to the complexity of response in different organs and tissue 
beds. The response of exogenously administered epinephrine 
depends on the ratio of a to /3 receptors in the individual tissue 
beds as well as to the dose of epinephrine given. At lower doses 
(<0.05 ji g/kg/min), epinephrine causes a moderate increase in 
systolic blood pressure that is mainly due to the increased ven- 
tricular contraction (53). Activation of the pi receptors in the 
vasculature of the skeletal muscles usually leads to a decrease 
in the systemic vascular resistance (SVR) and the diastolic pres- 
sure. As the dose is progressively increased, more prominent 
peripheral vasoconstriction is seen due to the activation of the 
a receptors in other vascular beds (54). Renal blood flow is 
consistently decreased as vascular resistance in all segments of 
the renal vasculature increases (55). Epinephrine is often used 
as a strong inotrope for support of the failing myocardium. 
Epinephrine’s action on the predominant /31 receptors in the 
heart leads to an increase in contractility and heart rate. Higher 
doses will lead to a decrease in the refractory period of the 
atrioventricular (AV) node and an increase in the automaticity 
of the myocardium, which may predispose to the development 
of atrial or ventricular arrhythmias. 

During CPR, epinephrine is the vasopressor of choice 
since it has profound a-adrenergic stimulation that aids in 
maintaining the cerebral and coronary perfusion pressure 
during cardiovascular collapse (56). The American Heart 
Association-recommended dose of epinephrine in children for 
bradycardia, asystolic or pulseless arrest is 0.01 mg/kg intra- 
venously, repeated at 3- to 5-minute intervals. Higher doses of 
epinephrine are no longer recommended (57,58). 

Epinephrine is used as an infusion primarily in the dose 
range from 0.02 to 0.2 /xg/kg/min, although doses up to 
0.5 ^g/kg/min or higher are occasionally used in the short 
term for acute severe low CO in situations such as weaning 
from bypass, or during ECMO cannulation or emergency 
institution of bypass. Prolonged exposure to high doses of epi- 
nephrine, that is, 0.1 to 0.2 ^g/kg/min or higher for more than 
several hours, may cause myocardial necrosis in infants, and 
strong consideration should be given for mechanical circula- 
tory support in this instance (59). 

Dopamine 

Dopamine is a naturally occurring catecholamine that is 
an immediate precursor of norepinephrine. Most of the 
functions of endogenously excreted dopamine are as a 
central neurotransmitter, though it has been found in the 
peripheral circulation as well. The cardiovascular effects of 
exogenously administered dopamine are due to the activa- 
tion of a variety of receptors that have different affinity for 
the drug (60). At a lower dose (<5 /xg/kg/min), the primary 
receptors that are activated are the dopaminergic-1 (DA-1) 
receptors present in the renal, mesenteric, and coronary vas- 
cular beds. Infusion of low-dose dopamine can lead to an 
increase in renal blood flow and an increase in glomerular 
filtration rate (GFR) (61). However, “renal dose” dopamine 
has not been demonstrated to have direct beneficial effects 
in improving renal function (62). As the dose of the drug 
is increased, stimulation of the /31 receptors in the myocar- 
dium has inotropic and chronotropic effects (63). At these 
doses, dopamine causes an increase in CO, decrease in pul- 
monary capillary wedge pressure, and usually a decrease 
in SVR with only slight changes in blood pressure. The 
increase in heart rate is much less than for isoproterenol. 
Total peripheral resistance is usually unchanged with low or 


intermediate doses of dopamine, due to vasodilatory action 
of dopamine on regional vascular beds. At higher doses 
(>10 }A g/kg/min), more al receptors are activated leading to 
a more intense peripheral vasoconstriction and an increase in 
vascular resistance. Dopamine causes release of norepineph- 
rine from nerve endings; this also adds to its pharmacologic 
effect of adrenergic stimulation. 

The volume of distribution and the clearance of dopamine 
are highly variable, underscoring the principle of titrating this 
drug to effect in the individual patient (64). Dopamine in the 
dose range 5 to 15 jUg/kg/min is commonly used as an ino- 
tropic support to assist in the weaning from CPB, and in the 
early postoperative period. In recent years, some practitioners 
have avoided dopamine because of its role as a neurotrans- 
mitter, which can cross the blood brain barrier and is known 
to suppress pituitary function, particularly thyroid releas- 
ing hormone, in infants and children (65). These potential 
adverse effects are not seen with other natural or synthetic 
catecholamines (66). 

Dobutamine 

A synthetic congener of dopamine, dobutamine’s pharmaco- 
logic actions are due to its activation of a- and /3-adrenergic 
receptors. Dobutamine has not been shown to have any effect 
on the DA receptors or the release of norepinephrine from nerve 
endings. The primary action of dobutamine is on /31 receptors 
with only a small effect on pi or al receptors. This action 
causes increased inotropy and chronotropy. CO is markedly 
enhanced and the left-sided filling pressures are decreased. 
Total peripheral resistance is unchanged or may decrease with 
the use of dobutamine. This effect may be especially beneficial 
in treating patients with ventricular dysfunction. 

There is little direct increase in renal blood flow as is seen 
with dopamine. Dobutamine given in doses ranging from 5 
to 15 (1 g/kg/min has been shown to be effective in improving 
depressed cardiac index after CPB in children with CHD (67). 
Comparison with newer inotropic drugs such as milrinone 
demonstrates similar improvements in stroke volume but a 
more profound decrease in left ventricular filling pressures 
and vascular resistance with the phosphodiesterase inhibitors 
(68). Increased heart rate is more prominent with dobutamine 
than with milrinone. At equivalent inotropic doses, dobu- 
tamine enhances the automaticity of the sinoatrial (SA) node 
to a much less extent than isoproterenol (69). Higher doses of 
dobutamine (>15 /xg/kg/min) can predispose to the develop- 
ment of atrial or ventricular arrhythmias. Despite the fact that 
dobutamine will increase CO in neonates by increasing stroke 
volume, heart rate, and CO, it is frequently used to stress the 
myocardium, and will increase myocardial oxygen consump- 
tion, and produce diastolic dysfunction in some patients with 
repaired CHD (70,71). 

Milrinone 

Milrinone is a bipyridine derivative that induces vasodilation 
and exerts a positive inotropic effect by inhibiting phosphodi- 
esterase III. This leads to the accumulation of cyclic adenosine 
monophosphate (cAMP), independent of adrenergic receptor 
stimulation (72). The increase in cAMP in cardiac myocytes 
improves systolic and diastolic function by altering calcium 
influx (73), and by altering uptake and binding of calcium 
to myofilaments; whereas in vascular smooth muscle, accu- 
mulation of cAMP predominantly affects the removal of cal- 
cium across sarcolemma and therefore causes vasodilation. 
The decrease in SVR allows phosphodiesterase inhibitors to 
increase CO and oxygen delivery without increasing myocar- 
dial work and oxygen demand. Because of the dual effects on 
the inotropic state of the heart and the vascular resistance, 
milrinone has been used extensively in the treatment of con- 
gestive heart failure, PH, and postoperative low CO. 
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Milrinone has been shown to be an effective inotrope in 
adults as well as in children with CHD (74,75). Peripheral 
vasodilation also ensues as a result of vascular smooth mus- 
cle relaxation. Chang et al. reported that milrinone (loading 
50 (i g/kg followed by an infusion of 0.5 fi g/kg/min), when 
administered to neonates with low CO after cardiac sur- 
gery, lowered filling pressures, systemic and pulmonary 
vascular resistances (PVRs) (>25%), and improved cardiac 
index (from 2.1 to 3.1 L/min/m 2 ) (76). Bailey et al. (77) 
found an increase in CO of 18% after milrinone therapy 
in 20 children undergoing corrective surgery for congeni- 
tal cardiac defects. Milrinone also improves diastolic func- 
tion. Hypotension and reflex tachycardia may result as side 
effects of milrinone therapy. Mehra et al. (78) reported 
a 4% incidence of thrombocytopenia in 71 patients who 
received long-term intravenous milrinone therapy (>3days). 
Milrinone is primarily excreted by the kidneys, and higher 
bolus doses (50 to 75 fi g/kg) may show prolonged hemo- 
dynamic effects in patients with impaired renal function. 
Serum half-life was found to be 0.8 hours in patients with 
congestive heart failure (79). Milrinone has also been sug- 
gested to have a higher volume of distribution and a faster 
clearance in infants and children as compared to adults 
(79). The dose recommended for milrinone therapy in 
patients with normal renal function is a bolus of 50 fi g/kg 
followed by an infusion of 0.25 to 0.75 /xg/kg/min. Hypo- 
tension seen with a loading dose may be avoided by reduc- 
ing or eliminating the loading dose and simply beginning 
the infusion, recognizing that therapeutic plasma levels will 
not be achieved for several hours. 

In recent years, milrinone has gained widespread use in 
CICUs and is one of the few regimens that have been stud- 
ied in a prospective, randomized, double-blind, controlled 
manner. In 227 infants and children undergoing cardiac 
surgery with bypass, high-dose milrinone (75 ji g/kg loading 
dose after bypass, followed by 0.75 /xg/kg/min infusion) 
reduced the incidence of LCOS by 55% compared to pla- 
cebo or low-dose milrinone (25 /x g/kg load and 0.25 /xg/ 
kg/min) (80). In a pharmacokinetic study of 16 neonates 
undergoing Norwood Stage I palliation, a loading dose of 
100 /xg/kg into the bypass circuit at the start of rewarming 
provided therapeutic plasma concentrations, but an infu- 
sion of 0.5 /xg/kg/min caused a significant increase in plasma 
milrinone concentration over the first 12 hours; impaired 
renal function was thought to be the cause, and neonates 
may require lower doses of 0.2 /xg/kg/min (81). 

Calcium 

The calcium ion is an integral part of the excitation-con- 
traction coupling and impulse generation in myocardial cells 
and is a major determinant of vascular smooth muscle tone. 
Particularly in neonates, where the sarcoplasmic reticulum 
is not well developed, and the sequestration and release of 
calcium is thus inefficient, an adequate ionized calcium con- 
centration is important to optimize myocardial contractility. 
Administration of calcium in the form of calcium chloride 
or calcium gluconate helps improve the inotropic function 
of the heart in the presence of hypocalcemia (82). Calcium 
functions primarily as a vasoconstrictor when the serum ion- 
ized calcium levels are normal. Routine administration of 
calcium salts upon termination of CPB is a subject of debate. 
The incidence of hypocalcemia during CPB is relatively high, 
but the ionized calcium levels usually are corrected to nor- 
mal levels as weaning from CPB is attempted (83); there- 
fore, calcium administration may not be necessary for most 
patients. Moreover, increasing evidence suggests that elevated 
intracellular calcium levels are associated with cell death and 
injury during ischemia and reperfusion injury (84). Mur- 
doch et al. reported an increase in the SVRI (885 to 1,070 
dyne s/cm _5 /m 2 ) and a decrease in Cl (4.44 to 3.85 L/min/m 2 ) 


after administration of 10 mg/kg of CaCl 2 in 12 children fol- 
lowing cardiac surgery (85). Rapid administration of calcium 
can slow the heart rate transiently, and it should be used cau- 
tiously in patients who are taking digoxin as it may precipi- 
tate digoxin toxicity. 

Calcium administration is not recommended in severe 
bradycardia or asystole unless severe hypocalcemia or hyper- 
kalemia coexists or if the arrest is secondary to calcium chan- 
nel antagonist drugs (57,58). 

A higher and more predictable amount of elemental cal- 
cium is available from the intravenous administration of 
calcium chloride than calcium gluconate or gluceptate (86). 
Because the neonatal myocardial sarcoplasmic reticulum is not 
well organized, and release and reuptake of Ca 2+ is not effi- 
cient, some anesthesiologists administer a CaCl 2 infusion of 10 
mg/kg/h to neonates after CPB, especially when they received 
citrated blood products for postcardiotomy bleeding. How- 
ever, a recent retrospective review of infants <1 year of age 
demonstrated that mortality after cardiac surgery with bypass 
was correlated with higher Ca 2+ supplementation, suggesting 
that this agent should be used only with documented hypocal- 
cemia with associated myocardial dysfunction, or in neonates 
receiving significant amounts of citrated blood products, and 
should be discontinued as soon as possible (87). 

Chronotropes 

Isoproterenol 

Isoproterenol is a potent nonselective /3-adrenergic agonist 
with only very minimal actions on a receptors. Due to its 
vasodilatory pi stimulatory actions as well as lack of a-recep- 
tor stimulation, isoproterenol leads to lowering of peripheral 
vascular resistance (53,88). Its vasodilatory actions may be 
seen in renal, mesenteric, and pulmonary vascular beds. CO 
is increased in patients with heart failure as a result of the 
increased inotropy and chronotropy in the face of diminished 
SVR. An intravenous infusion of isoproterenol has more 
chronotropic than inotropic effect, as opposed to dopamine 
or dobutamine. Myocardial oxygen demands are greatly 
exacerbated by isoproterenol, and this may exacerbate or 
induce ischemia (89). Higher doses of isoproterenol can be 
arrhythmogenic and may induce ventricular tachycardia (VT) 
or ventricular fibrillation (VF). This agent is contraindicated in 
dynamic obstruction of the right or left outflow tracts. 

Isoproterenol has been shown to cause less hyperglyce- 
mia than epinephrine, since insulin secretion is stimulated by 
strong /kadrenergic stimulation. The drug has been shown to 
be effective in increasing the heart rate in patients with severe 
bradycardia or a heart block (57,58). This chronotropic effect 
of isoproterenol remains the principal use of the drug, and it is 
often used in electrophysiologic studies to increase heart rate and 
incite atrial and ventricular arrhythmias. Its principal use in the 
cardiac ICU is in the denervated heart immediately after heart 
transplant, or in cases of complete AV block. Isoproterenol is 
generally not used as a first-line drug in the management of myo- 
cardial dysfunction or in the treatment of heart failure. The dose 
for isoproterenol infusion ranges from 0.01 to 0.2 /xg/kg/min. 

Vasoconstrictors 

Norepinephrine 

Norepinephrine is an endogenous catecholamine that is pri- 
marily released by the postganglionic adrenergic nerve end- 
ings. Besides being a major source of epinephrine, the adrenal 
medulla also contains norepinephrine in a smaller fraction 
(10% to 20%). The actions of norepinephrine are very simi- 
lar to epinephrine on the heart with strong stimulation of the 
pi receptors and increase in myocardial contractility (55). 
There is a substantial difference in the peripheral action of the 
two drugs (53) accounting for the variation in their clinical 
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use. Norepinephrine is a potent a 1 agonist at all doses with 
minimal effects on the vasodilatory pi receptors (53). As a 
result, even low doses of norepinephrine lead to an increase 
in the systolic and diastolic blood pressure. SVR is increased 
as a result of the vasoconstriction of most peripheral vascular 
beds. CO is usually decreased or unchanged, depending upon 
the increase in total peripheral resistance. Heart rate may be 
slowed as a result of reflex increase in vagal tone, or may occa- 
sionally increase if the /31 effects predominate in an individual 
patient. Both of the endogenous catecholamines, epinephrine 
and norepinephrine, can cause hyperglycemia with prolonged 
infusions (90). Norepinephrine usually causes these effects at 
much higher doses than epinephrine. 

Norepinephrine functions as a strong vasoconstrictor and 
is useful in the clinical situation of decreased SVR; however, 
it is used infrequently in infants and children. Dose range of 
norepinephrine infusion varies from 0.02 to 0.2 fi g/kg/min. It 
is effective in raising SVR in cases of profound vasodilatory 
shock unresponsive to high doses of dopamine or dobutamine, 
such as from sepsis in neonates (91). 

Phenylephrine 

Phenylephrine is a pure peripheral al -receptor agonist used 
as a bolus or an infusion where low systemic blood pressure 
must be treated acutely. The pure a effects often result in reflex 
slowing of the heart rate, although this is not as pronounced in 
young infants. Its principal use in CHD is to acutely raise SVR 
when either ventricle is compromised by outflow obstruction, 
for example, tetralogy of Fallot (TOF) with low SVR leading 
to increased right-to-left intracardiac shunting and cyanosis 
during a “tet Spell,” (92) and hypertrophic cardiomyopathy 
(93) or other left-sided lesions where the gradient across the 
obstruction is increased by low SVR. It is also useful where 
an acute increase in SVR is needed to improve oxygenation, 
that is, partially obstructed systemic-to-pulmonary shunt, or 
single-ventricle patient with pulmonic stenosis. Infusions can 
be used when frequent boluses are necessary, such as in the 
TOF patient whose tetralogy spell is continuous before trans- 
fer to the OR. Phenylephrine is very effective at increasing the 
blood pressure, but its principle adverse effect is vasoconstric- 
tion of peripheral tissue beds, including skeletal muscle, skin, 
renal, and mesenteric. This vasoconstriction may be intense, 
and theoretically may compromise end-organ blood flow and 
function, leading many practitioners to limit its use to extreme 
situations. Extravasation of phenylephrine into the skin and 
subcutaneous tissues may lead to ischemia, necrosis, and tissue 
loss. A reflex slowing of heart rate may be observed, and vigi- 
lance is necessary with large phenylephrine doses. Bolus dos- 
ing of phenylephrine is 0.5 to 5 jUg/kg or higher, and infusion 
dosing ranges from 0.02 to 0.3 ^ug/kg/min should be adminis- 
tered through a central venous catheter if possible. 

Vasopressin 

Vasopressin is a neurogenic polypeptide produced by the para- 
ventricular nucleus of the mid-brain in response to low blood 
pressure and is secreted by the posterior lobe of the pituitary. 
Vasopressin produces intense vasoconstriction and an antidiu- 
retic effect. Vasopressin exerts these effects via VI (vasocon- 
striction) and V2 receptors (antidiuresis). In the past, the most 
common use of vasopressin was to treat gastrointestinal bleed- 
ing. More recently, vasopressin has been used as an alternative 
to epinephrine in the acute resuscitation; however, the superi- 
ority of vasopressin over epinephrine for this indication is not 
clear. A theoretical advantage of vasopressin is that it does not 
rely on adrenergic receptors, which may be down-regulated in 
chronically elevated catecholamine states. In conditions of met- 
abolic acidosis, signal transmission via adrenergic receptors is 
also ineffective. Some conditions producing low blood pressure 
(i.e., septic shock) are associated with low plasma vasopres- 
sin concentration, suggesting inappropriately low vasopressin 


secretion. In some of these patients, hypersensitivity to the 
administration of vasopressin has been described, possibly due 
to up-regulation of vasopressin receptors, and is in agreement 
with studies showing rapid desensitization to vasopressin (94). 

Rosenzweig et al. reported their experience with use of vas- 
opressin in moribund pediatric patients after cardiac surgery 
(95). These patients were classified as unresponsive to stand- 
ard vasopressors, and the dosage of vasopressin varied from 
0.018 to 0.12 U/kg/h. These doses of vasopressin produced 
an average increase in systolic blood pressure of 22 mm Hg 
(65 to 87 mm Hg). Measured plasma vasopressin levels were 
low in the three patients. Patients who had low blood pressure 
and poor cardiac function before the initiation of vasopressin 
therapy died. Vasopressin is particularly useful in cases of low 
SVR induced by excessive a-adrenergic blockade, such as with 
phenoxybenzamine or phentolamine (96). There are now a 
number of case series of vasopressin, and its synthetic analog, 
terlipressin, being used to treat refractory vasodilatory shock in 
pediatric patients with cardiogenic and septic etiologies (97,98). 
Vasopressin doses range from 0.01 to a maximum of 0.05 U/ 
kg/h, and should be weaned and discontinued as soon as pos- 
sible. Hyponatremia is often seen with vasopressin infusions of 
several days’ duration, and serum sodium should be measured 
at least daily. 

Vasodilators 

Nitroglycerin 

Nitroglycerin produces vasodilation by releasing NO. The 
release of NO from nitroglycerin, unlike that of some other 
NO donors, is enzymatically mediated. Nitroglycerin is fre- 
quently referred to as a venodilator while sodium nitroprus- 
side (SNP) is thought of as a preferential dilator of arteries, 
although these differences are difficult to demonstrate. The 
major indications for the use of nitroglycerin are myocardial 
ischemia, systemic hypertension, PH, volume overload, con- 
gestive heart failure, and pulmonary edema. Venodilation 
associated with nitroglycerin therapy leads to a decrease in 
venous return. The decrease in preload leads to a lowering 
of the left ventricular end-diastolic volume and pressure, and 
therefore decreased wall stress. The net effect is usually an 
improvement in the ratio of myocardial oxygen demand to 
delivery. Nitroglycerin also dilates both diseased and normal 
coronary arteries (99). Hypotension and reflex tachycardia are 
the potentially undesirable side effects. Nitroglycerin is used 
in the cardiac surgical patients for the treatment of systemic 
or pulmonary hypertension, and to decrease filling pressure 
and improve cardiac index. In a study including 20 pediat- 
ric patients with CHD, of whom 14 had preoperative PH, 
nitroglycerin (>2 ^g/kg/min) reduced both systemic and PVRs 
(100). Improved cardiac index was seen only with higher 
doses. The authors suggested that the effect of the drug on the 
systemic and pulmonary arteries and on capacitance vessels 
was dose related. In lower doses (<2 /zg/kg/min), nitroglycerin 
mainly produced venodilation, as evidenced by an increased 
requirement of volume to maintain constant right and left 
atrial pressures. The usual doses of intravenous nitroglycerin 
infusion are 0.5 to 5 jug/kg/min. 

Sooium Nitroprussioe 

The hypotensive properties of SNP were described in the late 
1800s; however, the drug was not approved for clinical use 
until 1974. Frequently, nitroprusside is incorrectly referred to 
as a “direct, preferential arterial vasodilator.” Nitroprusside 
dilates both arteries and veins by releasing NO in an interac- 
tion with tissue compounds containing sulfhydryl groups. The 
released NO activates soluble guanyl cyclase that increases 
cGMP. Nitroprusside is most commonly used to control blood 
pressure in hypertensive patients, and to decrease SVR thereby 
improving forward flow in patients with poor LV function or 
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regurgitant lesions (mitral or aortic regurgitation). Because of 
its short half-life, SNP allows precise control of blood pressure 
and SVR. In patients with diminished myocardial function, 
CO is increased from an increased stroke volume as a result 
of decreased aortic impedance. Despite significant reductions 
in SVR, the blood pressure decrease is usually modest since an 
increase in CO compensates for the decrease in SVR. The drop 
in blood pressure is more dramatic in patients with pre-exist- 
ing hypovolemia or obstructive cardiac lesions. In patients 
with hypertrophic cardiomyopathy SNP may increase outflow 
obstruction, and patients with aortic or mitral stenosis may 
not be able to compensate with an increase in CO, resulting 
in profound hypotension. SNP has been used for early postop- 
erative afterload reduction after Norwood Stage I palliation to 
lower SVR and decrease Q p :Q s , with excellent early hemody- 
namics and high early survival rate (101). 

One of the dangers associated with the use of nitroprus- 
side use is toxicity from the formation of cyanide. Cyanide 
a by-product of SNP metabolism, is taken up by red cells 
and inactivated predominantly in the liver by reacting with 
thiosulfate. This reaction is catalyzed by the enzyme rhoda- 
nese, and patients with liver failure are more susceptible to 
cyanide toxicity. If cyanide toxicity occurs, SNP should be 
stopped immediately, and after confirmation of diagnosis, the 
patient should be treated with 3% sodium nitrate followed 
by administration of sodium thiosulfate. SNP should be used 
cautiously in patients with renal failure since they may have 
difficulty metabolizing the thiocyanate produced during 
breakdown of SNP. In a retrospective review of 63 children 
receiving SNP after cardiac surgery to control blood pressure, 
or to lower SVR for hemodynamic purposes, 11% of patients 
experienced an elevated cyanide concentration. Mean SNP 
dose was 2.8 /xg/kg/min in those patients with elevated cya- 
nide levels, and 1.1 /xg/kg/min for those without elevated lev- 
els with an increased risk of elevated cyanide levels starting at 
1.8 jUg/kg/min (102). 

The starting dose of SNP is 0.5 to 1 jixg/kg/min, and the dose 
can be titrated up to 5 /xg/kg/min. The high doses pose greater 
risk for toxicity, so doses exceeding 3 /xg/kg/min should not be 
administered for longer than several hours. Sodium thiosulfate 
can be added to the infusion to eliminate cyanide, but alterna- 
tive methods of hypertension treatment should be instituted. 
In a multicenter study of 118 infants and children receiving 
esmolol for blood pressure control on admission to the ICU 
after coarctation repair via thoracotomy, only 15% to 20% 
of neonates, 50% of patients aged 1 to 24 months, and 80% 
of patients aged 2 to 6 years were treated with SNP for blood 
pressure control. The median maximal SNP dose was 3 /xg/kg/ 
min, and there was no mortality, neurologic complication, or 
significant acidosis (103). 

Prostaglandins 

Prostaglandins such as VGE 1 and PGI 2 are the main metabolites 
of the arachidonic acid pathway. In the vascular tissues, they 
are predominantly generated and subsequently released by the 
endothelium to bind to specific receptors on the underlying 
smooth muscle cells. This leads to the activation of adenylate 
cyclase and an increase in cAMP levels, which lowers intracel- 
lular Ca 2+ and produces vascular smooth muscle relaxation. 

PGEj is used to relax smooth muscle and maintain the 
patency of the ductus arteriosus in neonates whose systemic 
or pulmonary circulations are dependent on ductal patency. 
PGE 1? when administered to 27 neonates in whom pulmonary 
or systemic blood flow was entirely or significantly depend- 
ent upon ductal patency, led to an improvement in hypox- 
emia and acidemia, as well as ductus dilation (104). It has 
been demonstrated to maintain ductal patency for as long as 
2 months (105) and to reopen a recently closed ductus. Pre- 
operative drug therapy with PGE X has lowered the mortality 


and allowed planned surgeries, rather than desperate attempts 
at emergency palliation, which was frequently the case in the 
past. Hypotension, apnea, hyperpyrexia, and jitteriness, side 
effects of PGEj therapy, occur in 20% to 40% of patients at 
higher doses (0.05 to 0.1 /xg/kg/min), but they are usually 
reversible upon lowering the dose or discontinuation of the 
drug. 

Besides management of neonatal CHD, PGEj has been used 
to treat PH secondary to mitral valve disease (106), after con- 
genital cardiac surgery (107) and after heart transplantation 
(108). There has been only limited research conducted in the 
use of inhaled PGEj. 

PGI 2 or prostacyclin (epoprostenol) is a relatively recent 
addition to the drug therapy for the management of pulmo- 
nary vascular disease. Even though PGI 2 is probably the most 
selective pulmonary vasodilator of all the currently available 
intravenous drugs, administration of PGI 2 via this route will 
also lower systemic arterial pressure. PGI 2 is spontaneously 
hydrolyzed to 6-keto-prostaglandin F la with a half-life of 1 
to 3 minutes. The relatively selective effect on lowering PVR 
is due to rapid inactivation in the pulmonary vasculature bed 
during a single circulation time. Intravenous infusions of PGI 2 
(epoprostenol) have been shown to be useful in decreasing 
the PVR in patients with primary PH and after cardiac sur- 
gery in neonates (109). Due to its short half-life, aerosolized 
PGI 2 , like NO, can selectively dilate pulmonary vessels with 
minimal effects on the systemic arterial pressure. Several 
anecdotal reports and a few small clinical studies suggest that 
inhaled PGI 2 can reduce elevated PAPs and PVR. Schulze- 
Neick et al. reported inhaled PGI 2 and NO to have similar 
advantageous effects on reducing PVR in patients with CHD 
after cardiac surgery (110). Another study demonstrated 
reduction of PAPs and improvement in the right ventricular 
function following inhaled PGI 2 therapy with bolus dosing 
(2.5, 5, 10 /xg) in nine patients undergoing cardiac surgery 
including heart transplantation (111). The optimal dosing of 
epoprostenol remains undefined, and dosing of inhaled PGI 2 
ranging from 1 to 50 ng/kg/min has been shown to be effica- 
cious (112). This agent has also been demonstrated to lower 
elevated PAP and PVR in infants after congenital heart sur- 
gery with bypass (113). 

Sildenafil 

Sildenafil is a phosphodiesterase-5 inhibitor, which, in its 
intravenous form, appears to be a selective and highly effective 
pulmonary vasodilator in a piglet model of meconium aspira- 
tion with severe PH (114). Sildenafil has been shown in case 
reports to ameliorate the effects of NO withdrawal in a patient 
after cardiac surgery with persistent PH (115). In doses of 0.5 
to 2.0 mg/kg given NG, sildenafil was effective at lowering 
mean PAP in infants after AV septal defect repairs (116). 

Inhaled Nitric Oxide 

A ubiquitous compound in the human body, NO is produced 
as a result of the conversion of the amino acid arginine to cit- 
rulline, a reaction that is facilitated by the enzyme nitric oxide 
synthase (NOS). NO, being a very small and lipophilic mole- 
cule, diffuses into the underlying smooth muscle cells produc- 
ing an increase in intracellular cGMP levels and subsequent 
vasodilation (117). NO, when delivered via the inhaled route, 
readily crosses the alveolar-capillary membrane leading to 
pulmonary vasodilation and a decrease in PVR. High-affinity 
binding and immediate inactivation of inhaled nitric oxide 
(iNO) activity by hemoglobin limits the action of the drug to 
the pulmonary circulation. iNO therapy has been shown to 
be useful in the treatment of PH, which is frequently seen in 
CHD (117,118). PH in patients with CHD is multifactorial, 
due to chronic hypoxemia or due to chronic elevation of pul- 
monary blood flow and/or pulmonary venous pressures. PVR 
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is also increased immediately after CPB due to the endothe- 
lial dysfunction. iNO is ideally suited in selectively reducing 
PVR during this critical period (118). The pulmonary vascu- 
lar selectivity of iNO may be especially useful in reducing the 
right ventricular afterload in patients undergoing heart trans- 
plant, where the donor hearts may not be accustomed to high 
PVR of that is usually seen in these patients (119). Several 
investigators have reported the use of iNO in the preopera- 
tive period as a test of reversibility of PVR and in predicting 
post-CPB PH, as well as using the preoperative evaluation to 
predict the use of the drug in the immediate post-CPB period 
(117,120-122). 

Others have reported the benefit of iNO in improving oxy- 
genation, likely by improving pulmonary blood flow and venti- 
lation-perfusion balance in congenital cardiac surgery patients 
(123). Even though iNO has been shown to be effective in a 
variety of congenital heart lesions, it may not be helpful in 
reducing PVR in all patients. In a double-blind study, the com- 
bination of milrinone 0.5 /xg/kg/min and NO 30 ppm was more 
effective at lowering PAP than either agent alone (124). The 
nonresponders are usually those who have long-standing PH 
and extensive remodeling of the pulmonary vasculature. NO 
also has not been shown to improve postoperative outcome, 
the cost is prohibitive at several thousand dollars per day of 
use, the delivery system setup is complex, as is transport with 
NO, and there are toxicity issues (see below). All of these 
issues suggest that NO should only be used as a last resort in 
a patient with known or suspected severe PH resulting in low 
CO (in two-ventricle patients), or severe desaturation in single- 
ventricle patients after systemic arterial or venous to PA shunts. 

NO can be administered using a face mask in a spontane- 
ously ventilating patient, or added to the inspiratory limb of 
the breathing circuit in a mechanically ventilated patient. The 
most commonly used dose range is 10 to 20 ppm, though a 
decrease in PVR has been demonstrated with doses as low as 
2 to 5 ppm. Side effects of iNO at these doses are minimal, 
even with prolonged therapy. 

A novel approach is to administer IV L-citrulline, an amino 
acid precursor of NO, as a potential therapy to increase NO 
concentrations and prevent pulmonary hypertensive crises in 
susceptible patients. Initial phase I and phase II trials have 
demonstrated predictable pharmacokinetics and no safety 
issues so far with this approach (125). Abrupt withdrawal of 
NO or rapid reductions in drug dosage may lead to rebound 
PH (126). The binding of NO to hemoglobin gives rise to 
methemoglobin (127), and methemoglobin levels should be 
routinely monitored especially with prolonged therapy. 

Nitrogen dioxide is also formed as a by-product of NO 
administration, and its levels should be maintained below 
5 ppm. Nitrogen dioxide in high concentrations can lead to 
injury of the lungs (117). 

Fenoidopam 

Fenoldopam is a selective dopamine- 1 receptor agonist with 
moderate affinity for al receptors. Despite its binding to 
al receptors, fenoldopam has no significant sedative effect. 
Fenoldopam administration produces dramatic vasodilation 
of the peripheral vasculature including renal, mesenteric, cor- 
onary, and skeletal muscle. The main indication for the use 
of fenoldopam is in the treatment of hypertensive emergen- 
cies and postoperative hypertension (128-130). The theoreti- 
cal advantage of use of fenoldopam is that it maintains renal 
perfusion while decreasing blood pressure. This is especially 
important in patients with decreased renal function, since 
in rapid drop in blood pressure these patients may lead to 
decreased renal blood flow, decreased GFR, and even acute 
renal insufficiency. During prolonged infusion of fenoldopam, 
there is development of tolerance with a half-life (predicted 
loss of 50% effectiveness of the drug) of 60 hours, without 


a prolonged pharmacodynamic effect or rebound hyperten- 
sion upon discontinuation of fenoldopam. In a retrospective 
study of 25 postoperative cardiac neonates with inadequate 
urine output despite conventional diuretic therapy, fenoldo- 
pam increased urine output by 50% and had minimal effect 
on hemodynamics (131). 

Nicardipine 

Nicardipine is a dihydropyridine calcium channel antagonist 
that relaxes vascular smooth muscle by inhibiting calcium 
entry, resulting in decreased systolic, mean, and diastolic 
blood pressure and SVR (132). Its negative inotropic effects 
are minimal, and compensatory tachycardia is less than for 
other direct vasodilators, that is, nitroprusside. It is effective 
for antihypertensive therapy in postoperative cardiac surgical 
patients with adequate LV function. Nicardipine has been used 
successfully for postcoarctectomy hypertension after repair via 
thoracotomy in children, with significant decreases in mean 
arterial pressure and minimal increase in heart rate (133). 
Despite its lack of negative inotropic effect, this agent should 
not be used in patients with decreased systemic ventricular 
function, and only should be used with great caution in young 
infants. 

Beta Adrenergic Antagonists 

/3-Blockers, like angiotensin-converting enzyme (ACE) inhib- 
itors, are more beneficial in the management of chronic heart 
failure where they have been shown to improve the func- 
tional status in both pediatric and adult CHD (134,135). 
This effect is due to the modulation of the endogenous neu- 
rohumoral system. Several studies have demonstrated down- 
regulation of /3 adrenoceptors in chronic heart failure as a 
result of elevated sympathetic tone (136,137). Therapy with 
/3-blockers such as propranolol, metoprolol, and carvedilol 
increase the number of myocardial /3 adrenoceptors and 
improve myocardial function in heart failure secondary to 
CHD (138,139). Responsiveness to catecholamines may be 
preserved in these patients during the perioperative period as 
a result of /3-blocker therapy. Besides their use in the manage- 
ment of chronic heart failure, these medications have several 
uses in the acute hemodynamic management of patients with 
CHD. By reducing the effects of increased sympathetic tone 
on the right ventricular infundibulum in TOF, /3-blockers are 
effective in the treatment of cyanotic spells (140). Also, a 
decrease in heart rate allows a longer diastolic filling time 
and improved preload. The use of esmolol, a short-acting /31 
selective antagonist, is well suited for the hemodynamic man- 
agement of TOF in the perioperative setting (141). Esmolol 
in doses of 100 to 700 /xg/kg/min has also been successfully 
used to control postoperative hypertension after repair of 
aortic coarctation in children (103,142). Labetalol, a com- 
bined a- and /3-adrenergic receptor blocker with 1:7 a:/3 
blocking effect, is a frequent choice for intermittent IV dos- 
ing, during transition from continuous infusion /3-blockade 
to oral therapy. Dosing at 0.1 to 0.2 mg/kg given every 1 to 
4 hours is often effective. 

Newer Cardiotonic and Vasoactive Agents 

Currently, there exists limited scientific literature regarding 
the use of some new vasoactive drugs in patients with CHD, 
though a few of them have been well researched in other 
patient groups. A brief description of some of these newer 
agents is as follows: 

Levosimendan 

Levosimendan is a positive inotrope and vasodilator. Most 
other positive inotropes work through stimulation of 
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adrenergic receptors and increase intracellular calcium that 
may be already elevated in the failing heart. Unlike these drugs, 
levosimendan works by causing conformational changes in the 
myofilaments making them more sensitive to intracellular cal- 
cium. The vasodilation produced is mediated by opening of 
potassium channels. Although drug is not approved for rou- 
tine clinical use in the United States, there are extensive clini- 
cal studies involving large number of patients with end-stage 
cardiac failure demonstrating that levosimendan is both safe 
and effective in providing symptomatic relief. Levosimendan 
was also more effective in decreasing PA wedge pressure and 
increasing CO (143). Experience with the use of levosimendan 
in the perioperative period is limited. In a prospective rand- 
omized placebo-controlled trial in patients undergoing car- 
diac surgery, levosimendan given before separation from CPB 
enhanced cardiac performance, decreased SVR, increased 
myocardial oxygen consumption, and significantly decreased 
blood pressure, occasionally leading to hypotension (144). 
The hypotension was responsive to volume administration 
and vasoconstrictors were not needed. In 15 children with 
acute heart failure, levosimendan in doses of 6 to 12 /xg/kg 
load and 0.05 to 0.1 fu g/kg/min improved ejection fraction 
in all while allowing a reduction in dobutamine dose, with 
other hemodynamics unchanged (145). Despite exhibiting the 
expected hemodynamic effects, the drug has shown little or 
no effect on survival in adult patients with heart failure; thus, 
the drug has not been further developed for use in the United 
States. 


Nesiritide (B-Natriuretic Peptide) 

Nesiritide is a human recombinant form of B-type natriu- 
retic peptide (BNP) that is identical to and has actions that 
are similar to the endogenous BNP. Human BNP stimulates 
increases in intracellular cGMP in vascular endothelial cells 
and smooth muscles. Elevated cGMP levels with nesiritide 
therapy lead to venodilation and arteriodilation. Nesiritide has 
natriuretic, diuretic, and vasodilatory properties. Currently, 
the primary use of nesiritide is for treatment of acute decom- 
pensated heart failure where it produces dose-dependent 
reductions in the pulmonary capillary wedge pressure PCWP 
and systemic arterial pressure. In addition, vasodilation 
occurs without a change in heart rate and is associated with 
increases in stroke volume and CO. In a randomized con- 
trolled trial involving 489 subjects, nesiritide, when given 
as a bolus dose of 2 jUg/kg and followed by an infusion at 
0.01 to 0.03 /xg/kg/min, was more effective in lowering 
PCWP as compared to nitroglycerin (146). In another rand 
omized controlled trial that included 103 patients with heart 
failure and systolic dysfunction, nesiritide was reported to 
decrease PCWP by up to 39%. This was accomplished by 
lowering the right atrial pressure (RAP) and SVR, along with 
a significant improvement in cardiac index (147). Colucci et 
al. (148) reported that nesiritide was as effective as standard 
drug therapies (dobutamine, milrinone, dopamine, or nitro- 
glycerin) in treating heart failure. The renal hemodynamic 
effects of nesiritide (BNP) appear to be that of arteriolar 
vasoconstriction, which would likely augment GFR and fil- 
tration fraction in the setting of compromised renal perfu- 
sion. Additionally, BNP leads to increased urinary sodium 
excretion and fractional excretion of sodium (FENA) (149). 
Mild diuretic effect of nesiritide therapy has been reported in 
a few clinical trials (149,150). In a limited pediatric experi- 
ence of 17 patients after cardiac surgery, a loading dose of 
1 /ig/kg was administered on bypass, and then an infusion 
of 0.1 then 0.2 /xg/kg/min was continued. There was a 7% 
decrease in mean arterial pressure with no adverse effects 
(151). Use of this agent has been limited in the pediatric pop- 
ulation, likely because multiple controlled adult trials have 
not demonstrated any survival benefit with this agent. 


Mechanical Support 

Patients who are receiving high-dose inotropic support, con- 
sidered by many cardiac intensivists to be epinephrine, 0.1 to 
0.2 /xg/kg/min (or its equivalent) for more than 2 to 4 hours 
and maintain only marginal CO must be considered for insti- 
tution of mechanical support in the form of ECMO or VADs. 
Mechanical support is ideally instituted proactively, rather 
than after a cardiac arrest or onset of multiorgan failure. (See 
Chapter 21 for complete discussion of mechanical support 
therapies.) 


ARRHYTHMIAS 

Maintenance of normal sinus rhythm, or at least AV synchrony 
by temporary or permanent pacing, is a goal in every CICU 
patient. However, arrhythmias are a constant threat, and the 
intensivist must be ever vigilant to this problem when hemo- 
dynamic status is not optimal. This section will summarize the 
major acute classes of arrhythmia in the CICU; the reader is 
referred to Chapter 18 for a more extensive discussion. 

Etiology and Incidence 

In the CICU, postsurgical changes are among the most common 
causes of arrhythmia, secondary to surgical resection or manip- 
ulation of ventricular or atrial tissue. Numerous additional 
nonsurgical causes of arrhythmia are seen in CICU patients, 
and the total incidence of arrhythmia is 15% to 30% of CICU 
admissions (152,153). Junctional ectopic tachycardia (JET), 
affecting 2% to 5% of postsurgical patients (154), can neces- 
sitate mechanical support and can be fatal if not treated effec- 
tively. Patients most at risk are infants undergoing ventricular 
muscle resection, that is, in TOF repairs. This arrhythmia is 
characterized by impulses arising at or near the AV node, with 
a discharge rate faster than the atrial rate, loss of AV synchrony, 
and ventricular rates of 140 to 220 bpm with hypotension and 
poor CO. Other common arrhythmias include supraventricu- 
lar tachycardias: atrial tachycardias and AV reentrant nodal 
tachycardias. These may be caused by intra-atrial interventions 
including suture lines in the atrium, BAS, or atrial cannula- 
tion. SA node injury from SVC cannulation may lead to sinus 
bradycardia or low atrial rhythm. Ventricular arrhythmias, 
including isolated premature ventricular contractions (PVCs), 
multifocal PVCs, VT, and VF, may be seen secondary to myo- 
cardial ischemia from aortic crossclamping or acquired coro- 
nary artery anatomic obstruction. Second- or third-degree AV 
block may be seen after surgical manipulation or sutures in the 
area of the bundle of His, particularly after perimembranous 
ventricular septal defect VSD repair or subaortic resection. 
Right bundle branch block is common after right ventricular 
surgery; left bundle branch block is rare but may be seen in 
some patients after left ventricular outflow tract surgery. 

Sinus bradycardia may be seen after cardiac surgery with 
SA node injury, hypothermia, or hypoxemia. Sinus tachycardia 
may be seen with hyperthermia, excessive circulating catecho- 
lamines from exogenous (inotropes) or endogenous (inad- 
equate analgesia or uncompensated heart failure) sources, and 
may significantly impair ventricular filling and ejection times. 

Myocardial disease, whether from acute myocarditis, or 
cardiomyopathy from ischemic or a variety of other causes, 
may cause any of the above noted arrhythmias. Chronic 
arrhythmogenic substrates, that is, significant atrial enlarge- 
ment causing atrial fibrillation, previous lateral tunnel Fontan 
circulation causing atrioventricular nodal reentrant tachy- 
cardia or intra-atrial re-entrant tachycardia (IART) previous 
Mustard or Senning repairs causing IART-inherited sodium 
channelopathies causing Long QT syndrome and ventricular 
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arrhythmias, are other etiologies of arrhythmias observed in 
CICU patients with hemodynamic compromise. 

Diagnosis 

Standard 5-lead ECG configuration (right arm, left arm, right 
leg, left leg, V lead over ventricular apex) for beat-to-beat 
continuous monitoring of ECG in the CICU is an important 
modality for arrhythmia diagnosis in every patient. Multilead 
display allows 8 leads to be displayed simultaneously on the 
bedside monitor for rapid diagnosis especially during hemo- 
dynamic compromise. The capability to electronically archive 
ECG waveforms, not merely heart rate, is important to retro- 
spectively assess periods of hemodynamic compromise. Stand- 
ard 12-lead ECG with extended rhythm strip recording in lead 
II and other leads is important to obtain as soon as possible for 
diagnosis of arrhythmia. Atrial electrograms, obtained with 
right and left arm leads connected to temporary atrial pacing 
wires placed during surgery, are very important tools for diag- 
nosing tachycardias. Information available from implanted 
pacemakers and defibrillators provides crucial data not 
obtainable by other bedside means. Assessment of intra-atrial 
pressure waveforms provides important clues as to whether 
AV synchrony is preserved in tachycardia when the displayed 
ECG is ambiguous, as is often the case (Fig. 20.4). Loss of dis- 
tinct A and V waves is an important sign of supraventricular 
tachycardia with retrograde conduction to the atrium. In junc- 
tional tachycardia, the A waves are not at all synchronized 
with the V waves. Bedside echocardiography, whether tran- 
sthoracic or transesophageal, can also allow assessment of AV 
synchrony, atrial fibrillation, and other features sometimes not 
discernible by standard ECG methods. Finally, in the case of 
an open sternum, direct observation of the heart can also assist 
in the diagnosis of arrhythmia. Consultation from electro- 
physiology service experts is also highly desirable, particularly 
in questionable or complex cases. 

Prevention and Treatment 

Among the most common causes of arrhythmia in the CICU 
are electrolyte disturbances, particularly hypokalemia for 
atrial arrhythmias, commonly seen after diuretic use. Main- 
taining serum potassium values in the 3.5- to 5-mEq/L range 
is the normal goal for prevention, and IV potassium boluses 
of 0.5 to 1 mEq/kg over 1 hour are often necessary in the 
acute setting. Normal serum magnesium levels are an impor- 





Figure 20.4. ECG demonstrating normal sinus rhythm the first 
third of the panel, with onset of supraventricular tachycardia. 
Note the arterial pressure tracing with a 12 to 15 torr decrease 
in systolic pressure, and the loss of the A wave on the central 
venous pressure tracing, with the appearance of large V waves 
with a systolic pressure increase from 10 to 16 mm Hg. 


tant goal to prevent and treat ventricular arrhythmias and 
JET (155), and normal serum calcium and sodium levels are 
also desirable. Low serum pH, below 7.25 to 7.30, resulting 
in myocardial acidosis, promotes arrhythmia risk, particularly 
ventricular. Correcting acidosis with sodium bicarbonate or 
increasing minute ventilation are effective. 

Excessive circulating catecholamines may contribute to 
JET, supraventricular tachycardias, ventricular arrhythmias, 
and sinus tachycardia with undesirable hemodynamic effects. 
Avoiding unnecessarily high doses of /Ladrenergic agonists 
such as epinephrine and dopamine will decrease risk of such 
arrhythmias. Other pharmacologic agents such as pancuro- 
nium, with its vagolytic effects, or sedation with ketamine, may 
also contribute. Withdrawal from /^blockade given preopera- 
tively for arrhythmias, prevention of right ventricular outflow 
tract (RVOT) spasm, or heart failure, is a frequent cause of 
relative catecholamine excess at the receptor level. Amiodarone 
is an effective treatment for JET (156). Temperature control is 
important to decrease the rate of firing of abnormal foci, most 
particularly JET Maintaining normothermia is an important 
preventive measure, and actively cooling the patient to 34°C to 
35°C is a cornerstone of JET treatment. Hypothermia is a cause 
of sinus bradycardia, particularly important in the neonate. 

Pharmacologic treatment of acute arrhythmias in the CICU 
is restricted to a few effective agents. Atrial arrhythmias, 
including SVT, AVRNT, atrial fibrillation, and atrial flutter, 
may be treated with procainamide loading dose and infusion; 
effectiveness is variable but this agent can be discontinued 
with a reasonably short half-life so that other agents, that is, 
amiodarone can be used. Amiodarone load, 5 mg/kg IV over 
15 to 30 minutes, can be repeated up to a total loading dose 
of 15 mg/kg, and is very effective for all atrial arrhythmias. 
The half-life of this agent is very long; excessive levels or inter- 
action with procainamide may cause refractory ventricular 
arrhythmias. Rapid amiodarone administration to neonates, 
or to other very unstable patients, can result in cardiovascular 
collapse from hypotension due to its acute a-receptor blocking 
effects. Pretreatment with calcium chloride may prevent this 
potential disaster. Symptomatic reentrant atrial arrhythmias 
can be pharmacologically converted with adenosine , 50 to 
200 pgfkg pushed IV, which interrupts AV node conduction 
for up to 5 to 10 seconds (which itself can be problematic). 
Ectopic supraventricular arrhythmias, that is, atrial ectopic 
tachycardia and JET, will not respond to adenosine. Vera- 
pamil , the calcium channel-blocking agent, must not be used 
in infants and young children due to its acute effects on myo- 
cardial contractility. Esmolol infusion is often used in the 
acute setting and may be very effective, both in controlling the 
rate response and in suppressing ectopic atrial foci. 

In the CICU setting, most cases of symptomatic atrial 
arrhythmias are treated with synchronized cardioversion, with 
multifunctional cardioversion/defibrillation/external pacing 
pads placed on anterior right chest and apex. A current of 0.5 
to 1 J/kg is delivered. Sedation and analgesia will be required. 
If not effective, a second attempt is made, doubling the energy. 
Repeated failure to convert to sinus rhythm is very unusual; 
serum electrolytes, pH, and intrinsic myocardial disease are 
usual causes. 

First-line treatment for ventricular arrhythmias often 
includes lidocaine, 1 to 2 mg/kg loading dose, and 20 to 50 
jUg/kg/min. Amiodarone is effective for treating ventricular 
arrhythmias, again with attention to its acute vasodilating 
effects in infants, and interactions with other drugs, espe- 
cially procainamide. For perfusing VT, cardioversion with 1 to 
2 J/kg is effective, and for pulseless VT or VF, chest compres- 
sions along with immediate defibrillation using 2 to 5 J/kg are 
necessary. In the case of intractable arrhythmias with severe 
hemodynamic compromise, ECMO or VAD support may be 
necessary, until the arrhythmia can be controlled medically, or 
by ablation in the OR or catheterization laboratory. 
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TABLE 20.6 

Drug Therapy of Acute Hemodynamically Significant Arrhythmias in the CICU 

Drug 

Dose 

Indications 

Comments 

Adenosine 

100 ^g/kg rapid bolus, double if 
ineffective, max 300 fiql kg 

SVT 

May cause sinus pauses, bradycardia, 

AV block 

Amiodarone 

Load 5 mg/kg over 30-60 min; 
may repeat x 2; infusion 15-20 
mg/kg/24 h 

Atrial tachycardia, flutter, and 
fibrillation; JET; VT and VF 

May cause sinus bradycardia, AV 
block, hypotension, drug interactions 
with procainamide and /3-blockers 

Atropine 

10-20 //g/kg 

Sinus bradycardia; Sinus 
bradycardia 


Epinephrine 

1-5 fi g/kg 

Sinus bradycardia; AV block 


Esmolol 

250-500 fi g/kg load over 1-2 
min; 50-500 //g/kg/min infusion 

Sinus tachycardia; atrial and 
ventricular tachyarrhythmias 

May cause negative inotropy, 
bradycardia, sinus pauses, AV block 

Isoproterenol 

0 01—0.03 //g/kg/min 

Sinus bradycardia in denervated 
heart; complete AV block 

pi effects may decrease diastolic BP 

Lidocaine 

1-2 mg/kg load over 1 min; may 
repeat; infusion 20-50 //g/kg/min 

PVCs, VT, VF 

Toxicity from hepatic/renal failure 

Magnesium sulfate 25-50 mg/kg load over 30 min 

VT (Torsade de pointes), 
prevention of JET 

May cause muscle weakness, sedation 

Procainamide 

10-15 mg/kg load over 30-45 
min; infusion 20-40 //g/kg/min 

Atrial tachycardia; JET; VT 

Monitor procainamide and 
/V-acetylprocainamide levels; may 
cause hypotension; synergistic adverse 
effects with qmiodarone 


SVT, supraventricular tachycardia; AV, atrioventricular; JET, junctional ectopic tachycardia; VT, ventricular tachycardia; VF, ventricular fibrillation; 
PVC, premature ventricular contraction. 


Temporary pacing is frequently necessary in the CICU fol- 
lowing cardiac surgery, and improves CO in most instances 
(157). Where there are arrhythmias in the OR, or high risk for 
arrhythmias exists based on patient history or surgical proce- 
dure, the surgeon should place temporary pacing wires at least 
on the right atrial appendage. Ventricular pacing wires are also 
placed, along with a ground lead on the skin, for any suspi- 
cion or actual disturbance in AV node conduction. Indications 
for pacing the atrium include sinus bradycardia and junctional 
rhythms including JET, where AV node conduction is still intact. 
In cases of actual or suspected risk for AV node or His bun- 
dle conduction disturbance, both A and V wires are used. For 
complete AV block, if no pacing wires are available, pharmaco- 
logic treatment with direct-acting /3-adrenergic agents such as 
isoproterenol or epinephrine are used. Temporary external pac- 
ing with multifunctional pads is initiated during a crisis when 
no other means are available. More secure methods are then 
initiated, such as a transvenous pacing catheter, or emergency 
sternotomy or subxiphoid incision to place temporary pacing 
wires. Temporary pacemaker wire thresholds for capture ideally 
should be tested in the OR, and should be low, that is, 1 to 2 mV 
for atrial leads, and 2 to 4 mV for ventricular leads. After estab- 
lishing thresholds, output should be adjusted to equal two times 
the threshold to establish a margin of safety. Continuous use of 
temporary wires over a period of days will result in increased 
thresholds due to damage to the myocardium from the elec- 
trical current. If thresholds increase, new temporary wires, or 
a means of permanent epicardial or transvenous pacing, must 
be considered. Pacemaker settings must reflect appropriate AV 
interval and refractory periods for the heart rate of the patient. 
In addition, in the OR setting pacing is often asynchronous, 
that is, dual chamber paced, no chamber sensed, no chamber 
inhibited (DOO); this must be converted to demand, or dual 


chamber paced, dual chamber sensed, dual chamber inhibited 
(DDD) pacing, due to the danger of uncoordinated R on T pac- 
ing leading to ventricular fibrillation. Pacemaker thresholds 
should be checked daily, and pacemaker need should be assessed 
at least daily. The underlying cardiac rhythm is determined by 
disconnecting the pacemaker. In the case of surgically induced 
complete heart block, if there is no recovery after 7 to 1 0 days, 
it is highly likely that the condition is permanent, and plans for 
a permanent pacemaker must be made. Tables 20.6 and 20.7 
list the treatment modalities for the most frequent symptomatic 
arrhythmias encountered in the CICU (158). 


PULMONARY HYPERTENSION 


PH is commonly encountered in the CICU, and complicates a 
variety of surgical and medical patients. A high index of suspi- 
cion for PH is important to recognize and consider this prob- 
lem for patients not progressing well in their CICU course. 
(For a complete discussion of PH, see Chapters 66 and 67.) 
This section focuses on PH in the acute CICU setting. 

Etiologies 

In the modern era, the incidence and severity of PH in infants 
with long-standing left-to-right shunts from lesions such as 
VSD or AVSD is much lower than in the past, because of early 
complete correction strategies, now routinely at 2 to 4 months 
of age. These infants, particularly those with Trisomy 21, may 
have significant PH, particularly in the immediate postopera- 
tive period, when the inflammatory response from bypass, 
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1 1 I Pacing/Cardioversion/Defibrillation of Acute Hemodynamically Significant 

H | Arrhythmias in the CICU 

Treatment 

Dose 

Indications 

Comments 

Atrial overdrive pacing 

Rate 10%— 20% faster than SVT 
rate for up to 15 s 

SVT 


Atrial pacing with 
temporary wires 

Desired rate for optimal 
hemodynamics 

Sinus bradycardia, junctional 
bradycardia; JET 

Output double the capture 
threshold 

AV sequential pacing with 
temporary wires 

Desired rate for optimal 
hemodynamics 

AV block 

Output double the capture 
threshold 

Synchronized cardioversion 

0.5-1 J/kg 

SVT, atrial flutter, atrial fibrillation 

Sedation/analgesia needed 

Defibrillation 

3-5 J/kg 

VT/VF 


External transcutaneous 
pacing 

Increase output until cap- 
ture; desired rate for optimal 
hemodynamics 

Sinus bradycardia, AV block, 
junctional bradycardia 

Temporary therapy in 
emergencies only 

Esophageal pacing 

Desired rate for optimal 
hemodynamics; overdrive for SVT 

Sinus bradycardia, SVT 

Not effective for AV block 

Transvenous pacing 

Desired rate for optimal 
hemodynamics; increase output 
until capture 

AV block, sinus or junctional 
bradycardia 

Temporary therapy; 
ineffective in single-ventricle 
patients 


SVT, supraventricular tachycardia; AV, atrioventricular; JET, junctional ectopic tachycardia; VT, ventricular tachycardia; VF, ventricular fibrillation; 
PVC, premature ventricular contraction. 


including the increase in endothelin levels, is the highest risk 
period for a PH crisis (159). In one series from the 1990s, 
severe PH was seen in 2% of postoperative cardiac patients, 
and such crises were fatal in almost 10% of such patients 
(160). This is certainly not the case today, and indeed the 
severe crises are unusual and accordingly are not recognized 
promptly. More often in the modern era, the single-ventricle 
patient, either after systemic -to-pulmonary shunt in the neo- 
natal period, or bidirectional cavopulmonary anastomosis at 
2 to 6 months of age, has a relatively subtle degree of eleva- 
tion of PA pressure and resistance, which by objective criteria 
such as SVC pressure after surgery, is not impressive; however, 
the combination of single systemic ventricle that may have 
impaired systolic or diastolic function, AV valve regurgitation, 
and hypoplastic PAs, may elevate PAP just enough to cause a 
marginal patient to decompensate with hypoxemia and fur- 
ther elevations of caval pressures (161). In these patients, PAP 
can be normal in spite of increased PVR. 

Another category of PH patients includes those with left- 
sided obstructive lesions, including mitral valve stenosis, cor 
triatriatum, pulmonary vein obstruction, and total anomalous 
pulmonary venous return (TAPVR) with obstruction. Left ven- 
tricular dysfunction such as in cardiomyopathy can also cause 
significant elevations in PA pressure and resistance. Besides the 
post-CPB-induced changes, excessive catecholamines, particu- 
larly induced by painful or noxious procedures such as tra- 
cheal suctioning, can precipitate severe PH crises. Airway and 
ventilatory problems such as hypoxemia, hypercarbia, and aci- 
dosis can also precipitate undesirable PAP elevations. Vigilance 
to anticipate and prevent PH crises is crucial in such patients. 

Diagnosis 

Short of a PH crisis (see below), elevated PAPs may cause right 
or single ventricular dysfunction, increased right-to-left shunting 


through atrial or ventricular communications resulting in arterial 
desaturation, and inability to progress in weaning from mechani- 
cal ventilation. Some of these signs may be relatively subtle in 
the context of a ventilated patient with parenchymal lung dis- 
ease. Bedside echocardiography is an important tool to assess 
right ventricular function and estimate PAP from the tricuspid 
regurgitation velocity, gradient across a VSD, or directionality 
of shunting at atrial or ventricular level. Position of the inter- 
ventricular septum is an important component of the examina- 
tion, with midposition or right-to-left excursion during systole 
important accompaniments of significant PH. Patients suspected 
to have PH, and not progressing in their CICU course, should 
have hemodynamic catheterization to formally assess pulmonary 
hemodynamics and response to pulmonary vasodilator therapy. 

The definition of PH crisis is an acute elevation in PAP to 
greater than half systemic that results in decreased pulmonary 
blood flow such that CO is compromised. This is heralded by 
poor peripheral perfusion, acidosis, and hypotension. Causes 
of acute PH crises are often inadequate analgesia and seda- 
tion before noxious stimulation, that is, tracheal suctioning or 
painful procedures. Other leading causes include airway and 
ventilation problems leading to hypoxemia and hypercarbia. If 
pulmonary blood flow is severely compromised, arterial desatu- 
ration will occur, and if an avenue for intracardiac right-to-left 
shunting exists, hypoxemia can be severe. Decreased blood flow 
through the lungs can compromise LV filling and coronary per- 
fusion pressure and cause both left and right ventricular dys- 
functions. Severe PH can cause acute RV failure. Acute difficulty 
with ventilation can occur as hypertensive distended pulmonary 
arterioles compromise small airway lumens. If such a PH crisis 
is not interrupted, a vicious cycle of hypoxemia and acidosis 
leads to ongoing severe PH and cardiac arrest. Early interven- 
tion is crucial to prevent such a disaster. Figure 20.5 illustrates 
the pathophysiology of a PH crisis. Echocardiography during 
an acute crisis will show a dilated poorly functioning RV with 
the ventricular septum bowing right to left, increased tricuspid 
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Figure 20.5. Pathophysiology of a pulmonary hypertension 
crisis. PH, pulmonary hypertension; mPAP, mean pulmonary 
artery pressure; PAP, pulmonary artery pressure; PVR, pulmo- 
nary vascular resistance; CO, cardiac output. 


regurgitation velocity, and decreased LV function. In the mod- 
ern era, direct transthoracic measurement of PAPs or measure- 
ment with a Swan Ganz catheter is relatively infrequent, but 
if these modalities are available elevation to near or systemic 
suprasystemic pressures will be seen. If SVC pressure line is 
present in a bidirectional Glenn (BDG) circulation, elevation of 
this pressure to 20 to 25 mm Hg or higher will be seen. 


preventing rebound PH (170). Although iNO is used very 
frequently in the CICU, it is a very expensive therapy with 
side effects such as N0 2 buildup, which is toxic to the lungs, 
methemoglobinemia, and rebound PH. If iNO is started, its 
use must be re-evaluated frequently with primary reason to 
continue being that the patient has responded to the therapy 
with improved oxygenation, improved CO, or in the case of 
direct PAP measurement, sustained lowering of PAP. 


THE PULMONARY SYSTEM, VENTILATION, 

AND AIRWAY MANAGEMENT 

Endotracheal intubation and mechanical ventilation are most 
often utilized in the CICU following cardiac surgery to ensure 
a patent airway and produce adequate oxygenation and venti- 
lation while the patient recovers from the multisystem stresses 
of CPB. Although an inflammatory capillary leak syndrome is 
often seen after CPB, severe lung injury similar to adult respira- 
tory distress syndrome (ARDS) is unusual, and most patients 
can be weaned from the ventilator in a relatively short time as 
bleeding subsides, cardiac function recovers, and generalized 
edema improves. Other indications for mechanical ventilation in 
the CICU are similar to the general PICU population, including 
cardiac failure with interstitial and alveolar pulmonary edema 
causing respiratory failure, primary pulmonary disorders such as 
pneumonia, upper airway obstruction, or central nervous system 
depression from sedatives or pathologic conditions necessitating 
control of the airway. Optimizing mechanical ventilation strate- 
gies will lead to faster improvement in pulmonary dysfunction, 
less time on the ventilator, and better overall outcomes (171). 


Treatment 

Urgency of treatment depends on the clinical situation but cor- 
nerstones of treatment of PH include ensuring an adequate air- 
way to provide oxygenation and ventilation to treat hypoxemia 
and hypercarbia (162-164). Adequate sedation and analgesia 
are necessary to reduce endogenous catecholamine secretion. 
In certain high-risk preoperative patients, prophylactic iNO 
started during CPB weaning is effective at reducing severity and 
number of PH crises (165). Assessment of any treatable ana- 
tomic causes, that is, pulmonary vein obstruction, PA stenosis, 
is important. Assessing RV function and providing support for 
the RV in the form of milrinone to attempt both to lower PAP 
and improve RV systolic and diastolic function are important 
(124). iNO is frequently used in the acute setting (166). Silde- 
nafil, administered orally or IV, is often effective at lowering 
PA resistance enough to improve the patient's condition (167). 

Treatment of a PH crisis requires simultaneous institution 
of multiple modalities to prevent severe cardiovascular com- 
promise. Controlling the airway, hyperventilating with 100% 
oxygen to achieve alkalosis are crucial, as are sedation and 
muscle relaxation to facilitate ventilation. Opioids, especially 
fentanyl, have been proven effective at preventing and treat- 
ing severe PH. A dose of 5 to 25 jxg/kg is given along with 
adequate muscle relaxants (168). Volume boluses to increase 
pulmonary blood flow and LV filling are important. Epineph- 
rine bolus, 1 to 5 ^g/kg, is often effective at acutely increasing 
RV and LV function and increasing systemic blood pressure 
until other therapies are effective. iNO should be instituted 
emergently at 20 to 40 ppm; IV sildenafil can be instituted, 
inhaled nebulized prostacyclin is another alternative (169). In 
some severe cases of significant cardiopulmonary compromise, 
or cardiac arrest, ECMO can be used to rescue the patient. 

After a PH crisis, weaning from the modalities instituted 
to lower PAP must be done gradually, and in a staged fashion, 
with careful assessment of PH at each step. While weaning 
iNO, administration of IV or oral sildenafil is effective in 


Cardiorespiratory Interactions 

Interactions between ventilation techniques and cardiac filling 
and output are most important in patients with a single func- 
tional ventricle (see Chapter 22). Infants with a single ventricle 
providing both systemic and pulmonary blood flow have com- 
plete intracardiac mixing, and manipulation of PVR using ven- 
tilator strategies may profoundly affect pulmonary-to-systemic 
blood flow ratio (Q p :Q s ). This is particularly true with patent 
ductus arteriosus (PDA)-dependent systemic blood flow such 
as in HLHS. Hyperoxygenation and hyperventilation may lead 
to low CO and even cardiovascular collapse by excessively 
lowering PVR and greatly increasing Q„:Q S , leading to both 
ventricular volume overload and steal or blood flow from the 
systemic circulation (see Chapter 48). After a Stage I palliation, 
or other surgery replacing the PDA with a modified systemic- 
to-pulmonary artery shunt, variations in Q p :Q s with venti- 
lation are restrained by the fixed small shunt size; but basic 
physiologic considerations are the same. After the bidirectional 
cavopulmonary anastomosis, single-ventricle patients are still 
subject to adverse effects of hyperventilation; in this instance, 
low PaC0 2 will constrict cerebral arterioles and cerebral blood 
flow, leading to less pulmonary blood flow and thus less oxy- 
genation (172,173). Finally, in single-ventricle patients after 
Fontan completion, the total cavopulmonary connection serves 
as the pulmonary circuit without benefit of a right ventricle 
contracting and adding kinetic energy to improve pulmonary 
blood flow. Blood flow depends largely on passive flow from 
systemic veins and the vena cavae into the thorax, greatly aided 
by the slightly negative intrathoracic pressure of spontaneous 
ventilation to provide a pressure drop to promote blood flow. 
Positive pressure mechanical ventilation presents a significant 
disadvantage in the Fontan circulation. Thus, minimizing posi- 
tive pressure, allowing spontaneous breaths as early as possi- 
ble, and extubating the trachea are important to minimize this 
disadvantage to pulmonary blood flow (174). 
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Spontaneous Respiration 


Positive Pressure Ventilation 



Inspiration 


Systolic Transmural Pressure 125 mm Hg 



Systolic Transmural Pressure 95 mm Hg 


Figure 20.6. The effect of positive pres- 
sure ventilation on systemic ventricular 
transmural pressure. The decreased 
ventricular wall tension with positive 
intrapleural pressure will decrease the 
work of the systemic ventricle. (Repro- 
duced from Stayer SA, Hammer GB. 
Chapter 18: Ventilatory management. 
In: Andropoulos DB, Stayer SA, Rus- 
sell IA, Mossad EB, eds. Anesthesia 
for Congenital Heart Disease. 2nd 
ed. Oxford, UK: Wiley-Blackwell, 
2010:338-354, with permission.) 


One pathophysiology where positive pressure ventilation is 
often advantageous is in left ventricular failure. In this state, 
the negative pressure surrounding the aorta that accompa- 
nies spontaneous respiration increases the pressure gradient 
thus increasing the ventricular wall tension. Adding positive 
intrathoracic pressure can reduce this gradient and promote 
forward flow (Fig. 20.6) (175). 

In recent years, emphasis has been placed on gentler 
mechanical ventilation to reduce the incidence of barotrauma 
and volutrauma (see below). Excessive tidal volumes and peak 
pressures may not only injure the lung, but can also elevate 
PVR as overdistended alveoli compress and occlude small 
pulmonary arterioles. Excessive ventilation also increases the 
inflammatory response in patients with PH, presumably from 
lung injury (176). Conversely, inadequate end-expiratory pres- 
sure may lead to collapse of lung units, and similar compression 
of pulmonary arterioles and elevation of PVR (175) (Fig. 20.7). 



Figure 20.7. Relationship of lung volume to pulmonary vas- 
cular resistance. Both low and high lung volumes compress 
pulmonary arterioles, leading to increased PVR. FRC, func- 
tional residual capacity. (Reproduced Stayer SA, Hammer GB. 
Chapter 18: Ventilatory management. In: Andropoulos DB, 
Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for Con- 
genital Heart Disease. 2nd ed. Oxford, UK: Wiley-Blackwell, 
2010:338-354, with permission.) 


Positive pressure mechanical ventilation is frequently 
needed in the CICU, but the level of mean, peak, and end- 
expiratory pressure necessary to provide adequate oxygena- 
tion and ventilation must always be balanced against the 
potential negative effects of reducing venous return. Besides 
the single-ventricle patient, the most common of the dilem- 
mas include the hypovolemic patient and the patient with peri- 
cardial effusion or tamponade, where even modest increases 
in intrathoracic pressure will impede venous return enough 
to significantly decrease cardiac filling. In general, patients 
receiving significant amounts of positive pressure ventilation 
will require higher cardiac filling pressures and intravascular 
volume status to maintain CO goals. Patients receiving high 
ventilator pressures that affect CO by conventional ventila- 
tion should be considered for alternate strategies such as high- 
frequency oscillatory ventilation (HFOV) or even ECMO. 


Conventional Ventilation Strategies 

Large tidal volume ventilation of 10 to 15 mL/kg, and low lev- 
els of positive end-expiratory pressure (PEEP 2 to 4 cm H 2 0) 
were often used in the past with the thought that this strategy 
would lead to better recruitment of inhomogeneous alveolar 
units throughout the lungs. This strategy is now generally 
accepted to be a cause of significant lung injury, with both 
volutrauma and barotrauma occurring from shear stresses in 
compliant lung units and from high peak airway pressures. 
Contemporary strategies using tidal volumes of 6 to 8 mL/kg, 
higher PEEP of 5 to 7 cm H 2 0, and limitation of peak pressures 
to no more than 30 cm H 2 0 are felt to provide lung recruit- 
ment while avoiding lung injury. Pressure limited, or pressure 
limited-volume controlled modes are often preferred for newly 
ventilated patients after surgery or intubation for medical ill- 
nesses. Inspiratory:expiratory ratios of 1:2 to 1:3 are preferred 
to allow adequate time for expansion of alveolar units with 
differing time constants for filling. Excessive inspired oxygen 
levels are toxic to the lungs causing oxidative damage through 
generation of oxygen free radicals and toxic oxygen species. 
Fi0 2 should be 1.0 for intubation in most patients, but should 
be reduced as soon as tolerated to levels below 0.60, a level 
not generally associated with oxygen toxicity. These strate- 
gies have reduced mortality and morbidity, including less days 
on the ventilator in pediatric patients with acute lung injury 
(177,178). Obviously, many patients with CHD have right- 
to-left intracardiac shunting. Thus, they have a ceiling level 
of Pa0 2 or Sp0 2 achievable with Fi0 2 1.0, but these patients 
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are still subject to pulmonary injury and fibrosis from exces- 
sive oxygen. Patients should be allowed to initiate spontane- 
ous breaths, and to do as much of the work of breathing as 
they can, assisted by pressure- or volume-supported breaths: 5 
to 10 cm H 2 0 added pressure or 3 to 5 mL/kg added volume. 
This is necessary to exercise the diaphragm and intercostal 
muscles, and will also allow lower mean airway pressures and 
promote venous return to improve CO. Heavy sedation or 
muscle relaxation that prevents spontaneous breaths can lead 
to atrophy of these muscles and prolong time on the ventila- 
tor. Because the endotracheal tube (ETT) bypasses the natural 
defenses of the upper airway, and coughing and ciliary func- 
tion are impaired, ventilator-associated pneumonia (VAP) is a 
constant threat in the intubated patient. The simple strategy of 
elevating the head of the bed of a ventilated patient 30 degrees, 
along with implementation of a relatively simple “bundle” 
of other strategies will prevent the majority of VAP (179). A 
defined program of pulmonary toilet, including suctioning, 
inhaled bronchodilators, chest physiotherapy, and bronchos- 
copy to open persistent areas of atelectasis, is important to 
maintain gas exchange and allow progress toward extuba- 
tion. Daily chest radiographs are indicated in most intubated 
patients to assess position of endotracheal tube, status of lung 
parenchyma including atelectasis, pulmonary edema, pleural 
effusion, pneumothorax, cardiomegaly, and pericardial effu- 
sion. These problems should be aggressively treated in order 
to shorten the period of mechanical ventilation. Multiple stud- 
ies document that longer duration of mechanical ventilation 
is associated with worse long-term morbidity, and mortality 
(180,181). 

Monitoring of ventilation includes continuous pulse 
oximetry and also should include continuous monitoring 
of ETC0 2 - The latter is becoming more frequent in PCI- 
CUs; the advantages include a continuous assessment of 
gas exchange with sudden changes and early warning sign 
of airway obstruction in the case of hypercarbia or low CO 
and pulmonary blood flow (182). Ventilator disconnection 
is immediately recognized. Monitoring of ventilatory vol- 
umes, pressures, and resistances using sensors inside mod- 
ern ventilators has limited utility in small pediatric patients. 
This is because the ventilator tubing itself has a dead space 
where no gas exchange occurs, and a portion of the tidal 
volume is absorbed in the mechanical expansion of the tub- 
ing with positive pressure ventilation, which is a significant 
proportion in small infants. Ventilator systems designed for 
adults cannot adequately compensate or measure pulmonary 
mechanics in small infants. A much more accurate measure- 
ment of pulmonary mechanics is acquired with infant pul- 
monary function monitors attached directly to the end of the 
endotracheal tube (183). These devices are integrated into 
many modern neonatal ventilators, or can be used as stand- 
alone monitors for intermittent assessment. 


Weaning from Mechanical Ventilation 

Weaning from mechanical ventilation may be as simple as a 
brief trial of spontaneous ventilation with continuous posi- 
tive airway pressure (CPAP) in a postoperative patient with 
no parenchymal lung disease immediately after surgery, to a 
prolonged period of gradual weaning ventilator settings, and 
the patient taking over more and more of the work of breath- 
ing, over many days or sometimes weeks (184). To be ready to 
wean from the ventilator, the patient should have a mental sta- 
tus evaluation done, which assures that after reducing sedation 
patent airway and protective airway reflexes are maintained. 
Ventilator settings should be low enough to begin weaning, usu- 
ally Fi0 2 of 0.40 or less acceptable lung compliance and resist- 
ance with peak pressures below 25 to 20 cm H 2 0 and PEEP 


5 mm Hg or less. A very effective strategy is to allow the 
patient periods of spontaneous respiration with volume- 
supported breaths, of 3 to 6 mL/kg, starting with short periods 
of 30 to 60 minutes at a time, and gradually lengthening these 
periods, judged by the patient’s work of breathing, and blood 
gas values at the end of these volume support trials. When the 
patient is able to sustain adequate arterial blood gases (ABGs) 
with acceptably low work of breathing, extubation is consid- 
ered. Quantitative measures for readiness for extubation in 
infants and children, that is, negative inspiratory force, forced 
vital capacity, minute ventilation, have limited utility. Clini- 
cal examination, chest radiograph, and blood gases are bet- 
ter used to determine readiness. A useful measure is the rapid 
shallow breathing index (RSBI), which equals respiratory rate/ 
tidal volume (185). Lower RSBI is correlated with readiness 
for extubation; that is, better lung function indicated by lower 
respiratory rates and larger tidal volumes. Particularly in small 
infants, whose small airways are easily traumatized and where 
even a limited amount of mucosal edema may narrow the sub- 
glottic airway considerably, dexamethasone 0.25 mg/kg IV Q 
6h for 12 to 24 hours, is effective in preventing upper airway 
obstruction and nebulized racemic epinephrine treatments 
are useful for signs of significant upper airway edema (186). 
Patients who are considered for tracheostomy have prolonged 
mechanical ventilation from cardiac, pulmonary, and/or air- 
way causes; progress toward extubation is not being made; 
and need for excessive doses of sedation is interfering with 
other aspects of general care (187). There are no set guide- 
lines for tracheostomy in pediatric cardiac patients. This is a 
complex undertaking that complicates future cardiac surger- 
ies because of the proximity of the airway to the sternotomy 
incision increasing the risk of infection. Patients with CHD, 
particularly single-ventricle infants on chronic ventilation via 
tracheostomy, have a high mortality rate (188). Multidiscipli- 
nary decision making is necessary, and tracheostomy should 
be considered a last resort in cardiac patients. 

Endotracheal Intubation and Airway Management 

The decision to intubate the trachea and institute mechani- 
cal ventilation is made when respiratory distress, diagnosed 
by observing for significant tachypnea, retractions, cyanosis 
with Sp0 2 often 10% or more lower than baseline and sig- 
nificant hypercarbia, is causing low CO, or heralding risk for 
respiratory arrest. Chest radiographs often show significant 
pulmonary edema, lobar, or whole-lung infiltration or col- 
lapse, or significant cardiomegaly causing airway compres- 
sion. Short of intubation, noninvasive ventilation methods 
as outlined below are sometimes useful while other medical 
therapy is given time to be effective. Arterial blood gases are 
the gold standard for assessing gas exchange, and often an 
arterial catheter is present in the CICU patient who is being 
considered for intubation. If not, capillary blood gas, chest 
radiography, pulse oximetry, and clinical assessment can give 
the necessary information. Early intervention before severe 
cardiopulmonary compromise is the goal. However, intubat- 
ing the trachea and instituting positive pressure ventilation 
has potential for severe hemodynamic compromise in the 
patient with marginal cardiopulmonary status. Emergency 
tracheal intubation in cardiac patients, as opposed to proac- 
tive intubation before the patient is in extremis , is associated 
with higher complication rates, including mortality and need 
for mechanical support. (189). 

Basic equipment and preparations for intubation include 
laryngoscopes and endotracheal tubes in appropriate sizes, 
oral airways, working suction immediately at hand, and high- 
flow oxygen source and manual ventilation bag that is easily 
operated, either of self-inflating type, or an anesthesia-type 
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configuration such as a modified Jackson-Rees bag. Methods to 
detect exhaled C0 2 , either colorimetric or continuous monitors, 
are mandatory to ensure that the tube is in the trachea (190). 

In general, Fi0 2 of 1.0 is always recommended for pre- 
oxygenation and initial management immediately after ETT 
placement. Evaluation of the airway for possible difficult mask 
ventilation and intubation is mandatory before administering 
drugs that will render the patient apneic; the most common 
reason for difficulty in cardiac patients is micrognathia as seen 
in some patients with craniofacial syndromes that accompany 
their cardiac disease such as velocardiofacial syndrome or the 
Pierre-Robin sequence. If difficulty is anticipated, request- 
ing assistance from an anesthesiologist or otolaryngologist is 
very important to avoid a disastrous “cannot ventilate, can- 
not intubate” situation. Also, a full stomach mandates suction 
of gastric contents before intubation where possible and cri- 
coid pressure during mask ventilation before intubation. The 
infant’s head position is neutral. A small towel is placed under 
the occiput in an older child to achieve the “sniffing position” 
during laryngoscopy to align the axes of the pharynx, larynx, 
and trachea. The patient is preoxygenated with a tight-fitting 
face mask for 3 to 5 minutes if possible, induction drugs are 
given, and positive pressure ventilation is instituted early and 
gently. Jaw thrust or oral airway are used if there is inadequate 
chest rise with bag and mask ventilation. Cricoid pressure is 
applied by an assistant in the case of a child who has a full 
stomach. With loss of consciousness and adequate muscle 
relaxation, the laryngoscope is inserted into the right side of 
the mouth, the tongue swept to the left out of the midline, and 
the blade advanced until the epiglottis is visualized. The blade 
is advanced further into the vallecula with a curved blade, or 
under the epiglottis with a straight blade, the handle lifted with 
a gentle upward motion at a 45 degree angle to the surface of 
the bed, and position adjusted until the arytenoid cartilages 
and vocal cords are in view. The “BURP” maneuver (Back- 
ward, Upward, Rightward Pressure) on the cricoid cartilage 
by an assistant often is very effective to improve visualization. 
The ETT with a stylet bent at a 45 degree angle (“hockey stick” 
configuration) is inserted by direct visualization, taking care to 
insert the tube to the correct depth using markings on the tube 
and guidelines for the tube size. In modern practice, a cuffed 
ETT is recommended for virtually all CICU patients with the 


exception of some small neonates where an uncuffed 3.0- or 
3.5-mm ETT is used. A common guide to ETT size selection is: 

1 6 + Patient age (years)/4 

For example, 5.0-mm ETT ((16 + 4)/4 = 5) will be used in 
a 4-year-old patient. Since this formula was developed for 
uncuffed ETT, many practitioners will use the cuffed ETT 0.5 
mm smaller, that is, a 4.5-mm cuffed ETT for a 4-year old. 

Ventilation ensues gently; excessive positive pressure in 
combination with the cardiovascular depression often seen 
with induction drugs can result in cardiovascular collapse. 
Breath sounds are auscultated, the stomach is also auscultated 
to help rule out esophageal intubation. Detection of C0 2 that 
is persistent for 6 or more breaths is a critical confirmatory 
step. If there is no ETC0 2 , causes include esophageal intuba- 
tion, poor pulmonary blood flow, cardiac arrest, or severe 
bronchospasm preventing gas exchange. If this occurs, the 
first reaction is often to remove the ETT and reinsert; how- 
ever, strong consideration should be given to having the most 
experienced airway manager perform a direct laryngoscopy, 
and often the ETT will indeed be correctly positioned. This 
avoids the unnecessary situation of the inappropriate removal 
if the ETT in an arrested patient. Blood pressure, heart rate, 
and Sp0 2 must be followed carefully immediately after tra- 
cheal intubation. Patients will sometimes require intravascular 
volume bolus or pressors, such as a small dose of epinephrine, 
to restore desirable hemodynamics. In the case of a very tenu- 
ous patient, a full cardiac arrest should always be anticipated. 

Depth of insertion of the ETT is crucial, especially in 
small infants where total length of the trachea may be only 
4 to 5 cm. Using the depth markings on the tube, the ETT 
is advanced until the desired mark is at the level of the vocal 
cords. The chest is auscultated for equal breath sounds. A chest 
radiograph is obtained as soon as possible after securing the 
tube. Other methods of estimating proper orotracheal depth 
of insertion include deliberately placing the tube in the right 
mainstem bronchus, and then auscultating the left chest dur- 
ing rapid hand ventilation while the tube is being withdrawn. 
When breath sounds appear, the ETT is at the carina; the tube 
is then withdrawn another 1 to 1.5 cm for final positioning. 


TABLE 20.8 | 

Endotracheal Tube and Laryngoscope Blade Sizes 

Age 

Weight (kg) ETT Size (mm) 

Laryngoscope Blade 

Premature neonate <2.5 

3.0 uncuffed 

Miller 0 

Full-term neonate 

2.5-4 

3.5 uncuffed or cuffed 

Miller 1 

1-6 mo 

4-6 

3.5 cuffed 

Miller 1 

6-12 mo 

6-8 

3.5-4.0 cuffed 

Miller 1, Wis-Hipple 1.5 

1-2 y 

8-10 

4.0-4.5 cuffed 

Wis-Hipple 1.5 

2-3 y 

10-12 

4.5 cuffed 

Wis-Hipple 1.5,Maclntosh 2 

4-5 y 

12-18 

4.5-5.0 cuffed 

Macintosh 2, Miller 2 

5-7 y 

18-24 

5.0-5.5 cuffed 

Macintosh 2, Miller 2 

8-1 Oy 

24-35 

5.5-6.0 cuffed 

Macintosh 3 , Miller 2 

11-13 y 

35-40 

6.0— 6.5 cuffed 

Macintosh 3, Miller 2 

1 4—16 y 

40-50 

6.5 cuffed 

Macintosh 3, Miller 2 

16 y and above 

50 and over 

7.0-7. 5 cuffed 

Macintosh 3, Miller 2 
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Medications for Sedation 
and Muscle Relaxation for 
Endotracheal Intubation 


Medication Dose Comments 


Fentanyl 

1-5/ig/kg 

Titrate to effect; chest wall 
rigidity 

Midazolam 

0.025—0.1 mg/kg 


Ketamine 

1-2 mg/kg 


Etomidate 

0.2-0.4 mg/kg 

Best for hemodynamic 
stability; temporary 
adrenal suppression 

Propofol 

1-2.5 mg/kg 

Veno- and vasodilator 

Vecuronium 

0.1-0.2 mg/kg 

No hemodynamic effects; 
muscle relaxation in 

2-3 min 

Rocuronium 

0.6-1. 2 mg/kg 

Minimal hemodynamic 


effect; muscle relaxation 
1.5-2 min 


Also, with an orotracheal tube, an estimate of proper distance 
is the ETT size multiplied by 3, that is, depth of 12 cm for a 
4.0-mm ETT. Tables 20.8 and 20.9 describe ETT, laryngoscope 
blades, and drugs recommended for endotracheal intubation. 

Alternate Ventilation Strategies — Noninvasive 
Ventilation 

With the recognition that mechanical ventilation is a source 
of barotrauma volutrauma and infection, recent years have 
witnessed resurgence in popularity of noninvasive ventilation 
techniques, either to prevent intubation, or as an immediate 
postextubation therapy to prevent reintubation. In neonates 
and small infants, nasal CPAP is often very effective and sur- 
prisingly well tolerated, and routine use of this modality after 
extubation in small infants is used in many PCICUs. CPAP of 
5 to 10 cm H 2 0 for periods of 24 to 72 hours is often utilized 
(191). High-flow nasal cannula oxygen with humidified gas 
routed through a heated humidified circuit at flows of 5 to 
10 L/min is also an effective therapy for patients of all ages. In 
older patients unable to tolerate nasal CPAP or where it is not 
effective, CPAP with a tight-fitting nasal mask or BiLevel Posi- 
tive airway pressure, where assisted ventilation parameters can 
be provided, is often very helpful at avoiding intubation (192). 

Early Tracheal Extubation 

Besides the desirable hemodynamic advantages of negative 
pressure ventilation in the Fontan circulation, many centers 
have organized “fast-tracking” programs for early tracheal 
extubation after simple or even moderately complex cardiac 
surgery. Cited advantages include less need for sedation; more 
comfort for the patient, faster progress through the ICU, and 
avoidance of barotrauma and lower risk of nosocomial pneu- 
monia. Extubation can be accomplished in the OR, or early 
in the ICU course in the first 1 to 4 hours. Institutional prac- 
tices vary widely, from no early extubation in any patients, 
to aggressively extubating all possible patients, even includ- 
ing small infants who underwent moderately complex surgery 


(193). Criteria for early extubation include hemodynamic sta- 
bility on minimal or no inotropes, normal sinus rhythm, mini- 
mal bleeding, minimal pulmonary disease, low doses of fixed 
anesthetic agents, reversal of muscle relaxants allowing appro- 
priate neuromuscular status, and ability of the ICU nursing 
staff, anesthesiologists, or intensivists to monitor and support 
the patient airway after extubation, including timely reintu- 
bation. A careful and cautious approach is recommended to 
avoid the situation of having to reintubate a patient who is 
unstable for 6 to 12 hours after surgery from bleeding, inflam- 
mation, and hemodynamic compromise. Multidisciplinary col- 
laboration is important in any early extubation program (194). 

High-Frequency Oscillatory Ventilation 

When conventional ventilation fails to produce adequate gas 
exchange despite high ventilator pressures and Fi0 2> the ventila- 
tor therapy is interfering with CO and/or there is risk for baro- 
trauma, HFOV should be considered. HFOV can be used as a 
rescue therapy for hypoxemia refractory to conventional mechan- 
ical ventilation. It is also used as a means of reducing shear forces 
the lung is exposed to with conventional ventilation. HFOV uses 
a rapidly oscillating piston mechanism to actively push gas into 
the lungs, and remove it by negative pressure with tidal volumes 
much smaller than conventional ventilation. Oscillation fre- 
quency is set at 6 to 14 Hz. The mean airway pressure is generally 
higher than with conventional ventilation, allowing recruitment 
of lung units with different time constants. However, the pressure 
variation, including the peak pressure, is significantly lower, and 
this often leads to better gas exchange with lower risk of baro- 
trauma. HFOV is often utilized in pediatric patients with ARDS 
and very noncompliant lungs, and may improve gas exchange. 
However, conclusive proof is lacking that this strategy improves 
outcomes, including days ventilated and survival (195,196). 


GENERAL POSTOPERATIVE CARE 


The majority of admissions to most CICUs are postoperative 
patients, and a coordinated, multidisciplinary approach to their 
care is important to facilitate the best outcomes (197,198). Ide- 
ally, the care of these patients begins preoperatively, where many 
CICUs will admit neonatal patients with prenatal diagnoses 
directly from the delivery room or after transfer when a diag- 
nosis of CHD requiring surgery is made. A multidisciplinary 
surgery conference greatly facilitates communication among 
the many disciplines caring for the patient. This should be at 
least a weekly conference where upcoming patients have their 
pertinent history, physical examination, radiographic, echocar- 
diographic, catheterization, MRI, and/or CT scan findings pre- 
sented. This is usually done by a primary cardiologist or fellow. 
The conference is attended by cardiologists, congenital heart 
surgeons, intensivists, neonatologists, anesthesiologists, perfu- 
sionists, nursing staff from OR and ICU, and trainees from all 
the services. It serves as both a working conference to plan sur- 
gery and as a teaching conference. Findings are discussed, and 
a surgical plan is decided. The CICU staff has active input into 
the preoperative decision-making process, is made aware of the 
planned schedule each week, and can prepare for each patient. 
The key to successful preoperative planning conferences is con- 
cise, organized presentations of each patient with a focused dis- 
cussion resulting in concrete plans. The postoperative care plan 
begins with the preoperative conference. 

Handoff 

The handoff of care from the OR team to the CICU team is an 
important time where crucial information about the surgery is 


TABLE 20.9 
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CARDIOVASCULAR ANESTHESIA POSTOPERATIVE - ICU 
Procedure Note 


Date: Time: Diagnosis; HLHS (mitral/aortic atresia) 

Procedure: Norwood Stage I palliation; 3.5 mm right modified BT shunt 

General Anesthesia: Fentanyi 95 mcg/kg, midazolam 0.75 mg/kg, isoflurane 

Musde Relaxant: vecuronium Reversed No 


Regional Anesthesia: NA 

Total CPBTime: 161 minutes Aortic Cross Clamp Time: 90 minutes 

DHCATime: 10 minutes lowest Temp: 17.6* C 

ACP Time; 52 minutes 

Phentotamine: 0.3 mg/kg on Antibiotic: Cefazolin: Time of last dose 1310 


CPB 

Post Op Rhythm: NSR Paced NA— atrial pacing wires x 2 Other: NA 

Vasoactive Infusions: Epinephrine 0.03 mcg/kg/min, milrinone 0.375 mcg/kg/min(no 

loading dose); CaCL 10 mg/kg/hr. 

Heparin: Yes Protamine: Yes ACT to Baseline: Yes— 123 seconds 

Post-CPB Blood Products: PRBC 15 ml, platelets 45 ml; cryoprecipitate 1 unit 

Other Fluids: 5% albumin 25 ml, D5W carrier 45 ml 

Urine Output: 27 ml EBL: NM Final Hct: 44% Final ABG: 7.37/43/4 

1/BE 0 


Other Drugs: e-aminocaproic acid; methyl prednisolone 

ETT: 3.5 nasal cuffed, taped 11.5 cm; Drains: Mediastinal x 2, peritoneal dialysis 

leak 25 cm H ,0 catheter, f oley catheter 

Vascular Access: 22 g L radial arterial line; 3.5 FrU AC; L femoral venous 4 fr double lumen 

CVP; 22g PIV R saphenous vein. 

Postop TEE: Mildly depressed systolic RV function; minimal tricuspid regurgitation, no 

neo-aortic insufficiency; open unrestrictive atrial septum; good flow seen 
both pulmonary arteries. 

Comments: Generally stable intraoperative course. Weanedfrom CPB easily, moderate bleeding 
responded to platelet and cryoprecipitate infusion. Sternum closed without major 
hemodynamic/respiratorychange. TransportedtoCICU, full report given to MD and RN teams, care 
transferred. 


Figure 20.8. Template for handoff of care from OR to cardiovascular intensive care unit. 


communicated in a clear and concise manner (199). Failure to 
communicate handoff information accurately in a manner that 
is fully understood by the receiving team is a frequent cause 
of medical errors that can adversely affect patient outcome 
(200,201). After transfer of the patient to the CICU transfer of 
monitors and establishment of ventilation, the handoff report 
begins. All involved need to be present: CICU attending, fellow, 
resident, nurse, respiratory therapist, and surgeons should be 
present. Usually, the anesthesiologist will give a standardized 
report that summarizes the OR course, including pre-bypass 
period, surgery done, CPB data including length of CPB, aortic 
crossclamping, deep hypothermic circulatory arrest (DHCA), 
and lowest intraoperative temperature. Inotropic support and 
other vasoactive therapy are detailed, along with results of the 
postoperative transesophageal echocardiography, including the 
presence of any residual defects (202). Anesthetic and other 
drug doses (antifibrinolytics, corticosteroids) are summarized, 
along with blood gas results, cardiac rhythm and pacing issues, 
bleeding problems, and blood product administration. Any 
problems are noted, along with general goals for early post- 
operative care, that is, early extubation. The timing of the last 
doses of sedatives and analgesics and antibiotics is reported. 
Whether the patient’s neuromuscular blockade was reversed in 
the OR should be noted. A member of the surgical team should 
also be present who details the surgical procedure, and notes 
any residual lesions, that is, an atrial septal defect (ASD) left 
intentionally to serve as a pop off after right ventricular recon- 
structive surgery. The receiving team then has the opportunity 
to ask questions and formally assumes care of the patient. A 


controlled, quiet environment, where all are paying attention 
to the information being transferred, is very important. A tem- 
plate for the CICU postoperative handoff is displayed in Figure 
20.8. This becomes the medical record for the anesthesiologist’s 
handoff report and can easily be adapted for EMR systems. 


Effects of Cardiopulmonary Bypass 

CPB has made modern congenital heart surgery possible, and 
the limits of patient size and complexity of surgery are contin- 
ually expanded to make ever more difficult surgeries feasible. 
However, a myriad of CPB techniques are utilized, all of them 
institution or even surgeon specific,, the CICU team must be 
aware of and be prepared to treat any number of sequelae of 
CPB (203-207). The basic CPB circuit arrangement is depicted 
in Figure 20.9 (208). The aorta is cannulated for arterial perfu- 
sion, and, in most CHD operations, bicaval cannulation of the 
SVC and IVC is used (Fig. 20.10). Alternately, the right atrium 
alone can be used for single cannula venous drainage. CPB is 
instituted after full heparinization, with activated clotting time 
(ACT) goals of normally 480 seconds to produce profound 
anticoagulation. CPB suction is used to return shed blood 
from the pericardial well to the venous reservoir of the CPB 
machine. Flow is provided by roller pumps, blood is oxygen- 
ated, C0 2 is removed, and extracorporeal heating and cooling 
are provided by a water bath and countercurrent mechanism 
within an integrated oxygenator/heat exchanger. Monitoring 
consists of arterial and venous pressures, in-line arterial and 
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Figure 20.9. CPB basic configuration. (Modified from Hessel EA, Hill AB. Circuitry and cannulation tech- 
niques. In: Gravlee GP, Davis RF, Kursz M, Utley JR, eds. Cardiopulmonary Bypass: Principles and Practice. 
Philadelphia, PA: Lippincott, Williams &c Wilkins:69-97.) 


venous blood gas and saturation sensors and bubble detectors. 
Modern oxygenators are hollow-fiber membrane designs that 
allow rapid transfer of oxygen and C0 2 across a very large 
surface area blood-gas interface with minimal pressure drop 
across the oxygenator. 



Figure 20.10. Bicaval cannulation for CPB in a neonate. This 
allows the surgeon access to intracardiac structures while 
allowing perfusion to continue, limiting the period of DHCA 
needed for complex intracardiac repairs. 


Choice of CPB flows varies by institution but, in general, for 
infants is 150 mL/kg/min for full flows, and in older children 
body in whom surface area is used, full flow is 2.8 L/min/m 2 
for older children, decreasing to 2.4 L/min/m 2 for larger chil- 
dren and teenagers. Cooling is routinely used for most opera- 
tions to decrease myocardial, brain, and other organ oxygen 
consumptions, and preserving function during periods of low 
CPB flow. The degree of hypothermia is termed mild (30°C to 
34°C), moderate (22°C to 30°C), or deep (17°C to 22°C). CPB 
flow is often decreased during hypothermia in many centers 
because this decreases blood return into the surgical field from 
bronchial, thebesian, and intracardiac sources, allowing the 
surgeon better visibility to perform the surgery. Some surgeons 
do not reduce CPB flow, reasoning that better blood flow to 
all organs and tissue beds improve recovery from CPB (209). 
Some surgery is accomplished with the heart beating; these are 
extracardiac operations such as bidirectional cavopulmonary 
anastomoses or simple pulmonary valve replacements. Intra- 
cardiac surgery necessitates a period of aortic crossclamping 
and delivery of high potassium cardioplegia to render the heart 
asystolic, allowing a near bloodless field. If a period of low flow 
or DHCA is planned, deep hypothermia is used. DHCA is a 
period where the CPB flow is stopped completely, the heart and 
patient are drained completely of blood, and a bloodless field 
is created to facilitate intracardiac surgery especially in small 
infants. Because prolonged periods of DHCA are associated 
with cerebral injury (see below), a recent variation is to use 
antegrade cerebral perfusion (ACP, also called selective cerebral 
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Figure 20.11. Antegrade cerebral perfusion. A graft is sewn to 
the right innominate artery, the brachiocephalic vessels and 
descending aorta are snared, and the brain is perfused during 
aortic arch reconstruction, in lieu of DHCA. (Modified from 
Pigula FA, Nemo to EM, Griffith BP, et al. Regional low-flow 
perfusion provides cerebral circulatory support during neo- 
natal aortic arch reconstruction. J Tborac Cardiovasc Surg 
2000;119:331-339.) 


perfusion or RCP), where only the brain is perfused during deep 
hypothermia such as with aortic arch reconstruction during 
the Norwood Stage I palliation (210) (Fig. 20.11). Blood gas 
temperature management during CPB can be either a stat, not 
correcting for temperature, which causes significant alkalosis 
at deep hypothermia; or pH stat, in which blood gas values are 
corrected for temperature, resulting in “normal” pH and PC0 2 
at deep hypothermia. Most centers now use hemofiltration, 
either during CPB or modified ultrafiltration immediately after 
CPB to remove excess intravascular and interstitial fluid and fil- 
ter small molecules, including many mediators of inflammation. 

CPB induces a number of sequelae that can affect postop- 
erative care. Contact of the patient’s blood with components 
of the CPB circuit initiates a significant inflammatory response 
and activation of intrinsic and extrinsic coagulation pathways. 
Despite this well-known phenomenon, recent studies have 
not documented that the rate of adverse clinical outcomes is 
proportional to the magnitude of the inflammatory response 
(211). Many programs use corticosteroid treatment, usually 
with methylprednisolone, 10 to 30 mg/kg, given either 4 to 
12 hours preoperatively or in the CPB prime to attempt to 
mitigate this inflammatory response. Despite widespread use 
and a demonstrated reduction in some of the inflammatory 
mediators (IL-6, -8, -10), published studies have not demon- 
strated a difference in outcomes with such treatment (212). 

Red blood cells undergo hemolysis from trauma induced 
by pump suction, oxygenator, and passing through filters in 
the circuit. Periods of low-flow CPB or DHCA may result in 
ischemia to end organs such as kidneys, liver, intestines, and 
brain. The inflammatory response may induce capillary leak, 
resulting in edema in most tissues and organ systems, includ- 
ing pulmonary interstitial and alveolar edema. Long periods of 


aortic crossclamping result in myocardial ischemia reperfusion 
injury, and myocardial dysfunction manifests in the immediate 
post-CPB period. Extensive intracardiac surgery, which includes 
resection of myocardium or long periods of retraction of intra- 
cardiac structures, can result in mechanical trauma including 
tricuspid regurgitation or arrhythmias such as JET or complete 
AV block. The profound anticoagulation needed for CPB, dilu- 
tion of clotting factors, hemoglobin, and platelets as well as 
platelet dysfunction induced by activation from components of 
the CPB circuit increase the risk of bleeding, particularly in small 
infants. Extensive high-pressure suture lines, especially with 
aortic surgery, further increase this risk. Generally speaking, the 
risk of all of these sequelae increases with longer CPB times, 
aortic crossclamp times, and DHCA times. It is important to be 
aware of these issues from the report of the OR team, and to 
be vigilant for sequelae from long CPB times and complicated 
surgery. There is a well-documented decrease in CO in infant 
patients 6 to 12 hours after CPB, thought to be induced by the 
inflammatory response, which peaks at that time and interferes 
with intrinsic myocardial function and extrinsic catecholamine 
effect (213). This period often occurs in the late evening and 
early morning hours; thus, the overnight team must be vigilant 
for the possible need for increased support at these times. 


Bleeding 

As noted above, bleeding after CPB is a constant threat for the 
newly admitted CICU patient. Antifibrinolytic agents such as 
£-aminocaproic acid and tranexamic acid are commonly used 
for complex infant cases or repeat sternotomy and are effective 
at reducing blood loss and blood transfusion. Heparin effect 
is reversed with protamine in the OR and is rarely the cause 
of ongoing bleeding in the CICU. Upon admission, a complete 
blood count with platelet count, prothrombin time partial 
thromboplastin time, and fibrinogen concentration should be 
measured. Some programs will also use thromboelastography 
as a functional test of coagulation (214). 

In infants under 10 kg, the primary defect causing bleed- 
ing is poorly functioning platelets and a low platelet count. 
For these patients, platelet transfusion is the first-line therapy. 
The second most important defect is low fibrinogen. Thus, 
cryoprecipitate is often the next line therapy (215). Clotting 
factors themselves may be affected, but the CPB prime often 
contains fresh frozen plasma; thus, this is considered third- 
line therapy. Red blood cells in the form of banked blood or 
washed cell saver blood from the OR should be immediately 
available and given as needed to maintain hematocrit in the 
target range. Whole blood is rarely available. A recent study 
actually demonstrated worse bleeding when whole blood was 
used for CPB priming versus using reconstituted fresh whole 
blood with packed RBC and FFP from the same donor (216). 
Ongoing bleeding in the face of normal or near-normal coagu- 
lation studies usually heralds a surgical source of bleeding, and 
the surgeon should be consulted early to decide if the patient 
needs to return to the OR for mediastinal exploration. Blood 
pressure control is often important early in the postoperative 
course to limit bleeding from arterial sites and prevent major 
bleeding from dehiscence of arterial suture lines. Generally, 
total chest drain output of 10 mL/kg/h for 2 or more hours is 
considered excessive bleeding and if coagulation studies have 
been normalized, there should be strong consideration for sur- 
gical re-exploration. Early extubation is not advisable in the 
bleeding patient and the nursing staff must continually strip 
the chest tubes to ensure adequate drainage. If the chest tubes 
suddenly cease to drain and the patient has signs of tamponade 
including low CO and blood pressure, pulsus paradoxus, wid- 
ened mediastinum on chest radiograph, elevation and equaliza- 
tion of atrial filling pressures, and fluid or thrombus around the 
heart demonstrated by bedside echocardiography, emergent 
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mediastinal exploration is indicated to remove thrombus and 
blood and stop surgical bleeding sources. The intensivist must 
be vigilant early in the ICU course, particularly in small infants 
with very limited mediastinal volumes in whom even a small 
amount of accumulated clot or blood can cause tamponade. 

Delayed Sternal Closure 

Many infants or other patients who have had extensive surgery 
causing bleeding, arrhythmias, or hemodynamic instability are 
candidates to have the sternum left open immediately postop- 
eratively in order to leave maximum space for any bleeding, 
or mediastinal edema that could adversely affect CO, espe- 
cially with positive pressure ventilation. Usually, a plastic strut 
made from a chest tube is sewn to the sternum to hold it open, 
and covered with a synthetic patch and an iodine impregnated 
plastic adhesive dressing. This allows rapid access to the medi- 
astinum, and a full mediastinum is easily detected with bulg- 
ing of the patch. Bedside exploration is often possible. If the 
patient is very unstable, easy access for ECMO cannulation 
is possible. When the patient is more stable at 24 to 72 hours 
postoperatively with no bleeding, acceptable hemodynamic 
and respiratory status, the sternum is closed at the bedside in 
the CICU, normally with the OR and anesthesia teams pro- 
viding support for the surgeon. Sternal closure may induce 
adverse hemodynamic changes and the intensivist must be 
vigilant in the early hours after the procedure (217). 


PERIOPERATIVE CONSIDERATIONS 
FOR SPECIFIC LESIONS AND PROCEDURES 

This section summarizes the most important perioperative con- 
siderations for major lesions encountered in patients admitted 
to the CICU. The reader is referred to the corresponding chap- 
ters for detailed discussion of anatomy, pathophysiology, and 
diagnostic and treatment considerations for each lesion. 

Hypoplastic Left Heart Syndrome 

Many HLHS patients are prenatally diagnosed and delivered 
in a referral center. If there is no perinatal cardiorespiratory 
depression, the majority of these patients do not need tracheal 
intubation. PGEj is instituted immediately after birth, umbili- 
cal vessel catheters are placed, and the patient is transferred 
to the NICU or CICU while breathing room air. Most of these 
patients can be managed on room air with spontaneous ven- 
tilation before surgery, with careful monitoring of cardiores- 
piratory status. Arterial blood gas values, along with serum 
lactate concentration, should be measured at regular intervals. 
The former practice of tracheal intubation and sedation and 
ventilation with low Fi0 2 , including subambient oxygen lev- 
els, has been demonstrated to lead to significantly decreased 
cerebral and somatic oxygen delivery, should be avoided 
(218). Decreasing PVR in the first several days is heralded by 
increasing Sp0 2 , progressive tachypnea, and interstitial edema. 
Diuretic therapy with furosemide is instituted as needed. Vigi- 
lance for signs of decreased systemic perfusion is important, 
including mesenteric perfusion, which may lead to necrotiz- 
ing enterocolitis. Feeding is limited to parenteral nutrition and 
possibly intestinal trophic feeds via nasogastric tube. Tracheal 
intubation is performed for significant respiratory distress or 
hemodynamic compromise. The Norwood Stage I palliation 
or hybrid procedure should be performed in the first week 
of life if possible. Infants referred with a postnatal diagno- 
sis, especially if late, that is, after 3 to 5 days, may require 


resuscitation from shock as the ductus narrows or closes (219). 
These infants will require mechanical ventilation and inotropic 
support. End-organ injury, that is, renal, hepatic, gastrointes- 
tinal, and CNS, should be investigated and stabilized before 
proceeding for surgery. Patients with very restrictive or intact 
atrial septum diagnosed in utero require emergent evaluation 
and intervention immediately after birth, with BAS, atrial sep- 
tectomy, or the complete Stage I repair (220,221). 

The Stage I palliation involves reconstruction of the aorta 
from native pulmonary valve, native aortic valve and aorta, 
and homograft material. This is done with DHCA in many 
centers, or ACP in others. Pulmonary blood flow is provided 
by a systemic-to-pulmonary artery shunt, normally 3 to 
4 mm polytetrafluoroethylene (PTFE) graft, from innominate- 
subclavian artery to right pulmonary artery, or by a right ven- 
tricle to pulmonary artery conduit, usually 5- to 6-mm PTFE 
graft (Sano modification). Heparin infusion at low doses is 
begun in most centers after the BT shunt, 6 to 12 hours postop- 
eratively, and continued until the patient is able to take aspirin. 
Early postoperative hemodynamic stability may be better with 
the Sano modification, because of higher diastolic blood pres- 
sure and thus better coronary perfusion. However, systemic 
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Figure 20.12. Variations in shunt type for hypoplastic left heart 
syndrome. Classic right modified Blalock-Thomas-Taussig shunt 
(top), and Sano modification (bottom) that provides pulmo- 
nary blood flow via right ventricle to pulmonary artery conduit. 
(Redrawn from Ohye RG, Sleeper LA, Mahony L, et al. Compari- 
son of shunt types in the Norwood procedure for single- ventricle 
lesions. N Engl J Med 2010;362:1980-1992.) 
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oxygen saturations are generally lower with the Sano, but 
cerebral oxygen saturation and diastolic cerebral flow veloci- 
ties are not different (222). A recent multicenter controlled 
trial of BT shunt versus RV-PA conduit demonstrated survival 
advantage with the RV-PA conduit at 12 months of age (223) 
(Fig. 20.12). However, after age 12 months, the differences 
in rate of death or transplantation were no longer significant. 
Early postoperative management involves balancing Q p :Q s to 
be as close to 1:1 as possible; desaturated patients with high 
PVR may require higher Fi0 2 and iNO, or possibly enlarge- 
ment of the BT shunt (225). Most patients have the problem of 
PVR that is relatively low, and decreasing Fi0 2 and minute ven- 
tilation to increase PaC0 2 will elevate PVR and help achieve 
balance, and in severe cases the shunt may require downsizing. 
Inotropic support with dopamine, epinephrine, or milrinone is 
usually required, and the sternum is often left open for 24 to 
72 hours. Figure 20.13 illustrates priorities in pathophysiologic 
approach to single-ventricle neonates (224). Bleeding may be 
significant, and treatment with platelets, cryoprecipitate, red 
blood cells, and fresh frozen plasma is often necessary. ECMO 
support is at times necessary, either for low cardiac output or 
cardiac arrest. HLHS is not a contraindication to mechanical 
support in most centers. (225) 

The hybrid repair of HLHS is performed in a specially 
designed catheterization laboratory or OR where fluoroscopy 
is available. This is done without CPB. After sternotomy, the 
pulmonary arteries are banded by the surgeon and the PDA is 
stented by the interventional cardiologist, along with a stent 
in the atrial septum, placed either at the initial operation or 
later by standard catheterization techniques (226). The advan- 
tages of this approach are the avoidance of CPB, DHCA, or 
ACP in the neonate. However, hybrid HLHS patients are often 


hemodynamically unstable in the first 24 to 48 hours with low 
CO, variable Q p :Q s , acidosis and need for inotropic support 
(227,228). The second stage, done at the time of the bidirec- 
tional cavopulmonary anastomosis at 3 to 6 months of age, 
includes the aortic reconstruction. 

Despite remarkable improvements in the perioperative 
mortality of HLHS patients over the past several decades, 
there is still a high incidence of morbidity in the CICU, and 
these patients utilize significant resources. Institutions caring 
for these patients need to plan accordingly (229). 

D-Transposition of the Great Arteries 

This lesion is often diagnosed prenatally, and delivery should 
be in a referral center if possible. In the absence of a VSD 
and inadequate atrial-level shunting, PGEj is begun to main- 
tain ductal patency and improve mixing to sustain adequate 
oxygenation. The approach to BAS is institution dependent, 
but Sp0 2 < 75%, Pa0 2 < 40 mm Hg are indications for BAS, 
which can be done at the bedside with echo guidance or in 
the catheterization laboratory after tracheal intubation with 
appropriate sedation. Adequate atrial mixing is evident by 
echocardiography and heralded by immediate increase in oxy- 
genation. Some institutions will electively perform BAS even if 
Sp0 2 is acceptable with a PDA, then extubate the patient, wean 
off the PGE 1? allow the patient to feed, and schedule repair at 
1 to 2 weeks of age. One study demonstrated that BAS is asso- 
ciated with preoperative strokes diagnosed by brain MRI, but 
studies from two other centers did not find this association 
(230-232). Preoperative Pa0 2 < 40 mm Hg and delays in sur- 
gery beyond 6 days in these cyanotic patients were associated 
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Figure 20.13. Pathophysiologic considerations 
for patients with a single functional ventricle. 
(Reproduced from Diaz LK, Nicolson SC, Ste- 
ven JM. Chapter 24: Anesthesia for the patient 
with a single ventricle. In: Andropoulos DB, 
Stayer SA, Russell IA, Mossad EB, eds. Anes- 
thesia for Congenital Heart Disease. 2nd ed. 
Oxford, UK: Wiley-Blackwell, 2010:456-479, 
with permission.) 
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with preoperative brain white matter injury. Therefore, TGA 
patients with significant cyanosis after BAS should be repaired 
as soon as possible. Significant cyanosis before repair with a 
preductal Sp0 2 significantly lower than postductal Sp0 2 may 
indicate PH and may respond to inhaled NO. 

Postoperatively after the arterial switch operation (ASO), 
understanding of coronary anatomy and details of the repair 
are important to glean from the surgeon’s report. Echocardi- 
ography is used to assess ventricular function and any seg- 
mental wall motion abnormalities, important for diagnosis 
of coronary insufficiency from mechanical obstruction (233). 
Inotropic support in the form of milrinone, low-dose epi- 
nephrine, or dopamine is often necessary early in the post- 
operative period. Nitroglycerin is used in many centers to 
ensure maximal coronary artery dilation (234). Bleeding from 
extensive aortic suture lines may be an issue. Transthoracic 
left atrial catheters are used in many centers and maintain- 
ing adequate CO with low LA pressures is important, par- 
ticularly in the patient with intact ventricular septum in 
whom there is often some degree of LV deconditioning. The 
majority of ASO patients have technically adequate repairs, 
acceptable ventricular function and progress rapidly toward 
weaning of inotropic and ventilator support in the first 
24 to 72 hours. Ventricular dysfunction, ST-segment abnor- 
malities, and ventricular arrhythmias are signs of a coronary 
artery problem that must be addressed urgently. When ASO is 
performed relatively late (at age 2 to 4 weeks or later) in the 
patient with intact ventricular septum, particular attention to 
LV function is necessary due to possible LV deconditioning. 

Truncus Arteriosus 

Preoperatively, low diastolic blood pressure from runoff into 
the pulmonary arteries can be the cause of coronary insuffi- 
ciency and myocardial dysfunction or poor systemic perfusion 
that may cause renal or mesenteric ischemia the latter can be 
heralded by signs of necrotizing enterocolitis. As PVR decreases, 
these patients are increasingly tachypneic from pulmonary over- 
circulation. Room air spontaneous ventilation is often a prudent 
strategy as the patient will control their own minute ventilation. 
Diuretics are often needed, and tracheal intubation is utilized 
only for respiratory failure or significant hemodynamic instabil- 
ity. These patients should have repair as soon as possible during 
the first week of life if they exhibit signs of significant pulmo- 
nary overcirculation or decreased systemic perfusion. 

Postoperatively, these patients are at risk for hemodynamic 
compromise from ventricular dysfunction, truncal valve insuf- 
ficiency, and PH. An understanding of the status in the OR, 
including echo findings, is important to help direct early post- 
operative care. Significant inotropic support may be required, 
along with iNO if PH is an issue affecting CO. Bleeding from 
extensive suture lines in the aorta, right ventricle, and pulmo- 
nary arteries is common. 

Total Anomalous Pulmonary Venous Return 

The degree of obstruction to pulmonary venous return, includ- 
ing restriction of right-to-left flow at the atrial level, deter- 
mines preoperative management. Severely obstructed patients 
require emergent surgery, and every effort should be directed 
toward the goal of instituting CPB as quickly as possible to 
provide adequate oxygenation and then proceeding with 
repair. With significant obstruction, increasing Fi0 2 and low- 
ering PVR with iNO is counterproductive; the increased pul- 
monary blood flow is met with fixed anatomic obstruction, 
resulting in worsening interstitial and pulmonary edema and 
paradoxically worsening pulmonary mechanics. In such cases, 
rapid transport to the OR is essential. In lesser degrees of 


obstruction, surgery can be done semielectively; diuretics are 
often effective at reducing pulmonary edema. TAPVR repair in 
infants is usually done with DHCA. 

Postoperatively, ongoing PH is frequently problematic and 
these patients are often admitted to the CICU postoperatively 
with iNO. The period of maximum increase in PVR due to CPB 
occurs during the first 6 to 12 h, and adequate sedation and 
analgesia must be provided during this period. In addition, the 
small LV is often noncompliant, and heart rate may increase 
during the early postoperative period to maintain CO. After 
this time, straightforward two-ventricle TAPVR patients are 
often relatively stable and can be weaned from iNO, sedation, 
and ventilation over the next several days with vigilance for 
pulmonary hypertensive episodes. Complex TAPVR, including 
mixed lesions, single ventricle with heterotaxy and with addi- 
tional lesions such as pulmonary atresia or aortic arch anoma- 
lies complicate the postoperative care and require frequent 
individualized adjustments of therapy. Often prolonged periods 
of mechanical ventilation and inotropic support are necessary. 

Systemic-to-Pulmonary Artery Shunts 

Preoperatively these patients are usually maintained on PGE a 
for ductal patency. Surgery is performed with a 3 to 4 mm 
PTFE graft from the innominate or right subclavian artery for 
pulmonary atresia or significant stenosis. Some centers will 
place a stent in a PDA with favorable anatomy (235). Surgi- 
cal approach varies, with some centers preferring a median 
sternotomy, others a right thoracotomy. A sternotomy is done 
if CPB is necessary for reconstruction of pulmonary artery. 
A sternotomy has the advantage that the surgeon can ligate the 
PDA, leaving only one source of pulmonary blood flow. The 
PDA cannot be ligated from a right thoracotomy, and there will 
be two sources of pulmonary blood flow until the PDA closes. 
This often leads to pulmonary overcirculation. However, a 
shunt via the innominate artery often can provide excessive 
pulmonary blood flow. Placement of a shunt from the smaller 
right subclavian artery via thoracotomy will limit blood flow. 
These details must be communicated during the surgical hand- 
off, and the patient managed accordingly. Excessive pulmonary 
blood flow is heralded by high oxygen saturations even on low 
Fi0 2 and low diastolic blood pressures. Coronary ischemia and 
cardiovascular collapse are possible. These are managed with 
manipulation of the Fi0 2 and ventilation and with inotropic 
and vasopressor support to increase the systolic and diastolic 
blood pressure. This problem usually improves after 24 to 48 
hours with closure of the PDA. The problem of excessive pul- 
monary blood flow is especially prevalent in small neonates 
under 2.5 kg, where even a 3.0-mm shunt may be relatively 
large. Downsizing the shunt may be necessary in some circum- 
stances. Maintaining systolic blood pressure at 70 mm Hg or 
higher is desirable early in the postoperative course to promote 
pulmonary blood flow. Dopamine, epinephrine, or vasopressin 
is useful for this purpose. Low-dose heparin infusion is insti- 
tuted in the first 6 to 12 hours postoperatively. Conversely, 
severe hypoxemia may be caused by mechanical obstruction 
of the shunt, PH, or systemic hypotension leading to decreased 
pulmonary blood flow. This situation must be investigated 
emergently by echocardiography. Maintaining high systolic 
blood pressure is crucial if shunt narrowing by thrombosis is 
suspected. Emergent revision of the shunt may be needed surgi- 
cally. Alternatively, it is sometimes possible to dilate the shunt 
in the catheterization laboratory. Complete occlusion of a Bla- 
lock-Thomas-Taussig (BTT) shunt in a patient without other 
sources of pulmonary blood flow results in rapid hypoxemia 
and cardiac arrest. Resuscitation is instituted but shunt revi- 
sion must be done immediately. These patients will often need 
a period of ECMO support after such an incident. Prevention 
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of shunt thrombosis with low-dose heparin and adequate sys- 
tolic blood pressure and prevention of PH are key points. 

Tetralogy of Fallot 

Depending upon surgical results and institutional preference, 
most centers will perform complete tetralogy repair in infancy, 
including during the neonatal period for symptomatic RVOT 
obstruction or pulmonary atresia (236). However, some insti- 
tutions will perform a systemic-to-pulmonary artery shunt in 
young infants, preferring to allow the patient to grow to 5 to 10 
kg before complete repair (237). Repair in the young infant with 
pulmonary atresia or significant stenosis involves a Rastelli-type 
surgery with VSD closure RVOT muscle resection placement of 
an RV to PA valved conduit. Branch pulmonary arteries are 
repaired by pericardial or homograft patch if needed. A coro- 
nary artery branch from the left anterior descending coronary 
artery may be present near the site of right ventriculotomy, and 
coronary ischemia is possible if this structure is injured or dis- 
torted by the surgery. In small infants, a 3- to 5-mm ASD is left 
or created for an atrial level pop off because of the risk of RV 
systolic and diastolic dysfunction. This is an important piece of 
information that must be communicated during handoff from 
the surgical team, as this will often explain the early postop- 
erative arterial desaturations. Older patients often undergo a 
transatrial transpulmonary repair of the VSD, RVOT resection, 
and limited incision across the pulmonary valve annulus with 
transannular pericardial patching if needed (238). Some sur- 
geons will place a monocusp pulmonary valve made from the 
patient’s own pericardium or synthetic material to minimize 
pulmonary insufficiency in the early postoperative period. 

Postoperatively, neonatal TOP repair patients may require sig- 
nificant inotropic support, and be quite unstable early in their 
course with desaturation from atrial level shunting. Management 
of such patients can be helped with information gained from using 
a left atrial catheter. RAP is often increased due to restrictive RV 
physiology, and high filling pressures are often necessary. Bleeding 
may be a significant issue and tetralogy patients as a group are at 
the highest risk for postoperative JET, which can have profound 
hemodynamic significance and must be addressed promptly. 

Ventricular Septal Defect Atrioventricular 
Septal Defect 

The majority of older patients with small VSD or partial or 
transitional AVSD undergo straightforward surgery, with little 
need for inotropic support and minimal bleeding and can be 
extu bated in the OR or shortly after admission to the CICU. 
Smaller infants with large VSD or AVSD with PH, especially 
Trisomy 21 patients, require caution and a high degree of vigi- 
lance postoperatively for pulmonary hypertensive crises. These 
patients should have a period of at least moderate sedation, 
mechanical ventilation, and monitoring for PH crises, usually 
12 to 24 hours, before weaning toward extubation. Because 
of the current practice of routine repair in early infancy in 
these patients, severe PH is encountered infrequently. When 
PH is a significant risk, iNO can be effective at preventing 
crises. Transthoracic pulmonary artery catheters infrequently 
are used because PAPs are likely to be elevated for days to 
weeks early after repair, limiting their utility. Bleeding risk is 
also much higher with these catheters (239,240). 

Coarctation of the Aorta, Aortic Arch 
Hypoplasia, and Interruption 

Patients with neonatal coarctation of the aorta, arch hypo- 
plasia, or interruption may present with shock from inadequate 


systemic perfusion, when the PDA closes in the first days to 
several weeks of life (241). PGEj infusion and resuscitation, 
inotropic support, mechanical ventilation, and recovery of 
end-organ injury should precede repair. Simple juxtaductal 
coarctation without arch hypoplasia or intracardiac defects is 
repaired via left thoracotomy, normally using extended end- 
to-end anastomosis. There is usually 15 to 30 minutes of aor- 
tic clamping without CPB. Blood pressure monitoring with an 
arterial catheter in the right upper extremity is necessary. Most 
neonates tolerate this surgery well, with minimal need for ino- 
tropic support; They are able to wean from mechanical venti- 
lation in 24 to 48 hours after surgery. Older children will often 
be extubated in the OR. Vasodilators may be necessary in early 
postoperatively for blood pressure control. Because of the rare 
complication of paraplegia due to spinal cord ischemia from 
clamping above the level of the artery of Adamkovich at about 
the T9 level, all patients should be assessed for lower extrem- 
ity movement as soon as possible after surgery. Renal or mes- 
enteric ischemia is rare after a short period of crossclamping. 
The patient is normally cooled in the OR to 34°C to 35°C to 
afford spinal cord protection. 

Significant aortic arch hypoplasia or interruption is repaired 
via median sternotomy and usually deep hypothermia with a 
period of DHCA lasting <30 minutes, or ACR Intracardiac 
defects, that is, VSD, are repaired at the same time (242). These 
patients are at significant postoperative bleeding risk due to 
extensive aortic suture lines, and adequate blood products must 
be available for hemostasis early in the postoperative course. In 
addition, uncontrolled blood pressure will increase risk of sig- 
nificant bleeding or dehiscence of the aortic suture lines. 

Hypertension is often observed after coarctation repair. 
The early phase is catecholamine-mediated and usually best 
treated with /3-blocking agents such as esmolol or labetalol. 
The later phase is mediated by increases in angiotensin and 
is best treated with ACE inhibitors instituted 24 to 48 hours 
postoperatively. 

Bidirectional Cavopulmonary Connection 

The bidirectional cavopulmonary connection, also termed 
BDG anastomosis, is the common intermediate surgical pro- 
cedure between the neonatal period and the completion of the 
total cavopulmonary anastomosis (Fontan operation). The 
Glenn procedure is performed now for virtually all single- 
ventricle lesions, normally at 2 to 6 months of age. The SVC 
is anastomosed to the right PA and the systemic to PA or RV 
to PA shunt is taken down. The pulmonary arteries are some- 
times patch augmented, and any intracardiac issues, that is, 
significant AV valve regurgitation, or atrial septectomy, are 
addressed. If a simple BDG is performed, some centers will 
complete this procedure without CPB (243). Others will use 
CPB without aortic crossclamping. Intracardiac procedures 
necessitate at least some crossclamping and if the aortic arch 
must be repaired, that is, in residual coarctation or hybrid pro- 
cedure for HLHS, the crossclamp period may be long. These 
details must be thoroughly communicated at the CICU hand- 
off from the OR team. 

To be candidates for a BDG, PVR cannot be significantly 
elevated preoperatively. However, as noted above, in these 
patients, even subtle increases in PVR postoperatively, some- 
times with normal PAP, can complicate recovery. In addition, if 
the patient is hyperventilated, cerebral blood flow will decrease 
significantly, thereby decreasing SVC flow, thus pulmonary 
blood flow, and the patient will become hypoxemic (172,173) 
(Fig. 20.14). PaCO^ goals early after the BDG are usually 40 
to 50 mm Hg, while maintaining pH above 7.30. This will 
promote cerebral and pulmonary blood flow. If the patient has 
undergone uncomplicated simple BDG, early extubation in 
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Systemic circulation Pulmonary circulation 


Figure 20.14. The cardio-cerebral-pulmonary circulation after 
cavopulmonary anastomosis. The relatively large brain of the 
young infant carries a large percentage of the cardiac output. 
Hyperventilation will decrease PaC0 2 , constricting the cere- 
bral arterioles and decreasing cerebral blood flow. This in 
turn decreases superior vena cava flow, decreasing pulmonary 
artery flow, which will lead to decreased systemic arterial oxy- 
genation. (Figure courtesy of Stephen A. Stayer.) 


the OR or CICU is desirable. Positioning the patient in semi- 
Fowler's position with the head elevated 30 to 45 degrees, and 
positioned in the midline, will improve cerebral venous drain- 
age and oxygenation. Measurement of transpulmonary pres- 
sure gradient, using a small right internal jugular catheter in 
the SVC, and a catheter in the common atrium, is helpful to 
guide therapy in the early postoperative period. Some centers 
use nitroglycerin infused into the SVC catheter as a NO donor 
for pulmonary vasodilation. The BDG patient who is desatu- 
rated can have impedance to pulmonary blood flow from PH, 
inadequate intravascular volume, poor systemic ventricular 


function with or without AV valve regurgitation or stenosis at 
the surgical anastomosis of SVC and PA. Hypovolemia or ane- 
mia can also cause desaturation. PA and atrial pressures and 
transpulmonary pressure gradient, along with echocardiogra- 
phy are used to elucidate the cause. A summary of the hemody- 
namic findings and etiologies in the postoperative BDG patient 
is presented in Table 20.10. Many of these infants are quite 
irritable and hypertensive after the BDG. This is thought to 
represent headache from cerebral vascular attempts to reset 
conditions by autoregulation because of the now higher SVC 
pressures after the surgery. Analgesics such as morphine, aceta- 
minophen, ibuprofen, and ketorolac are effective. The adjust- 
ment of cerebral circulation is accompanied by diminution of 
these symptoms, usually after 48 to 72 hours. 

Fontan Completion 

Total cavopulmonary connection is the intended final stage 
of palliation for most single- ventricle patients. Preoperatively, 
determination of the anatomy (right or left systemic ventricle), 
ventricular function, degree of AV valve regurgitation, and 
presence of pulmonary arteriovenous malformations causing 
desaturation are important. The surgical procedure itself has 
undergone many modifications since its original description by 
Fontan and Baudet in 1971 (244) (Fig. 20.15). In the current 
era, the extracardiac Fontan consisting of an 18- to 20-mm 
PTFE graft sewn to the inferior vena cava, with the other end 
anastomosed to the underside of the right PA, is favored in many 
centers (245). This can be done without aortic crossclamping 
or in some cases even without full CPB (246). The lateral tun- 
nel Fontan is also frequently performed in which the atrium is 
opened and a PTFE patch is sewn inside to create a tunnel for 
blood flow from the IVC through the top of the atrium to the 
PA. A fenestration is sometimes created from the Fontan circuit 
to the left atrium, which is a 3- to 5-mm communication allow- 
ing right-to-left shunting, which lowers Fontan circuit pressure 
and allows greater systemic CO at the expense of some arte- 
rial desaturation (247). It should be noted that many Fontan 
completions, even without fenestration, are not fully saturated 
due to the opening of the coronary sinus into the left atrium. 
The details of the surgery, as to what type of Fontan connec- 
tion, presence of a fenestration, and use of CPB and associated 
procedures, must be clearly communicated. 


fjfil Hemodynamic Findings and Etiologies in the Postoperative 
Bidirectional Cavopulmonary Anastomosis Patient 


Profile 

PAP 

(mm Hg) 

LAP 

(mm Hg) 

TPG 

(mm Hg) 

Sa0 2 % 

Etiology 

Normal 

10-15 

2-6 

<10 

80 ±5 

Ideal anatomy and physiology 

Elevated PAP 

>15 

2-6 

>10 

80 ±5 

High PVR; PA or PV obstruction 

Elevated LAP 

>10-15 

>5-8 

<10 

80 ±5 

Ventricular systolic/diastolic 
dysfunction; sub-AS; AVVR; 
tamponade 

Cyanosis 

10-15 

2-6 

<10 

<75 

Decreased CBF; PV desatura- 
tion; decompressing veins; 
hypovolemia; anemia 


PAP, pulmonary artery pressure measured in superior vena cava; LAP, left or common atrial pressure; TPG, transpulmonary 
pressure gradient; PVR, pulmonary vascular resistance; PV, pulmonary vein; AS, aortic stenosis; AVVR, atrioventricular valve 
regurgitation; CBF, cerebral blood flow 



CHAPTER 20 ■ Pediatric Cardiovascular Intensive Care 515 



Figure 20.15. Lateral tunnel 
Fontan (left) and extracardiac 
Fontan (right). A fenestration 
can be placed with either of these 
configurations. 


Because the total cavopulmonary connection results in the 
absence of a pulmonary ventricle to actively pump blood into 
the lungs, flow into and through this circuit depends in large 
part on negative intrathoracic pressure creating a gradient 
from the extrathoracic systemic venous return to the cavae and 
heart. Therefore, positive pressure ventilation will decrease 
venous return and CO. Many centers will extubate the Fon- 
tan patient in the OR by limiting the dose of opioids to pro- 
mote this venous return and CO. This requires a patient who 
is hemodynamically stable on low doses of inotropic support, 
in normal sinus rhythm or other AV synchrony, not bleed- 
ing and making sufficient respiratory effort with adequate 
gas exchange. In the absence of these conditions, the trachea 
should be left intubated for CICU transfer. 

The Fontan patient is highly dependent on adequate fill- 
ing volume in the total cavopulmonary connection during the 
early postoperative period to maintain CO. In the ventilated 
patient, the effect of the positive pressure can be overcome 


with higher filling pressures, that is, 15 to 20 mm Hg. Atrial 
filling pressures must be maintained at an adequate level. 
For this reason, an atrial catheter is often placed in Fontan 
patients. A key point in the early postoperative period is to 
not get behind in volume replacement. Bleeding from repeat 
sternotomy and large pleural and mediastinal tube output 
from increased right-sided pressures often result in significant 
need for volume replacement. Inotropic support in the form 
of milrinone and low-dose epinephrine or dopamine is often 
needed in the early postoperative course. Extubation should be 
accomplished as early as possible. Close attention to cardiac 
rhythm and providing AV synchrony with pacing if needed 
and treating atrial arrhythmias are very important to maxi- 
mize CO. Nonfenestrated patients especially are prone to high 
Fontan pressures and pleural effusions. Conversely, they will 
benefit the most from early extubation. Differential diagnosis 
of abnormal post-Fontan hemodynamic states is presented in 
Table 20.11. 


E£jEQ| Hemodynamic Findings and Etiologies in the Postoperative Fontan Patient 


Profile 

PAP 

(mm Hg) 

LAP 

(mm Hg) 

TPG 

(mm Hg) 

Systolic BP 
(mm Hg) 

Sa0 2 % 

Etiology 

Normal 

10-15 

2-6 

<10 

85-95 

95 ±5 

Ideal anatomy and physiology 

Decreased PAP 
and LAP 

8-10 

0-4 

<10 

<80 

90 ±5 

Hypovolemia 

Elevated PAP 

>15 

2-6 

>10 

80 ±5 

90 ±5 

High PVR; PA or PV obstruction 

Elevated LAP 

>10-15 

>5-8 

<10 

80 ±5 

90 ±5 

Ventricular systolic/diastolic dysfunction; 

AV dissociation; AWR; tamponade 

Cyanosis 

10-15 

2-6 

<10 

85-95 

<85% 

Excessive fenestration size or baffle leak; 

PV desaturation; decompressing veins; 
hypovolemia; anemia 


PAP, pulmonary artery pressure measured in superior vena cava; LAP, left or common atrial pressure; TPG, transpulmonary pressure gradient; PVR, pulmonary vascular 
resistance, PV, pulmonary vein; AV, atrioventricular; AWR, atrioventricular valve regurgitation. 
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Other Left-Sided Obstructive Lesions 

Aortic stenosis, mitral stenosis, and Shone complex present 
with a myriad of anatomic variation. The preoperative sta- 
tus of the patient, including ventricular dysfunction and/or 
hypertrophy and any medications including /3-blockade, must 
be reviewed. Details of the surgery, whether valve repair with 
subaortic resection or valve replacement, must be communi- 
cated. Postoperative transesophageal echocardiographic data 
should be understood. Residual lesions, that is, stenosis or 
regurgitation, should be reviewed. With postoperative normal 
or hyperdynamic left ventricular function, relief of mechani- 
cal obstruction will often result in a hypertensive patient, and 
/3-blockade with esmolol should be considered along with other 
vasodilator therapy, that is, nitroprusside or calcium channel 
blocker such as nicardipine in older patients. It is important 
to control blood pressure, as there will frequently be a long 
aortic suture line and bleeding or dehiscence can accompany 
uncontrolled high blood pressure. Patients with poor ventricu- 
lar function may require significant inotropic support. A left 
atrial catheter is very helpful in these patients to assess the 
degree of filling of the left ventricle and any residual mitral 
stenosis or regurgitation. 

Other Right-Sided Obstructive Lesions 

Pulmonary atresia with intact ventricular septum is a complex 
lesion with perioperative and catheterization management 
dependent on details such as the presence of an RVOT, and 
a reasonably sized RV with thin pulmonary valve leaflets that 
can be perforated in the catheterization laboratory with radi- 
ofrequency energy (248). Other important considerations are 
the status of the coronary arteries, whether there is proximal 
coronary artery atresia and right ventricular dependent coro- 
nary sinusoids. These patients may be admitted postprocedure 
to the CICU having undergone one or a combination of RV 
perforation in the catheterization laboratory or OR, BT shunt, 
or ductal stenting, and atrial septectomy or septostomy. The 
details of the procedure should be clearly communicated and 
CICU care directed accordingly. A common scenario is the 
creation of RVOT blood flow and then discontinuing PGEj 
postprocedure to assess adequacy of pulmonary blood flow. 
Vigilance for hypoxemia necessitating restarting of PGEj 
accompanied by echocardiographic evaluation is important. 

Pulmonary atresia with VSD and multiple aortopulmonary 
collaterals ( MAPCAs ) is another complex lesion, with multi- 
level preoperative decision making and considerable practice 
variation among centers. Approaches vary from complete 
repair via median sternotomy with extensive bilateral uni- 
focalization of MAPCAs, placement of RV to PA conduit, 
and VSD closure in infants under 6 months (249) to a staged 
approach that may include thoracotomy for one-sided unifo- 
calization with BT shunt, or central aortopulmonary shunt as 
a first procedure. Then, thoracotomy on the opposite side may 
be done for unifocalization followed by a third procedure for a 
Rastelli-type repair as the intended final stage (250,251). The 
preoperative anatomy, history of surgery, status of the pulmo- 
nary vascular bed, and presence of a residual VSD or ASD are 
very important to understand. 

Ebstein anomaly of the tricuspid valve patients may pre- 
sent to the CICU pre- or postoperatively. Infants with severe 
malformation are significantly ill with cyanosis and may have 
SVT or other atrial arrhythmias. The severe TR often results 
in functional pulmonary atresia. Some patients have anatomic 
pulmonary atresia. With severe disease, the massive increase 
in RV size and increase in RV pressure causes impingement on 
the LV. The interventricular septum is displaced right to left; 
LV filling and stroke volume are compromised, leading to low 


systemic CO. Even after surgery such as valve repair or BT 
shunt to provide pulmonary blood flow, they will require sig- 
nificant cardiopulmonary support (252). 

Tricuspid atresia patients may present in the neonatal 
period after a BT shunt for pulmonary atresia or stenosis or 
a PA band for unobstructed pulmonary blood flow. Some 
patients may have mild-to-moderate pulmonary stenosis and 
need no intervention in the neonatal period. The BDG usually 
is performed at 3 to 6 months of age. 

Cardiac Transplantation 

The preoperative status of the transplantation patient must 
be thoroughly reviewed and understood, particularly in refer- 
ence to PH, which can complicate the postoperative course. 
Intraoperatively, the donor organ ischemic time also should 
be as short as possible, but given issues with transport of 
the organ or a complex transplantation procedure such as 
for cyanotic CHD, ischemic times may be longer. Generally 
speaking, ischemic times <5 hours are desirable with bet- 
ter myocardial function in the early postoperative period. 
Details about the donor heart, such as circumstances of the 
donor’s death, cardiac function, level of inotropic support, 
and any defects such as ASDs are important. Normally, the 
donor body weight should be 80% to 120% of the recipient’s 
weight. When a small donor heart is placed in a recipient with 
PH, increased potential for RV dysfunction exists. Additional 
right ventricular support in the form of milrinone, iNO, or 
occasional RV assist device may be required in these patients 
(253). It is also important to understand whether the patient 
has elevated panel reactive antibodies or a positive crossmatch 
with the donor heart. In such cases, intraoperative or postop- 
erative plasmapheresis may be instituted to minimize risk of 
early rejection. ABO-incompatible transplants in infants are 
increasingly common (254). 

The denervated heart after transplantation will not respond 
to parasympathetic inputs. Therefore, vagolytic agents such 
as atropine and pancuronium will not increase the heart rate. 
Many institutions use low-dose isoproterenol immediately 
postoperatively to maintain heart rate, as there is often slow- 
ing of SA node discharge over the initial hours in the ICU. 
Atrial pacing wires are also placed, and this is another alter- 
native for treatment of slowing HR. Direct-acting adrenergic 
agents such as epinephrine are also effective. Early in the post- 
operative period, the same considerations for bleeding, inflam- 
matory response, and pulmonary dysfunction as for standard 
CHD surgery are followed. It is very important to maintain 
the patient’s corticosteroid, other immunosuppressive agents, 
and antibiotic regimens exactly according to protocol and 
schedule and to maintain strict infection prevention precau- 
tions in these patients (255). Uncomplicated transplants, that 
is, first-time sternotomy, no PH, good donor heart function, 
and minimal bleeding can usually be extubated 12 to 24 hours 
postoperatively. Transplants complicated by bleeding, PH, 
complex reconstructions, or in small infants may require pro- 
longed postoperative ventilation and inotropic support. 


CENTRAL NERVOUS SYSTEM ISSUES 


Sedation and Analgesia 

Sedation and analgesia are daily considerations for most CICU 
patients. Institutional approaches and protocols for sedation 
and analgesia are highly desirable to standardize care as much 
as possible and decrease the incidence of undertreated pain 
and patient distress from anxiety. The ventilated postsurgical 
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patient will require significant doses of analgesic and seda- 
tive drugs, most often in the form of opioids (morphine, fen- 
tanyl), which should be given as continuous infusions or on 
a scheduled basis after major surgery. Similarly, sedation for 
anxiolysis and to prevent awareness is often provided by ben- 
zodiazepines (midazolam, lorazepam). Muscle relaxation is 
rarely indicated, except where patient movement or coughing 
will interfere with care, that is, ventilation. Patients with severe 
lung disease, or at high risk for PH crises who are treated with 
ECMO or other mechanical support, are often in need of 
continuous muscle relaxation. A peripheral nerve stimulator, 
placed over the ulnar nerve, should be used and state of neu- 
romuscular blockade assessed and titrated frequently. Admin- 
istration of unnecessarily large doses of sedatives, analgesics, 
and muscle relaxants can lead to a polyneuropathy syndrome 
characterized by prolonged muscular weakness that may sig- 
nificantly complicate weaning from support (256,257). The 
minimum effective doses necessary to achieve desired sedation 
and analgesia should be used. A pain and sedation scale or 
score with clear goals for each patient, is administered at regu- 
lar intervals by the bedside nursing staff, and should be part 
of each institution’s protocol (258). Older extubated patients 
often do very well with patient-controlled analgesia. Neu- 
raxial anesthesia, with continuous local anesthetic infusions 
with or without opioids, given through thoracic epidural or 
paravertebral catheters, is often very effective for thoracotomy 
pain. Parental presence, nursing interventions, and the Child 


Life Team are all very important nonpharmacologic strategies 
for the daily pain and distress that accompany a CICU stay. 

Continuous infusions of sedative agents may be necessary 
for patients who are difficult to sedate. Propofol should never 
be used for this purpose in children because of its clear asso- 
ciation with propofol infusion syndrome that occurs when it 
is used in large doses over a long time. This syndrome is char- 
acterized by mitochondrial failure, severe myocardial dysfunc- 
tion, acidosis, and cardiovascular collapse leading to death 
(259,260). The newer IV agent, dexmedetomidine, a centrally 
acting al antagonist agent with actions similar to clonidine 
has gained increasing use in CICUs because of its ability to 
sedate the patient, its additive effects with opioids, its ability to 
preserve respiratory drive, and its hemodynamic effects includ- 
ing lowering blood pressure and heart rate (261). This agent 
generally should not be used in infants and in patients with 
bradycardia or those who are hemodynamically unstable. AV 
block has been described with this agent (262-264). Despite 
its potential respiratory benefits, dexmedetomidine was not 
shown to facilitate early extubation in a recent retrospective 
review (265). Additional agents that may be used include keta- 
mine, especially for painful procedures barbiturates and chlo- 
ral hydrate. Table 20.12 summarizes major classes of sedative 
and analgesic drugs, doses, and side effects. 

Tolerance; dependence; and a withdrawal syndrome to opi- 
oids, benzodiazepines, and other drugs are often observed in 
CICU patients who regiven significant doses and have long ICU 


TABLE 20.12 | 

Sedative and Analgesic Drugs 



Drug 

Class 

Dosing 

Indications 

Comments 

Fentanyl 

Opioid 

Bolus: 1-2 /xg/kg 

Infusion: 1-10 fi g/kg/h 

Analgesia 

Chest wall rigidity with rapid bolus; 
rapid tolerance with infusion 

Morphine 

Opioid 

Bolus: 0.05-0.1 mg/kg 
Infusion: 0.025-0.1 mg/kg/h 

Analgesia 


Methadone 

Opioid 

0. 1-0.2 mg/kg Q8-12h 

Analgesia; opioid 
tolerance 

Use for opioid wean protocol 

Midazolam 

Benzodiazepine 

Bolus: 0.025-0.1 mg/kg 
Infusion: 0.05-0.1 mg/kg/h 

Amnesia, sedation, 
anxiolysis 

Rapid tolerance with infusion 

Lorazepam 

Benzodiazepine 

Bolus: 0.025-0.1 mg/kg q 4h 

Amnesia, sedation, 
anxiolysis 


Ketamine 

Arylcyclohexylamine 

Bolus: 1-2 mg/kg 

Infusion: 

Analgesia, sedation 

Hallucinations, dysphoria, 
excessive salivation, 
tachycardia 

Propofol 

Imidazole derivative 

Bolus: 1-3 mg/kg 

Infusion: 100-200 /xg/kg/min 
for procedural sedation 

Procedural sedation 

Do not use for prolonged ICU 
sedation, i.e., >4 h 

Dexmedetomidine 

Central al agonist 

0.3-0.7 /xg/kg/h 

Sedation; some 
analgesia 

For short-term ICU sedation; 
bradycardia and heart block in 
infants 

Acetaminophen 

Inhibits prostaglandin 
synthesis 

10-1 5 mg/kg q 6h 

Analgesia 

Do not use with significant 
hepatic disease 

Ketorolac 

Nonsteroidal 
anti-inflammatory 
agent (cyclo- 
oxygenase-1 and 2 
inhibitor) 

0.5 mg/kg q 6h; max 30 mg; 
do not administer for more 
than 48-72 h 

Analgesia 

Inhibition of platelet function: 
bleeding. Renal impairment 


All doses are intravenous; see text for details. 
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Figure 20.16. Principles of NIRS. The sensor is 
placed on the forehead, and a light- or a laser-emit- 
ting diode uses 2 to 4 wavelengths of near infrared 
light at 700 to 1,000 nm. Ox y- and deoxyhemo- 
globin have distinct light absorption spectra, and 
the device calculates the oxyhemoglobin saturation 
using a modification of the Beer-Lambert Law. 
Regional oxygen saturation (rS0 2 ) is reported. 
Since arterioles, veins, and capillaries are all in 
the light path, rSO z is a venous-weighted oxygen 
saturation of a tissue sample volume in the fron- 
tal cerebral cortex. A subtraction algorithm using 
surface and deep photodetectors removes signal 
from shallow tissues, that is, skin, skull, and dura. 
(Figure courtesy of Covidien-Somanentics Corp.) 



Surface 

photodetector 


Deep 

photodetector 


Light emitting 
diode 


stays (266). Risk for this syndrome is generally higher with 
continuous infusions of large doses of potent synthetic opioids, 
that is, fentanyl and infusions of short-acting benzodiazepines, 
that is, midazolam. If these therapies are necessary early after 
CICU admission, their need should be evaluated daily, mini- 
mum effective doses used, and instead of continually escalating 
doses, adding long-acting scheduled doses of opioids, that is, 
morphine or methadone, and benzodiazepines, that is, loraz- 
epam, should be considered. Low-dose naloxone infusion may 
be effective at preventing tolerance syndromes (267). Dexme- 
detomidine and clonidine have opioid-sparing effects (268). 
Also, intravenous acetaminophen, ibuprofen, or ketorolac 
are now available and should be considered for their opioid- 
sparing effects when no contraindications exist. Patients should 
be assessed for withdrawal syndromes using the various semi- 
objective grading scales and if established, a plan to gradually 
wean the sedative and analgesic drugs, that is, 5 % to 10% per 
day, and substitute long-acting drugs (methadone and loraz- 
epam) or drugs from other classes (barbiturates, transdermal 
clonidine patch) for withdrawal symptoms. Consultation with 
an acute pain service expert is recommended for difficult cases. 

CNS Injury: Etiologies, Prevention, 

Evaluation, Treatment 

The recognition that patients with CHD who have undergone 
complex or moderately complex surgery have a significant 
incidence of long-term, mostly subtle neurodevelopmental 
problems by the age of school entry has focused attention on 
the perioperative period as a potential cause of brain injury. In 
the modern era, gross injuries such as large strokes, seizures, 
choreoathetosis, and coma are very rare. A myriad of causes of 
brain injury and abnormal neurodevelopment exists. A recent 
finding has been that the brains of patients with complex CHD 
who undergo operation in the neonatal period are very often 
immature, that is, the full-term infant with complex CHD 
often has the brain with the morphologic and microcellular 
characteristics of a premature infant of 32 to 34 weeks’ ges- 
tational age (269,270). In turn, this brain immaturity leads to 
higher incidence of brain injury both pre- and postcardiac sur- 
gery (232). The falloff in brain growth and maturation begins 
in the third trimester, and has raised the issue of whether deliv- 
ery, or CPB surgery before term, is advisable (271,272). 

Perioperative etiologies of brain injury include prolonged 
hypoxemia before repair (231), BAS in some series (230), and 
prolonged DHCA over about 45 minutes. (206). In addition, 
hematocrit on CPB below 24% (273) rapid cooling, and astat 
management have also been associated with early evidence of 
CNS injury (207,274) The availability of NIRS to monitor 


regional cerebral oxygen saturation (rS0 2 ) has led to the 
widespread use of this real-time monitor of cerebral oxygena- 
tion in the CICU on many high-risk postoperative patients. 
These include neonates undergoing complex surgery, patients 
on mechanical support or older high-risk patients. Prolonged 
low rS0 2 has been associated with new postoperative brain 
MRI injury (275,276), need for ECMO and death in HLHS 
patients (277), and long-term MRI change and lower neu- 
rodevelopmental scores (278). To date, there are no published 
controlled trials of NIRS monitoring and intervention for 
CHD conclusively demonstrating that this monitoring with 
intervention protocols improves outcome. However, accumu- 
lating evidence of the use of this monitor to maintain a goal 
rS0 2 (normally >50%) demonstrates its important benefits. 
In the CICU, NIRS monitoring can help direct therapies to 
increase oxygen delivery to the brain, including ventilator 
maneuvers, increasing CO, and hemoglobin. For example, 
unnecessary or inadvertent hypocarbia significantly affects 
cerebral blood flow in infants and leads to low rS0 2 (279). In 
addition, therapies decreasing cerebral oxygen consumption 
by lowering temperature adding sedative agents or treating 
seizures, can be directed with NIRS monitoring. The rS0 2 
is a noninvasive surrogate for SvO z as well and can thus be 
used to help direct therapy to optimize global oxygen delivery 
(33). Figure 20.16 illustrates basic principles of NIRS and 
Table 20.13 summarizes maneuvers to increase rS0 2 . (For 
a complete discussion of CNS outcomes in CHD, please see 
Chapter 74.) 


THE RENAL SYSTEM 

Renal dysfunction is a common problem in CICU patients 
and frequent causes include LCOS, ischemia from long CPB 
times, postarrest injury, nephrotoxic drugs, congenital renal 
malformations, and hemolysis-induced tubular dysfunction 
from elevated plasma-free hemoglobin. Maintenance of ade- 
quate urine output to meet the fluid balance goals for each 
patient is important. Diuretic therapy, most commonly furo- 
semide, is used for almost all postoperative patients to pro- 
mote excretion of excess tissue fluid. Furosemide infusion can 
be an effective approach to the patient in need of maximal 
diuretic treatment. The incidence of renal dysfunction after 
congenital heart surgery in the modern era is about 20%, 
defined as at least a 50% increase in serum creatinine postop- 
eratively (280). Diagnosis is made by noting increased serum 
creatinine and blood urea nitrogen, decreased urine output, 
and decreased calculated GFR. Renal ultrasound, including 
assessment of renal blood flow, may be a useful diagnostic 
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| Measures to Increase Regional Cerebral Oxygen Saturation (rS0 2 ) 

Measures to increase oxygen delivery 

Oxygenation 

Increase Fi0 2 ; other means to improve oxygenation 

Ventilation 

Decrease minute ventilation to increase PaC0 2 

Cardiac output 

Volume infusion 

Inotropic, vasodilator support 

Oxygen-carrying capacity 

Increase hemoglobin by transfusion; diuresis 

Relieve SVC obstruction 

Head in midline; elevate HOB 30 degrees 

Increase cerebral perfusion 
pressure 

Treat hypotension — Increase blood pressure with vasopressors 

Measures to decrease oxygen consumption 

Temperature 

Cool brain/body temperature to 35°C-36°C 

Sedation 

Sedate patient to decrease CMR0 2 

Seizures 

Treat seizures to decrease CMR0 2 


Measures to increase regional cerebral oxygen saturation (rS0 2 ). rS0 2 < 50%, or >20% relative below baseline, is a usual indication 
for treatment. Example: baseline rS0 2 = 65%, a decrease to 52% or lower is treated. SVC, superior vena cava; HOB, head of bed; 
CMR0 2 , cerebral metabolic rate for oxygen. 


modality. Temporary renal dysfunction heralded by increase 
in creatinine and decreased urine output caused by the surge 
in antidiuretic hormone (ADH) as part of the stress response 
to major surgery is common in the first 24 to 72 hours. Table 
20.14 displays the pediatric RIFLE (pRIFLE), a commonly 
used scoring system for renal injury in pediatrics (280). When 
bleeding subsides and hemodynamic stability is achieved, 
diuretics are often added 12 to 24 hours after admission to 
the ICU. 


Renal Replacement Therapy 

The incidence of renal failure requiring renal replacement ther- 
apy after CHD surgery is very low, estimated at 1% to 3%, 
although its precise incidence is difficult to classify (280,281). 
Peritoneal dialysis is normally used in infants, and the cath- 
eter can be inserted at the bedside by the surgeon in the ICU. 
Normally, hourly cycles of 10 mL/kg of 1.5% to 2.5% Dianeal 
with 45- to 50-minute dwell time and 10-minute drain time 



The Pediatric RIFLE Criteria 


Category 

GFR Criteria Urine Output Criteria 

Risk 

Increased creatinine 1.5 times baseline, 
or GFR decrease >25% 

UO < 0.5 mL/kg/h x 6h 

Injury 

Increased creatinine 2.0 times baseline, 
or GFR decrease >50% 

UO < 0.5 mL/kg/h x 12h 

Failure 

Increased creatinine 3.0times baseline, 
or GFR decrease >75% 

UO < 0.5 mL/kg/h x 24h, or anuria x 1 2h 

Loss 

Persistent acute renal failure = complete 
loss of renal function >4 weeks 


End-Stage 

Renal Disease 

Persistent renal failure = complete loss 
of renal function >3 months 



GFR can be estimated by the Schwartz method: This equation may not provide an accurate estimation of creatinine clearance for 

infants <6 mo of age or for patients with severe starvation or muscle wasting. 

eGFR = {kx Height (cm))/Creatinine Img/dL) 

where: eGFR = estimated GFR; calculated in mlVmin/1.73 m 2 

k= constant of proportionality that is age-specific: 

<1 y preterm: 0.33 
<1 y full-term: 0.45 
1-12 y: 0.55 
>1 2 y female: 0.55 
>1 2 y male: 0.7 

GFR, calculated glomerular filtration rate, U0, urine output. 
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are very effective at removing excess fluid and balancing elec- 
trolyte values, for example, hyperkalemia. Close attention 
must be paid to hemodynamic and ventilatory status during 
infusion and draining of peritoneal dialysis fluid the first sev- 
eral cycles in small infants. Some programs routinely place 
peritoneal dialysis catheters in the OR after complex neonatal 
and infant surgery (282-284). The catheter is placed via the 
anterior mediastinum in front of the diaphragm for access to 
the peritoneal cavity or the catheter can be placed via a small 
supraumbilical incision and positioned from the incision near 
the diaphragm. This catheter is easily removed several days 
postoperatively. Peritoneal dialysis is instituted in the ICU 
soon after admission to achieve optimal fluid balance during 
the period of time when kidneys are avidly retaining fluid due 
to the ADH surge. In addition, mediators of inflammation are 
filtered in the dialysate reducing plasma levels of these small 
molecules and possibly reducing the severity of the inflamma- 
tory response. 

Other forms of renal replacement, such as continuous 
venovenous hemofiltration continuous arteriovenous hemofil- 
tration or hemodialysis, are reserved for larger patients whose 
blood vessels can accept the large catheters required for such 
therapies (285). Patients treated with ECMO or acute VAD 
therapy normally have a hemofilter placed in the circuit to 
augment native renal function and to fine tune fluid and elec- 
trolyte balances. 


FLUIDS, ELECTROLYTES, AND NUTRITION 


Intravascular volume and total body fluid status are high- 
priority issues daily for CICU patients. Most immediate post- 
operative patients are treated with less than maintenance daily 
fluid administration, that is, 50% of maintenance levels, with 
5% or 10% dextrose and 0.2% to 0.45% normal saline. 
Potassium is not added to IV fluids initially. Bolus isotonic 
crystalloids, 5% albumin, or blood products are utilized in 
the early postoperative period to replace intravascular volume. 
Fluids are liberalized after 24 to 48 hours and those patients 
who are extubated and have normal gastrointestinal function 
will resume feeding shortly thereafter. Frequent measurement 
of electrolytes and maintenance of normal ranges for serum 
sodium, potassium, ionized calcium and magnesium are impor- 
tant to optimize end-organ function. Hypokalemia is frequent 
in patients receiving diuretic therapy and IV replacement over 
1 to 2 hours is common. Hyperkalemia is treated first by 
removing any potassium from IV fluids and then increasing 
pH with bicarbonate, administering calcium chloride, and giv- 
ing insulin to promote movement of K+ into cells. Kayexelate, 
a potassium-binding resin, is given per rectum. Hemodialysis 
is rarely necessary in persistent hyperkalemia. Hyponatremia 
is a common finding with diuretic therapy; reducing diuretic 
doses and decreasing the amount of free water intake are 
the usual approaches. In severe cases, that is, serum sodium 
<120 mEq/L with seizures, 3% sodium chloride may be nec- 
essary, although care must be taken not to correct the serum 
sodium faster than 10 mEq/L per 24 hours. Hypernatremia is 
uncommon, but increasing free water and decreasing sodium 
intake is the usual treatment. 

Nutrition in critically ill patients in the CICU is a central 
issue, and adequate caloric intake is necessary to prevent 
protein catabolism, maintain energy stores for optimal car- 
diopulmonary function, promote wound healing, and prevent 
infection (286). Early complex postoperative patients are 
given standard IV fluids for 24 to 48 hours and if the GI tract 
cannot be used for early feeding, central parenteral nutrition 
should be instituted, increasing dextrose, amino acids, and 
intralipid infusions to meet goals for calories, protein, and 


lipid administration. The gut should be used if at all possi- 
ble, starting with small-volume continuous feeds of breast 
milk, fortified if necessary or with age and medical condi- 
tion appropriate formula. Trophic levels of feeds will prevent 
involution of intestinal villi and promote higher success rates 
when full feeds are instituted. The recognition that infants 
having major cardiac surgery, particularly the Norwood Stage 
I palliation and other major aortic arch reconstruction, have 
a significant incidence of recurrent laryngeal nerve injury that 
affects vocal cord function (10% to 25%) along with a sig- 
nificant incidence of gastroesophageal reflux (GER) (48% to 
59 %) and aspiration (24% to 35%) (287) has led to institu- 
tion of refeeding protocols in many centers. This involves an 
assessment of vocal cord function by nasoendoscopy, assess- 
ment of coordination of sucking and swallowing capability 
by an infant feeding specialist, and possibly barium swal- 
low. Nasogastric or nasoduodenal feeds can be instituted if 
necessary in cases of vocal cord dysfunction and/or reflux. 
Persistent dysfunction of vocal cords and GER is an indica- 
tion for placement of a gastrostomy tube, either surgically or 
by percutaneous endoscopic gastrostomy. Fundoplication is 
done less often but can be done via open surgical incision 
or laparoscopically. Another cause of feeding problems can 
be intestinal malrotation, frequently seen in patients with 
heterotaxy syndrome, and a Ladd procedure may be needed 
in these patients (288,289). Small infants with single-ven- 
tricle anatomy are particularly prone to feeding problems, 
and ICU care is usually necessary after abdominal surgery. 
Figure 20.17 outlines one approach to refeeding neonates 
after complex cardiac surgery. 

Although not a feeding problem per se, chylothorax often 
becomes evident when the infant begins full feeding with reg- 
ular formula and pleural effusion becomes evident on chest 
radiograph or chylous fluid begins draining from any of the 
chest tubes. Disruption of the thoracic duct or other lymphat- 
ics during surgery can lead to chylothorax, which can signifi- 
cantly complicate the postoperative course. Diagnosis is made 
by observing a high lymphocyte count and chylomicrons in the 
fluid. Treatment is initiated by stopping oral intake and start- 
ing total parenteral nutrition. When the drainage decreases 
significantly and is no longer chylous, cautious refeeding with 
nonfat containing formulae is reinstituted. This therapy may 
be necessary for weeks afterward until drainage stops. Per- 
sistent chylothorax can be treated by continuous infusion of 
the somatostatin analog octreotide, at 25 to 100 jug/kg/day 
for 3 to 7 days. Pleurodesis with mechanical methods, talc, 
or doxycycline is also used for persistent chylothorax. This 
procedure is extremely painful, initiates a significant inflam- 
matory response, and is not often used. Ligation of the tho- 
racic duct and oversewing of leaking lymphatics is sometimes 
necessary (290,291). 

Glycemic Control 

In recent years, an association between hyperglycemia and 
poor outcomes in ICU patients, particularly in the adult pop- 
ulation, has been noted and subsequently an attempt to con- 
trol glucose concentrations has been made in an attempt to 
improve these outcomes. The problems with this approach 
included the fact that it was very difficult to determine whether 
the hypoglycemia was the cause or the effect of the conditions 
that led to poor outcomes. In the neonatal and infant car- 
diac surgery population, hyperglycemia (serum glucose above 
180 mg/dL) was not associated with an increased short-term 
morbidity in one study (292); however, in other studies, either 
low serum glucose (average below 110 mg/dL) or high serum 
glucose (average >145 mg/dL, or peak >250 mg/dL) were 
associated with early morbidity and mortality (293). Longer-term 
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Figure 20.17. Suggested refeeding algorithm for neonates after cardiac surgery. ENT, ear, nose, and throat sur- 
geon; OT, pediatric occupational therapy feeding specialist; EBM, expressed breast milk; RD, pediatric registered 
dietician; G-tube, gastrostomy tube; NG, nasogastric. 
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neurodevelopmental outcomes are not affected by hyperglycemia 
in the perioperative period for infant cardiac surgery (294,295). 
Both adult (296) and pediatric studies of tight glycemic control 
(target 81 to 108 mg/dL) versus standard therapy (target <180 
mg/dL) demonstrated increased complications, most particularly 
hypoglycemia, and even death, with tight control (297). Clearly 
more data are needed in this area. In practice, a target glucose of 80 
to 200 mg/dL in most CICU patients is adequate, and short-lived 
elevations above 200 'mg/dL are common perioperatively, partic- 
ularly if corticosteroids are used. These elevations are normally 
self-limited and do not necessitate insulin therapy; limiting the 
glucose infusion rate is sufficient. Insulin therapy is only used for 
persistent elevations in serum glucose above 300 mg/dL or when 
osmotic dieresis is complicating fluid therapy. Investigating and 
treating the underlying cause is important. 


INFECTION IN THE PCICU 


Prevention of Infection 

The PCICU is at particularly high risk for nosocomial infec- 
tion because of the invasive procedures, and many indwelling 
vascular catheters and the often-abnormal immune systems 
of the patients (298). Strict attention to preventing infection 
by common measures such as hand washing between every 
patient contact, disinfecting stethoscopes and other equipment 
and isolation of known or potentially infective patients is of 
critical importance. In addition, strict adherence to protocols 
for sterile insertion and maintenance of central venous cath- 
eters and protocols to prevent VAP has dramatically reduced 
such complications in units where they have been implemented 
(299). For each CICU patient, the treatment team must assess 
daily whether each indwelling catheter, or the endotracheal 
tube is necessary, how long it has been in place, whether infec- 
tion is suspected what the anticipated duration of placement 
is, and plans for its removal or replacement. Indwelling cath- 
eters and tubes should be removed as soon as possible. 

Diagnosis and Treatment: Catheter-Related, 
Bloodstream, Pulmonary, Urinary, Wound Infections 

The signs and symptoms of infection in CICU patients are 
myriad, and a high index of suspicion necessary in these 
patients. Fever or hypothermia, leukocytosis, hemody- 
namic or respiratory compromise, coagulopathy or failure 
to progress in the expected course of illness are common 
accompaniments of significant infection. A thorough exami- 
nation, cultures of blood, endotracheal secretions, urine 
and imaging studies such as echocardiography to evaluate 
whether a vegetation is present, are necessary in suspected 
infection. Empiric antimicrobial therapy, removal of possi- 
bly infected catheters, and careful monitoring are first steps 
in treating significant infection. Therapy is narrowed and 
promptly directed specifically at any organisms that grow 
from cultures. Complex patients, that is, infected patients on 
mechanical support, benefit from consultation by the infec- 
tious disease service. 


ENDOCRINE ISSUES 


Adrenal Insufficiency and Corticosteroids 

Some patients in the PCICU experience an acquired adrenal 
insufficiency from their critical illness or after suppression 
from chronic steroid administration. In patients suspected of 


having adrenal insufficiency, a cosyntropin stimulation test can 
be done. Nonresponders will frequently benefit from a course 
of hydrocortisone with improved hemodynamic performance 
due to increased sensitivity to catecholamines (300,301). 
Patients with ongoing high inotropic requirements should be 
suspected of having this acquired adrenal insufficiency. Treat- 
ment with hydrocortisone will significantly reduce inotrope 
requirements in these patients within 6 to 12 hours. 

Hypothyroidism 

There is a decreased conversion of T4 to T3 after CPB in 
children, and hypothyroidism may accompany major cardiac 
surgery with CPB. In addition, many patients with trisomy 
21 have either overt or functional hypothyroidism (up to 
30%). In these patients and especially infants, T3 infusion 
can be very effective at improving myocardial function and 
decreasing the need for high-dose inotropic support (302,303). 
Patients with refractory LCOS who are receiving high doses of 
inotropic support should have thyroid function tests measured 
with consideration for initiation of T3 (triiodothyronine) infu- 
sion, 0.05 to 0.15 pg/kg/h. 


CPR AND ECPR IN THE PCICU 


Cardiac arrest is a constant threat in the PCICU and vigilant 
monitoring and assessment to identify patients at risk and to 
address treatable causes before an arrest are important tasks in 
every CICU. Decreasing peripheral perfusion, increasing aci- 
dosis and serum lactate, as well as decreasing somatic NIRS 
values are all used to assess this risk (304). Despite best efforts, 
sudden arrest from causes such as paroxysmal arrhythmias or 
PH crises happen all too frequently in the PCICU. Immediate 
response, institution of effective chest compressions, assuring 
oxygenation and ventilation, rapid defibrillation or cardiover- 
sion, and administering standard resuscitation drugs such as 
epinephrine and atropine rapidly and prompt cardioversion or 
defibrillation are very important. However, in the CICU, there 
are a number of scenarios where standard resuscitative meas- 
ures will not be effective. Rapid surgical assistance to reopen 
the sternum of the arrested patient with cardiac tamponade, 
for instance, is essential. If patients are not responding rapidly 
to standard measures, rapid institution of ECMO, known as 
ECPR, is now the standard approach in many centers. Such a 
system requires considerable institutional resources to equip 
and train personnel. Survival rates of ECPR are as high as 30% 
to 40% in experienced programs. Virtually all of these patients 
would have died without this therapy (305). (See Chapter 21 
for a detailed discussion of mechanical support therapies.) 


THE CATHETERIZATION LABORATORY 
AND THE PCICU 


Care of Postcatheterization Patients 

With increasingly invasive procedures performed in the cath- 
eterization laboratory on progressively smaller and sicker 
patients, a number of these children will need PCICU admis- 
sion for observation and treatment of postcatheterization 
issues. These can include low CO after many procedures such 
as aortic valve balloon angioplasty in the neonate, pulmonary 
reperfusion injury or hemorrhage after extensive pulmonary 
artery angioplasty, PH after procedures such as pulmonary vein 
angioplasty and stenting, severe catheter-induced arrhythmia, 
or heart block or cardiac arrest after induction of anesthesia 
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in a patient with preexisting severe myocardial dysfunction. 
These patients often do not have the same hemodynamic mon- 
itoring catheters, that is, arterial, right and left atrial catheters, 
as postsurgery patients. Their clinical examination parameters 
are very important. Clear communication between the cardiac 
catheterization team and the CICU for high-risk patients, iden- 
tical to that of patients undergoing cardiac surgery, is essential 
for optimal care of these patients. 

Catheterization of ICU Patients 

Many PCICU patients undergo preoperative evaluation or 
interventions in the catheterization laboratory. Patients with 
known or suspected residual defects who are not progress- 
ing in their ICU course in terms of hemodynamic or respira- 
tory support should have serious consideration for thorough 
hemodynamic and anatomic assessment in the catheterization 
laboratory. Echocardiographic data are important, but should 
not be relied upon exclusively for therapeutic decision making 
in PCICU patients. Not only can residual defects be assessed 
in detail with catheterization but also pulmonary vein satura- 
tions are often helpful to distinguish pulmonary parenchymal 
disease from other causes of arterial desaturation. This also 
affords the opportunity for intervention, where additional sur- 
gery would be high risk. This includes patients on ECMO. In 
addition, patients on mechanical support may require catheter 
therapy to create a larger atrial communication for left heart 
decompression or correct positioning of intracardiac support 
catheters. There should be a relatively low threshold for per- 
forming cardiac catheterization in PCICU patients. 


MEDICAL CONDITIONS IN THE CVICU 


Among the most common medical conditions reported in 
PCICU admission are myocarditis, cardiomyopathies, acute or 
chronic transplant rejection or graft dysfunction from coro- 
nary arteriopathy, and severe infective endocarditis (306). 
Common pathophysiology often includes a dilated, poorly 
functioning left ventricle with acute congestive heart fail- 
ure. Management principles in the acute PCICU setting are 
the same as noted above, under Prevention and Manage- 
ment of Low Cardiac Output Syndrome. Chapters 55 and 
65 contain detailed discussions of these conditions. Diagnosis 
and specific treatment for the underlying cause of heart failure 
is of paramount importance. Patients range from those requir- 
ing a short PCICU stay for additional diuresis or low-dose 
inotropic therapy to those who will go on to require mechani- 
cal support. A common issue with myocarditis, cardiomyopa- 
thy, or transplant rejection patients is when to initiate some 
form of mechanical support in a marginal patient with estab- 
lished LCOS. Any reversible or treatable causes are addressed. 
Patients with continued low CO despite significant inotropic 
support, with respiratory insufficiency, with risk for or expe- 
riencing multiorgan failure or cardiac arrest must be strongly 
considered for such therapy. Serial echocardiograms, serum 
lactate, mixed venous oxygen saturation measurements, and 
serum troponin or B-natriuretic peptide levels can be impor- 
tant modalities to assist in decision making. 


THE LOW BIRTH WEIGHT INFANT 


LBW infants weighing <2,500 g are increasingly admitted to 
PCICUs, both after and before palliative or corrective cardiac 
surgery or cardiac catheterization. The emphasis on early total 


correction of two-ventricle lesions and on early palliation of 
single-ventricle lesions had led to the increase in this popu- 
lation. Although complex surgery with CPB can be accom- 
plished in these patients, problems of the premature infant 
such as intraventricular hemorrhage or bronchopulmonary 
dysplasia have important implications for these patients (307). 
Overall survival is lower than for full term and normal birth 
weight infants. Bloodstream infections are common and a 
prominent feature for increased mortality (308,309). This 
problem may be minimized by the routine preoperatively per- 
cutaneous placement of central catheters, which have a very 
low infection rate (310). Alternative approaches to LBW neo- 
nates, such as the hybrid Stage I palliation for HLHS, versus 
conventional Norwood Stage I palliation, have not improved 
survival in these infants (311). Prolonged treatment with PGE l 
for ductus-dependent lesions has been described as an alter- 
native to early surgical intervention (312). The LBW popula- 
tion in the PCICU must have multidisciplinary consultation, 
particularly from neonatologists, to assist in identifying and 
treating conditions unique to this population. 


THE ADULT WITH CONGENITAL HEART DISEASE 

The issue of critical care for the adult with CHD is a complex 
one and the setting of care may be in a PCICU in a children’s 
hospital, a general cardiothoracic surgical ICU in an adult 
hospital, or a specialized unit for adults with CHD (313). 
Specialized knowledge and experience in caring for the adult 
with CHD is important for the intensivist involved with these 
patients. The multiorgan pathophysiology of long-standing 
CHD is different from the young child and arrhythmias, myo- 
cardial failure, renal dysfunction, coagulation abnormalities, 
and neurologic dysfunction are common in this population. 
Expert cardiologists specializing in adult CHD are very impor- 
tant for consultation and coordination of the adult subspe- 
cialists needed, including neurologists and nephrologists. Each 
institution must develop a standardized, coordinated, multi- 
disciplinary approach to these patients. 


CONCLUSIONS 


Cardiac intensive care in infants and children with congenital 
and acquired heart disease is a rapidly evolving field with a 
tremendous amount of new knowledge every year. No matter 
what the exact setting for the care of these patients, whether 
in the neonatal intensive care unit, within a PICU or in a dedi- 
cated cardiac intensive care unit, the institution must provide 
the adequate resources and support for this very intensive sys- 
tem of care. Multidisciplinary collaboration is key to maxi- 
mize outcomes. The melding of state-of-the-art knowledge and 
techniques in Cardiology, Surgery, Intensive Care, Anesthesia, 
Nursing, Respiratory Therapy, and Perfusion, continually 
yields new approaches to address the needs of these compli- 
cated patients. 
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M echanical support of the circulation for infants and 
children has an important role in providing short-term 
circulatory support during reversible myocardial failure such 
as during fulminant myocarditis (1,2), as a means of cardio- 
pulmonary support before and after cardiac surgery (3-7), 
and as a long-term bridge to cardiac transplantation (8-11). 
Mechanical circulatory support devices (MCSDs) can be di- 
vided by duration of support into short-term support and 
longer-term support. Short-term support (days to weeks) may 
be provided by cardiopulmonary bypass (CPB), extracorporeal 
membrane oxygenation (ECMO), intra-aortic balloon pump 
(IABP) counterpulsation, or centrifugal ventricular assist de- 
vices (VADs). Longer-term support (weeks to months) may be 
accomplished by pulsatile paracorporeal or implantable VADs 
or axial flow implantable VADs. Table 21.1 summarizes the 
types of MCSDs available currently for pediatric patients in 
the United States. 

Selection of the optimal mode of circulatory support is 
a critical issue in pediatric patients and depends to a great 
extent upon the anatomy and pathophysiology, patient size, 
and anticipated duration of support. There are currently no 
established guidelines for the indications and management of 
cardiac mechanical support, and there is considerable interin- 
stitutional variability with respect to utility and outcomes. In 
general, institutions with a well-established ECMO service for 
either respiratory or cardiac failure are more likely to utilize 
this form of support for the failing circulation, while institu- 
tions with close collaboration with adult VAD programs are 
more likely to use other forms of MSCD in the older, larger 
patients. In addition, surgeon preference, case mix, surgical 
techniques, and CPB management are confounding factors 
that make institutional comparisons difficult. No prospective 
randomized trials comparing the indications for and modes 
of mechanical support have been undertaken although con- 
siderable information that has been accumulated in national 
and international registries for ECMO and VAD provides a 
framework for decision making. While it could be argued that 
a MSCD program, including at least ECMO, should be readily 
available in any center undertaking complex congenital car- 
diac surgery, it is critical to establish a structured and coordi- 
nated team. 


ANATOMIC AND PHYSIOLOGIC DIFFERENCES 
IN CHILDREN 


The major consideration in the design and development of 
safe circulatory support systems for children is the need to 
accommodate a large range of patient sizes, from newborns 
to young adults. MCSDs that employ a flexible membrane 
pump, such as the paracorporeal pneumatic devices, rely on 
a number of pump sizes to cover the range of patient sizes 


encountered in pediatric practice. This adds considerably to 
the cost of development and patient care. Beyond implications 
for the pump itself, however, size considerations exist for all 
aspects of device design for children including cannulas and 
control systems. Furthermore, the diverse anatomic variations 
encountered in complex congenital heart disease challenge 
the design of such devices. For example, abnormalities of vis- 
ceroatrial situs, such as situs inversus and abnormalities of the 
location of the cardiac apex (dextrocardia), complicate the 
application of many existing pump designs. 

The design of circulatory support devices for children must 
take into account other unique physiologic issues. The suscep- 
tibility to anticoagulation-related complications is particularly 
notable in infants and children as evidenced by the important 
risk of intracranial hemorrhage during infant ECMO support 
(12,13). Newborns are known to manifest an exaggerated 
systemic inflammatory response (14-18) following CPB and 
during ECMO support that may induce multisystem organ 
dysfunction. 

Other factors have developmental components as well such 
as changes in pharmacokinetics of anticoagulant medications. 
The ideal mechanical circulatory support system for children, 
therefore, must provide maximal biocompatibility resulting 
in minimal activation of systemic inflammatory cascades and 
avoidance of high-dose, multiagent anticoagulation. Children 
are also vulnerable to infectious complications during mechan- 
ical circulatory support, which are a frequent cause of perisup- 
port mortality (19-21). Thus, choosing an implantable system 
that does not require multiple skin penetrations for drive lines 
or other device components is an important goal. Since urgent 
institution of support may be required to treat cardiac arrest 
after cardiac surgery or acute myocarditis, some device designs 
must allow for “rapid deployment” (21,22). Finally, the use of 
MCSDs in children for long-term permanent use as an alterna- 
tive to heart transplantation, so-called destination therapy, has 
not been explored. One could imagine this possibility in the 
future if technologic advances could overcome the issues of 
growth and development. 


SHORT-TERM MODES OF MECHANICAL 
CIRCULATORY SUPPORT 


Cardiopulmonary Bypass 

The first mechanical circulatory support systems for children 
began in the 1950s shortly after the first successful adult 
heart-lung machine implementation. In 1954, Gibbon (23) 
repaired an atrial septal defect using the adult circulatory sup- 
port system, and at the same time, Lillehei’s group (24) began 
using cross-circulation to repair congenital heart lesions in 
children. Kirklin et al. (25) developed a pump oxygenator that 
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Types of Mechanical Circulatory Support for Children 




Clinical Experience and 


Support Name 

Type 

Age Supported 

Short-Term Support 

ECMO 

Extracorporeal, centrifugal 

Extensive pediatric, all ages 

Bio-Pump 3 , 6 

Extracorporeal, centrifugal 

Extensive pediatric, all ages 

Intra-aortic balloon pump 

Extracorporeal, counterpulsation 

Limited pediatric, older children 

Abiomed BVS 5000 3C 

Extracorporeal, pneumatic 

Limited pediatric, older children 

Chronic Support 

Thoratec 3 ' 6 

Paracorporeal, pneumatic 

Limited pediatric, older children 

Heartmate V-E 3e 

Implantable, electric 

Limited pediatric, older children 

Medos HIA-VAD' 

Paracorporeal, pneumatic 

Increasing pediatric, all ages 

Berlin Heart EXCOR 9 

Paracorporeal, pneumatic 

Increasing pediatric, all ages 

DeBakey VAD Child 3 ' 6 

Implantable, axial flow 

Limited pediatric, 5-12y 


a FDA approved in the United States. 

b Bio-Pump (Medtronic Bio-Medicus, Minneapolis, MN). 

c ABI0MED BVS 5000 (ABIOMED, Inc., Danvers, MA). 

‘Thoratec VAD (Thoratec, Corp., Pleasanton, CA). 
e HeartMate LVAS (Thoratec, Corp., Pleasanton, CA). 

'MEDOS HIA (MEDOS Medizintechnik AG, Stolberg, Germany). 
^Berlin Heart EXCOR (Berlin Heart AG, Berlin, Germany). 
^Debakey VAD Child (MicroMed Technology, Inc., Houston, TX). 


required much less prime volume than earlier versions. The 
next major improvements came in the 1970s with the devel- 
opment of deep hypothermic circulatory arrest in infants by 
Casteneda (26) and Barratt-Boyes (27), which allowed surface 
cooling and shorter CPB times. Over the next several decades, 
incremental improvements in CPB technology and operative 
techniques contributed to a significant reduction in mortality 
rates associated with pediatric cardiac surgery. Nonetheless, 
the potential morbidity following the use of CPB in infants 
and children continues to be a significant limitation to this 
mode of mechanical circulatory support. 

Although an in-depth discussion of the mechanisms and 
techniques of CPB is beyond the scope of this chapter, it is 
worth understanding the overall principles of CPB in order 
to assess other MCSDs, such as ECMO and VADs, and note 
specific differences to adult CPB. The CPB circuit has a num- 
ber of components including arterial and venous cannulae, 
circuit reservoir, pump, oxygenator, and heat exchanger. CPB 
is an “open” mechanical support system, allowing for blood, 
air, and particulate matter to be returned to the circuit reser- 
voir via cardiotomy suckers. This is an important distinction 
to ECMO and VAD circuits, which are both closed systems; 
any air entering the closed circuit will cause an airlock and 
these circuits do not have a reservoir volume to compensate 
for changes in circulating blood volume. Most pediatric sys- 
tems use a roller pump with flow rates governed by the inter- 
nal diameter of the tubing, the amount of occlusion of the 
roller, and the revolutions per minute (rpm) of the pump head. 
Typically, the membrane-type oxygenator systems are used, 
consisting of microporous membrane with hollow fiber or 
folded membrane, which must function efficiently at a wide 
variety of pump flow rates. Some considerations for cannula- 
tion for CPB are unique to congenital heart surgery. Venous 
cannulation in neonates and infants may be single or multiple 
depending on the anatomy and bypass technique. Obstruction 


to venous return is more likely due to the small vessel size and 
will increase venous pressures, thereby decreasing perfusion 
pressure to the cerebral and splanchnic circulations. In par- 
ticular, an elevated SVC pressure will reduce cerebral blood 
flow, increase the risk of cerebral edema, and reduce the rate 
of cerebral cooling. Systemic-to-pulmonary shunts such as a 
patent ductus arteriosus and aortopulmonary collateral ves- 
sels must be controlled when initiating CPB to prevent exces- 
sive pulmonary flow with resultant increased blood return to 
the heart, myocardial distention, systemic hypoperfusion, and 
uneven cooling or rewarming. 

Body-indexed pump flow rates are generally higher in 
neonates and infants reflecting a relatively increased meta- 
bolic rate in this age group. During bypass, there is no one 
measure of index that assures adequate perfusion. Generally 
flow rates of 100 to 150mL/kg/min, or indexed flows to 2.2 
to 2.5L/min/m2, should provide adequate tissue perfusion at 
normothermia. Venous oxygen saturation of >75% suggests 
adequate perfusion. However, these values may be misleading 
in patients with poor venous drainage, severe hemodilution, or 
malposition of the aortic cannula or in the presence of a large 
left-to-right shunt. Online continuous monitoring of blood gas 
and oxygen saturation is important to identify trends in oxy- 
gen extraction. 

During hypothermia, there are two broad bypass manage- 
ment strategies. The first strategy is deep hypothermia circu- 
latory arrest (DHCA) (<20°C) with low/intermittent flow or 
circulatory arrest. DHCA provides optimal operating condi- 
tions for intracardiac repairs with an empty, relaxed heart and 
reduces the duration of bypass and exposure of circulating 
blood to foreign surfaces. Prolonged brain ischemia is a major 
disadvantage and risk relates to both DHCA time and tem- 
perature. Low-flow deep hypothermic bypass is preferable and 
offers improved neurologic protection. Flow rates between 
30 to 50mL/kg/min are often referred to as “low flow,” but 
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the optimal flow rates during low-flow bypass are not firmly 
established. 

The second strategy is moderate hypothermia with normal 
or increased pump flow. Bicaval cannulation is generally used, 
the risk of cerebral ischemia is reduced, but CPB is prolonged 
and operative conditions may not be ideal. 

It is well recognized that the exposure of blood ele- 
ments to the nonepithelialized CPB circuit along with 
ischemic-reperfusion injury induces a systemic inflammatory 
response (14-18). The effects of the interactions of blood com- 
ponents with the extracorporeal circuit are magnified in chil- 
dren due to the large bypass circuit surface area and priming 
volume relative to patient blood volume. Humoral responses 
include activation of complement, kallikrein, eicosanoid, and 
fibrinolytic cascades. Cellular responses include platelet acti- 
vation and an inflammatory response with an adhesion mol- 
ecule cascade stimulating neutrophil activation and release of 
proteolytic and vasoactive substances (29,30). 

The clinical consequences of CPB include increased intersti- 
tial fluid, generalized capillary leak, and potential multiorgan 
dysfunction. Total lung water is increased with an associated 
decrease in lung compliance and increase in the alveolar to 
arterial oxygen (A-a0 2 ) gradient. Myocardial edema results in 
impaired ventricular systolic and diastolic function. A second- 
ary fall in cardiac output by 20% to 30% is common in neo- 
nates in the first 6 to 12 hours following surgery, contributing 
to decreased renal function and oliguria (31). Sternal closure 
may need to be delayed due to mediastinal edema and associ- 
ated cardiorespiratory compromise when closure is attempted. 
Ascites, hepatic congestion, and bowel edema may affect 
mechanical ventilation, cause a prolonged ileus, and delay 
feeding. A coagulopathy post-CPB may contribute to delayed 
hemostasis. Strategies that have evolved thus far to limit the 
effect of the endothelial injury resulting from the systemic 
inflammatory response include limiting both the time spent on 
CPB and use of DHCA, hypothermia, steroids, and aprotinin 
(a serine protease inhibitor) may also limit activation of the 
inflammatory response. Attenuating the stress response, the 
use of antioxidants such as mannitol, altering prime composi- 
tion to maintain hematocrit and oncotic pressure, and ultrafil- 
tration during rewarming or immediately after bypass are also 
used to limit the clinical consequences of the inflammatory 
response (32-34). 

Hypothermia and Cerebral Protection 

Techniques of deep hypothermia with or without circulatory 
arrest have extended the safe duration of CPB in children, 
particularly neonates and infants, enabling improved surgical 
conditions and patient outcome. As mortality has decreased, 
an increasing emphasis has been placed on patient morbid- 
ity following repair, and in particular, the consequences of 
deep hypothermia and low perfusion have become closely 
scrutinized. 

The brain is particularly sensitive to ischemia; therefore, 
MSCD carries risk for cerebral ischemic injury. Hypothermia 
is the principle method used for cerebral protection during 
CPB, effecting both pressure-flow and metabolism-flow cere- 
bral autoregulation (35-37). A reduction in oxygen consump- 
tion and metabolic rate during deep hypothermia explains in 
part the increase in tolerance to cerebral ischemia produced 
by hypothermia. Other factors possibly contributing to the 
protective effects of hypothermia include altered cellular 
metabolism with an increase in high-energy phosphates and 
intracellular pH, reduced neurotransmitter release, and that 
the neonatal and infant brain may be more tolerant of cerebral 
ischemia than the adult brain. 

However, diffuse cerebral abnormalities can occur in patients 
after open heart surgery in children and adults, including global 


and watershed injuries related to hypoperfusion or hypox- 
emia, and multifocal lesions presumed secondary to embolic 
events (38-40). The early clinical manifestations of neurologic 
injury in children include seizures, stroke, choreoathetosis 
(41), and coma. Subtle long-term behavioral, developmental, 
and motor abnormalities have now been associated with neu- 
rologic injury during hypothermic CPB, regardless of strategy, 
and support the importance of early developmental interven- 
tion. The Boston Circulatory Arrest Study (42) demonstrated 
a strong association between the duration of circulatory arrest 
and the occurrence of postoperative seizures that become more 
likely after circulatory arrest duration of 40 minutes. Analysis 
of developmental outcome at 1 year of age in these patients 
indicated a significant association between the occurrence of 
postoperative seizures and a worse than normal outcome for 
psychomotor development (43). The risk of neurologic abnor- 
malities increased with the duration of circulatory arrest. Data 
at 4- and 8 -year follow-up in these patients indicate a spectrum 
of both motor and language delays and abnormalities that also 
correlate with the incidence of postoperative seizures (44,45). 
Recently, genetic polymorphisms have been recognized that 
may predispose to impairments in neuronal repair ability (46). 

While hypothermia is the principle method for providing 
protection during CPB, the means by which hypothermia is 
induced and maintained is critical. Because of the large body 
surface area (BSA) to mass ratio in neonates and infants, a 
2- to 3 -degree reduction in core temperature is common prior 
to bypass. Respiratory alkalosis secondary to mechanical ven- 
tilation reduces cerebral blood flow and should be avoided. 
Cannula position is important as noted above; obstruction to 
systemic venous return by venous cannula decreases cerebral 
perfusion pressure, and an obstructive or malpositioned aortic 
cannula will also decrease cerebral blood flow and effective 
cooling. Shunts and collateral vessels must be controlled when 
initiating bypass to prevent excessive runoff to the lungs and 
return to the heart, resulting in myocardial distention, sys- 
temic hypoperfusion, and uneven cooling or rewarming. Once 
on bypass, rapid cooling should be avoided as this results in 
uneven cooling of the brain; cooling times of 20 to 25 minutes 
have been advocated for infants and neonates requiring CPB 
and DHCA. Possible pharmacologic manipulations include 
using vasodilation drugs to facilitate cooling and rewarming 
and steroids are commonly administered to stabilize mem- 
branes in an attempt to reduce cerebral edema. 

The use of crystalloid pump primes may be associated 
with an increase in total body water after hypothermic CPB 
in neonates and infants, secondary to a reduction in plasma 
oncotic pressure. This will contribute to postoperative capil- 
lary leak and can potentially delay recovery. Variability in the 
target hematocrit during hypothermic CPB remains between 
centers, but maintaining a hematocrit around 30% appears to 
be optimal with respect to altered blood viscosity during hypo- 
thermia and the maintenance of oncotic pressure and oxygen- 
carrying capacity (47). 

The blood gas strategy during hypothermic CPB is also an 
important consideration (40,48). Carbon dioxide (C0 2 ) is a 
potent cerebral vasodilator in both awake and anesthetized 
patients with or without CPB. During CPB and hypother- 
mia, cerebral blood flow continues to increase with PaC0 2 ; 
however, this response is attenuated in neonates and infants 
with deep hypothermia and reflects cold-induced vasopare- 
sis. During hypothermia, the solubility of C0 2 increases and 
the neutral pH of both water and blood are reset in the alka- 
line direction. In the alpha-stat strategy, no compensation is 
made for the alkaline shift. The alpha-stat strategy theoreti- 
cally maintains a more normal intracellular pH and therefore 
electrochemical neutrality with preserved enzymatic func- 
tion. Further, the uncoupling of flow metabolism is less pro- 
nounced, thereby limiting luxuriant cerebral flow during CPB. 
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Figure 21.1. Extracorporeal membrane oxygenator 
circuit with membrane gas exchange device and roller 
pump. 


However, in the context of low mean perfusion pressure, flow, 
and temperature, cerebral perfusion may be inadequate to 
meet metabolic demands and cerebral cooling may be nonho- 
mogeneous. In contrast, the pH strategy aims to maintain a 
normal pH over varying temperatures, and C0 2 must be added 
to the oxygenator gas mixture during deep hypothermia. The 
increased cerebral blood flow associated with pH-stat regula- 
tion may result in an increase in air or particulate emboli to the 
brain. Clearly, this is a concern in congenital heart disease with 
the presence of intra- and extracardiac communications and 
the need for intracardiac surgical repairs. In addition, pH-stat 
strategies increase cerebral blood volume, which may result in 
hyperemia and edema particularly during reperfusion. How- 
ever, luxuriant cerebral flow and perfusion have the advantage 
of enhancing global cerebral cooling and reducing cerebral 
steal from aortopulmonary shunts. Hypothermia causes a left 
shift of the oxyhemoglobin curve and is further shifted to the 
left by an alkaline pH. Off-loading of oxygen in the tissues is 
impaired and the left shift is counteracted by more acidotic pH 
such as provided by the pH strategy. 

Many years of research and understanding of the effects of 
CPB on the pediatric patient have created a wealth of informa- 
tion that can be extrapolated to the management strategies of 
other MCSDs, such as ECMO and VAD. Cerebral protection, 
biocompatibility, and coagulation monitoring continue to be 
long-term areas of research common to all MCSDs. 

Extracorporeal Membrane Oxygenation 

ECMO was first introduced as a form of respiratory support 
in children with severe lung disease and is the most common 
approach to pediatric mechanical cardiac support today. In 
venoarterial ECMO (VA ECMO), blood is drained from the 
venous circulation into the ECMO circuit, pumped into the 
oxygenator for gas exchange, and returned to the arterial cir- 
culation as shown in Figure 21.1. Thus, VA ECMO provides 
both cardiac and respiratory support and is the most commonly 
used form of ECMO to support children with cardiac dysfunc- 
tion (1). In veno venous ECMO (W ECMO), deoxygenated 
blood drained from the venous circulation is oxygenated and 
returned back to the venous circulation and circulation is 
maintained by native cardiac function. Thus, W ECMO is 
commonly used to support those with pure respiratory failure, 
as it does not provide mechanical circulatory support. The 
Extracorporeal Life Support Organization (ELSO) collects 


data from neonates, children, and adults supported with 
ECMO for all indications from 140 centers worldwide and 
has provided important knowledge on outcomes following 
ECMO that has served as an invaluable guide to the clinical 
use of ECMO (49). 

Indications for ECMO use have evolved over time. Its use 
in providing biventricular support and oxygenation in pediat- 
ric patients with a failing circulation has increased. Reduction 
in the need for ECMO as respiratory support, particularly in 
neonates, has occurred as a result of newer therapies such as 
inhaled nitric oxide, high-frequency oscillatory ventilation, 
surfactant therapy, and permissive hypercapnia (49-52). As 
a result, the current patients requiring ECMO for respiratory 
support are sicker and have usually failed many medical thera- 
pies. Consequently, their survival has declined over recent years. 
Cumulative data reported by the ELSO (49) from 140 centers 
through to January 2010 provide an important insight into 
the outcomes and changing landscape of ECMO. In the 2010 
report, 75% of all neonates placed on ECMO for respiratory 
support survived to hospital discharge. The outcome for older 
patients placed on ECMO for respiratory support is lower than 
that for children. The reported cumulative survival for pediatric 
is 56% and for adult patients is 52%. Table 21.2 outlines the 
survival in the respiratory group by diagnostic category. 


Survival Following ECMO 
Cannulation in Neonates by 
Respiratory Diagnostic Group 
Compared with Cardiac Neonates 


Diagnosis Survived (%) 

Meconium aspiration syndrome 94 

Primary pulmonary hypertension of newborn 78 

Sepsis 75 

Air leak syndrome 74 

Congenital diaphragmatic hernia 51 

Cardiac disease 39 


Data from Extracorporeal Life Support organization. International Summary 2010. 


TABLE 21.2 
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m 

Ecmo Following Cardiotomy in Children with Congenital Heart 
Disease 

Reference 

Study Period 

Number Needing ECMO (%) 
of CPB Cases Needing ECMO 

Survival Rate (%) 

Walters ill et al. 

1984-1994 

66 (3.0) 

57.6 

Jaggers et al. 

1994-1999 

35 (3.4) 

61 

Kolovos et al. 

1995-2000 

74 (2.2) 

50 

Aharon et al. 

1997-2000 

50 (4.0) 

50 

Chaturvedi et al. 

1992-2001 

81 (2.5) 

49 

Morris et al. 

1995-2001 

89 (3.4) 

40 

Thourani et al. 

2002-2004 

17(1.8) 

35 


Adapted from Salvin JW, Laussen PC, Thiagarajan RR. Extracorporeal membrane oxygenation for postcardiotomy mechanical 
cardiovascular support in children with congenital heart disease. Paediatr Anaesth 2008; 18(1 2): 11 57-1 162. 


In contrast to respiratory ECMO, the use of ECMO for the 
treatment of circulatory failure following congenital cardiac 
surgery (Table 21.3) or as a bridge to cardiac transplantation 
has increased over the past decade (6-11,53-67). However, 
despite the increased enthusiasm for cardiac ECMO, the sur- 
vival to hospital discharge as reported by ELSO (49) (39% for 
neonates and 47% for pediatric patients) has not increased 
and remains lower than the survival outcomes reported fol- 
lowing respiratory ECMO (Fig. 21.2). The average duration 
for cardiac ECMO runs reported to ELSO over the past 15 
years has increased slightly from approximately 4 to 5 days 
to 5 to 8 days, and the longest reported run has been 93 days 
(49). These data highlight the fact that ECMO should be 
viewed as a short-term circulatory support device. 

There are significant differences between ECMO for circu- 
latory support compared to respiratory support. Many car- 
diac ECMO patients are postcardiotomy patients following 
surgery for congenital heart surgery. A small number of these 
patients are placed on ECMO after failing to wean from CPB 
after congenital heart surgery (55). In these cases, severity of 
organ dysfunction and illness prior to ECMO deployment, 


residual hemodynamic lesions, underlying pathophysiology, 
and end-organ dysfunction prior to ECMO support play 
an important role in survival following ECMO support. 
Thus, timing of initiation of ECMO support is important to 
achieve successful outcomes (57). ECMO facilitates ventricu- 
lar recovery by reducing myocardial wall tension, increasing 
coronary perfusion pressure, and providing adequate sys- 
temic perfusion with oxygenated blood (60,61,65). In infants, 
where myocardial failure can be either uni- or biventricular 
and associated with respiratory insufficiency or pulmonary 
hypertension, ECMO is the preferred means of mechanical 
support. In contrast to the concept of “resting the lungs” for 
patients who are placed on ECMO for respiratory failure and 
lung injury, it is important that the heart regain contractile 
function and conduction in order to prevent involution of the 
myocardial mass. This will require evaluation with echocar- 
diography to prevent overdistension of the heart. As noted 
above, the ECMO circuit is a “closed” circuit with limited 
ability to handle any air in the venous limb of the ECMO 
circuit, and careful de-airing of the venous cannula during 
initiation is essential. 


Figure 21.2. Cardiac ECMO volume and 
survival outcomes. The use of cardiac 
ECMO has increased dramatically over 
time, although survival rates continue to 
remain stable. (Data from the ELSO Inter- 
national Summary 2010.) 
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Indications for Mechanical 
Circulatory Support in Infants 
and Children 

■ Preoperative resuscitation 

■ Inability to wean from CPB 

■ Postcardiotomy 

■ Following in-hospital cardiac arrest 

■ Low output cardiogenic shock 
Myocarditis 
Cardiomyopathy 
Refractory arrhythmia 

■ Bridge to transplantation 


TABLE 21.4 


Indications for Cardiac ECMO 

Indications for cardiac ECMO are similar to indications for all 
MCSDs (Table 21.4). It can be an effective bridge to recovery, 
to transplantation, or to longer term mechanical support. 

I. Preoperative Resuscitation and Stabilization : 

ECMO may be beneficial for critically ill patients with 
congenital heart disease prior to cardiac surgery (53,58), 
enabling resuscitation, optimization, and prevention of end- 
organ dysfunction. Indications include severe low cardiac 
output states from left-sided obstructive lesions (e.g., critical 
aortic stenosis), pulmonary hypertension (e.g., obstructed 
total anomalous pulmonary venous drainage), or severe 
hypoxemia (e.g., transposition of the great arteries). 

II. Inability to Wean from CPB 

There is limited utility for ECMO as a bridge to recov- 
ery of ventricular function, and overall survival is poor 
when patients are placed on ECMO because they can- 
not be weaned from CPB in the operating room (54-57). 
Unrecognized residual or irreparable defects are major fac- 
tors determining successful outcome in this circumstance, 
and careful assessment in the operating room with a com- 
bination with echocardiography and the measurement of 
oxygen saturations and intracardiac pressures may help 
identify correctable anatomic defects. Early transport to 
the cardiac catheterization laboratory may be necessary 
to diagnose residual defects (67). A major complication in 
this group transitioned directly to ECMO from CPB is the 
risk for hemorrhage. A lower activated clotting time (ACT) 
is used in this circumstance often needing small increments 
of protamine (1 mg/kg) until a target ACT of 160 to 180 
seconds is achieved. Infusions of antifibrinolytic drugs 
such as aprotinin (bolus 30,000 IU/kg, infusion 10,000 IU/ 
kg/h), tranexamic acid (bolus 100 mg/kg, infusion 10 mg / 
kg/h), or epsilon aminocaproic acid (bolus 100 mg/kg, 
infusion 30mg/kg/h) should also be considered. Explora- 
tion of the chest is usually necessary, particularly if the 
bleeding persists at >10 to 15mL/kg/h or problems with 
ECMO flow are encountered from tamponade-like effect. 

Ideally, only children with potentially reversible myo- 
cardial injury who cannot be weaned from CBP should 
be considered candidates for ECMO, although this may 
be extremely difficult to determine in the operating room 
immediately following cardiac surgery. Considerations 
include preoperative condition, intraoperative course, 
and likelihood of becoming a suitable transplant candi- 
date. When a patient is placed on ECMO in the operating 


i 


TABLE 21.5 


Ecmo Survival of Congenital 
Heart Disease in Infants and 
Children after Corrective Surgery 


Procedure 

Total 

Reported 

Survived (%) 

Anomalous Venous Return 
repair (age <30 d) 

286 

48 


134 

51 

Common atrioventricular 
canal repair 

66 

41 

BDG operation 

95 

31 

Fontan Operation 

876 

30 

Stage 1 palliation 
(Norwood; age < 30 d) 


Data from Extracorporeal Life Support Organization, International Summary 2010 


room, it is important for discussions with the patient’s 
family to be clear and direct. Recovery of myocardial 
function should be expected within 2 to 3 days (56,57). If 
this is not evident, proceeding to transplant evaluation or 
withdrawal from support must be considered. 

III. Postcardiotomy 

ECMO is an effective therapeutic option for infants and 
children who have had a period of relative stability after 
successful termination of CPB, for whom significant resid- 
ual cardiac defects are excluded (Table 21.5) (49). Because 
patients were stable enough to wean off CPB, bleeding is less 
of an issue. For this group, cannulation can be undertaken 
through the chest at the bedside; however, if sufficiently 
stable, neck or femoral sites are preferable. Myocardial 
or respiratory failure causing a low cardiac output state, 
hypoxemia or pulmonary hypertension, and cardiac arrest 
are the major indications in this group, and survival rates as 
high as 60% to 70% have been reported provided ECMO 
is instituted rapidly and effectively (49,54-62). Survival for 
patients with single ventricle lesions supported following 
surgery (Norwood, Bidirectional Glenn [BDG] or Fontan 
operations) is lower than those with biventricular circula- 
tions requiring ECMO support (59-63). 

IV. In-Hospital Cardiac Arrest and Cardiopulmonary 
Resuscitation (ECPR) 

Survival and outcome of in-hospital resuscitation in pedi- 
atric patients following a cardiac arrest is extremely poor. 
Even within a highly monitored environment such as a pedi- 
atric intensive care unit, the survival following cardiac arrest 
has only been reported to be between 9% and 31% (68,71). 
The duration of cardiac arrest and quality of resuscitation are 
important determinants of outcome and reports have noted 
that a critical threshold is 15 minutes for return of circulation 
for survival to hospital discharge (68). There are a number 
of reports showing that ECMO can be successfully deployed 
in children receiving active resuscitation and chest compres- 
sions (5,6,22,23,64,69,70), and that the use of ECMO to 
support failed CPR (ECPR) in some patients can promote 
survival. Since ECMO deployed during CPR should be con- 
ducted expeditiously and avoid significant delays, a “rapid 
response” ECMO system has been established at some insti- 
tutions to initiate ECMO during active resuscitation efforts 
(22,23,70). As a guideline, ECMO should be considered in 
patients who have suffered a witnessed cardiac arrest and 
received rapid institution of effective and monitored CPR, 
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have no or inadequate recovery of cardiac function within 5 
to 10 minutes of initiating resuscitation, and have no obvi- 
ous contraindications for ECMO. 

The aim of a rapid-response system is to provide sys- 
temic perfusion and oxygen delivery as soon as possible 
to prevent end-organ injury. Ideally, this should be within 
30 minutes of starting resuscitation, although it may take 
longer if cannulation is complicated. Postcardiotomy can- 
nulation of the atrium is best achieved via a reopened 
sternotomy, which is usually the access mode of choice. In 
other patients, experienced practitioners can rapidly gain 
access via the neck vessels. Groin vessel cannulation has 
been reported, even in the infant (71). It is important to 
provide effective and monitored resuscitation during can- 
nulation, and there will be times during cannulation that 
chest compressions will need to be briefly discontinued. 
Mild hypothermia should be induced during resuscitation, 
and should be continued once ECMO has been started 
to possibly provide end-organ and specifically neurologic 
protection. Because the aim is to provide systemic perfu- 
sion as soon as possible with ECMO flow, there is usu- 
ally insufficient time to blood prime the ECMO circuit. 
This means that infants and small children are extremely 
hemodiluted when ECMO flows are started, but once flow 
is established, blood products can be added or the priming 
crystalloid can be removed via hemofiltration. 

Determining the relative contraindications to ECMO 
support during active resuscitation attempts can be diffi- 
cult. Patients with repaired two-ventricle defects who have 
a sudden or unexpected event leading to cardiac arrest are 
good candidates for early initiation of ECMO during resus- 
citation because effective CPR is more likely to maintain 
perfusion and oxygen delivery during chest compressions, 
thereby decreasing the risk for end-organ injury (10,11). In 
contrast, patients with cavopulmonary connections, that is, 
Fontan or BDG anastomosis, have been difficult to resusci- 
tate using ECMO for several reasons (59-63). These patients 
may have occluded or abnormal venous and arterial access, 
thereby limiting possible cannulation sites. An inability to 
maintain adequate systemic oxygen delivery during CPR 
and cerebral venous hypertension during CPR with chest 
compressions may hinder neurologic outcome. Another 
complicated group includes patients with pulmonary hyper- 
tension and those with systemic outflow obstruction. These 
patients, similar to the cavopulmonary connection group, 
are at significant risk for inadequate oxygen delivery during 
CPR, contributing to subsequent end-organ injury. 

V. Cardiomyopathy, Myocarditis , and Bridge to Cardiac 
Transplantation 

Patients who present with acute fulminant myocardi- 
tis can be successfully managed with ECMO with excel- 
lent outcomes (10,11,72-74). They may present with full 
cardiac arrest, shock from an extreme low cardiac output 
state, or hemodynamically unstable dysrhythmias includ- 
ing ventricular tachycardia or heart block. The heart is 
usually distended and contracting very poorly. Prompt 
institution of ECMO may allow sufficient resuscitation 
and stabilization to prevent end-organ injury and enable 
the myocardium to rest while awaiting potential recov- 
ery. After instituting ECMO, it is essential that the heart 
be fully decompressed, and urgent left atrial vent place- 
ment may be necessary (67). The heart may not begin to 
eject for the first 24 to 36 hours after initiating ECMO, 
although recovery of electrical activity within the first 
few hours should be expected. If recovery of ventricular 
ejection is not evident within 2 to 3 days, ECMO can 
be continued either as a bridge to transplantation or as 
a bridge to alternative longer-term support with a VAD, 
if feasible. Transplant-free survival for patients with 


acute fulminant myocarditis requiring ECMO support is 
reported to be >60%. 

ECMO should be viewed as a short-term bridge to car- 
diac transplantation because of the limited donor avail- 
ability and the time-related risks for complications, such as 
infection, bleeding, end-organ impairment, problems sec- 
ondary to immobilization, and difficulties in maintaining 
adequate nutrition. In our experience at Children’s Hos- 
pital, Boston, the median time spent on ECMO awaiting 
heart transplantation has been 140 hours (range 26 to 556 
hours), but only 50% of listed patients have been effec- 
tively bridged. Our current practice for patient resuscitated 
with ECMO includes transition to a longer-term MCSD 
to bridge to transplant. The optimal timing for transi- 
tioning ECMO patients initially supported with ECMO 
as a bridge to transplantation to MCSDs is unknown but 
should be considered within 72 to 96 hours if recovery has 
not occurred prior to the onset of ECMO complications. 

ECMO has also been used to effectively support the 
failing heart after transplantation. This may be necessary 
immediately after transplantation because of primary graft 
failure, often in the setting of pulmonary hypertension and 
acute right ventricular failure of the donor allograft. ECMO 
is also effective in supporting the transplanted heart during 
periods of acute rejection (75). The inflammation and myo- 
cardial edema are similar to that seen with fulminant myocar- 
ditis and lead to a similar spectrum of clinical features. ECMO 
allows the transplanted heart to decompress with decreased 
wall tension while antirejection therapy is increased. In our 
experience, survival to discharge for this indication is 64%, 
and the median duration of ECMO support has been 4 days. 
VI. ECMO Support during Procedures 

As the complexity and interventions during cardiac 
catheterization in patients with complex congenital 
heart disease have continued to expand, patients may be 
at increased risk for sudden unexpected adverse events. 
These may range from complications associated with spe- 
cific intervention to dysrhythmias and low cardiac out- 
put state related to wires and catheters within the heart. 
ECMO support during resuscitation from an acute event 
during catheterization is beneficial but there are impor- 
tant technical and resuscitative considerations (3,22,76). 

Percutaneous cannulation for ECMO can be rapidly 
achieved using existing catheter access, but staff must to be 
familiar with the technique for upsizing from the catheter 
sheath to a large-bore ECMO cannula. The catheterization 
laboratory environment is challenging and resuscitation to 
ECMO must be well organized to be effective. Often there 
are conflicting or simultaneous considerations during resus- 
citation including ongoing chest compressions, cannulation 
of ECMO, and ongoing efforts by the cath team to stabilize 
complications such as balloon occlusion of a ruptured vessel. 

It is possible to anticipate hemodynamic instabil- 
ity during catheterization in some patients, particularly 
arrhythmia induction during electrophysiologic studies 
and radiofrequency ablation (77). The cannulation and 
support of the circulation using ECMO will enable safe 
and successful completion of the procedure. 

Technical Considerations of ECMO 

Children with complex structural cardiac defects may have 
associated abnormalities with systemic venous damage (e.g., 
heterotaxy syndromes) or have undergone previous cardiac 
catheterization or catheter placement that may have caused 
occlusion of femoral vessels. It is essential, therefore, that the 
venous and arterial anatomy be well known, including the 
patency of individual vessels, and be well documented to prevent 
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inappropriate cannulation attempts. Arteriovenous cannula- 
tion is usually employed for cardiac ECMO (78-81), although 
venovenous bypass can be used in patients who require venti- 
latory support only. Venous cannulation and ECMO flow via 
the jugular vein using a double lumen catheter can also provide 
hemodynamic support in select neonates who have a ductus- 
dependent circulation, such as hypoplastic left heart syndrome. 

The daily management of a patient on ECMO requires 
attention to cardiorespiratory function, end-organ perfusion 
and injury, evolving complications such as bleeding or sep- 
sis, and the mechanics of the ECMO circuit (48). Assessing 
the adequacy of flow and systemic perfusion after initiation 
of ECMO is essential and well-defined patient and ECMO 
circuit management protocols must be in place. ECMO 
flow rates in infants and small children typically range from 
100 to 150mL/kg/min during full circulatory support. Inad- 
equate flow states and/or significant persistent hypotension 
despite adequate circuit flow may be due to ECMO-related 
problems with cannula size and position and venous drainage 
or patient-related factors such as vasodilation and low sys- 
temic vascular resistance secondary to sepsis. Venous cannula 
malposition or inadequate size will limit venous drainage and 
should be addressed with repositioning or upsizing of existing 
cannulae, or the addition of a second venous drain. Elevated 
postmembrane pressures (i.e., >250 mm Hg) may reflect mal- 
position of the arterial cannula or a cannula that is too small 
and needs to be replaced. Elevated premembrane pressures 
(i.e., >350 mm Hg) at normal flows without change in post- 
membrane pressure or evidence of blood-to-gas leak imply 
membrane oxygenator dysfunction and may need oxygenator 
replacement. Extensive thrombus evident within the circuit 
or development of a consumptive coagulopathy with hypofi- 
brinogenemia and thrombocytopenia are indications for cir- 
cuit replacement. Blood products are administered to keep 
the hematocrit between 35% and 45% and the platelet count 
> 100,000/mm 3 . Considerations for cannulation and flow 
rates once on ECMO may be specific to the underlying car- 
diac defect or surgical repair. For example, the management 
of an aortopulmonary shunt in patients with single ventricle 
physiology may require circuit flows up to 200 mL/kg/min or 
more to maintain adequate systemic perfusion while account- 
ing for run-off into the pulmonary circulation. 

Echocardiography, especially transesophageal imaging, and 
occasionally cardiac catheterization (67) are used to assess 
cardiac anatomy and function and to detect residual lesions. 
In addition, assessment of left atrial hypertension by clinical 
findings, chest radiograph, and echocardiography is critical. 
Venting the left atrium may be necessary to lower the left atrial 
pressure and decrease left ventricular wall stress, thereby mini- 
mizing ongoing myocardial injury. Placement of a left atrial 
vent can be accomplished by direct placement through an open 
chest or by a transcatheter approach (67). If a patient fails to 
wean from ECMO or there is delay in anticipated recovery 
of myocardial function, the possibility of a residual surgical 
problem must always be considered. This is usually difficult to 
diagnose by echocardiography alone, and cardiac catheteriza- 
tion (i.e., diagnostic or interventional) should be considered. 
Safe and successful management of ECMO patients requires 
a collaborative multidisciplinary team of physicians, surgeons, 
nurses, and ECMO specialists trained in the management of 
ECMO patients. 


OTHER SHORT-TERM MCSD 


ECMO has been the mainstay of mechanical circulatory sup- 
port in infants and children and has been effective in provid- 
ing circulatory support in the acute setting, especially when 


lung disease is also present. However, ECMO has limitations 
as an effective bridge to transplantation and precludes chronic 
ambulatory use. In patients unable to be weaned from ECMO 
who are listed for transplant, transition to a chronic device can 
be done successfully. 

Centrifugal Assist Pump 

The centrifugal assist device (BioPump, Medtronic Bio-Medi- 
cus, Minneapolis, MN) has historically been the principle 
means for providing support of the circulation without an 
oxygenator membrane. This centrifugal pump provides flow 
by power applied to a rotating magnet coupled to an opposing 
magnet on a cone-shaped impeller. There are no valves and no 
obligatory volume displacement by the pump that results in 
nonpulsatile flow that is both preload and afterload sensitive 
with priming volumes of lOOmL or less (10,81-85). The vari- 
ous sizes of cone heads available enable this device to be used 
from infants through to adult sized patients. 

Reports using the BioPump predominately as a left ventric- 
ular support have demonstrated survival rates of 40% to 70% 
(10,81-85) when used as a bridge to recovery. Ungerleider (86) 
reported survival to discharge in an elective strategy following 
Norwood procedure, with “easier” ICU course. Central nerv- 
ous system complications, both short and long term, tend to be 
less prevalent compared to concurrent patients supported with 
ECMO (82-87). The absence of an oxygenator and reduced 
lengths of tubing remove an important substrate for cerebral 
embolic events while the generally reduced level of anticoagu- 
lation employed during VAD support may decrease the inci- 
dence of hemorrhage. The centrifugal pump VAD enables only 
short-term support as a bridge to recovery or transplantation. 
Complications related to this nonpulsatile extracorporeal cir- 
cuit are similar to those encountered with longer term ECMO 
use, and patients are unable to ambulate. This is an important 
consideration, when longer term support allows recovery of 
end-organ function, improved nutrition, and ability for reha- 
bilitation and ambulation prior to transplantation. 

Intra-Aortic Balloon Counter Pulsation 

IABP is used for the treatment of left ventricular failure in 
adults, especially in the postoperative period. Unfortunately, 
when used in infants and children, results have been disap- 
pointing with survival rates <50% (88-93). Many factors con- 
tribute to the reduced efficacy of IABP in children. Heart failure 
in pediatric patients is often due to either right ventricular or 
biventricular dysfunction, situations where the IABP is less 
effective. Placement of an IABP in the pulmonary artery has 
been reported, but is usually problematic, in part because of the 
small balloon size required and the increased compliance of the 
pulmonary artery (90). Effective timing of inflation and defla- 
tion is more difficult in children because of their relatively rapid 
heart rates and the variable delay between aortic valve closure 
and the appearance of the arterial tracing. At heart rates over 
160 bpm, the IABP is often reduced to a 1:2 or even 1:4 pump- 
ing frequency in order to facilitate cycle timing, at the same 
time decreasing its effectiveness to 50% to 80% (89-91). The 
aorta is typically more distensible in infants and in children; 
therefore, both coronary flow augmentation during diastole 
(balloon inflation) and afterload reduction during systole (bal- 
loon deflation) are likely to be decreased. In addition, the effect 
of diastolic augmentation of flow to normal coronary arteries, 
as seen in most pediatric patients, is limited. Severe cyanotic 
heart disease in children can be accompanied by extensive aor- 
topulmonary collateral vessels, which permit shunting of blood 
into the pulmonary circulation during balloon inflation, thus 
reducing augmentation of coronary blood flow. 
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The smallest balloon system available for children is 2.5 mL, 
which can be used for neonates as small as 2kg (92). In gen- 
eral, for children weighing <30 kg, a balloon volume of 0.5 mL/ 
kg is recommended. For balloon inflation, helium is preferred 
over C0 2 , allowing a faster pneumatic response due to its low 
density. The incidence of vascular complications, such as bleed- 
ing, emboli, or limb ischemia, is similar to the adult population 
where it is reported to be about 10% to 20%. Other poten- 
tial complications are infection, renal dysfunction, mesenteric 
occlusion or embolism, and cerebrovascular accidents. 

IABP may have a role in the temporary support of the ado- 
lescents and adults with single ventricle physiology and poor 
systolic function during procedures or as a short-term bridge 
(93). Numerous technical improvements have been made 
recently to enhance efficacy in the pediatric population. These 
include modified pumping consoles and small-sized catheters, 
improved tracking at higher heart rates, more rapid inflation 
and deflation, and the use of echocardiography for cycle timing. 
Further studies will be necessary to evaluate the utility of IABP 
support compared to other techniques for pediatric patients. 


LONG-TERM MECHANICAL CIRCULATORY 
SUPPORT FOR CHILDREN 


The use of long-term mechanical circulatory support in children 
has increased over the past decade as waiting time for pediatric 
cardiac allografts has increased and understanding of recovery 
of cardiac function has improved. In adults on chronic term 
devices, normalization of cardiac output provided by chronic 
and implantable VADs allows a period of improvement in 
end-organ function which, combined with patient ambulation 
and cardiac rehabilitation, optimize patient condition prior 
to transplant. The use of adult devices in larger children and 
adolescents has proved successful. In addition, technologic 
advances have allowed the possibility of mechanical support 
as a bridge to transplant or recovery for longer periods of time. 

The experience with VAD support in infants and children is 
increasing (94-125); however, it remains challenging due to het- 
erogeneous anatomy and size, anticoagulation strategies, and 
technical limitations. An important component of these benefits 
is the ability of the device to allow ambulation and rehabilita- 
tion, which cannot be accomplished currently with ECMO and 
centrifugal VADs. As with ECMO, the selection of appropriate 
candidates is crucial and surgical problems or residual defects 



should be excluded where possible. While ECMO can be insti- 
tuted by peripheral cannulation of neck or femoral vessels, VADs 
require direct cannulation of the heart through a sternotomy. 
Another advantage of VADs is superior ventricular unloading, a 
prerequisite for myocardial rest and potential recovery. 

Clinical Criteria for VAD Placement 

VADs can successfully support the circulation and bridge 
patients to cardiac transplant by improving the patient’s car- 
diac output and oxygen delivery. Therefore, the primary use 
for VAD is in patients who have unacceptable symptoms or 
signs of low cardiac output state. In addition to improved 
oxygen delivery, pulmonary capillary wedge pressure and 
pulmonary vascular resistance decrease, congestive heart 
failure symptoms diminish, and nutrition and physical reha- 
bilitation markedly improve in many cases. Thus, VADs 
have the potential to improve the pretransplant status and 
to reverse evidence of end-organ dysfunction. Persistent end- 
organ dysfunction despite maximal medical interventions 
is the primary indication for VAD in transplant-eligible or 
listed-patients. These include the obvious symptoms of per- 
sistent congestive heart failure and biochemical evidence for 
renal and hepatic dysfunction. In an attempt to understand 
the risk factors associated with wait list mortality, Almond et 
al. (102) analyzed the UNOS database and found that more 
than 500 children (20% of 1A pediatric candidates) die on 
the wait list with most being <20 kg (Fig. 21. 3A). Risk factor 
analysis confirmed that wait list mortality was significantly 
higher for patients who “failed” medical management requir- 
ing ECMO or ventilator support (Fig. 21. 3B). Subtle symp- 
toms of heart failure such as abdominal pain, vomiting, and 
anorexia will lead to poor nutrition and should be monitored 
closely, although no data currently suggest early initiation of 
VAD support in this population. Early use of VAD, as seen 
in the current era, with adults (103) in these circumstances 
may be warranted, although further studies are necessary to 
understand the true indications for VAD support. 

Patients with structurally normal hearts who develop heart 
failure from acquired heart disease such as myocarditis or 
who have idiopathic cardiomyopathy are successfully sup- 
ported and bridged to transplantation with VADs. Compared 
to patients with structurally normal hearts, the use of chronic 
MSCD in children with congenital heart disease has not been 
as favorable with only approximately 30% being successfully 
bridged to transplant in the congenital group in one study 



Figure 21.3. A: Almond et al. analyzed the UNOS registry and found that more than 500 children die on the 
wait list per year (102). B: Risk factor analysis showed that this mortality was significantly higher in children 
on MCSDs. 
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Months After VAD Implant 

* Censored at transplant. 

Figure 21.4. Congenital heart disease outcomes are poor. Survival 
following VAD implantation in pediatric patients with congenital 
heart disease is significantly worse than in children implanted 
with structurally normal hearts. (Reproduced from Blume ED, 
Naftel DC, Bastardi HJ, et al.; for the Pediatric Heart Transplant 
Study Investigators. Outcomes of children bridged to heart trans- 
plantation with ventricular assist devices: a multi-institutional 
study. Circulation 2006;113:2313-2319, with permission.) 
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* Censored at transplant. 

Figure 21.5. Overall survival following VAD implant. Of the 
99 pediatric patients implanted with VAD, percent survival 
to transplant is seen. In addition, hazard curve shows high- 
est risk of death in the first 2 weeks following implantation. 
(Reproduced from Stein ML, Robbins R, Sabati AA, et al. 
Interagency Registry for Mechanically Assisted Circulatory 
Support (INTERMACS)-defined morbidity and mortality 
associated with pediatric ventricular assist device support at 
a single US center: the Stanford experience. Circ Heart Fail 
2010;3:682-688, with permission.) 


(Fig. 21.4). Reoperative status, complex anatomy, nutritional 
issues, and chronic nature of the diseases are all contributing 
factors. 

In contrast to the ECMO experience, the outcome for 
children placed on VADs has improved over recent years. 
Smaller single center studies (106-112) and device registry 
data (105,113) report approximately a 60% to 70% suc- 
cessful bridge to transplantation in pediatric patients sup- 
ported with VAD. Improved outcomes in the most recent era 
(105,111,113) may be related to an increasing experience with 
the surgical techniques and perioperative care, better patient 
selection, and earlier introduction of support before irrevers- 
ible end-organ injury develops, and the application and devel- 
opment of device technology over time. 

Adverse Events Related to VAD Support 

The adverse event profile and hazard function for death in chil- 
dren are shown in Table 21.6 and Figure 21.5, and are similar 


Adverse Events in Pediatric 
Patients (1993-2003, N = 99) 
Supported by Short-Term Devices 
versus Pediatric Patients 
Implanted with Long-Term 
Pulsatile Device 




Chronic 

Short Term 

P 

Adverse Events 

Stroke 

9(13%) 

9(35%) 

0.02 

Infection 

29(41%) 

2(12%) 

0 004 

Reoperative bleeding 

22 (31%) 

11 (42%) 

0.32 

Hemolysis 

13 (19%) 

2(1%) 

0.17 

Thrombus 

8(11%) 

4(15%) 

0.64 


to those reported from the larger MCSD database of adult 
outcomes (99). Adverse events or complications are a major 
source of morbidity with chronic pediatric VAD support. Pre- 
vention requires meticulous attention to detail with the major 
morbidity related to problems with chronic anticoagulation 
(114), neurologic complications, and infection (Table 21.6). 
Neurologic complications in that series (105) include a 20% 
incidence of stroke, often fatal or leading to withdrawal of 
support. This rate of stroke was statistically different between 
short-term devices (35%) and those intended for long-term 
support (13%, p =0.02). In a single center report (108) of 
25 pediatric patients using predetermined Intermacs defini- 
tions retrospectively, Stein et al. showed a significant number 
of morbidities following pediatric VAD implant, including 
48% neurologic events. Respiratory failure, infection, renal 
dysfunction, and bleeding were also common and associated 
with increased mortality. 

Protocols for anticoagulation management vary between 
devices and centers and include a combination of hepa- 
rin, coumadin, and antiplatelet drugs. Close monitoring of 
heparin levels, coagulation profiles, and platelet function is 
critical, In addition, pediatric research efforts must address 
biocompatibility issues to mitigate the risks arising from 
blood-prosthetic surface interactions in these devices, which 
may be unique to children in whom the lower flow rates are 
necessary. In addition, long-term follow-up of neurocognitive 
and quality of life issues in these complex patients must be 
evaluated, monitored, and compared with appropriate peer 
groups, in order to evaluate the long-term outcomes and util- 
ity of VAD successes. 

Use of "Adult" VAD Systems in Children 

As noted previously and in Figure 21.3, the use of VADs 
in children has continued to expand. The currently avail- 
able devices for children and adolescents in the United 
States are shown in Table 21.1. The Pediatric Heart Trans- 
plant Study Group reported the experience from 24 pediat- 
ric heart transplant institutions over the decade of 1993 to 
2003, in which 99 pediatric patients received VAD support 
as a bridge to transplantation (105). In this study, which 
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Figure 21.6. Era effect of outcome following pediatric VAD implantation. Competing outcomes analysis shows 
the early mortality improving over time comparing the 1993-1999 (left) era with the current 2000-2003 era 
(right). (Reproduced from Blume ED, Naftel DC, Bastardi HJ, et al.; for the Pediatric Heart Transplant Study 
Investigators. Outcomes of children bridged to heart transplantation with ventricular assist devices: a multi- 
institutional study. Circulation 2006;113:2313-2319, with permission.) 


included 2,375 pediatric patients listed for transplant, the 
percentage of patients transplanted with VAD technology 
implanted increased from 3.2% of all transplants between 
1993 and 1999 to 6.6% of all transplants between 2000 
and 2003 (Fig. 21.6). This increase in pediatric patients with 
VAD implantations is most likely multifactorial, includ- 
ing center experience, regulatory issues, and development 
of smaller technology. Of the 99 patients retrospectively 
reviewed with a median age of 13.3 years (range 2 days 
to 17.9 years), 78% had cardiomyopathy (22 patients had 
congenital heart disease). They were supported for a mean 
time of implantation of 70 days (range 1 to 465 days). Sta- 
tus prior to implantation included 34 inotrope dependent, 
41 requiring ventilatory support, 26 on another form of 
mechanical circulatory support including 10 on ECMO, 
11 on IABP, and 3 on CPB. Of those 70 children who were 
supported on an adult pulsatile device, 60 (86%) were suc- 
cessfully bridged to transplant. In comparison of this VAD 
group with over 1,200 patients listed as Status 1, on ino- 
tropic support without mechanical support, outcomes both 
while awaiting transplant and posttransplant were not statis- 
tically different. The 5-year survival following transplant for 
patients on VAD support at time of transplant is comparable 
to those not requiring a VAD (77% vs. 73%, p = 0.8). 

Several adult devices have been used in larger children with 
continued success. Hill et al. (113) reported on 209 children 
from the Thoratec Registry who were supported with pulsatile 
Thoratec device for a mean duration of support of 44 days, 
with survival to transplant or recovery of 68%. Most recently, 
as adult pump technology transitions to a greater use of con- 
tinuous flow pumps, particularly the HeartMate II (Thoratec 
Corp) with decreased adverse events and improved survival, 
it is not surprising that there have been recent reports of this 
device in children (115). The Intermacs registry reports on 74 
patients <21 years of age, which improved competing out- 
comes (Fig. 21.7) of adult VADs in older adolescents and young 
adults (116). The CentriMag (Levitronix, LLC) has also been 
approved for temporary support and has been successfully 
employed in a small number of children (117,118). Other 
continuous flow pumps that have been used in pediatrics 


include the Impella LP 5.0 (119) (Abiomed, Danvers, MA), 
the TandemHeart (cardiac Assist, Inc.), the Heartware 
(120) (HeartWare, Inc.), and the DeBakey VAD Child (121) 
(Micromed, Inc.). 

VAD Support for Neonates, Infants, and Small 
Children 

An early development in pediatric circulatory support has been 
the development of an implantable axial flow device, DeBakey 
VAD Child (MicroMed Technology, Inc., Houston, TX), which 
was granted Humanitarian Device Exemption (HDE) status by 
the Food and Drug Administration (FDA) and became avail- 
able for use in small children in 2004. This pediatric device 
employs the same continuous axial-flow pump used in the 
adult version with design modifications aimed at reducing the 
lateral space requirements for device implantation. Under the 
current HDE, the VAD Child is used to provide temporary left 
ventricular support as a bridge to cardiac transplantation for 
children from 5 to 16 years of age with a BSA 0.7 to 1.5 m 2 and 
is designed to be fully implantable in this size range. Although 
the clinical experience has been limited (121,122), this device 
has been used successfully in a small number of children since 
its introduction. 

Currently, there are two pulsatile VAD systems that are 
suitable for the entire age range of pediatric patients: MEDOS 
HIA VAD (MEDOS Medizintechnik AG, Stolberg, Germany) 
and the Berlin Heart VAD (Berlin Heart AG, Berlin, Ger- 
many). Importantly, both devices can be used in neonates and 
infants, and for this reason, are currently the only alterna- 
tives for longer-term VAD support in these patients. Both are 
paracorporeal systems that employ pneumatically driven, thin 
membrane pumps to provide pulsatile flow. Both systems are 
available in a variety of pump sizes ( 1 0 to 80 mL), with the small- 
est pump sizes suitable for infant support. A measured amount 
of compressed air delivered through a pneumatic line com- 
presses the ventricular chamber or bladder, thereby enforcing 
ejection of blood (Fig. 21.8). Diastolic pump filling is achieved 
by negative pressure suction. In general, pump rates are kept 
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implant Dates: June 23, 2006 - December 31, 2010 



Figure 21.7. Outcomes of pediatric and young adult patients implanted with adult devices in the current era: 
Intermacs Registry 2011. 


low, 60 to 80bpm, and negative pressure 40 to 60mm Hg 
in order to allow for complete filling. The systolic drive pres- 
sure is set at 20 to 30 mm Hg more than the patient’s systolic 
pressure. The power source generates positive and negative 
pressures to move the membrane that separates the blood 
chamber from the air chamber. This membrane appearance 
can be evaluated at the bedside to ensure minimal wrinkling 
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Figure 21.8. Mechanics of pneumatically driven, pulsatile, 
paracorporeal systems. Blood from the patient enters the pump 
in diastole, in the presence of gravity and/or negative pres- 
sure suction, resulting in a concave membrane. Compressed air 
from the console then enters from the drive unit, resulting in 
the convex membrane and resulting in systolic ejection of the 
blood back to the patient. 



(Table 21,7). Insufficient filling (more wrinkles noted in con- 
vex position) requires an assessment of preload, intrathoracic 
pressures, and/or tamponade, or an increase of the diastolic 
drive pressure (i.e., more negative). In the case of inadequate 
ejection or stroke volume (wrinkles in concave position), 
assessment should be made of possible sources of increased 
pulmonary or systemic vascular resistance (afterload) such as 
inadequate sedation, ventilatory status, and infection. When 
this is noted, additional support of the circulation with vaso- 
dilators and/or inotropes to augment stroke volume should be 
considered. Because of the high resistance of the small-bore 
cannulae in small children, positive pressures up to 350 mm 
Hg and negative suction of 100 mm Hg at pumping rates of 
up tol80bpm may be necessary, increasing the power require- 
ments for the driving unit considerably, although at these 
maximal settings, there may be considerable blood trauma 
and hemolysis. In this instance, it may be critical to reevaluate 
the cannula position and cardiac function either by echocar- 
diography or by cardiac catheterization. The changes in set- 
ting of the pulsatile devices need to be reassessed only with 
changes such as intubation or extubation, and once the patient 
is ambulatory. Otherwise, settings will remain relatively sta- 
ble throughout the patient course. Inlet and outlet valves are 
trileaflet and constructed from polyurethane, and while they 
function well to prevent regurgitation, they remain a potential 
nidus for thrombus formation, which requires at least twice- 
daily assessment. 

Reports of the Berlin Heart Institute (123-126) have shown 
results from 1990 to 2006, with 74 patients supported with a 
mean age of 7.6 years and an initial mortality of 41%. In this 
cohort, there was a significant era effect, with 74% survival from 
200 onwards. Patients could be mobile with the Berlin Heart but 
had to manage movement of a large console while ambulating. 
The first North American use of the Berlin Heart was in 2001, 
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TABLE 21.7 


Algorithm for Pulsatile VAD Pump Troubleshooting 


A. Inadequate filling (wrinkles in convex position) 

■ Assess preload, monitor: 

□ CVP, RAp, LAp 

□ Heart rate, arterial blood pressure 

□ Maintain adequate preload; volume available at bed space 

■ Assess changes in intrathoracic pressure with ventilation 

■ Tamponade inadequate membrane filling 

□ Increased filling pressure (increased CVP) 

□ Tachycardia 

□ Hypotension 

■ Consider adjusting diastolic pressure 

■ Consider adjusting systolic ejection time 

B. Inadequate ejection (wrinkles in concave position) 

■ Increased PVR and SVR (afterload) 

□ Assess hemodynamics 

□ Consider inotropic support and afterload reduction 

□ Consider other factors leading to increased PVR and SVR (i.e., level of sedation, mechanical 
ventilation, sepsis) 

■ Consider adjusting systolic drive pressure 

■ Consider adjusting systolic ejection time 


CVP, central venous pressure; RAp, right arterial pressure; LAp, left arterial pressure; PVR, pulmonary vascular resistance; SVR, 
systemic vascular resistance. 


and by 2004, it had gained widespread use. The current North 
American IDE trial ( 127) has completed enrollment and awaits 
FDA decision concerning approval. The North American IDE 
study included a primary study population of 48 subjects aged 0 
to 16 years, divided into 24 younger subjects with BSAs < 0.7 m 2 
and 24 older subjects with a BSA > 0.7m 2 to < 1.5 m 2 . The pri- 
mary effectiveness end point compared this study population 
to a historically matched ECMO control group compiled from 
the ELSO registry. The purpose of the study was to determine 
whether use of the EXCOR Pediatric for bridge-to-transplanta- 
tion is associated with reasonable assurance of safety and prob- 
able benefit such that the EXCOR Pediatric merits approval by 
the FDA under a HDE. In addition, the study was designed to 
determine whether the EXCOR Pediatric merits continuation 
with the current trial design and subject population to prove 
safety and efficacy for premarket approval. Due to the investi- 
gational status and while awaiting FDA decisions, few data are 
available with regards to the IDE trial. 

Single center North American experiences have been 
reported. Fifteen patients from Toronto (112) with a mean age 
of 8.8 years were on for an average of 29 days, with three being 
transitioned from ECMO, and 13/15 surviving to transplant. 
The St. Louis group (107) reported on nine patients with BiVAD 
support for and average of 35 days, with 8/9 surviving to trans- 
plant. The Great Ormond Street group (128) reported on the 
smallest patients with a group of 11 patients with a median 
weight of 8 kg and a 91% survival to transplant. Lastly, an 
Italian group (129) noted 10 patients with a median weight of 
6.4 kg and average support time of 61 days with a 40% mortal- 
ity. The worldwide Berlin Heart EXCOR Pediatric experience 
now includes >950 patients in 123 centers, in 33 countries, with 
a median age at implant of 2 years and mean duration of device 


support time of 75.5 days. The longest support time worldwide 
has been 1,131 days (Berlin communication) (116). 

Morales et al. (116) reported the most recent nationwide 
database analysis of children in the United States implanted 
with MCSDs. They noted that use among pediatric hospitals is 
growing dramatically and suggested that volume of cases may 
play a role in overall outcomes. This is an important sugges- 
tion that will need further investigation. Other areas requiring 
further investigation (131-134) include transporting patients on 
mechanical support, comparing VAD and ECMO outcomes, and 
understanding the complexities of complex congenital patients. 

These data support the use of VAD in children while await- 
ing transplant. The initial learning curve of the sites appears 
to be universal, although the North American experience may 
benefit from the lessons already learned in Europe. The results 
of the IDE trial will be exciting and well received. 


Pediatric Device Initiatives 

With the rapid increase in use of the Berlin Heart in North 
America, pediatric mechanical circulatory support has been 
recognized as an unmet need by the US HHS. The NHLBI 
initiative in 2004 awarded $22 million dollars to promote 
research and development of mechanical support devices 
in children. Five awards (130) over 5 years (2004 to 2009) 
marked significant developments in animal models and in vitro 
testing of infant and pediatric flow dynamics, anticoagulation, 
and biocompatibility interface technology. The continuation of 
the Pediatric Mechanical Circulatory Support Program is the 
PUMPKIN program (2010) that was awarded to four program 
projects with the intent to move these devices into preclinical 
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and IDE trial phases. These devices currently include two pedi- 
atric VAD devices (PediaFlow and Jarvik child and infant) and 
two oxygenator devices (Ension (135) and Levotronix). These 
initiatives and the Berlin Heart IDE trial have led to many more 
company-led endeavors for pediatric mechanical support. 

The future challenge will continue to be the trial design 
and post market data collection for these new devices. It will 
be imperative to collect registry data on all children implanted 
with devices in order to understand patient selection, device 
specifics, adverse event profiles, and the heterogeneous nature 
of patient and device-specific variables. Collaboration among 
clinicians, the FDA, NIH, and industry will be critical in order 
to continue to move the field forward. 
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Heart Interactions 
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T he singular function of the right ventricle (RV), left ventricle 
(LV), and the lungs is discussed elsewhere. Nonetheless, par- 
ticularly in the field of congenital heart disease, we are becom- 
ing increasingly aware of the importance of the interactions 
between them. There is continual cross talk between the two 
sides of the heart, and in turn, the ventricles are continually 
responding to subtle changes occurring within the thorax as a 
whole. In this chapter, these interactions, and their modification 
by congenital heart disease and its surgical repair, are discussed. 


COMPARISON OF RIGHT AND LEFT HEART 
HEMODYNAMICS 

The average cardiac output from the RV must, of course, 
essentially equal the cardiac output from the left heart. None- 
theless, the mechanism by which this is achieved is very dif- 
ferent. The RV performs approximately one quarter of the 
external mechanical work compared with its left ventricular 
(LV) counterpart. External mechanical work is a function of 
stroke volume and developed ventricular pressure, and is more 
accurately described as the area enclosed by the ventricular 
pressure-volume curve. Figure 22.1 shows a schematic com- 
parison of left and right ventricular (RV) pressure-volume 
curves. Not only is the developed pressure substantially lower 
in the RV but its trapezoidal shape still further reduces the 
amount of work performed on the circulation to generate the 
cardiac output. The LV essentially works as a square wave 
pump, its stroke work being reasonably well represented as 
a direct product of its stroke volume and developed pressure 
(stroke work ~ stroke volume x peak left ventricular pressure- 
minimum left ventricular pressure). Because of its ability to 
eject blood into the pulmonary circulation during both pres- 
sure rise and pressure fall (1), the external work performed by 
the RV cannot be described using such a simple derivation. 
Furthermore, it can be seen that small changes in hemodynam- 
ics might impose a major change to global workload of the 
RV. Indeed, small changes in RV afterload can lead to major 
changes in workload and the shape of the pressure-volume 
characteristics to mirror the LV (2). 

The trapezoidal shape of the RV pressure-volume relation- 
ship is exquisitely matched to the low hydraulic impedance 
imposed by the pulmonary vascular bed. Unlike the systemic 
vascular resistance, which reflects a dynamic balance between 
vasodilatory and vasoconstrictor influences, the pulmonary 
vascular bed appears to be maximally vasodilated. The low 
pulmonary vascular resistance requires a healthy endothelium 
and normal lung function for its integrity. In health, additional 
inhaled nitric oxide, for example, fails to lower the pulmonary 
vascular resistance, suggesting pulmonary endothelial vasodila- 
tory capacity is at its maximum (3). This is a markedly different 
mechanism to that of the systemic vascular bed where a wide 


portfolio of vasodilatory substances can lower its resistance. 
The pulmonary vascular bed is also uniquely affected by exter- 
nal factors. The status of lung inflation, even the normal circu- 
lation, has major effects on the pulmonary vascular resistance 
and hemodynamic function. Normal respiration, ventilating 
around functional residual capacity, minimizes the pulmonary 
vascular resistance. Underinflation of the lungs leads to an 
increased pulmonary vascular resistance, as a result of atelec- 
tasis and secondary alveolar hypoxemia, and overinflation of 
the lungs leads to an increase, secondary to alveolar stretch 
and direct vascular compression (Fig. 22.2) (4). Both should be 
avoided whenever RV afterload needs to be minimized. 


CARDIOPULMONARY INTERACTIONS 
IN THE NORMAL CIRCULATION 

Descent of the diaphragm during normal inspiration leads 
to a modest fall in pleural pressure (3 to 5 cm of water) (5) 
and a concomitant rise in intra-abdominal pressure. These 
two changes lead to increased venous return and an increased 
RV stroke volume, in accord with the Frank Starling mecha- 
nism. There is thus a waxing and waning of cardiac output of 
approximately 10% to 15% during the cardiac cycle (6). 

The classic experiments of Cournand in the 1940s (7) were 
interpreted as confirmation that right heart filling and cardiac 
output were related to intrathoracic pressure. Positive-pressure 
ventilation via a mask in conscious volunteers led to a fall in 
cardiac output of approximately 10% to 15%. This was ini- 
tially thought to be entirely due to changes in systemic venous 
return (and reduced ventricular preload) imposed by a raised 
mean intrathoracic pressure. It has subsequently become clear 
that reduced preload, as a result of increased airway pressure, 
is not the whole story. In an elegant series of experiments in 
dogs, Henning (8) showed that restoration of preload during 
positive-pressure ventilation failed to restore cardiac output 
to its baseline levels. The persistent reduction in RV stroke 
volume, despite normalized preload, suggested an adverse 
effect on intrinsic RV performance. It was hypothesized that 
the RV shows signs of reduced systolic function, even under 
the circumstances of a modest hemodynamic burden imposed 
by lung hyperinflation, as a result of increased afterload occur- 
ring via the mechanism described in Figure 22.2. No matter 
what the mechanism, however, the functional implications of 
these changes are not simply theoretic. In a study of children 
undergoing cardiac catheterization performed by Shekerdem- 
ian et al. (9), a negative-pressure cuirass device was used to 
mimic normal ventilation to compare the effects of positive- 
pressure and negative-pressure ventilation on cardiac output. 
In essentially normal children having undergone closure of 
a small arterial duct, for example, there is an approximate 
16% fall in cardiac output, simply as a result of a modest 
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Figure 22.1. Schematic representations of right ( shaded ) and 
left ventricular pressure-volume relationships. The external 
stroke work of the right ventricle (RV; area enclosed by loop) 
is markedly lower than the left ventricle (LV) (see text for 
details). 


Reduced Right Ventricular Contractile 
Performance 

It has long been known that RV ischemia, in the setting of ath- 
erosclerotic coronary disease, is an extremely poorly tolerated 
hemodynamic burden (10). This, in part, is related to adverse 
right-left heart interactions (see below), but illustrates the 
importance of RV contractile performance, even in the presence 
of a relatively normal pulmonary vascular bed. A more com- 
mon scenario in congenital heart disease is the adverse effect of 
cardiopulmonary bypass on right heart function. Brookes et al. 
(11) showed that even a brief period of cardiopulmonary bypass 
and cardioplegic arrest, during coronary bypass surgery, leads 
to a significant decline in RV systolic performance, as assessed 
by end-systolic elastance. This translates to an even greater 
dependence on cardiopulmonary interactions in children under- 
going congenital heart surgery. Shekerdemian (9), in the study 
described above, showed that positive-pressure ventilation had 
an even greater adverse effect in such patients. Compared with 
negative-pressure ventilation, there was on average a 25% fall 
in cardiac output with positive-pressure ventilation in children 
on the intensive care unit after simple right heart surgery (ven- 
tricular septal defect [VSD], atrial septal defect [ASD], etc.). 


rise in mean airway pressure (to -8 cm of water) secondary 
to positive-pressure ventilation. These adverse hemodynamic 
effects of increased RV afterload (negative cardiopulmonary 
interactions) become even more important when the right 
heart circulation is affected by congenital heart disease. 

Cardiopulmonary Interactions in Congenital 
Heart Disease 

Given that normal right heart function is dependent on a low 
RV afterload, normal ventricular preload, and maintained RV 
systolic function, it would be surprising if congenital heart dis- 
eases did not have major effects on its performance. This is 
indeed the case. 


CARDIOPULMONARY INTERACTIONS 
AND THE ABNORMAL RIGHT HEART 


The potential for beneficial and adverse cardiopulmonary 
interactions is greater when the right heart is intrinsically 
abnormal because of congenital anomalies or is primarily 
affected by surgery. There are two circumstances in which 
these concepts are exemplified, those patients with abnormal 
RV diastolic function and those with exclusion of the RV from 
the venopulmonary circulation. 

Abnormal Right Ventricular Diastolic Function 

It is now known that restrictive RV physiology is a com- 
mon sequel of surgery for hypoplasia of the right heart, for 
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Figure 22.2. Effect of lung inflation 
on pulmonary vascular resistance. 
Resistance is at its nadir when the 
lung is at functional residual capacity. 
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example, pulmonary atresia with intact ventricular septum 
(12), and after repair of tetralogy of Fallot, for example. The 
characteristic physiology of these patients is the presence of 
antegrade diastolic pulmonary blood flow during atrial sys- 
tole. This occurs when the resistance to RV filling exceeds the 
pulmonary vascular resistance. Atrial contraction ejects blood 
through the tricuspid valve, but there is little or no RV filling as 
the blood passes through the RV (which acts as a passive con- 
duit) to the pulmonary artery (PA). Consequently, up to one- 
third of the antegrade pulmonary blood flow, and therefore 
cardiac output, is dependent on atrial systole. Furthermore, 
this flow is generated by only modest pressure transients (1 or 
2 mm Hg) between the right atrium (RA) and the PA in dias- 
tole. Clearly a low pulmonary vascular resistance is crucial for 
this source of cardiac output to be maintained. An important 
element of the total pulmonary resistance, as discussed above, 
is the mean airway pressure. Indeed, antegrade diastolic flow 
is often entirely abrogated during positive-pressure inspira- 
tion. Conversely, negative-pressure ventilation may have a 
major beneficial effect on cardiac output. In postoperative 
tetralogy patients, positive-pressure ventilation reduces car- 
diac output by >30% compared with that achieved during 
negative-pressure ventilation with a cuirass device (13). 

The influence of cardiopulmonary interaction is even more 
impressive when one considers right heart bypass procedures. 
Here, resting and exercise pulmonary blood flow is markedly 
dependent on the work of breathing. In our earlier Doppler 
studies, the phase relationship between ventilation and pul- 
monary blood flow was shown clearly in both the venopul- 
monary and atriopulmonary Fontan circulations (14,15). 
Subsequently, MRI studies have suggested that well over one- 
third of the cardiac output occurs as a direct result of the work 
of breathing (16). This may be even more important during 
exercise (17), particularly in those with total cavopulmonary 
anastomosis. Positive-pressure ventilation in the Fontan circu- 
lation has long been known to adversely affect cardiac output. 
In early studies of the use of positive end-expiratory pressure, 
a linear relationship between positive end-expiratory pressure 
and cardiac output was demonstrated (18). Unsurprisingly, 
negative-pressure ventilation under these circumstances can 
lead to a marked increase in cardiac output compared with 
positive-pressure ventilation. In a separate series of stud- 
ies, Shekedemian et al. (19) showed the profound effects of 
positive and negative pressure ventilation on the pattern of 
pulmonary blood flow in the Fontan circuit (Fig. 22.3) as 
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Figure 22.3. The effects of negative-pressure ventilation (NPV) 
on the pattern of pulmonary blood flow after total cavopulmo- 
nary connection. Each negative pressure breath is associated 
with massive augmentation of pulmonary blood flow, an effect 
abolished when the ventilator is switched off (no vent). 



well as on total cardiac output measured by respiratory mass 
spectrometry. 

These studies and others have reinforced the desirabil- 
ity of normal ventilation in such circulations, and this, 
wherever possible, should be established as early as pos- 
sible after surgery. In those requiring positive-pressure ven- 
tilation, efforts to reduce the mean airway pressure will 
reap benefits in terms of changes in cardiac output. Thus, 
minimizing positive end-expiratory pressure, shortening 
the inspiratory time, and reducing the airway pressure pla- 
teau time will all help to reduce the hemodynamic burden 
on the right heart. Clearly this must not be at the expense 
of alveolar ventilation (to avoid hypercapnic pulmonary 
vasoconstriction) or alveolar inflation (to avoid hypoxemic 
vasoconstriction) . 


Exclusion of the Right Ventricle 

Because of the very marked changes in RV hemodynamics 
imposed by progressive pulmonary hypertension or RV out- 
flow tract obstruction, the effects of subtle changes in airway 
pressure on RV intrinsic contractile performance are much 
less marked. Indeed, one can consider the pressure-volume 
relationships of the hypertensive RV to be similar to those of 
the normal LV (2). Consequently, while changes in preload 
will continue to occur, the effects of afterload are much less 
marked. Also, it should not be forgotten that the adverse 
effects of positive-pressure ventilation on the right heart are 
in contradistinction to those on the left heart, particularly the 
failing LV. 


CARDIOPULMONARY INTERACTIONS 
AND THE LEFT HEART 


Although the manifestations are different, the LV is also 
subject to cardiopulmonary interactions and the effect of 
mean airway pressure on its function. Although in general 
the effects of increased mean airway pressure are largely 
adverse on the right heart, they are largely beneficial on 
the left heart. This is because the total afterload of the LV 
(transmural pressure) is reduced by increased mean air- 
way pressure (20). Although essentially insignificant to 
the normal LV, such changes can provide beneficial effects, 
for example, in dilated cardiomyopathy. Indeed, continu- 
ous positive airway pressure (CPAP) has a multitude of 
beneficial effects to the failing left heart (21). By increas- 
ing alveolar pressure, the transalveolar gradient for edema 
formation is reduced. Furthermore, the afterload of the LV 
is also reduced, improving its ejection fraction and stroke 
volume. Although relatively infrequently used in pediatric 
practice, CPAP masks have proven to be particularly use- 
ful in the dilated cardiomyopathy of ischemic and acquired 
heart disease in adults (22), and such therapy merits further 
investigation in children. 


RIGHT-LEFT HEART INTERACTIONS 


It has been traditional to examine LV and RV function as sepa- 
rate entities. Nonetheless, the last two decades have seen an 
explosion in our understanding of the ways in which the two 
sides of the heart interrelate and contribute to each other. Not 
only is this a manifestation of its shared cavity, the pericar- 
dium, but also the recognition of shared myofibers that can 
neither be defined as exclusively LV or RV (23). Thus, the 
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function of the LV has profound effects on the function of the 
RV, and vice versa, both in health and disease. 

The Effects of the Left Ventricle on the 
Right Ventricle 

The classic experiment of Damiano et al. (24) in 1991 con- 
firmed the presence of substantial cross talk between the ven- 
tricles in health. Albeit in an experimental model, the effects 
of LV performance on RV force generation were clearly dem- 
onstrated. In their exquisite study, the electrically isolated but 
mechanically contiguous ventricles were examined during 
individual chamber pacing (Fig. 22.4). Under these circum- 
stances, pacing the RV led to virtually no mechanical effects 
on the left side of the heart. Pacing the electrically isolated LV, 
however, led to almost normal RV pressure development. It 
appears, therefore, that the geometric change, consequent on 
LV shortening, imposes a major mechanical effect on the RV. 
The crescent-shaped free wall, wrapped around the ventricu- 
lar septum and contiguous with the LV free wall, is presum- 
ably deformed to generate a RV pressure. This effect appears 
to be largely independent of the RV free wall function. In 
another set of experiments, Hoffman et al. (25) showed that 
replacement of the RV free wall with a noncontractile patch 
was still associated with significant RV pressure generation 
during LV contraction. Overall, it has been estimated that 
over one-third of the work performed by the RV is a direct 
consequence of LV shortening. It might be possible to harness 
this ventricular-ventricular cross talk to improve biventricu- 
lar function. In animal experiments, aortic constriction, lead- 
ing to an increase in LV afterload and work, was shown to 
increase RV stroke volume, again as a result of the cross talk 
phenomenon (26). 


The Effects of the Right Ventricle on the 
Left Ventricle 

In the experiments by Hoffman et al. (25) described above, 
the effect of LV shortening on RV pressure development in 
a model of RV free wall replacement was described. This 
experiment also showed that as the size of the artificial RV 
was increased, there appeared to be an adverse effect on LV 
mechanical function. As the RV dilated, LV pressure devel- 
opment fell. Whether this was a parallel effect (reflecting 
adverse ventricular cross talk) or a series effect (reflecting 
reduced cardiac output from the RV and therefore reduced 
preload to the LV) could not be determined in these experi- 
ments. In the mid-1990s, Brookes et al. (27) aimed to dissect 
out these influences in a porcine model. Isolated RV ischemia 
was used to induce acute right heart dilation, during which 
RV and LV contractile performance was measured using end- 
systolic elastance derived from pressure-volume analysis. It 
was shown that RV dilation imposes adverse effects on LV 
mechanical performance directly, presumably owing to geo- 
metric changes influencing LV contractile efficiency. These 
effects were more manifest when the pericardium was intact, 
supporting this hypothesis. 

It would be naive to assume that all of these effects are 
manifestations purely of systolic interactions. Independent of 
major changes in contractile performance, adverse diastolic 
ventricular-ventricular interaction is frequently encountered. 
Primarily a manifestation of septal shift toward the LV in 
early diastole, pulmonary hypertension, for example, leads 
to reduced LV early diastolic filling velocities and increased 
dependence on atrial systole (28). 

The superimposition of congenital heart disease and the 
effects of surgical correction further amplify these ventricular- 
ventricular effects and are discussed below. 


Left component of LV Left component of RV 




Figure 22.4. This study demonstrates the passive effect of active contraction of the contralateral ventricle (see 
text for details). Ventricular-ventricular interaction is shown clearly in the top right-hand panel. There is almost 
normal right ventricular pressure development when the left ventricle (LV) contracts, even though the right 
ventricle (RV) is electrically isolated. (Redrawn from Damiano RJ Jr, La Follette P Jr, Cox JL, et al. Significant 
left ventricular contribution to right ventricular systolic function. Am J Physiol 1991;261:H1514-H1524, with 
permission.) 
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Right-Left Heart interactions in Congenital Heart 
Disease 

It is likely that all congenital heart diseases have more or less 
subtle abnormalities of ventricular-ventricular interaction. 
However there are some major, clinically significant interactions 
that bear more detailed analysis. These can loosely be described 
as functional and geometric and are discussed in detail below. 

Functional Interactions 

Surgery to the RV outflow tract almost invariably leads to 
some degree of residual pulmonary regurgitation, and it is 
now well known that this ventricular volume load leads to RV 
dilation in most patients. The effects of pulmonary regurgita- 
tion after repair of tetralogy of Fallot are probably the best 
described examples of this phenomenon. Although our under- 
standing of the effects of right heart dilation under these cir- 
cumstances has evolved over the last 15 years, it is only in the 
last 5 years that the biventricular effects of this problem have 
become apparent. Several studies have now shown a loose but 
linear relationship between RV ejection fraction and LV ejec- 
tion fraction late after repair of tetralogy of Fallot (29,30). 
Furthermore, those with overt biventricular dysfunction have 
a worse outcome compared with those without (30). Not only 
are ventricular-ventricular interactions important in terms of 
global function, but abnormalities of ventricular-ventricular 
timing may also have significant adverse effects. D’Andrea 
et al. (31) have explored this phenomenon in a recent study 
analyzing the dyssynchrony between the ventricles. They stud- 
ied the onset of RV and LV contraction in patients after repair 
of tetralogy of Fallot, showing a worse exercise tolerance and 
an increased frequency of arrhythmia in those with significant 
ventricular-ventricular delay. 

It is likely that subtle regional abnormalities will also have 
significant biventricular effects. Regional wall motion abnor- 
malities have been described in virtually all congenital heart 
diseases (32,33). They are also almost always associated with 
decreased global performance and therefore likely biventricu- 
lar effects. It remains to be seen whether this intraventricular 
and interventricular incoordination will be responsive to inter- 
ventions such as biventricular pacing, but early data appear 
promising (34). 

Geometric Interactions 

Unlike the more directly functional interaction described 
above, acute changes in geometry can modify functional per- 


formance of both sides of the heart, particularly in congenital 
heart disease. Acute right heart dilation not only affects RV 
performance, but also induces LV dysfunction via systolic and 
diastolic interactions (see above). 

More chronic geometric changes can lead to unique 
abnormalities in the setting of congenital heart disease. The 
systemic RV is particularly susceptible to such changes. Here, 
the morphologic tricuspid valve is the systemic atrioventricu- 
lar valve and is characterized by its septal papillary muscle 
and chordal attachments. It is now well recognized both 
under the circumstances of surgical repair of simple trans- 
position and in the setting of congenitally corrected trans- 
position that septal shift makes a significant contribution to 
the development of tricuspid regurgitation in these hearts. 
Conversely, efforts to modify this septal shift can produce 
profound improvements in the degree of tricuspid incompe- 
tence. Figure 22.5 shows just such a change. The right-hand 
panel from this patient with congenitally corrected transposi- 
tion shows a dilated RA and hugely dilated morphologic left 
atrium as a result of severe tricuspid valve incompetence. The 
left-hand panel shows minimal tricuspid incompetence in the 
same heart, just 20 seconds later. The reduction in tricuspid 
regurgitation and the remarkable change in left atrial (LA) 
size have occurred as a consequence of PA banding. Elevation 
of LV pressure to modify septal geometry restored tricuspid 
valve competence in this patient. This phenomenon has been 
demonstrated in patients after the Mustard procedure (35) 
as well as in patients undergoing LV retraining in the set- 
ting of congenitally corrected transpositions. It is beyond the 
scope of this chapter to discuss the advisability, prerequisites, 
and methods for evaluation of LV retraining under such cir- 
cumstances, but by its effects on tricuspid incompetence, PA 
banding alone may be destination therapy for some of these 
patients. 


CONCLUSIONS 

Important cardiopulmonary and ventricular-ventricular inter- 
actions are intrinsic to normal cardiovascular physiology. 
The consequences of these effects are amplified by disease in 
the structural normal heart and may be profound when the 
heart is modified by congenital anomalies. Our understand- 
ing of the effects of congenital heart disease on cardiopul- 
monary and ventricular-ventricular interactions continues to 
evolve, but we have learned that description of functional 
performance in any patient is incomplete without their 
consideration. 


Figure 22.5. The acute effects of pulmonary 
artery (PA) banding on tricuspid valve regur- 
gitation in congenitally corrected transposi- 
tion. Left ventricular (LV) hypertension induces 
septal shift toward the systemic right ventricle 
(RV), leading to restoration of tricuspid leaflet 
apposition by its effect on its septal attachments. 
As a result, the left atrial (LA) size is markedly 
reduced. RA, right atrium. 
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T raumatic injury to the heart occurs when energy is 
transferred to the heart in amounts or at rates that exceed 
the tissue’s threshold to withstand it, resulting in structural 
damage or functional abnormality. The transfer of injurious 
energy is most commonly associated with blunt trauma, pen- 
etrating trauma, or contact with electrical current. Most medi- 
cal knowledge about cardiac trauma in children is extrapolated 
from studies of adults. Relatively little direct information is 
available regarding cardiac injuries in children. 


BLUNT CARDIAC INJURY 


Blunt trauma accounts for the vast majority of injuries to chil- 
dren and is the chief cause of cardiac trauma in the pediatric 
age-group. The incidence of cardiac injury in blunt trauma 
among children has been reported to be from 0% to 43% (1). 
Blunt cardiac injuries are often unsuspected injuries associated 
with multiple system trauma. Clinical manifestations of car- 
diac trauma vary depending on the location of injury. They 
are often nonspecific and include shock, cardiovascular insta- 
bility, dysrhythmias, chest pain, and changes in mentation. In 
victims of multiple trauma, all of these findings can be easily 
attributed to other serious injuries to the head, abdomen, or 
extremities. 

Parmley et al. (2) performed autopsies on a large series 
of motor vehicle crash victims and found that blunt cardiac 
injury was one of the most frequently missed diagnoses. This 
finding has been corroborated by others. Having a high level 
of suspicion for blunt cardiac injury is necessary for early diag- 
nosis and intervention. The autopsy series of Parmley et al. (2) 
described various mechanisms of nonpenetrating cardiovascu- 
lar injury (Table 23.1). 

Most blunt cardiac injuries from direct chest impact among 
children are the result of motor vehicle crashes (3). Blunt 
blows with weapons, fists, and animal kicks; blunt collisions 
during sports; and falls from heights also cause direct-impact 
cardiac injuries. 

Because the heart is suspended from the great vessels, accel- 
eration-deceleration injuries occur as the heart moves like a 
pendulum in the thorax. Traction on the great vessels can 
cause tears at their points of fixation. 

Compression of the chest can crush the heart or cause dam- 
age through increased intrathoracic and intracardiac pressures. 
Cardiac rupture is more likely if compression occurs during 
maximum filling of the chambers. Rib fractures and contu- 
sions of the chest wall are not always seen, especially in chil- 
dren owing to their highly compliant chest walls. Abdominal 
and lower extremity compression also can force blood back 
to the heart, causing damage through a hydraulic ram effect. 

Commotio cordis is a specific form of cardiac trauma 
that has become an increasingly recognized cause of sudden 


cardiac death in otherwise healthy young athletes (4). While 
the National Commotio Cordis Registry in Minneapolis 
lists almost 250 cases of commotio cordis, the frequency of 
such cases is most certainly underestimated (5). Commotio 
cordis is a form of nonpenetrating chest trauma insufficient 
to result in significant myocardial or chest wall injury. The 
most likely mode of death appears to be an induction of a 
malignant arrhythmia (i.e., ventricular fibrillation) due to 
the transfer of concentrated mechanical energy (concussion) 
to the heart resulting in electrical instability. The two criti- 
cal components appear to be precordial impact location and 
the timing of the impact occurring during the upstroke of the 
T wave (6-8). The impact site for victims of commotio cordis 
is specifically located at or near to the center of the cardiac sil- 
houette. Recent animal model studies suggest that the trauma 
must occur within an electrical vulnerability period during the 
cardiac cycle, namely, within 20 milliseconds of the T-wave 
upstroke. 

As reported recently by Maron and Estes (4), commotio 
cordis is seen most frequently in the second decade of life, 
peaking at 15 years of age. Baseball is the most common sport 
in which commotio cordis is observed followed by softball, 
hockey, and football. It is more commonly experienced dur- 
ing organized sporting events but by no means exclusively. In 
younger victims (<10 years of age) commotio cordis may occur 
during activities unrelated to sports. 

Victims of commotio cordis most commonly experience 
instantaneous cardiovascular collapse but in approximately 
20% of cases victims are able to stay erect for several seconds 
after the trauma occurs. Survival from resuscitative efforts is 
low but has increased to 35% in recent years most likely due 
to increasing availability of automatic external defibrillators 
and bystanders knowledgeable in the use of these devices. 

According to data from the above-mentioned national 
registry, nearly one-third of cases of commotio cordis that 
occurred during competitive sports were victims who were 
wearing a commercially available chest protector. Many of 
these devices were not designed to prevent commotio cordis 
and either expose the precordium or do not adequately absorb 
the impact from a projectile (9). Efforts have been made to cre- 
ate safer baseballs (aka “safety” baseballs) with some evidence 
of effectiveness. Some sports now require protective equip- 
ment (10). See Table 23.2 for features differentiating cardiac 
concussion from cardiac contusion (11). It is important that 
the public and organizers of sporting events be aware of the 
risk of commotio cordis. 

Two other mechanisms of blunt cardiac injury have been 
described: Blast injury and a combination injury, which 
involves more than one of the above mechanisms. 

The types of anatomic injuries resulting from these various 
mechanisms in blunt cardiac trauma include pericardial injury, 
myocardial contusion, cardiac rupture, septal disruption, ven- 
tricular aneurysm, injury to the heart valves and supporting 
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TABLE 23.1 


Mechanisms of Blunt Cardiac Trauma 


Direct impact 

Acceleration-deceleration 

Compression 

Hydraulic ram effect 

Concussion 

Blast 

Combination 


Adapted from Parmley LF, Manion WC, Mattingly TW. Nonpenetrating traumatic 
injury of the heart. Circulation 1958;18:371-396. 


TABLE 23.3 


Types of Blunt Cardiac Injuries 


Pericardial injury 
Myocardial injury 
Myocardial contusion 
Cardiac rupture 
Septal disruption 
Ventricular aneurysm 

Injury to heart valves and supporting structures 

Injury to great vessels, brachiocephalic arteries, vena cavae, 
and coronary arteries 


Adapted from Liedtke AJ, DeMuth WE Jr. Nonpenetrating cardiac injuries: 
a collective review. Am Heart J 1973;86:687-697. 


structures, and injury to the great vessels, brachiocephalic 
arteries, venae cavae, and coronary arteries (Table 23.3). 

Pericardial Injury 

Blunt pericardial injuries range from contusion to rupture and 
are usually associated with myocardial injury. Isolated peri- 
cardial injuries are rare. Pericardial lacerations and pericardial 
rupture are rarely significant injuries unless cardiac hernia- 
tion occurs through a pericardial tear. Cardiac herniation 
can result in severe circulatory compromise and rapid death. 
Cardiac tamponade is a common complication of myocardial 
injury but is not likely with isolated pericardial injury. 

Traumatic pericarditis can develop after pericardial con- 
tusion. A chronic pericarditis after cardiac trauma can last 1 
to 4 weeks. The clinical features are single or recurrent peri- 
cardial or pleural effusions, similar to the postpericardiotomy 
syndrome. 

The frequency of pericardial injury associated with blunt 
chest trauma is unknown. Asymptomatic pericardial effusions 
have been demonstrated by cardiac ultrasonographic exami- 
nation following blunt chest trauma. Pericardial lacerations 
were frequently found in dogs following sublethal blunt chest 
trauma. The most frequent manifestations of traumatic peri- 
carditis include pericardial friction rub and nonspecific elec- 
trocardiographic (ECG) ST-T wave changes and diffuse low 
voltages. 


Traumatic cardiac tamponade rarely presents with all 
the classic Beck triad features of hypotension, distant heart 
sounds, and elevated central venous pressure with neck vein 
distension. An echocardiogram is the most sensitive diagnostic 
test for cardiac tamponade and can be used in the emergency 
department for selected trauma patients. A diagnostic and 
therapeutic pericardiocentesis also can be used for patients 
with suspected cardiac tamponade. However, false-negative 
pericardiocentesis results have been observed in 25% to 80% 
of patients who have blood in the pericardium (12). 

Treatment of traumatic pericarditis is based on symptoms. 
If pericardial effusion or associated pleural effusions are clini- 
cally significant, pericardiocentesis or thoracocentesis is indi- 
cated. Chronic pericarditis or postpericardiotomy syndrome is 
treated with anti-inflammatory agents. 

Most pericardial lacerations are incidentally found during 
thoracotomy being performed for other indications and are 
not repaired unless the defect is large enough to pose a risk of 
cardiac herniation. Large pericardial lacerations that are dif- 
ficult to repair may be managed by pericardiectomy. 

Myocardial Contusion 

Myocardial contusion in the general population is most often 
a result of direct blunt force to the chest during motor vehicle 


Differential Features of Cardiac Concussion and Contusion 

Feature 

Concussion 

Contusion 

Force 

Sharp, not necessarily violent 

Generally violent 

Direction of force 

Sternum to vertebra 

Of no significance 

Onset 

Immediate 

Gradual 

Course 

Transitory 

Persisting 

Loss of consciousness 

Usually 

Not characteristic 

Disturbances of rhythm and conduction 

Characteristic, immediate 

Absent or delayed 

Changes in ST segment and T waves 

Nonspecific 

Anatomically localized injury or ischemia 


Adapted from Abrunzo TJ. Commotio cordis: the single most common cause of traumatic death in youth baseball. AmJDis 991 ;1 45:1 279-1282; and Michelson WB 
CPK-MB isoenzyme determinations: diagnostic and prognostic value in evaluation of blunt chest trauma. Ann Emerg MecM980;9:562-567. 






554 SECTION IV ■ Pediatric Cardiac Intensive Care 


crashes, industrial injuries, farm injuries, or sports injuries. 
The reported incidence of myocardial contusion associated 
with major trauma varies between 3% and 76% depending 
on the study population and the diagnostic criteria (13,14). 
Approximately one-third of children with cardiac contusion 
may have no external evidence of chest injury. ECG abnor- 
malities and dysrhythmias are less common in these children 
than in adults who have cardiac contusion. 

The first reported case of autopsy-proven myocardial con- 
tusion was in 1764; it described a boy struck in the chest 
by a plate (15). Recognition of cardiac contusion is difficult 
because of nonspecific clinical findings and lack of an accurate 
diagnostic test (3). The findings of cardiac contusion are easily 
attributed to other serious injuries that are often present. Pre- 
dicting which cases will be clinically significant has not been 
possible, thus complicating the discussion about appropriate 
management of myocardial contusion. The diagnosis of myo- 
cardial contusion should be considered in any child with sig- 
nificant blunt chest or multiple system trauma. 

Most cases of myocardial contusion are mild and asympto- 
matic, and go unrecognized, but complications can be serious. 
Complications of myocardial contusion include dysrhythmias, 
conduction disturbances, cardiac failure, aneurysms, pseu- 
doaneurysms, myocardial wall thinning, cardiac rupture, and 
cardiac arrest. Most are late findings. Underlying cardiac dis- 
ease, including ischemia, cardiomyopathy, or congenital heart 
disorders, increases the risk of complications from blunt car- 
diac injury. The pathologic findings of myocardial contusion 
include myocardial hemorrhage, myocardial fiber necrosis, 
and, later, fibrous scar formation. 

The diagnosis of myocardial contusion can generally be 
made in patients with blunt chest trauma if the ECG dem- 
onstrates a dysrhythmia or changes compatible with ischemia 
or contusion, the creatine phosphokinase-muscle band (CPK- 
MB) fraction is >5% of the total CPK, and the echocardio- 
gram is abnormal (16). However, ECG findings in cardiac 
contusion are nonspecific, and false-positive results can occur. 
Because CPK-MB is also present in skeletal muscle, pancreas, 
and bowel, extensive skeletal muscle or abdominal trauma can 
cause elevation of CPK-MB. In addition, CPK-MB has been 
shown to have a low sensitivity and specificity for cardiac 
injury in some studies (17,18). Lactate dehydrogenase isoen- 
zymes and serum glutamic oxalotransaminase are of no value 
in the diagnosis of cardiac contusion. Troponin I and T have 
been shown to be accurate indicators of myocardial injury that 
may aid in the diagnosis of myocardial contusion (19-21). In 
adult studies, the positive predictive value of elevated cardiac 
troponin T ranges from 20% to 100% and the negative pre- 
dictive value ranges from 74% to 100% (22-23). Diagnos- 
tic sensitivity may be improved by use of recently developed 
highly sensitive cardiac troponin assays, but validation studies 
have not yet been reported (24). 

The echocardiogram may be more useful than serial ECGs 
or cardiac isoenzyme measurements in evaluating blunt cardiac 
injuries because it can detect pericardial effusion, valvular dys- 
function, septal defects, enlarging chambers, and wall motion 
abnormalities and can be used to determine ejection fraction. 
Echocardiographic abnormalities are detected in 20% to 47% 
of patients following blunt trauma (25). Transesophageal 
echocardiography may offer advantages over transthoracic 
echocardiography, especially in obese patients. The proxim- 
ity of the esophagus to the thoracic aorta and atrioventricu- 
lar (AV) valves allows clearer visualization of injuries to these 
structures. In the absence of ECG abnormalities or cardiac 
isoenzyme elevation, cardiac dysmotility on echocardiogram 
is not associated with adverse patient outcome (26). 

Gated radionuclide angiography is a useful method for 
detecting abnormalities of cardiac function. It has been 
applied in the evaluation of blunt cardiac trauma to detect 


diminished ejection fractions, hypokinetic wall segments, and 
ventricular aneurysms. The most common finding it identified 
in adult patients with blunt chest trauma was mild hypokinesis 
of the right ventricular wall with diminished ejection fraction. 
Unfortunately, gated radionuclide angiography is not predic- 
tive of morbidity and mortality in cardiac contusion. 

Following blunt chest trauma, patients with abnormal 
ECGs require admission, continuous cardiac monitoring, and 
evaluation of cardiac isoenzymes. Cardiac monitoring should 
continue until abnormal ECGs have reverted to normal for at 
least 24 hours, cardiac isoenzymes have normalized, and sta- 
bilization of other major injuries has been achieved. The main 
treatment goal is avoidance of death caused by dysrhythmias 
or hemodynamic compromise. 


Cardiac Rupture 

Although an uncommon injury, cardiac rupture is estimated to 
cause 10% to 15% of adult motor vehicular crash fatalities. 
Two-thirds of deaths owing to cardiac rupture occur at the 
scene (27). Cardiac rupture occurs most commonly in young 
male drivers suffering precordial steering wheel impact dur- 
ing a crash (28). Ventricular rupture is more common than 
atrial rupture, and the thin-walled anteriorly positioned right 
ventricle is more commonly ruptured than the left ventricle. 
Multiple chamber rupture is not uncommon in these cases, as 
is combined cardiac rupture and aortic rupture, reflecting the 
large amount of force involved in these injuries (2). 

Ventricular rupture can result from direct cardiac compres- 
sion or from an indirect hydraulic ram effect that occurs dur- 
ing abdominal or extremity compression. During late diastole, 
compressing a distended noncompliant ventricle can tear AV 
valves, chambers, septa, and other cardiac structures. Atrial 
rupture appears to involve compression of the filled chamber 
as well as torsion when the AV valves are closed and the cham- 
ber is filled during late systole. The atrial appendages are the 
thinnest portions and most prone to atrial rupture. Delayed 
ruptures are extremely rare and may follow infarction associ- 
ated with trauma and gradual softening of the ischemic tissues 
or rupture of a myocardial aneurysm or pseudoaneurysm (28). 

The clinical manifestation of myocardial rupture is usually 
tamponade, although approximately one-third of patients will 
have exsanguinating hemorrhage through associated pericar- 
dial lacerations. The association of cardiac tamponade with 
cardiac rupture limits the rate of exsanguination and increases 
the chances of survival for these patients. 

The first surgical repair of blunt cardiac rupture was 
reported by Des Forges et al. (29) in 1955 involving a 4-cm 
right atrial laceration. Until then, cardiac rupture had been 
considered universally lethal. Surviving ventricular rupture 
secondary to blunt chest trauma is rare. In 1990 the first 
pediatric survivor was preceded by only three reported adult 
cases (30). 

Septal Disruption 

The interventricular septum ruptures most commonly in the 
muscular portion near the apex, which is the thinnest area 
of the septum. Any portion of the muscular septum can rup- 
ture, even in multiple sites, with concomitant injury to the 
conduction system. Echocardiography should demonstrate 
the abnormality. Cardiac catheterization can be performed to 
determine the magnitude of left-to-right shunt, measure pul- 
monary artery pressures, and evaluate ventricular function. 
Ventricular septal defects with significant left-to-right shunts 
require surgical closure. Disruption of the atrial septum has 
also been reported (31). Some attempts to close VSDs by 
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catheter-delivered devices have met with various levels of suc- 
cess (see Chapter 13). 

Ventricular Aneurysm 

Posttraumatic ventricular aneurysms usually occur as a com- 
plication of coronary artery injury, most commonly to the left 
anterior descending coronary artery (32). In a world literature 
review by Grieco et al. (32) in 1989, 32 cases of left ventric- 
ular aneurysm following blunt chest trauma were reported. 
Patients ranged in age from 3 to 59 years. Motor vehicle 
crashes were the principal mechanism of injury. The most 
common presenting symptoms were congestive heart failure 
(10 patients), palpitations or dysrhythmias (9 patients), and 
arterial embolus (5 patients). Seven patients had mild consti- 
tutional complaints or were asymptomatic. Time of diagno- 
sis ranged from 5 days to 18 years (median time 3 months) 
postinjury. Ventricular aneurysmectomy is recommended to 
avoid lethal complications (32). 

Injury to Heart Valves and Supporting Structures 

Heart valve rupture from blunt chest trauma occurs infre- 
quently. Nine percent of adult fatalities from blunt chest 
trauma had cardiac valve injury in the autopsy series by Parm- 
ley et al. (2), and nearly all of these cases had other associated 
cardiac injuries. The aortic valve is the most frequently injured 
valve followed by the mitral and tricuspid valves. 

Valvular injury results from a rapid increase in intracar- 
diac pressure against a closed valve. During late diastole to 
early systole, the filled chambers experience their highest nor- 
mal intraluminal pressures. With additional external pressure 
from forceful compression of the chest, abnormally high pres- 
sure is exerted on a closed heart valve. The timing of chest 
trauma in the cardiac cycle appears to determine which valve 
is injured. The greater left heart pressure gradients may con- 
tribute to the higher frequency of injury to the aortic and 
mitral valves. Another mechanism by which the aortic valve 
can be injured is the hydraulic ram effect that occurs when 
the aortic blood flow reverses during abdominal and lower 
extremity compression (33). 

Presenting signs and symptoms of valvular injury depend 
on which valve is involved, the degree of valvular insufficiency, 
and the presence of other associated cardiac structural dam- 
age. Surgical valve replacement is generally required for the 
more severe injuries. Helpful diagnostic tests are the chest 
radiograph and ECG. The most useful test is Doppler echocar- 
diography, which can identify disrupted blood flow or valvular 
dysfunction in addition to other associated structural defects. 

Great Vessel Injury 

Great vessel injury can occur with blunt trauma. The aorta is 
the most commonly injured great vessel. Injury to the pulmo- 
nary artery is rarely reported. Although aortic rupture from 
blunt trauma can occur with falls, crush injuries, and blast 
injuries, nearly 70% of cases in the general population occur 
with motor vehicle crashes. The mechanism of aortic rupture 
involves the shearing stress of sudden deceleration or sudden 
increases in intraluminal pressure. Ejected passengers, pedes- 
trians struck by vehicles, and persons who fall from heights 
have higher risk for aortic rupture than victims of deceleration 
vehicular collisions. Aortic injury can occur with either hori- 
zontal or vertical deceleration (33). 

The aorta most commonly ruptures when acceleration- 
deceleration forces pull a mobile aortic segment away from 
a point of fixation. The sites usually ruptured are the aortic 


isthmus, fixed by the brachiocephalic arteries; the ascending 
aorta, fixed to the heart at the aortic root; and the descending 
aorta, fixed at the diaphragm. Tears of the ascending aorta 
carry a high risk of immediate mortality and are frequently 
associated with myocardial contusion and aortic valve inju- 
ries (2). Autopsy studies show that tears in the aortic isthmus 
and ascending aorta occur in 45% and 20% of cases of aortic 
rupture, respectively, but clinical studies show about 90% of 
aortic tears at the aortic isthmus. Overall, 80% to 90% of 
persons with motor vehicle-related aortic rupture are dead at 
the scene (12). Of the 10% to 20% who survive long enough 
for diagnosis and intervention, 30% die within 6 hours and 
50% within 24 hours. 

Fortunately, aortic dissections are rare in pediatric patients 
and are most commonly associated with trauma or a preexist- 
ing medical condition (e.g., Marfan, Loeys-Dietz, or Turner 
syndrome) (34). Management relies heavily on decision mak- 
ing and treatments established in the adult literature (35-37). 
Uncomplicated aortic dissections of the descending aorta 
(Stanford type-B) are typically managed conservatively with 
close heart rate and blood pressure control with the goal to 
stabilize the dissection, ^-adrenergic blockers are the main- 
stay in this treatment. In complicated type-B dissections (e.g., 
impaired organ perfusion, loss of pulses) fenestration should 
be accomplished in the interventional suite or, in rare instances, 
surgically considered. Endovascular stent grafting has been 
reported in some types of aortic disruptions but there is lit- 
tle experience in the pediatric age-group. Dissections of the 
ascending aorta and/or arch (Stanford type-A) require urgent 
surgical intervention due to the risk of coronary malperfusion 
or cerebral embarrassment secondary to a dissection extend- 
ing into the coronary or carotid arteries, respectively. 

More common than aortic rupture and transmural aortic 
tears are superficial aortic tears into the intima and media with 
blunt trauma. These are generally without serious consequence 
and are often undiagnosed. Partial tears are infrequent and 
usually are located posteriorly. Multiple tears occur in 15% 
to 20% of cases. Traumatic aortic dissection is rare, occurring 
when the subadventitial layer remains intact and contains a 
periaortic hematoma (33). 

Presenting complaints and physical findings may not accu- 
rately predict the presence or absence of aortic rupture. Symp- 
toms may be absent, and visible external injury is not seen in 
about one-third of cases. Symptoms of aortic rupture include 
dyspnea, back pain, dysphagia and hoarseness, upper extrem- 
ity hypertension, or an upper and lower extremity blood pres- 
sure differential similar to that seen with aortic coarctation. 
An aortic insufficiency heart murmur may be heard. 

Chest radiographs may show mediastinal widening, a right- 
sided aortic root prominence, loss of aortic arch sharpness, or 
rightward deviation of the trachea. Less common radiographic 
findings include downward displacement of the left mainstem 
bronchus, rightward deviation of the esophageal nasogastric 
tube, left hemothorax, the apical cap sign, and first rib frac- 
ture. Aortography is considered to be the gold standard and is 
indicated in all cases of suspected aortic rupture, even if plane 
radiographs are normal (12). Transesophageal echocardiogra- 
phy, CT scanning, and magnetic resonance imaging also are 
useful in diagnosing rupture of the aorta. 

Brachiocephalic Arteries 

The second most common vascular injury with blunt trauma is 
injury of the brachiocephalic arteries. The mechanism of injury 
includes horizontal and vertical deceleration, chest compres- 
sion, crush, distraction, and hyperextension of the shoulder. 
The resulting arterial injury is similar to that of the aorta. 
Massive bleeding or ischemia are rare complications (33). 
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Vena Cavai injury 

Similar to aortic injury, vena cavai injury is infrequent with 
nonpenetrating trauma. The abdominal segment of the infe- 
rior vena cava is more frequently injured than the chest seg- 
ment. Because the thin-walled veins do not vasoconstrict like 
transected arteries after injury, severe hemorrhage and high 
mortality are usual with vena cavai injuries. Mortality is higher 
in abdominal than in chest segment vena cavai injury. Blunt 
trauma can cause avulsion or tear of the inferior vena cava 
near the right atrium that can extend into the right atrium. 
Therefore, associated cardiac injury is common when inferior 
vena cavai injuries are located near the heart (33). 

Plane chest radiography is not helpful. The emergent nature 
of these injuries does not allow time for venography. There- 
fore, rapid surgical exploration and repair is indicated when 
vena cavai injury is suspected (33). 

Coronary Artery Injury 

Coronary artery injury from blunt trauma is rare. The study 
by Parmley et al. (2) of 547 patients who died from blunt 
chest trauma reported only 10 coronary artery lacerations and 
no cases of intraluminal thrombosis, even in areas of cardiac 
contusion. The incidence of coronary artery injury in nonfatal 
trauma cases is unknown. The most commonly injured cor- 
onary artery is the left anterior descending coronary artery. 
Consequences of coronary artery injury are myocardial infarc- 
tion, hemopericardium, cardiac tamponade, and coronary 
artery and ventricular aneurysms and pseudoaneurysms (33). 

A review of the English-language medical literature by Nei- 
man and Hui (38) in 1992 reported 40 cases of myocardial 
infarction associated with blunt cardiac trauma. The patho- 
physiologic mechanism underlying acute myocardial infarction 
following blunt chest injuries has not been clearly established. 
Suggested mechanisms include transient coronary artery spasm, 
thrombus formation within the coronary artery, coronary 
artery dissection, or hemorrhage into an atheromatous plaque. 

Definitive diagnosis of coronary artery injury is accomplished 
by angiography. These injuries are underdiagnosed because 
chest pain associated with blunt chest injury is often attributed 
to concomitant chest wall contusion, pericarditis, pulmonary 
contusion, rib fractures, or other associated injuries that are not 
routinely evaluated by coronary angiography. Coronary angi- 
ography is indicated for all blunt cardiac trauma patients with 
angina or myocardial infarction to determine the status of the 
coronary arteries and to locate surgically correctable lesions. 


PENETRATING CARDIAC INJURY 

Although blunt trauma accounts for most injuries among the 
pediatric population, penetrating trauma is increasing among 
young adults, teenagers, and even younger children. The ratio 
of gunshot to stab wounds is also increasing (39,40). With 
the concomitant improvement in emergency medical services, 
more patients with penetrating cardiac wounds are now reach- 
ing hospital emergency departments. 

The first description of penetrating cardiac wounds is found 
in the Edwin Smith Papyrus, written in 3000 BC. Homer also 
described penetrating cardiac trauma in The Iliad. Baron Lar- 
rey, Napoleon’s surgeon, is credited with performing the first 
pericardiocentesis in 1829. It was common wisdom for years 
that nothing could be done for wounds to the heart until von 
Rehn performed the first successful cardiorrhaphy in 1896 
for a 22-year-old man with a 1.5-cm stab wound to the right 
ventricle. This was only 13 years following the statement by 


Dr. Theodore Billroth that, “A surgeon who tries to suture 
a wound of the heart deserves to lose the esteem of his col- 
leagues.” (41) 

The mortality risk for penetrating cardiac trauma is related 
to a number of factors, including the cause of injury, size of 
the wound, location of the wound, any associated noncardiac 
injuries, and length of time from injury to initiation of resus- 
citative measures. 

Gunshot wounds cause much more extensive tissue destruc- 
tion than stab wounds owing to transfer of large amounts of 
kinetic energy to the tissues. Not only does a bullet cause 
greater disruption of myocardium and internal structures 
of the heart, but the rent in the pericardium is larger, which 
makes tamponade less likely and exsanguination more rapid. 
For these reasons, the mortality rate of gunshot wounds to the 
heart is approximately twice that of stab wounds. 

A stab wound is more likely to result in cardiac tamponade 
than a gunshot wound. More than 80% of stab wounds to the 
heart present with cardiac tamponade, whereas only 20% of 
gunshot wounds present in this fashion. Stab wounds are the 
most common cause of acute tamponade (41,42). The reten- 
tion of blood within the pericardial sac prevents rapid exsan- 
guination, providing more time for the patient to reach medical 
care and receive life-saving cardiorrhaphy. This has led some 
to consider hemopericardium as a mixed blessing. However, if 
allowed to progress, hemopericardium can lead to fatal cardiac 
tamponade. Because of its thicker myocardial wall, stab wounds 
to the left ventricle that measure <1 cm will often spontaneously 
seal. Stab wounds to the right ventricular wall, however, usu- 
ally result in cardiac tamponade because the thinner myocardial 
wall does not usually spontaneously seal. The thinness of atrial 
walls decreases the likelihood of spontaneous sealing; however, 
the low intrachamber pressures counterbalance this factor (41). 

As is the case with blunt cardiac trauma, the anatomic posi- 
tion of cardiac structures determines their likelihood of injury 
owing to penetrating trauma. Those structures located more 
anteriorly are more likely to be injured. In decreasing order of 
frequency, penetrating cardiac injuries involve the right ventri- 
cle, left ventricle, right atrium, and left atrium. For the same 
reason, the left anterior descending coronary artery is more 
frequently injured than the right coronary artery (42). Multi- 
ple chamber injury has a high mortality rate (43). 

Penetrating cardiac injury can occur owing to iatrogenic 
causes. These injuries most often occur during diagnostic pro- 
cedures, invasive monitoring, or other therapeutic interventions 
(40). Other causes of penetrating injury to the heart include 
ice picks, nonbullet projectiles, swallowed sewing needles, and 
inward displacement of fractured ribs with chest trauma (44). 

Cardiac injury should be presumed to be present until 
proven otherwise in patients presenting with penetrating 
wounds of the precordium, neck, axilla, back, or upper abdo- 
men. Beck triad is frequently absent in patients with cardiac 
tamponade, and determination of jugular venous distension is 
particularly difficult in young children because of their short 
necks. Additionally, if there is hypovolemia owing to acute 
blood loss, increased central venous pressure may not be seen 
with cardiac tamponade (41). 

Penetrating injuries to the chest are frequently associated with 
intra-abdominal injury. Ten percent to thirty percent of patients 
with penetrating cardiac wounds also have intra-abdominal 
injury. This is important because mortality is greater for patients 
with penetrating cardiac injury associated with intra-abdominal 
injury than for those with cardiac injury alone (41). 

Approximately 60% to 80% of patients with penetrat- 
ing cardiac wounds die prior to reaching a hospital. For those 
who arrive in the emergency department with vital signs, or for 
those who had vital signs at the scene and lost them en route to 
the hospital, resuscitative intervention must be immediate (45). 
Diagnostic tests, such as a chest radiograph, are of little use. 
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Emergency department echocardiography is available at some 
trauma centers, which has decreased the time to diagnosis of 
penetrating cardiac injury and has improved survival. Pericardio- 
centesis can rule in, but not rule out, cardiac tamponade because 
of the high frequency of false-negative results. Performing a sub- 
xiphoid pericardial window has been recommended by some to 
diagnose hemopericardium in selected stable trauma patients. 

Initial emergency management of penetrating cardiac 
trauma is the same for children and adults, following the prin- 
ciples of (a) maintaining a patent airway with adequate oxy- 
genation and ventilation, (b) preservation of adequate tissue 
perfusion through rapid intravenous or intraosseous adminis- 
tration of fluids and blood, and (c) control of hemorrhage (12). 

As with adults, children with a penetrating cardiac wound 
should receive emergency thoracotomy in the emergency 
department whenever they are too unstable to be transported 
to the operating room. Pericardiocentesis must be viewed 
as a temporizing measure until thoracotomy and definitive 
cardiorrhaphy can be performed. Emergency department 
thoracotomy was first described by Beall et al. (46) in 1966 for 
immediate resuscitation of moribund patients with penetrating 
chest injuries. The purpose of emergency department thoracot- 
omy is reversal of cardiac tamponade, control of hemorrhage, 
open chest cardiac massage, and temporary cross-clamping of 
the descending aorta to redistribute blood flow to the coro- 
nary and cerebral circulations (46). Indications for emergency 
department thoracotomy in patients with blunt chest trauma 
are controversial because reported survival rates for both pedi- 
atric and adult patients are 0% to 2% with this procedure 
(47). This is unfortunate, because the vast majority of trauma 
deaths in the pediatric age group are due to blunt injury. 


ELECTRICAL INJURY 


The first human fatality caused by alternating current (250 volts) 
was reported in 1879. Among all age-groups, >1,000 people 
die each year in the United States because of electrocution on 
the work site or in the home, and 150 to 300 others die annu- 
ally from lightning strikes. These deaths are primarily due to 
fatal cardiac dysrhythmia (48). 

Injury from Man-Made Electricity 

Ohm’s law (amperage = voltage/resistance) describes the 
inverse relationship between current (A) and tissue resistance 
(R) and the direct relationship between current (A) and volt- 
age (V). Damage to human tissue from electricity is related to 
the amount and duration of current that passes through it. In 
electrical injuries, only voltage is known. The amount of cur- 
rent involved (and resulting tissue damage) is variable, because 
tissue resistance varies. Overall, bone provides the greatest 
resistance to current flow, followed in descending order by fat, 
tendons, skin, muscle, vasculature, and nerves (49). Skin resist- 
ance is the most important factor determining the probability 
of cardiac injury from electrocution. Skin resistance can vary 
dramatically, depending on skin thickness, vascularity, and, 
most important, moisture. Although the resistance of dry skin 
may be 100,000 Ohms, that of moist skin may be as little as 
1,000 Ohms. This 100-fold change in skin resistance may mean 
the difference between a painful electrical shock and the con- 
duction of enough current to cause cardiac dysrhythmia (49). 

Alternating current is a greater hazard than direct current. 
Alternating current can cause tetanic contraction of mus- 
cles. Because the forearm flexors are stronger than the exten- 
sors, this may prevent the child from being able to let go of 
an electrical source that he or she has grasped. Additionally, 


l||!|CHIN| Factors Affecting Severity of 
jlj^Electrical Injuries 

Frequency 

Voltage 

Amperage 

Resistance 

Pathway 

Duration 

Adapted from Cooper MA, Andrews CJ, Holle RL, et al. Lightning injuries. In: 
Auerbach PS, ed. Wilderness Medicine. 4th ed. St. Louis, M0: Mosby, 2001 


the heart is more sensitive to alternating current than direct 
current. Cardiac dysrhythmias are more likely to occur from 
household current at 60 Hz than electrical current of higher 
frequency. The path of the electrical current through the body 
also is a determinant of the likelihood of cardiac dysrhythmia. 
Current passing through the thorax is more likely to cause a 
dysrhythmia (36). See Table 23.4 for factors influencing elec- 
trical injury severity (48). 

The mechanism by which electricity injures the heart is 
unknown. Proposed mechanisms include direct myocardial 
muscle damage, coronary artery endarteritis, and coronary 
artery spasm. Myocardial ischemia, resulting from decreased 
coronary perfusion during electrically induced dysrhythmia, 
also has been proposed as a mechanism of cardiac damage. 
The only reported pathologic finding at autopsy is petechial 
hemorrhages in the myocardium (50). Sudden death owing to 
low-voltage (110 to 380 V) alternating current found in the 
household is usually secondary to ventricular fibrillation. Fol- 
lowing electrical injury, nonspecific ST-segment and T-wave 
changes are the most common abnormalities observed on 
ECG (50). 

The use of CPK-MB isoenzyme levels in the diagnosis of 
myocardial infarction after electrical injury is complicated by 
the extensive skeletal muscle damage that normally occurs 
with these injuries. Skeletal muscle damaged by electricity 
will release large amounts of CPK, including the CPK-MB iso- 
enzyme fraction. Skeletal muscle biopsy adjacent to the site 
of electrical injury demonstrates an increased production of 
CPK, as well as increased CPK-MB activity. This increased 
enzymatic activity is hypothesized to have been stimulated by 
the electrical injury. The utility of troponin levels in lightning 
injuries is unknown. The effects of cardiopulmonary resuscita- 
tion, as well as direct current countershock during resuscita- 
tive attempts, also potentially confuse the picture (50). 

Initial emergency management of patients injured by elec- 
tricity includes attention to the airway, breathing, and circu- 
lation and treatment of any cardiac dysrhythmias following 
pediatric advanced life support (PALS) and advanced cardiac 
life support (ACLS) protocols. Asymptomatic patients with 
normal ECGs following electrical injury from low- voltage 
alternating household current do not require routine cardiac 
monitoring or admission to the hospital (49,51). 

Injury from Lightning 

Each second, there are an estimated 100 lightning strikes to 
the earth’s surface worldwide. Lightning is responsible for 
more deaths in the United States than any other natural dis- 
aster. Lightning-related injuries are most common during the 
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TABLE 23.5 | 

Lightning Versus High-Voltage Electrical Injury 


Factor 

Lightning 

High Voltage 

Energy level 

30,000,000 V, 50,000 A 

Usually much lower 

Time of exposure 

Brief, instantaneous 

Prolonged 

Pathway 

Flashover orifice 

Deep, internal 

Burns 

Superficial, minor 

Deep, major injury 

Cardiac 

Primary and secondary arrest, asystole 

Fibrillation 

Renal 

Rare myoglobinuria or hemoglobinuria 

Myoglobinuric renal failure common 

Fasciotomy 

Rarely if ever necessary 

Common, early, and extensive 

Blunt injury 

Explosive thunder effect 

Falls, being thrown 


Adapted from Cooper MA, Andrews CJ, Holle RL, et al. Lightning injuries. In: Auerbach PS, ed. Wilderness Medicine. 4th ed. St. Louis, MO: Mosby, 2001. 


summer, when there is more thunderstorm activity. Only 20% 
to 30% of people struck by lightning die, and they are usually 
the ones who experience immediate cardiopulmonary arrest. 
However, survivors often suffer from serious sequelae (48). 

Lightning-related injuries differ in a number of ways 
from injuries owing to man-made electricity. Lightning 
strikes involve brief, massive surges of unidirectional current 
with an associated shock wave. Current magnitude often 
exceeds 100,000 A, and >30,000,000 V is seen. The 8,000°C 
temperature of a lightning stroke is threefold to fourfold 
higher than that seen with high-voltage man-made current, 
but contact is extremely brief. Lightning typically flashes 
over the body, causing only minor or superficial burns. This 
contrasts with the deep and extensive burns associated with 
high-voltage alternating current. See Table 23.5 for a com- 
parison of electrical injuries owing to lightning and high- 
voltage current (48). 

The electrical surge associated with a lightning strike is 
thought to cause widespread myocardial depolarization with 
subsequent asystole. Ventricular fibrillation also has been 
commonly reported. Respiratory arrest frequently occurs in 
lightning strike victims, and the associated hypoxia can pre- 
vent cardiac recovery from the initial electrically induced car- 
diac asystole or other dysrhythmia (48,52). 

Myocardial necrosis has been found at autopsy following 
fatal lightning injury. Myocardial damage may be reflected by 
ECG abnormalities demonstrating an acute myocardial infarc- 
tion pattern. Nonspecific ST-T wave changes also have been 
reported. ECG abnormalities may develop up to several days 
following the injury (52). Resolution of most ECG changes 
occurs within a few days, although abnormalities have been 
reported to last for months (48). 

Initial emergency management of children struck by light- 
ning is the same as for those with electrical injuries from man- 
made sources. Maintenance of a patent airway with adequate 
oxygenation and ventilation is the highest priority, as well as 
treatment of cardiac dysrhythmias following PALS and ACLS 
guidelines (48,52). Any child found with linear or punctate 
burns, clothes exploded off, tympanic membrane rupture, 
confusion, outdoor location of discovery, or pathognomonic 
feathering burns should be managed medically as a lightning 
strike victim. In the case of multiple casualties in a lightning 
strike, contrary to standard triage guidelines, resuscitation 
attempts should be directed first toward those who appear 
dead. Those who are apneic and asystolic may respond to 
resuscitative efforts, whereas those with spontaneous respira- 
tions are likely to already be recovering (48). 
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T he heart has for centuries been the fascination of anatomists, 
embryologists, biologists, and physicians. As the organ most 
essential for life, the heart is the first organ to form in an em- 
bryo and must function to support the rapidly growing embryo 
before it has the opportunity to shape itself into a four-cham- 
bered organ. The combination of the complex morphogenetic 
events necessary for cardiogenesis and the superimposed hemo- 
dynamic influences may contribute to the exquisite sensitivity 
of the heart to perturbations. This phenomenon is reflected in 
the estimated 10% incidence of severe cardiac malformations 
observed in spontaneously aborted fetuses. The fraction of 
congenital heart malformations that is hemodynamically com- 
patible with the intrauterine circulation (1% of population) 
composes the spectrum of congenital heart defects (CHDs), 
which is the subject of this pediatric cardiology textbook. 

These defects affect virtually all of the major structures of 
the mature heart (Fig. 24.1) (1,2). An additional 1% to 2% 
of the population harbor more subtle cardiac developmental 
anomalies that become apparent only as age-dependent phe- 
nomena reveal the underlying pathology. With >1 million 
survivors of CHD in the United States, it is becoming appar- 
ent that genetic disruptions that predispose to developmental 
defects can have ongoing consequences in maintenance of spe- 
cific cell types and cellular processes over decades (3). A more 
precise understanding of the causes of CHD is imperative 
for the recognition and potential intervention of progressive 
degenerative conditions among survivors of CHD. 

The anatomic features of most CHD in humans have been 
carefully catalogued. Although CHD was classified in the 18th 
and 19th centuries based on embryologic considerations, the 
advent of palliative procedures and clinical management led 
to a descriptive nomenclature founded on anatomic and physi- 
ologic features that governed surgical and medical therapy. 
However, seemingly unrelated CHDs could be argued to share 
common embryologic origins from a mechanistic standpoint, 
suggesting that the causes of CHDs may be better understood 
by considering their developmental bases. Advances in genet- 
ics and molecular biology have stimulated a renaissance in 
seeking an embryologic framework for understanding CHDs 


as alterations and null mutations in a wide array of genes 
have targeted the heart and vascular system and established 
abnormalities in cardiovascular ontogeny as a primary cause 
of embryonic demise (4). The ability to go beyond descriptions 
of the anatomic defects to developing an understanding of the 
genes responsible for distinct steps of cardiac morphogenesis 
has raised the prospects that the future of pediatric cardiology 
will involve more directed therapeutic and preventive measures. 

Although human genetic approaches have been important 
in understanding CHDs, detailed molecular analysis of cardiac 
development in humans has been difficult. The recognition that 
cardiac genetic pathways are highly conserved across vastly 
diverse species from flies to man has resulted in an explosion of 
information from studies in more tractable and accessible bio- 
logic models. The fruit fly ( Drosophila ) has been a source of dis- 
covery for genes involved in early cardiac determination events. 
Although no biologic system is ideal for studying human dis- 
ease, Drosophila has several advantages: It has a simple genome 
and usually has a single copy of genes that often have three or 
four homologues in vertebrates; genetic studies are facilitated 
by the rapid breeding times; and, most important, its DNA can 
be chemically mutated in a random fashion followed by pheno- 
typic analysis and reverse genetics to identify the DNA mutation 
associated with distinct developmental defects. Similar chemical 
mutagenesis efforts have been successful in another model sys- 
tem, the zebrafish. Zebrafish have the added advantages of being 
vertebrates; having a more complex two-chambered heart; and, 
because the embryos grow in water, having a heart that is eas- 
ily visible and not necessary for survival during the period of 
cardiac development. Although genetic approaches are not fea- 
sible in chick embryos, they have four-chambered hearts, and 
the embryos are easily accessible within the egg for surgical and 
molecular manipulation during cardiogenesis. Such approaches 
have been useful in cell fate analyses and defining the role of 
populations of cells during development. Finally, use of the lab- 
oratory mouse, a mammal with a cardiovascular system nearly 
identical to humans, has been invaluable in understanding the 
mechanisms underlying human disease. Advances in technology 
have made it possible to mutate or delete specific genes in the 
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ulmanary veins: TAPVR (0.1 ) 


Aorta: TGA (0.2), DORV (0.2), 
PTA (0.1), IAA (0.02) 


Atrial septum 
ASD (1) 


Tricuspid valve: 
Ebstein’s (0.1), 
TA (0.1) 


Atrioventricular cushion: 
membranous VSD (4), AVSD (0.3) 


Ventricular septum: VSD (4) 


Ductus arteriosus: PDA (0.8) 


Pulmonary artery: PS (0.7), TOF (0.4). 
TGA (0.2), DORV (0.2), PTA (0.1) 


Mitral valve: MS (0.2), 
MA (0.04) 


Aortic valve: BAV (14), 
AS and AC (0,8), 
HLHS (0.2) 


Left ventricle: 
HLHS (0.2) 


Right ventricle: TOF (0.4), HRHS (0.2) 


Figure 24.1. Congenital heart defects. This diagram of the adult heart illustrates the structures that are affected 
by congenital heart diseases, with the estimated incidence of each disease per 1,000 live births indicated in paren- 
theses. AC, aortic coarctation; AS, aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; 
BAV, bicuspid aortic valve; DORV, double outlet right ventricle; Ebstein, Ebstein anomaly of the tricuspid valve; 
HLHS, hypoplastic left heart syndrome; HRHS, hypoplastic right heart syndrome; IAA, interrupted aortic arch; 
MA, mitral atresia; MS, mitral stenosis; PDA, patent ductus arteriosus; PS, pulmonary artery stenosis; PTA, 
persistent truncus arteriosus; TA, tricuspid atresia; TAPVR, total anomalous pulmonary venous return; TGA, 
transposition of the great arteries; TOF, tetralogy of Fallot; VSD, ventricular septal defect. (From Bruneau BG. 
The developmental genetics of congenital heart disease. Nature 2008, 451:943-948, with permission.) 


mouse genome and study the effects of such mutations in mice 
heterozygous or homozygous for the disrupted gene of inter- 
est. Thus, each biologic system offers unique opportunities to 
develop a deeper understanding of cardiogenesis. 

In adults, heart disease is the number one killer of men 
and women in the United States, with an additional 5 mil- 
lion people surviving with insufficient cardiac function (5), 
Deciphering nature’s secrets of heart formation might lead to 
novel approaches to repair or regenerate damaged heart mus- 
cle. Recent evidence has begun to support this idea and has led 
to heightened interest in the early events involved in cardiac 
cell fate decisions and cardiomyocyte differentiation, migra- 
tion, and survival. The potential of stem cells in regenerative 
medicine is enormous, and insights into the natural process of 
cardiogenesis from progenitor cells during embryogenesis will 
form the basis of reprogramming cells for therapeutic use (4). 

In this chapter, anatomic, molecular, and clinical aspects 
of cardiac embryology are interwoven to develop a frame- 
work in which to consider the causes of human CHDs. Clini- 
cal lessons combined with experimental studies in mice, fish, 
and flies have led to a model suggesting that unique regions of 
the heart have been added in a modular fashion during evolu- 
tion. In this model, defects in particular regions of the heart 
would arise from unique genetic and environmental effects 
during specific developmental windows of time. To simplify 
the complex events of cardiogenesis, unique regions of the 
developing heart are considered individually in the context 
described above. In addition to the classic review of cardiac 
development by DeHaan (6) in 1965, more recent publica- 
tions provide additional details into anatomic events that are 
required for normal cardiac morphogenesis (7-9). The pri- 
mary focus of this chapter is to highlight recent work that has 
identified the molecular processes controlling these critical 
morphologic events. 


ORIGIN OF CARDIAC PRECURSORS 


Despite decades of cell lineage tracings and descriptive embry- 
ology of the heart’s origins, only recently has a more complete 
and accurate picture of cardiogenesis emerged (8). Recent 
studies, utilizing careful observation of single embryonic stem 
(ES) cell differentiation, suggest that the primary cell types that 
comprise the early heart (myocardial, endocardial, and smooth 
muscle cells) can be derived from a single mesodermal car- 
diac progenitor (10-13). Two distinct mesodermal heart fields 
that share a common origin appear to contribute cells to the 
developing heart in a temporally and spatially specific man- 
ner. The well-studied primary heart field is derived from cells 
in the anterior lateral plate mesoderm that align in a crescent 
shape at approximately embryonic (E) day 7.5 in the mouse 
embryo, roughly corresponding to week 2 of human gestation 
(Fig. 24.2). By mouse E8.0, or 3 weeks in humans, these 
cells coalesce along the ventral midline to form a primitive 
heart tube, which consists of an interior layer of endocardial 
cells and an exterior layer of myocardial cells, separated by 
extracellular matrix (ECM) necessary for reciprocal signaling 
between the two layers. 

Previous lineage tracings using dye-labeling techniques 
suggested that cells along the anterior-posterior (AP) axis 
of the heart tube were destined to contribute to specific 
chambers of the future heart (14). However, such studies 
could not determine the clonal contributions of individual 
cells (15). More recent studies using Cre-lox technologies to 
mark progenitor cells and all their descendants indicate — 
in stark contrast to previous models — that the heart tube 
derived from the primary heart field may predominantly 
provide a scaffold that enables a second population of cells 
to migrate and expand into cardiac chambers (8). These 
additional cells arise from an area often referred to as the 
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Figure 24.2. Mammalian heart development. Oblique views of whole embryos and frontal views of cardiac 
precursors during human cardiac development are shown. A: First heart field (FHF) cells form a crescent shape 
in the anterior embryo with second heart field (SHF) cells medial and anterior to the FHF. B: SHF cells lie 
dorsal to the straight heart tube and begin to migrate (arrows) into the anterior and posterior ends of the tube 
to form the right ventricle (RV), conotruncus (CT), and part of the atria (A). C: Following rightward looping 
of the heart tube, cardiac neural crest (CNC) cells also migrate (arrow) into the outflow tract from the neural 
folds to septate the outflow tract and pattern the bilaterally symmetric aortic arch arteries (III, IV, and VI). D: 
Septation of the ventricles, atria, and atrioventricular valves (AW) results in the four-chambered heart. Ao, 
aorta; AS, aortic sac; DA, ductus arteriosus; LA, left atrium; LCA, left carotid artery; LSCA, left subclavian 
artery; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RCA, right carotid artery; RSCA, right 
subclavian artery; V, ventricle. 


secondary heart field (SHF), or anterior heart field, based on 
its location anterior and medial to the crescent-shaped pri- 
mary heart field (16-18) (Fig. 24.2). Both heart fields appear 
to be regulated by complex positive and negative signaling 
networks involving members of the bone morphogenetic 
protein (Bmp), sonic hedgehog (Shh), fibroblast growth fac- 
tor (Fgf), Wnt, and Notch proteins. Such signals often arise 
from the adjacent endoderm, although the precise nature 
and role of these signals remain unknown (19-22). SHF 
cells remain in an undifferentiated progenitor state until 
incorporation into the heart, and this may in part be due to 
closer proximity to inhibitory Wnt signals emanating from 
the midline. 

As the heart tube forms, the SHF cells also migrate into the 
midline and position themselves dorsal to the heart tube in 
the pharyngeal mesoderm. On rightward looping of the heart 
tube, SHF cells cross the pharyngeal mesoderm into the ante- 
rior and posterior portions, populating a large portion of the 
outflow tract, future right ventricle, and atria (23) (Fig. 24.2). 
Precursors of the left ventricle are sparsely populated by the 
SHF and appear to be derived largely from the primary heart 
field. In contrast to the primary heart field, SHF cells do not 
differentiate into cardiac cells until they are positioned within 
the heart. Once within the heart, primary and secondary 
heart field cells appear to proliferate in response to endocar- 
dial-derived signals such as neuregulin and epicardial signals 
dependent on retinoic acid, although the mechanisms through 
which these non-cell-autonomous events occur remain poorly 
understood (24,25). 


TRANSCRIPTIONAL REGULATION OF CARDIAC 
PRECURSORS 

Regulation of the SHF involves numerous signaling and tran- 
scriptional cascades (Fig. 24.3). Factors secreted from the 
anterior portion of the heart tube may serve as chemoattract- 
ant signals to induce the migration of SHF cells, although the 
nature of such molecules remains unknown (18). Islet 1 (Isll), 
a LIM-domain transcription factor involved in pancreatic 
development, is necessary for development of the SHF (23). 
Progeny of Isll + cells contribute to most of the heart except the 
left ventricle, but Isll expression is extinguished as progenitor 
cells begin to express markers of cardiac differentiation (24). 
The mechanisms through which Isll regulates SHF progeni- 
tor cells are being explored, with a significant advance com- 
ing from the discovery that expression of a forkhead protein 
essential for SHF development, Foxhl, is dependent on Isll 
(26). Isll + cells also mark niches of undifferentiated cardiac 
progenitor cells in the postnatal heart (27), suggesting that 
understanding the regulation of SLIF-derived progenitor pools 
may be useful in developing approaches for cardiac repair (dis- 
cussed below). Interestingly, common mutations in Isll have 
been shown to confer genetic susceptibility to CHDs (28). 

Discovery of the SHF led to the reinterpretation of findings in 
mice lacking critical regulatory proteins and in transgenic mice 
harboring enhancers of genes expressed in the heart. As the 
molecular aspects of cardiogenesis were first being discovered 
approximately a decade ago, right ventricle-specific enhancers 
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were repeatedly found for various genes that were expressed 
more widely in the developing heart (29). Subsequently, the right 
ventricle (RV) was found to be enriched in a transcription factor, 
Hand2 (also known as dHAND), that is required for expan- 
sion of the RV (30). This observation further supported the 
concept that separable regulatory pathways control the devel- 
opment of the right and left ventricles from the crescent-shaped 
lateral mesoderm precursors. Since we now know that Hand2 
is highly expressed in the SHF, the right ventricular hypoplasia 
that results from disruption of Hand2 likely represents a failure 
of SHF cells to expand into the RV (30,31). Similarly, right ven- 
tricular hypoplasia in mice lacking Mef2c (32), now a known 
target of Isll, Gata4, Foxhl, and Tbx20 in the SHF (33), may 
also represent a defect of SHF development. Indeed, many of 
the central transcriptional regulators of cardiac development in 
the primary heart field, including Nkx2-5 and Gata4, are found 
in the SHF and may primarily target SHF development (34) 
(Fig. 24.3). As such, pathways regulating the determination 
and differentiation of SHF cells may provide the foundation for 
efforts to induce the cardiac lineage from progenitor cells. 

The significance of SHF transcriptional regulation is high- 
lighted by the human cardiac defects observed in DiGeorge 
syndrome, the most common human deletion syndrome. The 
transcription factor TBX1 is the cause of cardiac and craniofacial 
disorders in this syndrome, which typically involves a deletion on 
chromosome 22qll (35-38). TBX1 is another central transcrip- 
tional regulator of the SHF and is necessary for proper develop- 
ment of cardiac outflow tract myocardium (39,40). The secreted 
morphogen Shh is required to maintain Tbxl expression in the 
SHF via a group of forkhead-containing transcription factors that 
directly regulate Tbxl (41,42). Correspondingly, mice lacking 
Shh, Foxcl, and Foxc2, and Tbxl share similar cardiac outflow 
tract defects (42,43). Tbxl not only regulates outflow tract myo- 
cardium, but also regulates production of growth factors such 
as fibroblast growth factor 8 (Fgf8), which are secreted and act 
via receptors on adjacent neural crest-derived cells to affect their 
differentiation (40,44,45). Whether members of the pathway 
involving TBX1 or the Isll -dependent pathway described above 
(Fig. 24.3) contribute to sporadic outflow tract defects similar to 
those seen in 22qll deletion syndrome remains to be determined. 

While Hand2 and the closely related gene Handl are 
expressed in the SHF, they are also present in the primary 


heart field, with Handl being most enriched in the left ventri- 
cle (46). Handl expression is dependent on Nkx2.5 in the left 
ventricle, suggesting that Nkx2.5 plays a critical role in not 
only the SHF but also the primary heart field (47). Although 
disruption of tinman, the Nkx2.5 orthologue in flies, results in 
complete loss of cardial cells (48), deletion of Nkx2.5 in mice 
causes a less severe defect with lethality at E9.5 after initial 
formation of the heart tube (49,50). However, loss of Nkx2.5 
and Hand2, thereby effectively eliminating Handl and Hand2 
expression, results in complete failure of ventricular expan- 
sion in mice (31). Similar but slightly less severe defects were 
observed with conditional disruption of Handl and Hand2 
(51). Consistent with an evolutionarily conserved role of 
Hand in ventricular expansion, zebrafish and fruitflies lack- 
ing the single Hand orthologue present in these species fail to 
expand the pool of comparable ventricular precursors (52,53). 

The preservation of atrial precursors in mouse and fish 
Hand mutants suggested that a separate progenitor population 
may contribute to the atria. Indeed, mice lacking the nuclear 
receptor CoupTFII have a specific loss of atrial myocytes (54), 
as do mice lacking the T-box-containing transcription factor 
Tbx5 (55). Distinct aspects of atrial versus ventricular gene 
expression appear to be in part regulated by Irx4, a member of 
the Iroquois family of transcription factors (56). 

Epigenetic factors may also contribute to cardiomyocyte 
differentiation and chamber morphogenesis. Disruption of the 
chromatin remodeling protein Smydl (also known as Bop) 
results in a phenotype reminiscent of Hand2 mutants: a small 
right ventricular segment and poor development of the left 
ventricular myocardium (57). Smydl contains a SET domain 
that harbors methyltransferase activity and a MYND domain 
that recruits histone deacetylase (HDAC) activity that together 
are responsible for transcriptional repression of target genes 

(57) . Smydl activity is necessary for Hand2 expression in 
cardiac precursors, likely through an intermediate that is not 
yet known. Interestingly, Smydl is a direct target of Mef2c 

(58) , suggesting that a transcriptional cascade involving Isll, 
Mef2c, Smydl, and Hand proteins regulates the development 
of ventricular cardiomyocytes (Fig. 24.3). A direct role for 
HDACs in cardiac development was also demonstrated by a 
failure of ventricular growth in compound mutant mice lack- 
ing HDAC5 and HDAC9 (59). These and other pathways in 
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Figure 24.3. Pathways regu- 
lating region-specific cardiac 
morphogenesis. A partial list of 
transcription factors, signaling 
proteins, and miRNAs that can 
be placed in pathways that influ- 
ence, the formation of regions of 
the heart. Positive influences are 
indicated by arrowheads , and 
negative effects by bars. Physi- 
cal interactions are indicated by 
direct contact of factors. In some 
cases relationships of proteins 
are unknown. Pathways regulat- 
ing neural crest cells have been 
reviewed elsewhere (196,197). 
FHF, first heart field; SHF, 
second heart field. 
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the heart appear to be regulated by a muscle-specific member 
of the SWI/SNF complex, Baf60c (60), suggesting that tran- 
scriptional activity of cardiac DNA-binding proteins is highly 
regulated through epigenetic events. 

MicroRNA Regulation of Cardiomyocyte 
Differentiation 

Although transcriptional and epigenetic events regulate many 
critical cardiac genes, translational control by small noncoding 
RNAs, such as microRNAs (miRNAs), has recently emerged as 
another mechanism to fine-tune dosages of key proteins dur- 
ing cardiogenesis (61,62). miRNAs primarily function post- 
transcriptionally by interacting with the 3' untranslated region 
(UTR) of specific target mRNAs in a sequence-specific man- 
ner (Fig. 24.4). Over 700 miRNAs are encoded in the human 
genome, and each is thought to target 50 to more than 100 
mRNAs, resulting in mRNA degradation or translational inhi- 
bition. Interactions between miRNAs and mRNAs are thought 
to require sequence homology in the 5' end of the miRNA, 
but significant variance in the degree of complementation in 
the remaining sequence allows a single miRNA to target a 
wide range of mRNAs, often regulating multiple genes within 
a common pathway. miRNAs can often function to influence 
cell fate decisions including those of the cardiac lineage (63). 
A common theme has emerged in which miRNAs are often 


Figure 24.4. Current model of miRNA 
biogenesis and function. The initial RNA 
is transcribed by RNA polymerase II as 
primary miRNAs (pri-miRNAs). These 
pri-miRNAs range from a few hundred 
to thousands of nucleotides (nt) in length. 
The pri-miRNA of each miRNA has a 
characteristic stem-loop structure that 
is detected and cleaved by the ribonucle- 
ase III (RNase III) endonuclease Drosha 
within the nucleus. Efficient pri-miRNA 
cleavage by Drosha requires a protein part- 
ner, Pasha/DGCR8, which has a double- 
stranded RNA-binding domain (dsRBD). 
The cleavage product, approximately a 
70-nt stem-loop RNA called pre-miRNA, is 
exported from the nucleus to the cytoplasm 
by Exportin 5/RanGTP. In the cytoplasm, 
another evolutionarily conserved RNase 
III enzyme, Dicer, together with its dsRBD 
protein partner, TRBP and PACT, further 
process pre-miRNA into mature miRNA 
approximately 21 nt in length. The mature 
miRNA is then unwound and a single 
strand is incorporated into a protein com- 
plex known as the RNA-induced silencing 
complex (RISC), which represses mRNA 
translation or destabilizes mRNA tran- 
scripts through cleavage or deadenylation. 


regulated by the major transcriptional networks controlling 
cellular decisions and in turn function in positive and negative 
feedback loops to reinforce and titrate transcriptional deci- 
sions through their translational regulation. 

Among the first miRNAs to be identified as major regula- 
tors of lineage determination were those promoting the forma- 
tion of muscle (61). Since then, miRNAs have been realized as 
powerful regulators of cardiac, skeletal, and smooth muscle 
lineages employing clever regulatory mechanisms impinging 
on many previously described transcriptional pathways. Two 
such miRNAs, miR-1 and miR-133, are cotranscribed from a 
single locus and are uniquely expressed in skeletal and cardiac 
muscle cells and their progenitors (64,65). 

Transcription of the miR-1 /miR-1 3 3 bicistronic precursors 
is directly regulated by the major myogenic differentiation fac- 
tors, MyoD, myocyte enhancer factor-2 (Mef2), and serum 
response factor (SRF), early expressed in the muscle mesoderm 
(61). The influence of miR-1 in promoting the muscle identity 
is so strong that misexpression of this single miRNA in fibro- 
blasts is sufficient to largely transform their gene program to 
that of muscle cells (66). Indeed, miR-1 can promote the dif- 
ferentiation of skeletal muscle from myoblast precursors, in 
part by targeting a repressor of the muscle master regulator 
Mef2c, which further drives expression of miR-1 (64). Dele- 
tion of miR-1 in flies results in a defect in somatic and cardiac 
muscle differentiation (62,67), where miR-1 regulates Notch 
signaling and cell polarity (68). 
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During early cell fate decisions of mouse and human ES 
cells, miR-1 and miR-133 function in concert to promote 
mesoderm induction, while suppressing differentiation into 
the ectodermal or endodermal lineages (69). However, miR-1 
and miR-133 have antagonistic effects on further adoption of 
muscle lineages: miR-1 promotes differentiation of mouse and 
human ES cells toward a cardiac fate, while miR-133 inhibits 
differentiation into cardiac muscle. miR-1 appears to exert this 
effect, in part, by translationally repressing the mammalian 
orthologue of delta , Delta-like-1 (Dll-1), similar to the repres- 
sion seen in the fly (69). Thus, the bicistronic miR-llmiR-133 
transcript encodes distinct mature miRNAs that likely share 
common targets yet complement each other by balancing the 
differentiation and proliferation of cardiac and skeletal muscle 
lineages. Interestingly, loss of two alleles of miR-133 or one 
allele of miR-1 causes similar ventricular septal defects (VSDs), 
consistent with them sharing some common targets (65,70). 

Mir208a , contained within the introns of Myh6 and Myh7 
and highly enriched in embryonic heart, targets GATA4 and plays 
a fine tuning role in early cardiac development, although its dele- 
tion did not reveal any embryonic cardiac phenotype (71). Wil- 
son et al. (72) reported a cardiac “miRNA-ome,” a miR profile of 
early cardiomyocytes derived from human ES cells. They found 
miRl, 133 and 208 confirming miRs share their function in 
mouse embryos and differentiating human ES cells. They further 
revealed miR-499 as an upstream regulator of Mef2c expression. 

Another cotranscribed pair of miRNAs expressed early dur- 
ing cardiogenesis under control of SRF and that play a key role 
in cell fate decision is miR-143 and miR-145 (69,73). These 
two miRNAs are down-regulated during cardiogenesis but 
are critical regulators of smooth muscle cells, which uniquely 
oscillate between proliferative or more quiescent, differenti- 
ated states. The cotranscribed miR-143 and miR-145 coopera- 
tively target a network of transcription factors, including Klf4 
and Elk-1, to promote differentiation and repress proliferation 
of smooth muscle cells in vitro (73). Given their intercalation 
into these major regulatory pathways, their ability to direct dif- 
ferentiation of multipotent progenitors was also investigated. 
Indeed, miR-145 had the unique capacity to induce smooth 
muscle gene expression and synergize with the smooth muscle 
master regulator, Myocardin. In addition, miR-145 was able 
to potently and rapidly direct the differentiation of multipo- 
tent neural crest stem cells into smooth muscle (73). Although 
miR-145 was not required for smooth muscle differentiation 
in vivo or in vitro, loss of miR-145 resulted in a more prolif- 
erative, less differentiated state of smooth muscle in vivo (74). 


Complex Regulation of Cardiac Morphogenesis 

Although the pathways regulating individual cell lineages con- 
tributing to the heart are deeply understood, the subsequent 
complex events involved in integrating multiple cell types, for- 
mation of chambers, and patterning of the distinct regions of the 
heart are also now being elucidated. Major components involv- 
ing the sequential development of the mouse heart, the primary 
genetic model for the study of cardiac morphogenesis, have 
recently been extensively reviewed (75). From an evolutionary 
standpoint, it appears that as organisms became more complex, 
a more elaborate cardiovascular system was required. Distinct 
cardiac chambers began to develop and adopted specialized 
functions. Fish, which have a circulatory system that functions 
in series, developed separate atrial and ventricular chambers 
with a single inflow and outflow tract. The single ventricle 
pumps blood to the body via the gills, and no separation of 
deoxygenated and oxygenated blood is necessary. The amphib- 
ious frog adopted an intermediate three-chambered heart. In 
contrast, terrestrial vertebrates required complete separation of 
oxygenated and deoxygenated blood after birth, necessitating 


two separate atrial and ventricular chambers along with two 
distinct inflow and outflow tracts. These evolutionary obser- 
vations suggest that the heart was built in modules that were 
added as they became necessary. The discovery of distinct heart 
fields as described above and evidence of modular gene expres- 
sion in the heart supports such a notion. 

Dorsal-Ventral Polarity 

Beyond the asymmetric addition of SHF cells along the AP axis, 
a discrete dorsal-ventral (DV) polarity occurs in the primitive 
heart tube. As the heart tube loops to the right, the ventral sur- 
face of the tube rotates to become the outer curvature of the 
looped heart, and the dorsal surface forms the inner curvature. 
The outer curvature becomes the site of active growth, whereas 
remodeling of the inner curvature is essential for the ultimate 
alignment of the inflow and outflow tracts of the heart. A model 
in which individual chambers “balloon” from the outer curva- 
ture in a segmental fashion has been proposed (76). Consistent 
with this model, numerous genes, including the transcription 
factor Handl and the sarcomeric protein Serca2, are expressed 
specifically on the outer curvature of the heart (47,77). Hand2 
is expressed on the inner and outer curvature, but protein pro- 
duction of Hand2 in the inner curvature may be repressed by 
miRNA regulation, as miR-1 is first detected in the inner but 
not outer curvature at E8.5 (61). Also, through a complex 
transcriptional network, the unique identity of inner curvature 
cells is determined by Tbx2-mediated repression of genes typi- 
cally found on the outer curvature (78). Another Tbox tran- 
scription factor, Tbx20, serves to repress Tbx2 activity in the 
outer curvature as it expands into the cardiac chambers, thereby 
establishing the regional patterning of expanding or remodeling 
myocardium (79-81). Remodeling of the inner curvature allows 
migration of the inflow tract to the right and the outflow tract 
to the left, facilitating proper alignment and separation of right- 
and left-sided circulations. In addition to its role in repressing 
Tbx2, Tbx20 affects expansion of both the primary and second- 
ary heart field-derived cells and is necessary for outflow tract 
development, possibly via regulation of Nkx2.5 and Mef2c (79). 

Left-Right Asymmetry and Cardiac Looping 

Rightward looping of the heart tube with the caudal portion of 
the tube moving to a more anterior and dorsal position is the 
first obvious sign of the break in left-right (LR) symmetry. The 
cellular mechanisms that drive cardiac looping remain poorly 
understood, but it has been postulated that differential rates of 
proliferation of cardioblasts, regional differences in intracardiac 
actin bundles, or altered cell adhesion across the heart tube may 
be involved. When considering the mechanisms for cardiac loop- 
ing, it is important to distinguish between the process of looping 
and the directionality of looping (82). Directionality of loop- 
ing reflects overall asymmetry throughout the embryo, which is 
superimposed on the morphogenetic mechanisms for looping. 

It has been proposed that abnormalities in the process of car- 
diac looping underlie a number of CHDs. Folding of the heart 
tube positions the inflow cushions adjacent to the outflow cush- 
ions and involves extensive remodeling of the inner curvature of 
the looped heart tube. In the primitive looped heart, the segments 
of the heart are still in a linear pattern and must be repositioned 
considerably for alignment of the atrial chambers with the appro- 
priate ventricles and the ventricles with the aorta and pulmonary 
arteries. The atrioventricular septum (AVS) begins to divide the 
common atrioventricular canal (AVC) into a right and left AVC 
that subsequently shifts to the right to position the AVS over the 
ventricular septum (Fig. 24.5). This allows the right AVC and the 
left AVC to be aligned with the right and left ventricles, respec- 
tively. Simultaneously, the conotruncal region becomes septated 
into the aorta and pulmonary trunks as the conotruncus moves 
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SITUS INVERSUS DORV DILV TGA 

Figure 24.5. Normal and abnormal cardiac morphogenesis associated with LR signaling. A: As the linear heart 
tube loops rightward with inner curvature (ic) remodeling and outer curvature (oc) proliferation, the endocar- 
dial cushions (dark blue) of the inflow (green) and outflow (light blue) tracts become adjacent to one another. 
Subsequently, the AVS shifts to the right, while the aortopulmonary trunk shifts to the left. B: The inflow tract 
is divided into the right (rave) and left atrioventricular canal (lave) by the AVS (asterisk). The outflow tract, 
known as the truncus arteriosus (ta), becomes the aortopulmonary trunk (apt) on septation. C: Ultimately, the 
left (la) and right atrium (ra) are aligned with the left ventricle (lv) and right ventricle (rv), respectively. The lv 
and rv become aligned with the aorta (ao) and pulmonary artery (pa), respectively, after 180-degree rotation 
of the great vessels. D: If the determinants of the LR axis are coordinately reversed, then a condition known as 
situs inversus results. E: If the apt fails to shift to the left, then a condition known as double-outlet right ventricle 
(DORV) results, in which the RV is aligned with both the aorta and pulmonary artery. F: Likewise, if the AVS 
fails to shift to the right, both atria communicate with the left ventricle in a condition known as double-inlet 
left ventricle (DILV). G: Transposition of the great arteries (TGA) results if the apt fails to twist, resulting in 
communication of the rv with ao and lv with pa. av, aortic valve; mv, mitral valve; pv, pulmonary valve; vsd, 
ventricular septal defect. 


toward the left side of the heart such that the conotruncal sep- 
tum is positioned over the AVS (Fig. 24.5). The rightward shift 
of the AVS and leftward shift of the conotruncus converts the 
single-inlet, single-outlet heart into a four-chambered heart that 
has separate atrial inlets and ventricular oudets (83). 

Arrest or incomplete movement of the AVS or conotruncus 
might result in malalignment of the inflow and outflow tracts 
(Fig. 24.5). A scenario in which the AVS fails to shift to the right 
would result in communication of the right and left AVCs with 
the left ventricle, a condition known as double-inlet left ventricle 
(DILV). Incomplete shifting may be the basis for “unbalanced” 
AV C defects where the right AV C only partly communicates with 
the right ventricle. Similarly, if the conotruncal septum fails to shift 
to the left, both the aorta and pulmonary artery would arise from 
the RV causing a double-outlet right ventricle (DORV). From this 
embryologic perspective, it is not surprising that double-outlet left 
ventricles and double-inlet right ventricles are rarely, if ever, seen 


clinically. In contrast, any abnormality in cardiac looping can be 
associated with DILV or DORV, along with other manifestations 
of improper alignment of specific regions of the heart. 

The elegant molecular network regulating LR asymmetry 
of the body plan has been reviewed (84) and is not summarized 
here. However, it is worth highlighting several clues about the 
relationship between LR asymmetry and proper alignment of 
the cardiac chambers. The cascade of LR signals including Shh 
and Nodal converge on the transcription factor Pitx2 (85). 
Pitx2 is initially LR asymmetric in the linear heart tube, but 
this asymmetry is translated into a DV polarity in the looped 
heart tube. Because Pitx2 regulates cell proliferation via cyclin 
D2 and also controls cell migration events (86), it is a poten- 
tial link between signals regulating the direction and process 
of cardiac looping. Within certain subdomains, regulation of 
Pitx2 by Tbxl integrates transcriptional pathways controlling 
morphogenesis and LR asymmetry (87). 
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How do the insights into LR asymmetry impact our under- 
standing of CHDs? It is likely that patients with situs inversus 
totalis have a well-coordinated reversal of LR asymmetry and 
thus have a lower incidence of defects in visceral organogene- 
sis. However, most patients with LR defects have visceroatrial 
heterotaxy and thus have randomization of cardiac, pulmo- 
nary, and gastrointestinal situs where coordinated signaling is 
absent. Such patients can have defects in almost all aspects of 
cardiogenesis. Often either the right or left side predominates 
with patients either having bilateral right-sidedness (asplenia 
syndrome) or bilateral left-sidedness (polysplenia syndrome). 
In such cases, features of the right or left side of the lungs, 
heart, and gut are duplicated. Disruption of cascades deter- 
mining either the left or right side of the embryo might result 
in asplenia or polysplenia syndromes, respectively. Indeed, 
mutations in LR pathway members are found in some patients 
with heterotaxy (88). Familial cases of heterotaxy have also 
led to identification of mutations in a zinc-finger transcription 
factor, ZIC3, that result in LR axis abnormalities (89). 

Cardiac Outflow Tract Regulation 

Congenital cardiac defects involving the cardiac outflow tract, 
aortic arch, ductus arteriosus, and proximal pulmonary arter- 
ies account for 20% to 30% of all CHDs. This region of the 
heart undergoes extensive and rather complex morphogenetic 
changes with contributions from neural crest cells and the SHF, 
as discussed above. The cardiac outflow tract can be divided 
into the muscularized conus and the adjacent truncus arterio- 
sus, collectively termed the conotruncus, as it arises from the 
primitive right ventricle. The conotruncus normally shifts to 
the left to override the forming ventricular septum. The trun- 
cus arteriosus then becomes septated by mesenchymal cells into 
the aorta and pulmonary arteries with a muscular ridge form- 
ing between the two vessels known as the conotruncal septum 
(Fig. 24.5). However, at this stage, the aorta communicates with 
the RV and the pulmonary artery with the left ventricle. Subse- 
quent rotation of the two vessels in a spiraling fashion places 
the aorta in a more dorsal and leftward position and the pul- 
monary artery in a more ventral and rightward location. This 
spiraling event achieves the normal alignment of the aorta and 
pulmonary artery to the left and right ventricles, respectively. 

Abnormalities in septation or incomplete spiraling of 
the conotruncus result in many CHDs. For example, the 


conotruncal septum between the aorta and pulmonary artery 
forms in tetralogy of Fallot (TOF), but because of malalign- 
ment of the great vessels, the conotruncal septum and aorta 
are shifted to the right. This results in an overriding aorta and 
failure of the conotruncal septum to connect to the muscular 
ventricular septum, resulting in a VSD (Fig. 24.5). Similarly, 
any malalignment of the conotruncus results in an obligatory 
VSD that, unlike muscular VSDs, does not have the potential 
to close spontaneously after birth. 

A structure referred to as the aortic sac lies distal to the 
conotruncus and gives rise to six bilaterally symmetric vessels 
known as aortic arch arteries. The aortic arch arteries arise 
sequentially along the AP axis, each traversing a pharyngeal 
arch before joining the paired dorsal aortae (Fig. 24.6). The 
first and second arch arteries involute, and the fifth arch artery 
never fully forms. The third, fourth, and sixth arch arteries 
undergo extensive remodeling to ultimately form distinct 
regions of the mature aortic arch and proximal pulmonary 
arteries. Most of the right-sided dorsal aorta and aortic arch 
arteries undergo programmed cell death leading to a left-sided 
aortic arch. The third aortic arch artery contributes to the 
proximal carotid arteries and right subclavian artery (RSCA). 
The left fourth aortic arch artery forms the transverse aortic 
arch between the left common carotid (LCC) and left subcla- 
vian arteries. Finally, the sixth arch artery contributes to the 
proximal pulmonary artery and the ductus arteriosus (90). 
Extrapolating from their embryologic origins, it is believed 
that aberrant right subclavian arteries and other subtle arch 
anomalies are the result of third aortic arch defects; interrupted 
aortic arch (IAA) from fourth arch defects; and patent ductus 
arteriosus (PDA) and proximal pulmonary artery hypoplasia/ 
discontinuity from defects in sixth arch artery development. 

Mesenchyme cells originating from the crest of the neural 
folds are essential for proper septation and remodeling of the 
outflow tract and aortic arch (91,196,197). Such neural crest- 
derived cells migrate away from the neural folds and retain 
the ability to differentiate into multiple cell types (Fig. 24.6). 
The migratory path and ultimate fate of these cells depends on 
their relative position of origin along the AP axis and are partly 
regulated by the Hox code (92). Neural crest cells differentiate 
and contribute to diverse embryonic structures, including the 
cranial ganglia, peripheral nervous system, adrenal glands, and 
melanocytes. Neural crest cells that arise from the otic placode 
to the third somite migrate through the developing pharyngeal 
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Figure 24.6. Cardiac neural crest contributions to aortic arch development. Cardiac neural crest cells arise from 
the neural folds and migrate into the outflow tract of the heart and aortic arch arteries. They are involved in 
remodeling the arch arteries, with derivatives color coded by their arch artery origins. Ao, aorta; AS, atrial sep- 
tum; Da, descending aorta; LCC, left common carotid; LPA, left pulmonary artery; LSCA, left subclavian artery; 
RCC, right common carotid; RSCA, right subclavian artery. 
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arches and populate the mesenchyme of each of the aortic arch 
arteries and the mesenchyme necessary to septate the outflow 
tract septum (Fig. 24.6). Because of their migratory path and 
role, this segment of the neural crest is often referred to as the 
cardiac neural crest (CNC). 

Mutations in many signaling cascades affect neural crest 
migration or development, including the endothelin and 
semaphorin pathways, and cause outflow tract defects simi- 
lar to those observed in humans (91). Embryos deficient in 
CNC cell migration or differentiation display various car- 
diac outflow tract and aortic arch defects resembling those 
in humans. These include TOF, persistent truncus arteriosus 
(PTA), DORV, VSDs, and defects of aortic arch patterning. 
Thus, abnormalities in neural crest migration or differentia- 
tion likely underlie many of the conotruncal and aortic arch 
defects seen in humans. Indeed, human mutations of the neu- 
ral crest-enriched transcription factor TFAP2/3 result in persis- 
tent patency of the ductus arteriosus, a specialized aortic arch 
vessel essential for fetal cardiac physiology (93) (Fig. 24.6). 
It is likely that other genetic mutations affect specific regions 
of the aortic arch. 

Disruption of SHF development by mutation of genes 
such as Tbxl, Fgf8, and Isll results in defects similar to those 
observed with neural crest disruption (Fig. 24.3), including 
PTA (failure of outflow septation), malalignment of the out- 
flow tract of the heart with the ventricular chambers, and VSDs 
(21,38,44,45). Since SHF-derived myocardial cells neighbor 
neural crest-derived cells and secrete growth factors such as 
Fgf8 in a Tbxl -dependent manner that influence neural crest 
cells (39), reciprocal interactions between the SHF and neural 
crest-derived cells in the outflow tract are likely essential for 
normal development. Consistent with this, humans with dele- 
tion or mutation of TBX1 (94), expressed in the SHF, appear 
to have cell-autonomous defects of SHF development and 
non-cell-autonomous anomalies of neural crest-derived tis- 
sues. It will be interesting to determine if many human cardiac 
outflow tract defects are a direct result of SHF migration, dif- 
ferentiation, or proliferation. 


Cardiac Valve Formation 

Critical events regulating cardiac valve development have been 
recently reviewed (95,96) Appropriate placement and function 
of cardiac valves is essential for chamber septation and for 
unidirectional flow of blood through the heart. A molecular 
network involving Bmp2 and Tbx2 defines the position of the 
valves relative to the chambers (78,97,98). During early heart 
tube formation, “cushions” of ECM between the endocardium 
and myocardium presage valve formation at each end of the 
heart tube. Reciprocal signaling, mediated in part by TGF 
family members, between the myocardium and endocardium 
in the cushion region induces a transformation of endocardial 
cells into mesenchymal cells that migrate into the ECM cush- 
ion (99-101). These mesenchymal cells differentiate into the 
fibrous tissue of the valves and are involved in septation of the 
common AVC into right- and left-sided orifices (102). 

Although the processes regulating early epithelial to mesen- 
chymal transition (EMT) in the AV C have been extensively inves- 
tigated as described above, our understanding of the mechanisms 
regulating later stages of semilunar valve development are still 
primarily limited to morphogenic descriptions. This is due, in 
part, to the fact that this period of development has been essen- 
tially inaccessible to experimental manipulation because gene per- 
turbation studies result in embryonic demise in the midgestation 
mouse embryo. However, based on studies of normal mouse and 
human embryos (103,104), investigators have demonstrated that 
the endocardial cushions form condensed mesenchymal protru- 
sions, the primitive valves. These condensed mesenchymal pro- 
trusions subsequently elongate to provide the true cardiac valve 
leaflets (Fig. 24.7). The elongation of primitive valves appears to 
be a result of restricted proliferation of endocardial cells overly- 
ing the mesenchymal projections on the vascular side of the valve 
and selective cell death under the expanding endocardial rim. The 
growth of the endocardial edge and evacuation of apoptotic cells 
underneath the proliferating endocardial rim sculpt the swollen 
mesenchymal primitive valves into a typical excavated shape and 
result in morphogenesis of the sinuses of Valsalva. 
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Figure 24.7. Summary of the critical stages in semilunar valve formation. Initially, regional swellings of ECM 
form the endocardial cushions, which provide valve-like action ensuring that initial blood flow is unidirectional 
in the developing embryo. Subsequently, endothelial cells undergo a mesenchymal transformation and populate 
the endocardial cushions. Finally, the endothelial cells on the arterial face proliferate and the ECM is remodeled 
to begin valve cusp histogenesis. Subsequently, a selected population of mesenchymal cells is thought to undergo 
apoptosis simultaneously with continued remodeling of the ECM to form the sinuses, which will eventually 
become the origin of the proximal coronary arteries. The black arrows denote the direction of blood flow. 
(Figure courtesy of Dr. Peggi Angel.) 


CHAPTER 24 ■ Molecular Determinants of Cardiac Development and Disease 


Recent studies using immunohistochemistry and electron 
microscopy described late gestational and postnatal valve devel- 
opment in chicken and mouse (105), with a remarkably similar 
progression of developmental events seen in human fetuses (106) 
(Fig. 24.8). These studies document progression of remodeling 
and compartmentalization of the valve leaflet from a disorgan- 
ized matrix of proteoglycans with little detectable elastin, and 
small amounts of disorganized collagen and relative uniform dis- 
tribution of vascular interstitial cells (VICs), to a highly stratified 
ECM. The ECM contains three organized layers of fibrosa (arte- 
rial aspect primarily composed of collagens), spongiosa (central 
aspect, primarily glycosaminoglycans), and ventricularis (ven- 
tricular aspect with elastin fibers) with compartmentalization of 
VICs resulting in increased cell density in the fibrosa and ven- 
tricularis. Notably, this process is not only conserved across spe- 
cies but extends well after birth into postnatal life. Interestingly, 
the fetal VIC activation that occurs throughout development is 
similar to the valve changes occurring in pathologic conditions 
(107,108), suggesting that analogous molecular mechanisms 
likely direct both normal developmental and pathologic intersti- 
tial cell activation (101). Furthermore, recent experiments have 
suggested that a small population of VICs may reside as a pro- 
genitor cell population that retains the ability to differentiate into 
either endothelial or interstitial cells in the valve leaflet (109). 

A few mouse mutants escape early embryonic demise and 
are thus informative in unraveling the mechanisms of late 
gestational and early postnatal semilunar valve pathology. Most 
of these mouse models display normal EMT but then evolve a 


hyperplastic valve phenotype that suggests aberrations in valve 
remodeling. One common feature of many of these defects is 
perturbations that either enhance or attenuate RAS-MAPK 
signaling (110,111). Gitler et al. (112) showed that hyperplas- 
tic aortic valve defects in neurofibromatosis 1 (NF1) mutant 
embryos, previously attributed to defects in CNC cells, result 
from a primary defect in outflow tract and AVC endocardium. 
These defects were at least partially due to elevations in endo- 
cardial MAPK signaling secondary to the loss of NF1 suppres- 
sion of Ras-Erk signaling, resulting in increased proliferation 
and decreased apoptosis (113). Consistent with this, patients 
with NF1 mutations develop pulmonary stenosis and hyper- 
tension but rarely defects in the AVC (114). NF1 loss of func- 
tion is mimicked by gain-of-function mutations in the tyrosine 
phosphatase Shp2/PTPN11, which causes an increase in Ras- 
Erk activation, increased proliferation, and decreased apop- 
tosis, resulting in semilunar valve and atrioventricular valve 
(AW) hyperplasia (115,116). Autosomal dominant gain-of- 
function mutations in Shp2 cause Noonan syndrome, charac- 
terized by pulmonary stenosis, hypertrophic cardiomyopathy, 
and occasional AW defects (117,118). Most recently, hypo- 
morphic mutations in SCSI, an essential RAS guanine nucle- 
otide-exchange factor (Ras-Gef), result in enhanced RAS-ERK 
activation and can account for as many as 20% of the cases of 
Noonan syndrome not explained by Shp2 mutations (119,120). 

Recent evidence implicates EGF signaling as an important 
regulator of late valve remodeling. Loss or attenuation of EGFR/ 
ErbBl signaling results in preferential hypercellularity of semilunar 
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Figure 24.8. A: ECM composition of human cardiac valves from fetus to adult. At 14 to 19 weeks (Top, Movat 
pentachrome; bottom, picrosirius red under circularpolarized light). Fetal valves were composed mostly of gly- 
cosaminoglycans with low elastin and collagen. A trilaminar structure was apparent in children’s valves but 
remained diffuse when compared with normal adult valve collagen in the fibrosa, glycosaminoglycans in the 
spongiosa, and elastin in the ventricularis. B: Progressive decrease in VIC density throughout life. C: Nuclei 
staining positively for Ki-67 (MIB-1) to detect proliferation were distributed diffusely through the cusp at 14 to 
19 weeks of gestation, whereas Ki-67 and TUNEL-positive cells (marking apoptosis) at 20 to 39 weeks appeared 
predominantly near the arterial surface. VICs in adult valves showed undetectable levels of proliferating and 
apoptotic cells. D: Fetal valves at 14 to 19 weeks of gestation had higher VIC proliferation indices, with 90% 
reduction in adult valves. Apoptosis continued at a low rate throughout life. (Adapted from Aikawa E, Whittaker 
P, Farber M, et al. Human semilunar cardiac valve remodeling by activated cells from fetus to adult: implications 
for postnatal adaptation, pathology, and tissue engineering. Circulation 2006;113:1344-1352, with permission.) 
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but not AV valves (121). The hyperplastic semilunar valve phe- 
notype is augmented when crossed to mice heterozygous for a 
null mutation in Shp2 (122). Deletion of the EGF ligand, heparin 
binding (HB)-EGF, results in increased endocardial cushion size 
and cell proliferation of both semilunar and AV valves (123,124). 
These mice show prolonged Smad 1/5/8 phosphorylation and 
loss of phospolipase E (125), a downstream component of EGF 
and Ras signaling, and are similar to mice with a null mutation in 
inhibitory Smad6 (126). In contrast, mice lacking the Erb3 recep- 
tor die in midgestation of heart failure from hypoplastic semilu- 
nar and AV valve primordia (127). Null mutations in other EGFR 
ligands (EGF, ampiregulin, TGF-a) have no effect on valve forma- 
tion. Finally, mice lacking Ephrin B2 also have thickened valves, 
and although the mechanism for this remains unclear, it will be 
interesting to determine how these signaling pathways intersect 
(128). The exact mechanism of regulation is likely to be context 
dependent and receptor specific and may involve the intersection 
of multiple growth factor signaling pathways. 

In contrast to the thickened leaflets described above, dis- 
ruption of signaling pathways converging on the transcription 
factor Nfatc revealed a requirement of this calcium-activated 
regulator. Nfatc is expressed specifically in the forming embry- 
onic valves, and targeted deletion of Nfatc in mice results in 
absence of cardiac valve formation (129,130). Signaling via 
the phosphatase, calcineurin, results in nuclear translocation 
of Nfatc and is similarly involved in cardiac valve formation, 
in part through regulation of vascular endothelial growth fac- 
tor (Vegf) expression in the endocardium (131). 

The Notch signaling pathway is required for cell fate and 
differentiation decisions throughout the embryo (132), but 


only recently have Notch proteins been implicated in vertebrate 
cardiac development. In fish and frogs, Notch appears to be 
involved in development of the endocardial cushions that 
contribute to valve tissue (133). In humans, heterozygous 
NOTCH1 mutations disrupt normal development of the aortic 
valve and occasionally the mitral valve (134) (Fig. 24.9). The 
severity of valve disease associated with NOTCH1 mutations 
in humans varies widely from mild disease in which the aortic 
valve has two rather than three leaflets (bicuspid aortic valve 
[BAV]) to severe defects in valve patency in utero, resulting 
in left ventricular growth failure. Consistent with this genetic 
finding, 15% of “normal” relatives of children with hypoplas- 
tic left heart syndrome (HLHS) have subclinical bicuspid aor- 
tic valves (BAVs) (135,136), suggesting that disruption of the 
NOTCH signaling cascade may underlie a spectrum of aortic 
valve disease. Although not specifically affecting valves, human 
mutations in JAGGED1, a NOTCH ligand, also cause outflow 
tract defects associated with the autosomal dominant disease, 
Alagille syndrome (127-139). The hairy-related family of tran- 
scriptional repressors (Hrtl, Hrt2, and Hrt3) may mediate the 
Notch signal during valve and myocardial development; how- 
ever, their targets for repression remain unknown (140) (141). 


GENETICS OF HUMAN SEPTAL DEFECTS 

There has been an explosion in the identification of candidate 
genes potentially involved in the etiology of CHD and role of these 
genes impacts virtually every aspect of early cardiac development 


Figure 24.9. Origin and genetic 
etiology of congenital heart disease. 
Three major classes of developmen- 
tal defects are indicated: defects 
in atrial septation, in ventricular 
or atrioventricular septation, and 
in the great vessels. The types of 
congenital heart disease that occur 
within each class are indicated, 
with the associated mutated genes 
listed. Genes for which mutations 
result in discrete congenital heart 
diseases are indicated in black ; 
genes that are mutated in congeni- 
tal heart diseases that are part of 
a wider syndrome (also involv- 
ing defects that are not associated 
with congenital heart disease) are 
indicated in blue . CRELD1 , cyste- 
ine-rich with epidermal growth-fac- 
tor-like domains 1; KRAS , ki-Ras; 
PTPN11 , protein tyrosine phospha- 
tase, nonreceptor type 11; SOS1 , 
son of sevenless homologue 1. 
(Adapted from Bruneau BG. The 
developmental genetics of con- 
genital heart disease. Nature 2008, 
451:943-948, with permission.) 
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summarized in Figure 24.9. This has been extensively reviewed 
elsewhere (2,142-144) and in other chapters of this book. How- 
ever, we would like to focus on the cardiac transcription factors 
NKX2.5, TBX5, and GATA4 as they particularly exemplify the 
synergy between human genetics and studies of model organ- 
isms for understanding the etiologic factors of human CHD. 
Numerous point mutations have been identified in NKX2.5 in 
families with atrial septal defects (ASDs) and progressive cardiac 
conduction abnormalities (145). Retrospective analysis of mice 
heterozygous for Nkx2.5 disruption revealed a similar phenotype 
and progressive apoptotic loss of conduction cells, suggesting a 
likely mechanism for the human phenotype (146,147). 

Humans with Holt-Oram syndrome, caused by muta- 
tions in TBX5, have cardiac anomalies similar to those with 
NKX2.5 mutations (atrial and ventricular septal defects) as 
well as limb abnormalities (148,149). Intriguingly, mutations 
responsible for defects in the heart and limbs are clustered in 
different regions of the protein, suggesting that TBX5 engages 
different downstream genes or cofactors in these tissues that 
depend on unique structural motifs in the protein. One poten- 
tial cofactor is NKX2-5, as the two physically interact and 
cooperate to activate common target genes (150). 

Like the NKX2.5 and TBX5 mutations, mutations in the 
zinc-finger-containing protein GATA4 cause similar atrial and 
ventricular septal defects in autosomal dominant nonsyndromic 
human pedigrees (151). GATA4 or related proteins are essen- 
tial for cardiogenesis in flies, fish, and mice (152-155). Like 
NKX2.5, GATA4 and TBX5 also form a complex to regulate 
downstream genes, such as myosin heavy chain. Consistent with 
an important role for such combinatorial interactions, a famil- 
ial GATA4 point mutation disrupts GATA4’s ability to interact 
with TBX5 (134). Conversely, several human TBX5 mutations 
disrupt TBX5 interaction with GATA4, suggesting that the two 
cooperate in cardiac septation events (151). GATA4, TBX5, and 
NKX2-5 may form a common complex that is necessary for 
proper cardiac septation (Fig. 24.3). Disruption of any one of 
the three proteins or their interactions can result in atrial or 
ventricular septal defects. Although the compendium of septal 
genes regulated by these transcription factors is unknown, it is 
intriguing that mutations in human myosin heavy chain (MHC), 
a direct target of GATA4, TBX5, and NKX2-5, also cause ASDs 
(156). This observation suggests a possible mechanism by which 
these genes cause septation defects. 


THE EPICARDIUM, CORONARY 
VASCULARIZATION 


The origin of coronary vascular endothelium and formation 
of the coronary vessels has been an area of intense investiga- 
tion (157). Several theories have evolved to explain coronary 
morphogenesis, which range from the sprouting of vessels 
from the aorta into developing myocardium to outgrowth of 
the endocardial lining of the heart to the epicardial vessels. 
Such theories have evolved from descriptive examination of 
the coronary ontogeny of various animals as well as human 
embryos. A critical component from most of these reports was 
the observation that coronary vessel formation was coordi- 
nate^ related to epicardial formation. 

Several investigators have demonstrated that the epicardium 
originates as a villous projection of mesothelial cells in the area 
of the sinus venosus termed the proepicardial organ. This cluster 
of cells extends to the AV region and migrates out over the myo- 
cardial surface to completely encase the heart (158-162). In vitro 
data initially suggested that this villous or mesothelial projection 
might be one possible source of the coronary arteries (163). The 
correlation between epicardial formation and coronary ontogeny 
has been clarified in three series of experiments. Using retroviral 


tagging of cells initially infected while in the pre-epicardial meso- 
thelium, Mikawa and Fischman (164) were able to document 
that coronary smooth muscle cells, perivascular fibroblasts, and 
coronary endothelial cells all derive from independent precur- 
sors that arise outside the heart and that the endothelium of 
the coronary arteries and endocardium have different clonal 
origins. In complementary experiments, Poelmann et al. (165) 
used quail epicardial and liver tissue transplanted into chicken 
so that endothelial cells of quail origin could be identified. These 
experiments demonstrated that the entire coronary endothelial 
vasculature originated from an extracardiac source. In addition, 
this approach suggested that endothelial cells originating from 
the liver mesenchyme and located within this mesothelial projec- 
tion or epicardial primordium used the subepicardial matrix to 
completely vascularize the developing heart. This subepicardial 
matrix is rich in fibronectin and vitronectin, a conducive ECM 
for vascular development El 04-1 5. In a definitive set of experi- 
ments using retroviral injections directly into the proepicardial 
organ as well as proepicardial transplants, Mikawa and Gourdie 
(166) were able to demonstrate that this cluster of extracardiac 
cells contained differentiated endothelial cells, smooth muscles, 
and perivascular cells that would ultimately serve as the source 
of precursors for the coronary vascular bed. These experiments 
were later confirmed and expanded using a novel in vitro assay 
of epicardial differentiation (167). All of these experiments pro- 
vide compelling evidence that coronary artery formation appears 
to be primarily a vasculogenic process. The coronary angio- 
blasts originate from precursors located within the extracardiac 
pre-epicardial mesothelium and subsequently organize within 
the subepicardial matrix into the coronary vascular network. 
Recently, Red Horse et al. (168) used Cre-lox lineage tracing to 
confirm that in the mouse, another major contribution of coro- 
nary endothelial cells is derived from venous endothelial cells 
that enter the heart via sinus venosus/SHF and are subsequently 
reprogrammed to become arterial endothelial cells. 

Interestingly, the epicardium is important not only for 
early developmental cardiac events, but plays a pivotal role in 
modulating cardiac repair after myocardial injury. Zhou (169) 
et al. recently demonstrated that while epicardial cells are 
normally quiescent in the adult, they become “activated” fol- 
lowing myocardial injury. Activated epicardial cells undergo 
proliferation and undergo EMT, forming a layer of cells in the 
subepicardium that express smooth muscle cell and fibroblast 
markers and most importantly, secrete angiogenic factors that 
attenuate infarct size and improve heart function. 

Whereas distal coronary development occurs by vasculogen- 
esis, proximal coronary artery morphogenesis appears to result 
from an angiogenic process. Although traditionally the proxi- 
mal coronary arteries were described as an outgrowth from the 
aorta to the epicardial surface of the heart, several investiga- 
tors have recently shown that in fact the angiogenic process is 
in the reverse direction. Angiogenic sprouts from the subepi- 
cardial endothelial plexus form endothelial strands that grow 
into the aorta and develop multiple communications with all 
three cusps of the developing aortic valve (170-172). However, 
lumens develop only in facing semilunar sinuses with resorp- 
tion of the strands to the nonfacing or noncoronary cusp (165). 
These observations have obvious implications for determining 
the factors that direct coronary artery anatomy in CHDs. 


CONDUCTION SYSTEM MORPHOGENESIS 

Despite the centrality of electrophysiologic abnormalities to 
CHDs, very little is known about development of the car- 
diac conduction system though significant progress has been 
made recently utilizing both chicken and mouse models (173). 
A central controversy has revolved around whether primary 
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conduction tissue differentiates from contractile myocytes 
or whether it is derived from “invading” neural crest. Using 
retroviral lineage tracing similar to that described above for 
defining the source of the coronary vasculature, Gourdie et al. 
(174) were able to show that pulse-generating conduction cells 
were derived from local recruitment of differentiated myocytes 
along the developing coronary artery system. This same group 
has gone on to demonstrate that endothelin produced by the 
developing coronary vasculature is a primary mediator of this 
recruitment of myocytes to the conduction lineage (175). Thus, 
initial development of the distal conduction system is independ- 
ent of neural crest. However, the neural crest cells may exert 
a later, indirect effect on conduction system development via 
their role in maintaining the coronary vasculature (176,177). 
Establishment of epicardial to endocardial gradients of key 
channels is also important for appropriate depolarization and 
is in part regulated by the transcription factor Irx5 (178). Net- 
works of transcription factors involving Nkx, T-box, and Irx 
family members appear to control discrete aspects of the car- 
diac conduction system and are disrupted in human arrhyth- 
mias (55,179). These observations pave the way for a more 
detailed evaluation of the factors that regulate normal and 
potentially abnormal development of the conduction system. 


ADULT CONSEQUENCES OF CARDIAC 
MALFORMATIONS 


As human survivors of cardiac malformations ranging from 
simple ASDs to more complex heart disease enter their third 
and fourth decades of life, new cardiac disease processes are 
becoming apparent, including abnormal conduction of electric- 
ity within the heart and diminished contractile function of the 
heart. The cause of these secondary defects had in the past been 
ascribed to abnormal hemodynamics, but recent evidence sug- 
gests that the same genes that cause early morphologic defects 
in heart development might later be directly involved in cardiac 
dysfunction and cell lineage disturbances in adulthood (3). 

For example, human and mouse mutations in NKX2.5 not 
only cause a developmental ASD, but also progressively dis- 
rupt electrical conduction through the cardiac chambers and 
can result in sudden death later in life (145,179). The AV node, 
which serves as the essential site of electrical communication 
between the atria and ventricles, is smaller than normal in adult 
Nkx2.5 mouse mutants; over time, the specialized muscle- 
derived conduction cells are lost and replaced by fibrotic tissue, 
resulting in progressive defects in electrical conduction (147). 

Another example of a congenital heart malformation causing 
disease later in life involves the aortic valve. Worldwide, 1% of 
the population is born with a BAV, typically silent in childhood 
(1). However, one-third of BAVs develop premature age-depend- 
ent calcific stenosis, resulting in poorly mobile, nonfunctioning 
valves, often in the fifth, sixth, or seventh decades of life (180). 
As a result, calcific aortic stenosis (AS) is the third leading cause 
of heart disease in adults and requires >30,000 surgical valve 
replacements per year in the United States. The recent discovery 
that NOTCH1 mutations in humans cause BAVs and later cal- 
cification provides firm genetic evidence that the early develop- 
mental and later degenerative disease share a common genetic 
cause (134). Some family members with NOTCH1 mutations 
had normal tricuspid aortic valves but still developed calcifica- 
tion, supporting the idea that the premature and severe calcifica- 
tion was primarily due to the genetic mutation itself rather than 
to hemodynamic effects on the valve leaflets. 

Calcified human valves are characterized by ectopic oste- 
oblast-specific gene expression suggesting a cell fate change of 
mesenchymal or inflammatory cells (180,181). Interestingly, 


developing heart valves have a surprisingly similar gene expres- 
sion profile to osteoblast progenitor cells (182). Notchl can 
repress a central transcriptional regulator of osteoblast cell fate, 
Runx2/Cbfal (183), suggesting a potential mechanism through 
which NOTCH 1 normally suppresses calcification in the valve 
tissue (134). It will be interesting to determine if polymorphisms 
in NOTCH1 are associated with altered risk of aortic valve or 
even vascular calcification, given the similar osteoblast gene 
expression in atherosclerotic vascular smooth muscle (184). If so, 
it is attractive to imagine effective preventive interventions over 
decades with pharmaceuticals, such as statins, to lower levels of 
cholesterol, a well-known risk factor for calcification (185). 


CARDIAC STEM CELL AND REGENERATIVE 
APPROACHES 


The notion that genes involved in the early formation of the 
heart may be redeployed to help protect, repair, or regenerate 
cardiac muscle has been a driving force in efforts to under- 
stand early developmental pathways (186). Reports describing 
niches of small, noncardiomyocyte populations in the postna- 
tal heart that on isolation in culture could differentiate into 
cardiac muscle and endothelial cells initially generated consid- 
erable excitement that the heart, like other organs, may have 
a resident pool of progenitor cells (187-189). A subsequent 
population of progenitors expressing the developmental tran- 
scription factor Isll further suggested an important connection 
between postnatal progenitor cells and an early developmental 
pathway regulating cardiomyocyte precursors. As described 
earlier, Isll is expressed in SHF cells before they differentiate 
into myocytes and is down-regulated on expression of sarco- 
meric proteins. Cell fate studies suggest that cells derived from 
Isll + progenitors populate most of the RV and outflow tract 
and Isll is required for the formation of these regions; some 
cells derived from these Isll + cells also contribute to the atria 
and left ventricle. In mice and humans, niches of Isll + cells are 
detectable in the early postnatal heart and may be remnants 
of developmental progenitor cells among terminally differenti- 
ated myocytes (27). However, isolation and characterization 
of these cells has proved elusive and the clinical utility has 
remained minimal. Interestingly, intrinsic cardiac progenitor 
cells appear to be much more abundant in neonatal human 
hearts raising the possibility that utilization of the cells may 
be particularly advantageous in treating congenital cardiac 
abnormalities in the early postnatal period (190). 

Perhaps the most exciting observation in terms of develop- 
ing cells that might serve as a source for myocardial regenera- 
tion and repair was made by Yamanaka (191), and colleagues, 
who demonstrated that skin fibroblasts from mice and humans 
(192) could be reprogrammed or “induced” to form pluripo- 
tent cells (iPS) via infection with viruses carrying four tran- 
scription factors (Oct 4, Klf4, Myc, Sox2) that were known to 
regulate pluripotency of ES cells. These cells could then be dif- 
ferentiated into various cell types representing derivatives from 
all three germ layers, including cardiomyocytes. The ability to 
derive iPS cells from patient that can then be differentiated to 
specific cell lineages has provided never before realized poten- 
tial for disease-specific modeling, therapeutic pharmacologic 
screening, and myocardial-specific regeneration. Exploiting 
and maximizing the potential of iPS cells will require mining 
the extensive foundation of knowledge that has resulted from 
in-depth studies of embryonic cardiac development and ES cell 
differentiation (193) (Fig. 24.10). Interestingly, recent prelimi- 
nary studies suggest that it may be possible to derive myocytes 
directly from fibroblasts (direct reprogramming) without 
having to first generate a pluripotent intermediate (194). This 
exciting observation raises the possibility of transforming 
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Figure 24.10. The developmental process serves as a guide for stage-specific cardiogenesis, which is character- 
ized by changes in embryonic morphology. The gene-expression profiles that correlate with embryonic stages 
and differentiation of pluripotent stem cells provide a gauge for acquired cardiogenic potential from mesoderm 
to cardiac tissues. iPS cells from both humans and mice have the potential to mature through all of the early 
stages of cardiogenesis. Whether they can reach a mature, differentiated phenotype remains to be determined. 
iPS cells that can be programmed to distinct stages of cardiogenesis in order to secure reproducible therapeutic 
outcomes, validate diagnostic criteria, or provide reproducible discovery model systems are critical in order to 
realize the potential of these cells in discovery, diagnosis, and therapeutic intervention, dpc, days post coitum; 
iPS, induced pluripotent stem; MyHC, myosin heavy chain. (Adapted from Nelson TJ, Martinex-Fernandez A, 
Terzic A. Induced pluripotent stem cells: developmental biology to regenerative medicine. Nat Rev Cardiol 
2010;7:700-710, with permission. 


cardiac fibroblast into myocytes in situ providing a more 
immediate therapy for injured myocardium. 


SUMMARY 


The field of cardiac developmental biology has progressed 
rapidly over the last decade, and the heart is now one of the 
best understood organs at the molecular, physiologic, and ana- 
tomic levels. Advances in human genetic tools have also led to 
a deeper understanding of the importance of developmental 
pathways in human disease. CHD can now be conceived as 
not only a defect of morphogenesis, but in some cases, a fail- 
ure of differentiation among subsets of lineages that contrib- 
ute to the heart. We are now embarking on a phase in which 
knowledge of developmental pathways and high-through- 
put methods of genotyping rare and common gene variants 
should allow rigorous investigation into the causes of human 
heart disease. With the increasing recognition that CHD has 
a significant genetic contribution, we can now imagine that 
genetic variation underlies both the morphogenetic defect 
and the predisposition to long-term consequences that will 
affect clinical outcomes for the millions of CHD survivors. 
Thus, vigorous efforts to identify genetic variation associ- 
ated with CHD and outcome will be essential as therapeutic 


or preventive measures to alter the course of disease may be 
possible throughout childhood and in the adult. It may even 
be conceivable to eventually predict genetic risk among par- 
ents and focus preventive strategies on those at greatest risk to 
transmit disease vertically. The efficacy of folic acid in preven- 
tion of neural tube defects provides hope for similar preven- 
tion of congenital heart disease (195,196). 

As the next phase of disease-related biology evolves, par- 
allel advances in stem cell biology should usher in an era of 
new approaches. It is exciting to realize that we are now able 
to generate disease-specific iPS cell lines for mechanistic stud- 
ies of disease etiology and development of patient-specific 
progenitor cells for ultimate treatment modalities. Although 
it may become possible to guide progenitor cells into a car- 
diac lineage based on our knowledge of early developmental 
pathways, many hurdles must be overcome for therapeutic 
use. Issues such as cell expansion, delivery, incorporation, 
electrical coupling, and safety remain to be addressed. Despite 
these significant challenges, there is reason for optimism as 
we continue to unravel the mysteries surrounding the lineage 
determination, differentiation, and morphogenesis of cardiac 
cells. However realization of the potential of these studies will 
demand a closer collaboration between clinicians and basic 
scientists and will require the development of physician sci- 
entists with an intimate knowledge of developmental biology, 
genetics, and clinical congenital heart disease. 
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Epidemiology and Prevention of 
Congenital Heart Defects 


Lorenzo D, Botto 


FROM EPIDEMIOLOGY TO PREVENTION: 
INCENTIVE, EVIDENCE, STRATEGIES, TOOLS 

Following the birth of a baby with a congenital heart defect, 
many anxious parents, some sooner and some later, will ask 
three crucial questions: “What will happen to my child?” (out- 
comes), “why did this happen?” (causation), and “will it hap- 
pen again?” (risk). 

These three questions — on outcomes, causes, risk — 
continue to challenge clinicians and public health profes- 
sionals. While it may not be obvious, these questions are in 
fact linked, if viewed from the perspective of prevention. For 
primary prevention, this is clear: by eliminating established 
causes, primary prevention reduces the risk for affected preg- 
nancies and prevents the associated adverse outcomes through 
the lifespan. Examples of effective primary prevention abound 
in pediatrics: immunizations are long-lasting interventions that 
prevent infectious diseases (including rubella-induced heart 
defects), whereas daily folic acid use is an ongoing interven- 
tion that prevents most cases of spina bifida and anencephaly, 
two serious birth defects. But prevention is also meaningful for 
people born with heart defects: by preventing complications 
and promoting optimal health, this form of prevention (some- 
times called secondary prevention) also improves outcomes, 
though less completely than primary prevention. The main 
focus of this chapter is primary prevention. It is an overriding 
goal for pediatric cardiologists and the ideal and fundamental 
approach to decreasing the personal and societal burden of 
congenital heart defects. If primary prevention is the goal , epi- 
demiology is the indispensable tool . Epidemiology evaluates 
risk factors, diseases, and outcomes in human populations: it 
takes the findings from basic research and clinical studies and 
translates them into meaningful information for populations. 
Using D-transposition of the great arteries as an example, epi- 
demiologic studies can assess its impact in terms of deaths, 
hospitalizations, or cost; disparities in outcomes by race- 
ethnicity or socioeconomic status; and the fraction of cases 
due to maternal diabetes and preventable by careful metabolic 
control in the preconceptional period. Epidemiologic stud- 
ies can also take the causal discoveries in experimental ani- 
mals, cell cultures, or biochemical pathways and see how they 
translate into health effects in humans — for example, using 
population-based case control studies to measure the etiologic 
impact of specific genetic and environmental factors in human 
populations. 

In this sense, epidemiology, although it has strong theoreti- 
cal underpinnings, is fundamentally a practical tool. Epidemi- 
ology provides data for action and in particular for prevention. 
Figure 25.1 illustrates this point and provides a roadmap of 
how the epidemiology of congenital heart defects is discussed 
in this review. Specifically (Fig. 25.1), epidemiology supports 
and promotes four interrelated elements of the prevention pro- 
cess: incentive , evidence , strategies , and tools. 


Incentive refers to the overall impact of heart defects on 
people and society: persons affected, lives lost, chronic illness, 
disability, health disparities, decreased quality of life, loss of 
productivity, and costs. Epidemiologic studies generate many 
of these metrics, which in turn provide the policy and moral 
basis for prevention. In fact, the current impact of congenital 
heart defects illustrates the very real cost of doing nothing, or 
not doing more, to prevent these heart defects. When interven- 
tions are implemented, these same metrics provide baselines 
against which to assess the effectiveness of actions and policies. 
As will become clear, the current overall impact of congenital 
heart defects through the lifespan is probably underestimated, 
mainly because of significant data gaps. Developing more 
realistic, timely, and population-based estimates of the overall 
impact of congenital heart defects can help make the case for 
greater investment into research and prevention. 

Once the incentive is documented and understood, the evi- 
dence for prevention must be robust and convincing (Fig. 25.1). 
Such evidence provides the science for action. Particularly 
important is the evidence relating to modifiable risk factors, 
including maternal conditions and environmental exposures. 
Epidemiologic studies can help build the evidence for preven- 
tion: well-designed studies can help identify and characterize 
risk factors in human populations and generate useful metrics 
such as relative risks, absolute risks, and attributable fraction 
(the fraction of cases preventable by reducing the exposure). 
To be actionable, these data must be authoritatively reviewed 
and timely, so that interventions can be implemented promptly 
and improved quickly. Of course, susceptibility genotypes are 
likely important modifiers of environmental and maternal risk 
factors; however, the science is still incomplete and its use, par- 
ticularly in resource-poor countries, will likely continue to be 
challenging and expensive. Once incentives and evidence are 
established, prevention needs effective strategies and useful 
tools for implementation and evaluation (Fig. 25.1). Effective, 
high-impact strategies are typically multitiered, from inter- 
ventions that tackle the global socioeconomic determinants 
of health to individual health care delivery such as education 
and counseling. They are typically also person centered, rather 
than organ specific. One example is preconception care that 
focuses not only on cardiac risk factors but promotes women’s 
health overall. Strategically, prevention should have maximum 
population impact for a given amount of resources. For this 
reason, it also is helpful to assess risk factors by their attribut- 
able fraction, as a measure of their contribution to congenital 
heart defects in the population. This epidemiologic metric is 
a nonlinear function of the relative risk for congenital heart 
defects combined with the prevalence of the risk factor in the 
population. Well-designed epidemiologic studies can provide 
these estimates and thus help the development of effective and 
efficient policies. 

Finally, effective strategies need to be implemented in ways 
that are sustainable and pervasive. This requires tools and tech- 
nologies that are practical and easy to use. A simple example 


577 



578 SECTION V ■ From the Gene to the Neonate 


Policy, moral basis for action 
Benchmarks for evaluation 
Focus on cost of not preventing: 
lives, health, quality of life, 
societal expenditures 


A 




i 


Incentive I Evidence 


Scientific basis for action 
Actionable, reviewed, timely 

Focus on modifiable factors: 
primary prevention, lifelong 
health 


Fast, consistent action 
Screening, intervention, 
evaluation 
Focus on broad, simple and 
sustainable action: 

' every woman , every time' 






Tools 


Strategies 


7 


- Efficient, high impact 
- Multitier, person-centered 
- Focus on highest impact on 
prevention and overall health: 
maximize ' return on investment' 




Figure 25.1. From epidemiology to prevention: incentives, evidence, strategies, and tools. 


could be a screening questionnaire for use in a busy clinic, to be 
filled out in the waiting room at every visit, aimed at identifying 
major risk factors for congenital heart defects in a family. Items 
flagged in the screening can then prompt further evaluation, 
education, or referrals. A more complex tool for prevention 
could be a population-based, country-wide surveillance system, 
which can be used to assess changes in prevalence, adverse out- 
comes, or risk factors for congenital heart defects. Such a sys- 
tem would generate timely, ongoing epidemiologic information 
that will help monitor the effectiveness of prevention. This last 
example also underscores the circular nature of the four ele- 
ments of prevention (Fig. 25.1): occurrence and outcomes start 
out as incentives for prevention, the evidence of causal determi- 
nant is generated, effective prevention strategies are developed, 
tools are designed and used in implementation, and finally 
occurrence and outcomes are again evaluated to continuously 
improve prevention, bringing the process to full circle. 

In summary, this review focuses on selected epidemiologic 
aspects of congenital heart defects and discusses their relevance 
in the broader context of primary prevention (Fig. 25.1). The 
discussion makes use of material from several reviews, where 
additional information on epidemiology and risk factors can 
be found (1-5). 


OVERARCHING ISSUES: LIFESPAN PERSPECTIVE 
AND CODING/CLASSIFICATION 

Before examining incentive, evidence, strategies, and tools, it 
is helpful to address two overarching issues — lifespan perspec- 
tive and classification/coding — that have important implica- 
tions for any approach to the epidemiology and prevention of 
congenital heart defects. 

Lifespan, Person-Centered Perspective 

A lifespan perspective views a person’s life as a continuum, 
from preconception to adult life and beyond (Fig. 25.2). This 
perspective provides a helpful framework to assess needs and 
data gaps for the many issues that arise during the lifespan (1). 


Three concepts are particularly important. First, the true 
impact and relevance of congenital heart defects become clear 
only when viewed and measured throughout the lifespan. 
For example, issues such as diagnosis and early treatment are 
more relevant earlier than later in life, but prevalence remains 
an important issue for clinical care throughout life. School- 
ing, employment, and social integration become increasingly 
important as children grow into adults. At the opposite end of 
the lifespan, risk assessment and prevention are best assessed 
in the preconception period. Finally, some issues such as the 
personal and societal costs, while perhaps high in children, 
are best evaluated over an entire lifespan, particularly in the 
current era of improved survival and longer life expectancy. 
Taking a person-centered, lifespan perspective helps appreci- 
ate the many connections among apparently dissimilar issues; 
for example, quality of life is connected to the quality and 
timeliness of diagnosis, treatment, and management, and also 
to the associated complications, disabilities, caregiver stress, 
cost, and social integration. 

Historically the epidemiologic assessment of occurrence 
and outcomes has focused on newborns and young children, 
typically looking at one element at the time (e.g., prevalence 
and mortality). Thus, a second important concept (Fig. 25.2) 
is that our current view and knowledge are in many ways par- 
tial and skewed, with emphasis on the time of birth and early 
childhood but progressively incomplete and uncertain as the 
focus shifts backward into pregnancy and preconception (e.g., 
risk factors) or forward into adult life. In part, this situation 
is understandable. Birth and infancy are critical periods in 
life when many diagnoses are made and crucial medical and 
surgical management is initiated. Also, information on this 
period is more readily available, because most of these activi- 
ties take place in hospitals where data on diagnosis, morbidity, 
and mortality are more easily collected and shared. But — and 
this is the third important concept — as one moves away from 
birth and infancy, the issues not only become more complex, 
but also the data and data systems needed to capture them 
become more difficult and complicated to acquire. Thus, a 
major challenge for epidemiology and prevention is that sig- 
nificant data gaps are found precisely for those issues that are 
more numerous and more complex (Fig. 25.2). Meeting this 
challenge will require a major, long-term, and coordinated 
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Figure 25.2. Lifespan, person-centered perspective: issues, knowledge, complexity. 


effort of epidemiologist, clinicians, and health administrators; 
the benefits would be considerable, including having global 
and accurate basis to plan, implement, and evaluate clinical 
services and prevention. 

Coding and Classification 

Coding and classification are related but different processes. 
Typically, coding translates words from a clinical description 
into well-defined descriptive codes, which then can be used 
for data sharing and epidemiologic analysis. By moving from 
description to a limited set of codes, coding usually entails a 
loss of information. One challenge for a coding system is to 
retain the essential information while discarding the inessen- 
tial. However, what is essential in one application may not 
be essential in others. For example, information on surgical 
procedures or severity of a valvar stenosis is essential in an 
outcome study but not as much in an etiologic study. 

Classification is typically a higher order process. It can 
start from descriptions or even codes, and then uses a set of 
explicit criteria to group cases or phenotypes into meaningful 
analytic groups. Thus, the same (coded) cases can be classified 
differently depending on whether the classification emphasizes 
pathogenetic principles (e.g., neural crest origin), similarities in 
outcomes (e.g., mortality), or anatomy (e.g., cardiac segment 
involved). Also, whereas a given person may be assigned mul- 
tiple descriptive codes, many classification systems try to map 
each person to one primary group. In practice, many coding 
systems are designed also with a default classification structure, 
which is typically hierarchical and based on the code’s digits. 

Coding and classification are crucial because they are the 
basis for all epidemiologic analyses: decisions, inconsisten- 
cies, or errors in coding and classification can affect findings 
significantly. In fact, part of the challenge of comparing and 
aggregating data is the variation or uncertainty in coding and 
classification among different studies. 


To illustrate some of these issues, it is helpful to briefly 
review two commonly used coding system used for many 
applications — the World Health Organization (WHO)’s Inter- 
national Classification of Diseases (ICD) system, and the 
Society of International Surgeons (STS) system — and a classi- 
fication system based on principles of pathogenesis and imple- 
mented in several etiologic studies (Table 25.1). 

The WHO’s ICD system is used by health care systems 
worldwide to generate epidemiologic data, including preva- 
lence and mortality, for many diseases. The ICD is now in its 
10th edition with the 11th in preparation, though the 9th edi- 
tion is still widely used in several countries with some clini- 
cal modifications. The ICD system for congenital heart defects 
is mainly based on anatomy. The hierarchy of codes tends 
to group by regional anatomy. For example, left obstructive 
heart defects are dispersed across different high-level groups, 
depending on whether the structure affected is the mitral valve, 
the aortic valve, or the aorta. As an all-purpose system, the ICD 
system has known limitations in its ability to code the more 
complex cardiac defects or to distinguish degrees of severity 
of a given lesion, and these limitations are particularly felt in 
studies of etiology and outcomes. Nevertheless, many birth 
defect registries and epidemiologic studies still use this system, 
often incorporating the clinical modifications developed for 
ICD-9 and ICD-10 by the British Paediatric Association (BPA), 
now the Royal College of Paediatrics and Child Health. 

Understanding the limitations of the available systems of 
coding and nomenclature for congenital heart defects, several 
leading cardiology organizations have worked to develop new 
systems that could be used internationally and typically with a 
focus on supporting large-scale outcome studies with systematic 
risk stratification. An important step has been the establishment 
of the International Society for Nomenclature of Paediatric 
and Congenital Heart Disease (6). One product has been the 
International Paediatric and Congenital Cardiac Code (7). This 
coding system is available for free (8) and captures not only 
the anatomy but also the clinical correlates and procedures. 
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and Examples 


Epidemiologic 

Clinical 

Etiologic/Pathogenetic 

Focus 

Coding 

Coding 

Classification 

Example 

1 CD-International Classification 
of Diseases and variants (BPA) 

International Paediatric and 

Congenital Cardiac Code 

Clark-Pathogenetic 

Classification and variants 

Used by 
(examples) 

Many health systems worldwide, 
including birth defect registries 

STS; EACTS-European Association 
for Cardiothoracic Surgery; others 

NBDPS; BWIS; others 

Basis 

Anatomy (regional) 

Anatomy, severity, procedures 

Embryology, developmental 
mechanisms 

Main uses 

Assess frequency, patterns, 
basic outcomes (cause of death) 

Evaluate outcomes, treatment, 
incorporate risk stratification 

Find causes, risk factors 

Approach 

Code each finding, without 
prioritization 

Codes clinically relevant lesions 
and procedures 

Select one main diagnosis 
per baby: selection is hier- 
archical, based on earliest 
developmental event 

Strengths 

1. International standard, widely 
used, provides basic metrics 
for many countries; 

1. Incorporates clinically relevant 
details (e g., severity, surgery), to 
improve clinical homogeneity in 
outcome studies; 

1. Incorporates develop- 
mental mechanisms and 
timing, likely relevant in 
pathogenesis; 


2. Can include clinical 
modifications; 

2. Ongoing efforts for international 
diffusion and collaborative 
development 

2. Provides a main “pathoge- 
netic" phenotype for each 
person (one person = one 
diagnosis); 


3. Updated, maintained by major 
international body(WFIO) 

3. Can be mapped to other systems 

3. Provides rationale for 
aggregating (lumping) 
anatomic phenotypes to 
increase ability power to 
detect associations with 
risk factors (e.g., LVOTO) 

Challenges 

1. Limited specificity for rare, 
complex conditions; 

1. Required clinical details typically 
available in medical records but 
not (yet) in administrative records; 

1. Developmental mecha- 
nisms still incompletely 
understood; 


2. Inability to specify degree of 
severity by lesion 

2. Requires careful standardization 
of description, coding, and 
reporting across clinical centers 

2. Will require revisions as 
understanding of pathogen- 
esis evolve 


LVOTO, left ventricular outflow tract obstruction. 


As a dedicated system developed by a team of topic experts, this 
system has many strengths (Table 25.1) and is used in surgical 
centers internationally. One caveat is that it could be complex 
to implement in birth defect registries or administrative settings 
with limited case information and cardiologic expertise. How- 
ever, with cardiology expertise, this system could be used in 
birth defect surveillance, as shown by recent pilot implementa- 
tion studies (9,10). Finally, interactions between those respon- 
sible for the ICD and for the International Nomenclature codes 
may lead to improvements in the cardiac codes of the next edi- 
tions of the ICD . Because of the widespread use of the ICD, such 
changes have the potential to improve the basic epidemiologic 
information from administrative data bases worldwide (6,7). 

By contrast, some systems focus explicitly on classifica- 
tion, rather than coding, and on specific grouping principles. 
One of these systems (Table 25.1) was developed and updated 
by Dr. EB Clark (11,12) and is based on pathogenetic and 
mechanistic considerations, rather than anatomy or clinical 


outcomes. Its main use is in etiologic studies. An explicit goal 
is to improve a study’s ability to identify associations between 
risk factors and congenital heart defects. In such studies, a spe- 
cific challenge is balancing phenotypic detail with sample size: 
one must avoid defining groups so narrowly that each group 
has too few cases (thus losing statistical power and missing 
associations), while not incurring in the opposite error, mak- 
ing groups so broad that heterogeneous conditions are lumped 
(thus also underestimating or missing associations). By 
grouping pathogenetically similar heart defects (e.g., left side 
obstructive defects), sample size is increased while preserving 
pathogenetic homogeneity. One important aspect of this sys- 
tem (and of many classification system) is that, to the extent 
possible, one principal pathogenetic group, the one thought 
to be more basic or occur earlier in development, is assigned 
to each affected person, regardless of the number of cardiac 
malformations (or ICD/STS codes). The groups, mechanism, 
and hierarchy are summarized in Table 25.2. 
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Pathogenetic Classification 
of Heart Defects, with Proposed 
Hierarchy 

Abnormal Situs and Looping 

Heterotaxy, other situs anomalies, L-loop 
Ectomesenchymal Tissue Migration 

Conotruncal septation defects 
Subarterial ventricular septal defect 
Double-outlet right ventricle 
Tetralogy of Fallot 

Pulmonary atresia with ventricular septal defect 
Aortopulmonary window 
Truncus arteriosus 

Abnormal conotruncal cushion position 
D-Transposition of the great arteries 
Branchial arch defects 
Interrupted aortic arch type B 
Double aortic arch 

Right aortic arch with mirror-image branching 
Extracellular Matrix Abnormalities 
Endocardial cushion defects 
Ostium primum atrial septal defect 
Inflow/inlet ventricular septal defect 
Atrioventricular septal defect 
Abnormal Targeted Growth 

Anomalous pulmonary venous return 
Abnormal Intracardiac Blood Flow 
Left heart defects 
Bicuspid aortic valve 
Aortic valve stenosis 
Coarctation of the aorta 
Interrupted aortic arch type A 
Hypoplastic left heart, aortic atresia/mitral atresia 
Right heart defects 

Bicuspid pulmonary valve 
Secundum atrial septal defect 
Pulmonary valve stenosis 

Pulmonary valve atresia with intact ventricular septum 
Perimembranous ventricular septal defect 
Cell Death Abnormalities 

Muscular ventricular septal defect 

Ebstein malformation (hierarchically placed before 
intracardial blood flow defects) 


Assigning a principal diagnosis is not always straightfor- 
ward. One solution in the National Birth Defects Prevention 
Study (NBDPS) was to create specific groups for common 
associations, such as atrial septal defects and pulmonic steno- 
sis (13). Other systems assign multiple defect categories to the 
same baby (14) or add dimensions to the classification scheme 
(15). Typically, the need to consider multiple diagnoses is more 
of an issue in outcome studies, where they can be important for 
risk stratification, than in etiologic research, where in fact hav- 
ing a meaningful principal diagnosis is a methodologic strength. 

In its original form or with modifications, the pathogenetic 
classification has been used in several large epidemiologic stud- 
ies, including the Baltimore- Washington Infant Study (BWIS) 
(16,17) and in some analysis of the Atlanta Birth Defects Case 
Control Study (18,19). Currently it has been incorporated into 
the cardiac classification of the NBDPS, one of the largest ongo- 
ing case control studies on the etiology of birth defects (13). In 
an extension of the original system, the NBDPS classification 
system also stratifies phenotypes based on whether the heart 
defect is simple, an association, or complex (13). The pur- 
pose is to identify a subset of “pure” groups of heart defects, 
defined as simple phenotypes in individuals without extracar- 
diac anomalies. By minimizing anatomic and pathogenetic 
heterogeneity, this approach aims at improving the ability to 
find meaningful associations with risk factors. The other cases 
are still used, but are incorporated later or analyzed separately. 
This approach is most practical in large studies of cases with 
accurate clinical description of both the baby and the heart. 

Finally, these pathogenetic classifications are best imple- 
mented starting from verbatim diagnoses, but, within limits, 
could be used starting from codes. For example, the Interna- 
tional Paediatric and Congenital Cardiac Code/STS codes can 
be mapped to the NBDPS and Clark Classifications, and such 
hybrid systems can in principle retain the clinical precision of 
the former and the pathogenetic perspective of the latter (9). 

In summary, this section briefly described two overarching 
issues — lifespan perspective and classification/coding — that 
have substantial implications for epidemiology and prevention 
of congenital heart defects. Embracing a lifespan perspective 
leads to realizing that our current view of congenital heart 
defects still misses important aspects in the lives of affected 
people and their families, and in doing so, underestimates 
the true impact of such heart defects in people, families, and 
society. Filling these data gaps is a major undertaking. Clas- 
sification and coding are foundational elements of epidemio- 
logic studies: they are the basis of any operational definition 
of what congenital heart defects are and how to group them 
in studies of occurrence, outcomes, and etiology. Clearly, sub- 
stantial thought needs to go into their development and use. 
Also, using well-established coding and classification systems, 
or systems that can be explicitly mapped to them, will be very 
helpful when comparing and aggregating data across studies, 
thus promoting the progress of clinical care, service planning, 
and prevention. With these considerations in mind, the specific 
issues of heart defect epidemiology and prevention (Fig. 25.1) 
can be fruitfully discussed, beginning with “incentive.” 

INCENTIVE FOR ACTION: EPIDEMIOLOGY 
OF OCCURRENCE AND OUTCOMES 


The epidemiology of occurrence and outcomes generates key 
data to assess the true impact of congenital heart defects on 
individuals and society. Knowing the true impact provides 
the incentive for action, whether it is in the form of research, 
primary prevention, or prevention of complications in people 


table 25.2 
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with congenital heart defects. Evaluating occurrence and 
outcomes, however, can be challenging. Selected issues and 
key findings are briefly reviewed. 

Occurrence 

The occurrence of congenital heart defects can be evaluated 
using incidence and prevalence. Technically, incidence measures 
the number of new cases among an initially disease-free cohort 
of at-risk individuals within a specific time frame. Although a 
good measure of the “force” of disease, incidence is difficult to 
measure for congenital heart defects. One difficulty is that the 
disease-free at-risk cohort is formed, strictly, by conceptuses, 
whose number cannot be estimated with any accuracy (20). 
Prevalence, on the other hand, reflects the occurrence of disease 
at a point in time in a defined population. Prevalence therefore 
can be estimated for fetuses at a certain gestational age, still- 
births, newborns, children, adults, or a combination of these. 

Because it can be computed with easily available data, 
prevalence at birth — the number of babies born with a heart 
defect divided by the total number of babies (usually live 
births) in that period — is frequently used as a basic epidemio- 
logic measure of occurrence (20). However, by not including 
early pregnancy losses, birth prevalence will underestimate the 
global impact of congenital heart defects. 

Published estimates of birth prevalence vary considerably 
(4,21,22), even in fairly recent studies (14,23-37). A crucial 
question is to what extent such variation is real or due to meth- 
odology. Real variations can provide valuable clues to causation. 
Variations due to methodology, however, are usually a hin- 
drance: they can complicate many activities, from surveillance 
to outcome assessment to evaluation of the prevention activi- 
ties. In practice, methodologic factors certainly play a role in 
reported rates. To understand the role of these factors, one needs 
to review carefully aspects such as diagnostic practices, case def- 
initions, case classification, inclusion of pregnancy terminations, 
timing of diagnosis (fetal, birth, or childhood), length of follow 
up, and reporting procedures (4,21,22,38). For example, in a 
recent study from a European network of birth defect registries, 
birth prevalence varied considerably by country, even with sys- 
tems using the same central database and procedure protocols 
(36). These variations are likely systematic rather than due to 
chance, so that taking the average across programs has limited 
value (an average is a good approximation when the cause of 
the variation is random error, not systematic bias). 

Several studies published since the 1980s (14,23-36,39) on 
the prevalence of fetal deaths (stillbirths), newborns/infants, 
and children with heart defects are illustrated in Figure 25.3. 

This figure helps to highlight several points. First, most 
studies focus on newborns and infants. Limited data are avail- 
able on fetuses, older children, and adults. While understand- 
able, because of the greater difficulties of population studies 
outside of the newborn period, this scarcity of data signals 
an important gap to fill. Second, heart defects appear to be 
more common among fetal deaths than in other groups. In 
the three studies, from the United States and France (23-25), 
the reported prevalence of heart defects among fetal deaths 
ranged from 13 to 35 per 1,000. The higher figure, from the 
larger and more recent study (25), is probably closer to real- 
ity. Of note, fetal deaths are as common as infant deaths in 
many developed countries, yet their environmental and genetic 
determinants are not well characterized. Third, the estimated 
prevalence in newborns and infants, based on many studies, 
varies widely by area and reporting program, from approxi- 
mately 3 to 14 per 1,000. A more detailed analysis of three 
of these studies (Table 25.3) can help clarify what drives the 
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and temporal variations in the prevalence of heart defects. 
Pediatrics 2001;107:E32.) 


CHAPTER 25 ■ Epidemiology and Prevention of Congenital Heart Defects 583 


i 


TABLE 25.3 


Birth Prevalence of Select Congenital Heart Defects in Three Studies 


BWIS, USA 1981-1989 

Atlanta, USA 1998-2005 

Trondheim, Norway 
1991-2001 

Live Births to 1 y 

Live Births to 6 y. 
Stillbirths, TOP >20 WGA 

Fetuses from 18wks 

GA to at Least 2 y 

Population-Based, 
Multiple Ascertainment 

Population-Based, 

Multiple Ascertainment 

Area Served by one 
Major Hospital 

906,646 Births 

398,140 Live Births 

29,460 Pregnancies 


Group 

Rate 

Rate 3 

Rate 

Heterotaxy, L-TGA 

1.4 

1.7* 

1.0 

Conotruncal defects 

Tetralogy of Fallot 

3.3 

4.7 

2.4 

D-Transposition of the great 
arteries 

2.3 

2.3 

4.8 

Double-outlet right ventricle 

0.7 


1 

Truncus 

0.5 

0.6 

0.3 

Atrioventricular septal defect 


4.1 


With Down syndrome 

2.3 


4.8 

Without Down syndrome 

1.0 


3.4 

Total anomalous pulmonary 
venous return 

0.7 

0.8 

0.7 

Ebstein anomaly 

0.6 

0.6 

0.3 

Right heart defects 



0.0 

Tricuspid atresia 

0.4 

0.5 

0.7 

Pulmonic atresia, intact septum 

0.6 

0.4 

0.0 

Pulmonic stenosis, atresia 

5.4 

5.5 

7.8 

Peripheral pulmonic stenosis 



1.7 

Left heart defects 

Hypoplastic left heart 

1.8 

2.3 

3.4 

Coarctation of the aorta 

1.4 

4.4 

4.1 

Aortic arch atresia/hypoplasia 



0.3 

Aortic valve stenosis 

0.8 

1.1 

4.4 

Septal defects 



0.0 

Ventricular septal defects 

11.2 

41.8 

83.8 

Atrial septal defects 

3.2 

13.1 

19 

Patent ductus arteriosus 

0.9 

2.9 

0.0 

Other major CHD 



2 

Total 

48.4 

81.4 

146 


Rates are per 10,000 births. 

a MACDP rates by defect are not always mutually exclusive. 
b Does not include l-TGA. 

BWIS, Baltimore-Washington Infant Study; TOP, termination of pregnancy; GA, gestational age; WGA, weeks gestational age; L-TGA, L-transposition of the great arteries; 
CHD, congenital heart disease. 
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prevalence of congenital heart defects and the variations that 
are commonly observed. 

In the BWIS, investigators in the North-Eastern United States 
implemented in the 1980s a population-based study of live 
births with heart defects, with follow-up through 1 year of age. 
The BWIS was primarily designed as an etiologic case-control 
study, but because of the high quality of ascertainment, inves- 
tigators generated a set of birth prevalence estimates that have 
been often cited since (of note, ventricular septal defects may 
have been sampled rather than exhaustively included) (16,17). 
The second study, from the Centers for Disease Control and 
Prevention (CDC)’s Metropolitan Atlanta Congenital Defects 
Program (MACDP), reported rates of heart defects from 1998 
through 2005 from four counties in a large metropolitan area 
in the South-Eastern United States (14). BWIS and the MACDP, 
though not identical, have some broad operational similarities, 
including active ascertainment from multiple sources, follow- 
up period through early infancy, and a similar though not iden- 
tical case classification. MACDP also includes stillbirths and 
pregnancy terminations. The third study, from Trondheim in 
northern Norway, combined systematic assessment with prena- 
tal diagnosis to identify heart defects starting from before birth 
(35). Specifically, these researchers systematically evaluated by 
prenatal echocardiography a large, unselected cohort of preg- 
nancies from a well-defined geographic area, first at midgesta- 
tion, then postnatally, with follow-up through 2 years of life. 

Side-by-side comparisons are not completely accurate 
because the defect groups in the MACDP report were not 
mutually exclusive: approximately 10% of babies were 
assigned more than one main defect group and are therefore 
counted multiple times in the categories of Table 25.3 (14). 
Nevertheless, some broad considerations can be made. First, 
these three studies report different overall rates of heart defects, 
with a nearly threefold difference between the lowest (48 per 
10,000 in BWIS) and the highest (146 per 10,000 in Trond- 
heim) estimate. Second, these overall differences are largely 
due to a few common defects, mainly ventricular septal defects 
and to a lesser degree atrial septal defects and pulmonic or 
aortic valve stenosis. The potential for variable ascertainment 
and reporting of these defects, particularly their mild forms, is 
significant. In fact, in the Norwegian study nearly all (96%) 
of the ventricular septal defects were considered minor. Other 
studies support the notion that diagnostic intensity can signifi- 
cantly influence the reported rate of these defects. In one study 
from Japan (40), for example, 2% of an unselected cohort of 
newborns had a ventricular septal defect when evaluated sys- 


tematically at birth by Doppler ultrasonography. Most of these 
were small muscular defects, only about half had an associated 
murmur at hospital discharge, and three-quarters closed spon- 
taneously by 1 year of age (40). A second study also from Japan 
(41), using similar methods in a cohort of 2,067 newborns in 
the first 4 days of life, reported a 5% overall birth prevalence 
of heart defects (503 per 10,000); however, most cases were 
small ventricular septal defects and patent ductus arteriosus 
(41), and over half were said to be asymptomatic and did not 
require intervention. In addition to septal defects, some valvar 
abnormalities are also variably ascertained and reported. For 
example, extrapolating from limited data, investigators have 
estimated that bicuspid aortic valve has a prevalence of about 
0.5% in babies (500 per 10,000) (42) and perhaps of 1% to 2% 
in adults (43). Other defects that can contribute significantly to 
rate variations include small atrial septal defects (sometimes 
difficult to differentiate from patent foramen ovale) and pat- 
ent ductus arteriosus, particularly in preterm infants or in the 
early newborn period. Although some studies report how these 
minor defects have been dealt with, this is not always the case, 
adding to the challenge of interpreting and comparing findings. 

In addition to variations by study and program, some tem- 
poral trends have been noted in several studies. Many studies 
(Fig. 25.3) published in the earlier part of the 1980s tended 
to report a birth prevalence of heart defects between 4 to 
6 per 1,000, whereas studies published in more recent years 
reported rates closer to 8 to 9 per 1,000, sometimes higher 
(14,28,35,39,44). Direct evidence for time trends within the 
same reporting program has also been reported in several 
countries (15,39,45). These studies show two main findings. 
First, reported rates increased the most for the clinically milder 
defects, compared to the more severe defects. Second, the time 
frame of these trends roughly coincides with the increasing use 
of echocardiography: rates rise quickly in the 1980s and slow 
considerably, sometimes to a plateau, in the 1990s (15,39,45). 
An example of such pattern is illustrated in Figure 25.4, focusing 
on right-sided obstructive defects in Metropolitan Atlanta (39). 

In that study, reported rates increased roughly in proportion 
to the severity of these defects. The rise was sharpest and high- 
est for peripheral pulmonic stenosis, less for valvar stenosis, 
and minimal for pulmonary atresia with intact septum (39). 

These data in the aggregate indicate that most of variations 
observed between programs is driven by ascertainment and 
reporting, mainly (but not only) of less severe heart defects. 
A related factor, now of greater importance that in the past, 
is prenatal screening and diagnosis. In many developed 


Figure 25.4. Trends in birth prevalence of 
selected right-sided obstructive heart defects, 
Metropolitan Atlanta. (Data from Botto LD, 
Correa A, Erickson JD. Racial and temporal 
variations in the prevalence of heart defects. 
Pediatrics 2001;107:E32.) 
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countries, most pregnant women undergo a prenatal ultra- 
sound examination, sometimes several times during the 
pregnancy. Depending on the type and intensity of prenatal 
examinations, the fraction of congenital heart defects that are 
diagnosed before birth can be substantial, particularly those 
that can be detected with simpler screening views (e.g., four- 
chamber) by practicing obstetricians. In the Norwegian study, 
for example, the high prevalence of heart defects (Table 25.3) 
is likely also due to the study’s systematic prenatal assessment, 
possibly augmented by the identification of cases of chromo- 
somal anomalies such as Down and Turner syndromes that 
have a high fetal mortality and may be overrepresented in 
fetuses compared to live born infants. 

In summary, available data strongly supports that the observed 
variations in the birth prevalence of heart defects are mainly due 
to methodology rather than biology. Biology may play a role, but 
probably a minor one. For example, rates of selected heart defects 
vary to some degree by race and ethnicity as well as sex: studies 
from different countries quite consistently document higher rates 
of D-transposition of the great arteries and aortic stenosis in boys 
than in girls, and in non-Hispanic whites than in non-Hispanic 
blacks (14,30,39,46,47). However, these variations, while helpful 
as clues to etiology, would explain at most a very small fraction 
of the rate differences among studies. 

Prevalence Beyond Infancy and Early Childhood 

Compared to birth prevalence, the prevalence of congeni- 
tal heart defects in older age groups is much less known 
(Fig. 25.3). For example, an early estimate from the American 
Heart Association put the number of adults with congenital 
heart defects at one million adults (or ~1 in 300 people), but 
was based on very little data. A more formal estimate, pub- 
lished in 2001 by a task force convened by the United States 
National Institutes of Health (NIH) (48), estimated that in 
2000, 1 in 350 people in the United States was an adult with a 
congenital heart defect (or -800,000 in total), with about half 
of these having a moderate or severe heart defect (Fig. 25.5). 

These numbers were generated not from direct population 
surveys of adult patients but from mathematical models that 
combined birth prevalence data with estimated survival rates 
to estimate a cross-sectional snapshot of people of different 
ages living to the year 2000. Of note, these estimates indicated 
that the number of adults with congenital heart defects sur- 
passed that of children. In fact, using the total United States 
population as the denominator (275 million people), the data 
from NIH-convened panel suggested that 1 in 195 people 


■ Children, total=623,000 (1 in 440 people) 

■ Adults, tota 1=787,000 (1 in 350 people) 



People with a congenital heart defect 

Figure 25.5. Number of adults and children (and rate per 
total population) estimated to live with a heart defect in the 
year 2000, by severity of congenital heart defect. (Data from 
Warnes CA, Liberthson R, Danielson GK, et al. Task force 1: 
the changing profile of congenital heart disease in adult life. / 
Am Coll Cardiol 2001;37:1170-117 5.) 


(children and adult combined) living in the United States in 
the year 2000 had a congenital heart defect. 

These estimates are important for several reasons. Although 
not based on actual surveys done in the different age groups, 
the figures generated by mathematical modeling used reason- 
able assumptions on birth prevalence and survival by broad 
groups of heart defects. These estimates also tried to incorpo- 
rate the typical life course of common congenital heart defects; 
they assumed, for example, that most instances of ventricular 
septal defect and patent ductus would have resolved by adult- 
hood, thus decreasing their prevalence in adults compared to 
children. The grouping of heart defects (simple, moderate, 
and severe) was also meaningful: these categories, based not 
only on anatomy but also associated procedures and likely 
outcomes, tried to reflect overall clinical needs, thus provid- 
ing some basis for planning services for adults with congenital 
heart defects. Also, as noted, the higher number of adults than 
children with congenital heart defects emphasizes the need for 
specialized adult services in the community. Finally, the very 
fact that modeling was required to generate these estimates 
highlights the current, significant data gaps and the crucial 
need to have systems in place to gather valid primary data. 

More recently, studies have begun to directly assess the 
prevalence in older children and adults. Typically, this has been 
possible in countries other than the United States, with popu- 
lation-based integrated health care systems and databases. For 
example, researchers in Quebec linked two large provincial 
healthcare databases (49) to identify people of all ages who 
had encounters with the health care system for congenital 
heart defect diagnoses or procedures. The resulting estimates 
of prevalence in adults and children were in the range of those 
modeled in the earlier United States study. As a fraction of 
the overall Quebec population in 2000, 1 in 165 people had a 
congenital heart defect: 1 in 288 was an adult with a congeni- 
tal heart defects and 1 in 388 was a child (<18 years) with a 
congenital heart defect (49). This study also noted an increas- 
ing prevalence over time of the prevalence of congenital heart 
defects in both adults and children. Even taking into account 
the limitations of administrative databases, this is an impor- 
tant study because it directly evaluated the number of people 
with congenital heart defects in a population-based setting. 

Whereas it is tempting to extrapolate these findings to the 
United States and other developed countries, it is important 
that each country develops the resources to perform these 
studies on an ongoing basis. Also, these estimates, while very 
important, are only the beginning, as they reflect the past 
rather than the present. For example, according to both the 
United States and Quebec studies (48,49), the number of 
adults with congenital heart defects is projected to increase 
with time, perhaps by 5% per year (50). Including conditions 
such as bicuspid aortic valve, the rate of significant disease in 
adults could be even higher (43,51-53). 

In summary, for the first time the high and increasing 
numbers of adults with congenital heart defects is being actu- 
ally documented. Significant gaps still remain. Crucial needs 
include ongoing monitoring of these trends, improving data 
quality (including validation), and expanding data coverage 
to the entire population. This information will be extremely 
helpful in evaluating and meeting clinical needs, particularly in 
adults, and evaluating prevention — in short, in moving “from 
numbers to guidelines” (48,49,54,55). 

Improving Occurrence Data 

This brief review of the occurrence of congenital heart defects, 
including prevalence at various ages, highlighted several meth- 
odologic challenges that can limit the usefulness of the data 
for planning and prevention. M;- of these challenges are 
solvable in principle (Table 25.4). 
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TABLE 25.4 

Prevalence of Congenital Heart Defects: Importance of Person, Place, Time, 
and Implications for Prevention 

Issue 


Comment and Implications 

Defining heart defects 

Evaluating heart defects in the aggregate has limited value: rates of clinically minor defects drive overall 
rates and depend critically on diagnostic and reporting intensity, etiology and prevention are unlikely 
the same across all types of heart defects, and the benefits of prevention are also a function of clinical 
severity. 

More informative to study, report, and monitor specific types of heart defects or, at a minimum, well 
defined classes of heart defects, defined by severity or pathogenesis, depending on the goal of the study. 



Exclusions, coding and classification affect findings, sometimes substantially: important to describe 
completely in report and use consistently. 

Separate isolated cases from multiple congenital anomalies and genetic syndromes. 

Geographic variations 

Also driven mostly by clinical practice and reporting methodology. When evaluating trends after interven- 
tions, best to use the same area or program as baseline, to minimize the influence of methodologic issues. 

Time trends 


Baselines and analytic techniques must be chosen carefully when evaluating prevention interventions 
(e.g., diabetes, flour fortification): preceding time trends need to be identified and adequately incorporated 
(typically requires statistical modeling). 



Trends can be valid, even in the presence of incomplete ascertainment, so long as the ascertainment 
fraction remains constant: methodologic consistency is key in longitudinal assessment. 


Briefly, in evaluating prevalence it is very helpful to think in 
terms of person, place, and time. In practice, this means clearly 
defining first the “person,” namely, the study population and 
the heart defects (including method of coding and classifica- 
tion, inclusion, and exclusions) in addition to data sources 
and reporting procedures. Defining “place” is also important, 
because of well-known geographic variations in prevalence. 
One implication of these geographic variations is that when 
evaluating interventions, it is crucial to have preintervention 
baselines that are local (this obvious step can be forgotten in 
the haste of implementing prevention strategies). Finally, the 
element of “time” is important not only as a reminder to assess 
temporal trends, but also to highlight the need to expand stud- 
ies to adolescents, adults, and the elderly, so that their needs 
are better assessed and met. 

World Perspective 

With the caveats just described, some minimal generalizations 
can probably be made about the international occurrence of 
congenital heart defects. The aggregate data described so far 
(including those in Table 25.3) suggest a birth prevalence of 
approximately 2 to 3 per 1,000 for the clinically more severe 
conditions, increasing to 6 per 1,000 when including also 
moderately serious conditions (21), and summing to 9 per 

1.000 to perhaps 15 to 20 per 1,000 when further including 
smaller septal defects and milder valvar stenoses (35,40). Add- 
ing bicuspid aortic valve might add another 5 to 10 per 1,000 
cases to these estimates. In numbers, among the estimated 
140 million births occurring yearly worldwide, the overall 
number of babies born with heart defects could be in the order 
of 1.2 million per year (9 per 1,000), of which approximately 

300.000 to 400,000 will have what may be considered severe 
heart defects (2 to 3 per 1,000). 

However, generalizing findings from relatively small study 
areas in a few developed countries to the rest of the world, 
while useful as a broad indicator of global impact, requires 
considerable caution. The best estimates from good studies in 
developed countries are probably a reasonable starting point 
(21,56-58), and have been used in the latest March of Dimes 


global report on birth defects (59). In fact, because of the chal- 
lenges of obtaining accurate data on congenital heart defects 
in resource-poor areas, such extrapolations are probably a 
better approach than relying on local data of lesser quality. 
Nevertheless, these extrapolations may underestimate the true 
numbers. The occurrence of congenital heart defects in devel- 
oping countries may be higher than in developed countries for 
several reasons, including higher rates of consanguinity and 
greater exposure to nutritional, maternal, or environmental 
risk factors. From a prevention perspective, the large fraction 
of affected births from developing countries underscores the 
urgency for effective primary prevention, and in particular 
prevention that is comprehensive, inexpensive, and focused on 
modifiable risk factors associated with the largest fraction of 
disease in the population. 

Occurrence: The Future 

As discussed, the prevalence in older children and adults is 
likely to increase for several years as survival rates improve 
worldwide. Prevalence at birth may also change over time. 
Some factors have already been examined, such as the more 
complete and earlier ascertainment of milder or minor heart 
defects. Additional factors that could have a significant impact 
on current rates and trends include pregnancy termination, 
universal neonatal screening, and changing prevalence of risk 
factors. A few examples are discussed by way of illustration. 

Impact of Prenatal Terminations 

A major challenge will continue to be the assessment of fetal 
deaths and pregnancy terminations with congenital heart 
defects. In some areas, pregnancy terminations account for 
a substantial fraction of cases of selected congenital heart 
defects. In a study of a selected group of European birth defect 
registries, with data through 2005, 6% of all cases of heart 
defects not associated with chromosomal anomalies were ter- 
minations of pregnancy, with variations across registries and 
type of congenital heart defect (36). In that study, the reported 
rate of prenatal diagnosis was fairly low (13%), suggesting that 
terminations of pregnancy could account for a higher fraction 
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Figure 25.6. Pregnancy termina- 
tions as proportion of all cases of 
hypoplastic left heart syndrome; 
selected birth defect programs of 
the International Clearinghouse 
for Birth Defects Surveillance 
and Research, 2007. (Data from 
International Clearinghouse for 
Birth Defects Surveillance and 
Research. Annual Report 2009, 
with data for 2007. In: Mastroi- 
acovo P, ed. Rome, Italy, 2009.) 


of cases in the future, as the prenatal diagnosis of severe cases 
increases. In a related study from the same database, selected 
heart defects, including hypoplastic left heart syndrome and 
single ventricle, contributed to late terminations of pregnancy, 
after 23 weeks of gestation (60). 

The impact of pregnancy termination can be considerable in 
particular for certain heart defects. As an example, Figure 25.6 
summarizes the data on hypoplastic left heart syndrome 
reported to the International Clearinghouse for Birth Defects 
Surveillance and Research for the 2007 birth cohort, including 
only programs that ascertain pregnancy terminations, had real- 
istic overall birth prevalence rates (2 per 10,000 or more, see 
Table 25.3), and at least 10 or more cases of the condition (61). 

In some areas, particularly in Europe, pregnancy termina- 
tions account for half or more of all cases of hypoplastic left 
heart syndrome. In North America, this fraction seems to be 
consistently lower, under 10%. Ascertainment of pregnancy 
terminations can be difficult and reported rates may vary for 
methodologic reasons as well. Nevertheless, these findings 
underscore how studies that fail to incorporate pregnancy 
terminations will underestimate the overall occurrence and 
impact of congenital heart defects. In etiologic studies, failure 
to include pregnancy terminations could introduce potentially 
significant biases; for example, if an exposure (e.g., smoking 
or medical use) is associated with the likelihood of a preg- 
nancy termination. Finally, increasing pregnancy termination 
rates, if unaccounted for, can lead to an apparent drop in 
birth prevalence, and conversely, with fewer pregnancy termi- 
nations, birth prevalence may appear to increase and cause 
unnecessary community concerns. Systematically including 
pregnancy terminations in epidemiologic monitoring can help 
clarify these issues. 

Neonatal Screening 

Universal neonatal screening by pulse oximetry has been pro- 
posed for the early detection of certain critical cyanotic con- 
ditions, and is already being implemented either clinically 
or in pilot studies, mainly in parts of North America and 
Europe (62-73). Leaving aside the advantages and challenges 
of this approach, which are still a matter of discussion, uni- 
versal screening could speed the identification and reporting 
of selected severe heart defects. High-quality registries with 


multiple sources of ascertainment through infancy would be 
unlikely to miss many such cases; in these areas, the birth prev- 
alence of these heart defects would probably change little if at 
all, though some cases would be identified and reported earlier 
than before screening. Advantages for epidemiologic monitor- 
ing would be seen mainly in areas with only basic registries or 
none at all. In fact, universal screening, if properly organized, 
would create a valuable repository of information on selected 
major congenital heart defects for the entire screened popula- 
tion. Such population-based data would support some of the 
key clinical and public health activities on a much larger scale 
than has been possible so far, including monitoring trends, 
assessing outcomes, conducting etiologic studies, and evaluat- 
ing prevention interventions. 

Changes in Risk Factors 

Current population trends suggest that the prevalence of some 
known risk factors for congenital heart defects is changing. 
One example is the increasing maternal age in many devel- 
oped countries. This could lead to an increase in pregnancies 
with heart defects associated with maternal-age dependent 
chromosomal syndromes. The increase would likely be small 
on a yearly basis, and probably undetectable unless the data 
are examined carefully. The prevalence at birth of these heart 
defects would also depend on the concurrent use of fetal diag- 
nosis and pregnancy termination. As a risk factor, the popula- 
tion distribution of maternal age is difficult to modify, though 
education and preconceptional counseling could have an 
impact in individual situations. A more pervasive concern is 
the rise of some risk factors such as maternal pregestational 
diabetes, especially if untreated or unrecognized. As discussed 
in the section on risk factors, diabetes is already increasing in 
several countries: the combination of high frequency, increas- 
ing trends, and high teratogenic risk makes diabetes a clinical 
and public health priority in pediatric cardiology. 

Detecting the Next Epidemic of Congenita! Heart Defects 

Several of the potential causes of rate increases so far discussed 
are to some extent predictable. A different concern is the unex- 
pected, unpredictable introduction of a teratogen that could 
cause an epidemic of congenital heart defects. Known cardiac 
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teratogens such as retinoic acid and rubella can and have caused 
clusters of heart defects. Monitoring for the next unknown 
teratogen-induced “epidemic” of birth defects is a stated goal 
for many monitoring programs. Effective monitoring has to 
balance the ability to detect true changes (high sensitivity, low 
false-negative rates) with the cost of investigating false alarms 
(false-positive rates). In practice, this requires continuously dis- 
criminating among the multitude of signals to identify those 
with the greatest epidemiologic and biologic plausibility. Setting 
the bar too high or too low can lead to missed epidemics, either 
because these are missed altogether (bar too high) or because so 
many investigations are started with limited resources (bar too 
low) that some crucial element could be missed. 

A typical challenge, for example, is detecting increases of 
one type of heart defect because of a teratogenic exposure in 
one part of a country. The often shifting background rates, 
the challenges of ascertainment, and the limited resources for 
population-based surveillance make such ongoing monitor- 
ing extremely challenging. Rising to these challenges requires 
increased resources and innovative approaches, some of which 
are summarized in Table 25.5. 

These approaches strive to improve the quality of clinical 
description and cardiology expertise available to monitoring 
programs, and to implement a structured, accurate, and rapid 
response to a concerning “signal.” Particularly in small clusters 
and when very difficult to otherwise detect, pediatric cardiolo- 
gists can play an important role as the “astute clinicians,” who 
note unusual occurrences (e.g., rare defects clustering in time 
and space) and activate the public health system for further 
triaging. The subsequent epidemiologic investigations could 
identify new or emerging causes of congenital heart defects 
and prevent further epidemics. 


Mortality 

Preventing congenital heart defects has a significant poten- 
tial for decreasing infant deaths. Worldwide, congenital heart 
defects are the leading cause of infant deaths due to congenital 


anomalies (57,74). In the United States, population-based 
estimates using vital records indicate heart defects as the cause 
of 1 in 24 neonatal deaths overall (4.2%) and 1 in 4 neonatal 
deaths due to birth defects (24.5%) (75). In Europe, data from 
Eurocat registries suggests that heart defects also account for 
approximately 1 in 4 early neonatal deaths to birth defects 
(36). Among infants <1 year of age, heart defects may contrib- 
ute to one-third of infant deaths due to congenital anomalies, 
and, overall, to approximately one-tenth of all infant deaths 
(57,74). Data from developing countries is scarce, but the early 
impact of defects is likely even higher than in developed coun- 
tries, because of the lack of resources to effectively treat babies 
with severe heart defects. In one study based on WHO data, 
infant mortality due to birth defects was roughly in inverse 
proportion to a country’s per capita gross domestic product 
(74). From a prevention perspective, these findings underscore 
the global impact that low-cost, effective strategies of primary 
prevention may have worldwide. 

Mortality on a population level can be monitored, readily 
but with some limitations, using death certificates. Using this 
approach, researchers have documented how in the United 
States, mortality from congenital heart defects has been declin- 
ing for decades (76,77), and by nearly 2% per year from 1979 
through 1997 (76). More recent data (78) continues to show 
a decline in mortality, at an average rate of 3.6% per year in 
more recent years. Figure 25.7 combines the data from these 
two studies (76,78), and shows the overall mortality declining 
from 2.5 to 1 per 100,000 population from 1979 to 2006, an 
overall 60% decline in 27 years. 

Mortality still remains highest in infancy. Throughout the 
period shown in Figure 25.7, half of all deaths from congenital 
heart defects occurred before 1 year of life (76,78). Mortality 
associated with selected heart defects using the most recent 
United States data is shown in Figure 25.8 (78). 

A few types of heart defects accounted for most infant 
deaths, with hypoplastic left heart syndrome being by far the 
major contributor. Of note, mortality due to hypoplastic left 
heart syndrome decreased between 1999 and 2006, whereas 
this was not as apparent earlier, from 1979 to 1997 (76). 


Detecting the Next Epidemic of Heart Defects: Areas for Improvement 

Action 

Value 

Population-based monitoring 

Ensures coverage, decreases likelihood of bias (e.g., referral bias) 

Clinical description and 
classification 

High-quality description, coding, and classification, based on verbatim descriptions improves 
accuracy and precision, allows for monitoring of biologically meaningful groups of defects 

Clinical collaboration 

Pediatric cardiologist collaborating with public health epidemiologist can provide critical clinical 
expertise to inform and improve monitoring (case review, coding, classification) 

Spatial analysis 

Improves detection of spatially confined clusters, such as in agricultural areas (pesticides), near 
hazardous waste sites (contaminants), or in population areas with disadvantaged socioeconomic 
status (e.g., border areas) 


Can be added to temporal analysis (time clustering) 

National and international 
networks 

Collaborative monitoring and data sharing allows for "alarms" in one area or country to be quickly 
examined ortested elsewhere. Networks can also share expertise and protocols (e.g., protocols to 
investigate apparent clusters) 

Concurrent monitoring of risk 
factors 

Monitoring of known or putative risk factors can be done on a population level (e.g., rates of 
diabetes in a province or country) and also individually (screening questionnaires for parents) 

Network of astute clinicians 

Promotes timeliness and sensitivity: astute clinicians can detect quickly small clusters, generate 
accurate clinical information, provide clues to exposures, and facilitate contact with affected 
families for further investigations. 

Challenge is minimizing unnecessary alarms (false positives) 
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Figure 25.7. Overall mortality from congenital heart defects 
(age adjusted), calculated as deaths per 100,000 population in 
the United States from 1979 to 2006. (Data from Boneva RS, 
Botto LD, Moore CA, et al. Mortality associated with congeni- 
tal heart defects in the United States: trends and racial dispari- 
ties, 1979-1997. Circulation 2001;103(19)*.2376-2381; Gilboa 
SM, Salemi JL, Nembhard WN, et al. Mortality resulting from 
congenital heart disease among children and adults in the United 
States, 1999 to 2006. Circulation 2010;122(22):2254-2263.) 

Some data are emerging also for older ages. In the United 
States, most deaths after infancy (76%) are occurring in adults 
rather than in older children (78). The declining mortality 
among adults and their associated findings were also described 
by other investigators using the same mortality files (79). 

These studies using death certificates provide important 
data. However, because they are based on death records alone, 
changes in the underlying birth cohort are not accounted for. 
For example, mortality (deaths per 100,000 population) could 
decrease not only when survival improves, but also when birth 
prevalence decreases, either as an effect of primary prevention 
or of increased pregnancy termination of affected fetuses. These 


situations cannot be distinguished based on death certificates 
alone. For this reason, these data need to be complemented 
by occurrence studies. Also, studies that follow a well-defined 
cohort of people with congenital heart defects over time and 
assess their outcomes are very important. However, such studies 
typically are difficult and complex, particularly on a population- 
basis, but can be feasible in countries with robust population- 
based health registries and universal health care. Nationwide 
studies have not been done in the United States. However, with 
the expansion and linkage of clinical, surgical, and birth defect 
registries, they might be feasible in the future (80). In Denmark, 
population-based linkage studies were able to estimate mortal- 
ity in the entire nationwide cohort of people born with heart 
defects, from 1977 through 2006 (81). A major finding was this 
cohort's excess risk of death compared to the general popula- 
tion that extended well beyond childhood. It also documented a 
declining mortality among adults with several types of congeni- 
tal heart defects. In Quebec, using linked administrative data- 
bases, Canadian investigators were able to evaluate mortality in 
a population-based group of over 70,000 people with congeni- 
tal heart defects (82). The study documented gains in survival in 
all age groups, including adults, but particularly among infants 
with the more severe types of congenital heart defects (82). 

Even if not truly population-based, helpful data can also 
come from networks of hospitals that cover a large fraction 
of a country. One such study from Belgium documented the 
improving survival for specific types of congenital heart defects 
in children followed by the country’s seven pediatric cardiol- 
ogy centers (83); by focusing on one center, investigators were 
also able to demonstrate improved survival for older birth 
cohorts (84). In the United States, a few population-based 
cohort studies have been conducted using state registries of 
birth defects. One such study, from Texas, assessed survival in 
a cohort of children with functional single ventricle, including 
hypoplastic left heart syndrome (85). Aside from documenting 
variations in survival by type of anatomy and presence of ext- 
racardiac malformations, the study also confirmed declining 
mortality in this complex group of conditions, specifically a 
47% decline from 1996 through 2003 (85). 
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Figure 25.8. Infant mortality 
from selected congenital heart 
defects, calculated as deaths per 
100,000 livebirths in the United 
States from 1999 to 2006. (Data 
from Gilboa SM, Salemi JL, 
Nembhard WN, et al. Mortal- 
ity resulting from congenital 
heart disease among children 
and adults in the United States, 
1999 to 2006. Circulation 
201 0;1 22(22) :2254-2263.) 
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From a prevention perspective, improving survival is a 
major goal, ideally through primary prevention, but also 
through preventing complications and optimizing health in 
people born with heart defects. Evaluating the effects of pre- 
vention will likely require using a combination of epidemio- 
logic approaches. Population-based studies with longitudinal 
follow up would be of greatest help, particularly, as discussed 
next, because they would be suited to evaluate not only sur- 
vival, but also other important outcomes including disabilities, 
morbidities, and quality of life. 


Developmental Disabilities 

In estimating the impact of prevention on the life of people 
with congenital heart defects, it is crucial to include neurode- 
velopmental outcomes. In one survey, clinicians and parents 
alike rated neurologic disability a greater concern than cardiac 
disability when considering quality of life for children with 
congenital heart defects (86). With improving survival, these 
outcomes are of increasing relevance and constitute an area of 
rapidly increasing research (87-89,90,91 -96). 

Neurodevelopmental outcomes and related clinical issues 
are discussed in detail elsewhere (see Chapter 73). From an 
epidemiologic perspective — the focus here — the frequency, 
range, and causes of neurodevelopmental outcomes associated 
with congenital heart defects are still incompletely known. 
Nevertheless, accumulating data suggest the following consid- 
erations. 

First, neurodevelopmental challenges are common in chil- 
dren with a congenital heart defect who also have an identi- 
fiable genetic condition, such as deletion 22qll, or multiple 
congenital anomalies. In some cases, the genetic condition is 
undiagnosed at the time of cardiovascular evaluation (97). 
However, children without syndromes or apparent extracar- 
diac involvement are also at increased risk for adverse neu- 
rologic outcomes. Microcephaly, neuronal migration defects 
and Chiari I malformation have been identified in children 
with apparently isolated congenital heart defects (98). In 
some cases, subtle brain anomalies or altered hemodynamics 
could be present prenatally in fetuses with some heart defects 
(93,99), as evidenced by small fetal brain volume and signs 
of impaired brain metabolism on magnetic resonance imag- 
ing and spectroscopy (99). After birth, hemodynamics, cya- 
nosis, or the stress and complications of surgery, associated 
with low birth weight or preterm birth could also play a role 
(94,97,100-104). It is debated whether children after cardiac 
transplantation (105) or surgery for single ventricle physiol- 
ogy (100) are at higher risk for adverse neurodevelopmental 
outcomes. 

In general, it appears that in the absence of genetic condi- 
tions and severe postnatal complications with brain damage, 
intellectual disability is probably rare, with overall intelli- 
gence typically within the normal range in older children and 
adolescents. However, deficits in executive function, atten- 
tion deficit and hyperactivity disorders, and neuropsychiat- 
ric conditions such as anxiety and depression could be more 
common than previously thought. In a systematic review of 
studies published between 1990 and 2008, Swiss investiga- 
tors examined 23 studies, including randomized controlled 
trials, case control, or cohort studies, which evaluated psy- 
chological parameters in people with congenital heart defects 
between 2 and 17 years of age and follow-up of at least 
2 years after open heart surgery (106). This review noted the 
wide range of methodologic quality of the studies, with most 
studies deemed to be of moderate quality. In their summary 
of findings, these investigators concluded that according to 
their parents, a substantial fraction of children experienced 
psychological maladjustment, particularly in children with 


severe heart defects or developmental delay. Nevertheless, 
studies of long-term psychological adjustment evaluated by 
self reports tended to indicate good psychological outcomes. 
The overall conclusion of the review was that a significant 
fraction of children and young adults who underwent open 
heart surgery for congenital heart disease (CHD) were at risk 
for psychological maladjustment but not overt intellectual 
disability (106). 

Such information is useful in planning management and 
identifying underrecognized issues, such as the need for testing 
and early intervention. However, with improving prenatal and 
postnatal management, it is unclear whether what we know 
now of adolescents and adults, born and treated sometimes 
decades ago, can be used to counsel the parents of today's 
babies. For this reason, it is crucial to develop epidemiologi- 
cally robust, longitudinal studies of developmental outcomes. 
Studies that follow population-based cohorts would be par- 
ticularly helpful, as they would capture the entire spectrum 
of people born with heart defects and would be less prone 
to biases compared to studies based on one or few referral 
centers. 

Some progress is being made along these lines. In Norway, 
investigators are utilizing the Norwegian Mother and Child 
Cohort Study (MoBa), a prospective cohort study conducted 
by the Norwegian Institute of Public Health, to examine 
a wide range of outcomes in children with congenital heart 
defects and their parents. In one such study, investigators 
linked the cohort of 44,000 children to the Norwegian nation- 
wide heart defect registry. They identified 175 children 3 years 
of age with congenital heart defects, 60 of whom had severe 
defects. They then examined the results from maternal ques- 
tionnaires relative to the child's motor, communication, and 
social impairment (for this study, investigators used the data 
collected prospectively at birth, 6, 18, and 36 months). They 
found that, compared to controls, children with severe heart 
defects had more than a threefold risk for communication and 
gross motor impairments, and a twofold increased risk for any 
developmental impairment. Children with mild and moder- 
ate heart defects had a twofold higher risk for gross motor 
impairment but did not otherwise differ from controls. Of 
note, impairments were more frequent among children already 
noted to have developmental delays and a smaller head size at 
birth (107). The investigators recommended early assessment 
for motor and communication support provided in children 
with congenital heart defects, particularly severe types, with 
the goal of improving long-term outcomes. In a related study 
(108), investigators from the same group examined whether 
these same children had a higher risk of internalizing or exter- 
nalizing emotional problems at 36 months of age compared 
to controls. They found no evidence of increased risk and 
speculated this finding could be related to the fact that these 
children had completed the bulk of their medical and surgical 
treatment (108). These studies are notable not only for their 
methodologic strength and results, but also as an example of a 
systematic, large-scale approach to evaluating health and out- 
comes over the lifespan. Its ongoing design will hopefully con- 
tinue to generate additional outcome data on older children 
and young adults. 

In summary, some children with congenital heart defects 
appear to be at risk for adverse development and psychologi- 
cal outcomes, although their frequency, magnitude of risk, 
and predictors have not been clearly defined. The impact 
of these outcomes in terms of use of services, cost, disabil- 
ity, and quality of life for patient and family has not been 
formally evaluated. Incorporating these outcomes into the 
“cost” of congenital heart defects would provide a more 
realistic evaluation of the potential benefits of primary pre- 
vention, and a further incentive for research and preventive 
interventions. 
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Quality of Life 

Health-related quality of life is a focus of increasing interest 
in pediatric cardiology. By definition, quality of life is a mul- 
tidimensional construct that integrates an individual’s subjec- 
tive perception of physical, social, emotional, and cognitive 
functioning. This definition highlights the construct’s major 
strength, namely, bringing to the forefront the subjective 
perspective of the person with a congenital heart defect (and 
the family). The need for long-term studies of quality of life 
is increasingly recognized (90,109). Such studies also try to 
incorporate dimensions, often missed by other approaches, 
such as school functioning, social functioning, independent 
living, and social integration (88). Because such perspectives 
are not retrievable from clinic and administrative records, 
quality of life studies require new skill sets as well as novel 
methods and tools (110-113). In fact, a major challenge has 
been the scarcity of validated assessment tools targeted at peo- 
ple with congenital heart defects and their families. Because of 
this, many studies are difficult to compare and summarize: a 
recent review found that in 12 studies of quality of life studies 
in people with congenital heart defects (106), eight different 
assessment tools were used, and only three were used in more 
than one study. Having common validated tools will help 
speed progress in this field. With these limitations in mind, it 
is not surprising that current findings are often inconsistent, as 
may also be expected for an outcome that depends on a web 
of factors, including disease severity, surgery, health care sup- 
port, family support, insurance coverage, income, and societal 
attitudes toward chronic illness (90,114-118). 

For example, one population-based study in Finland found 
reasonably good outcomes in a group of people with congeni- 
tal heart defects (mainly mild-to-moderate conditions such as 
septal defects), including educational attainment, employment 
level, and frequency of steady relationship (119). By contrast, 
several studies in North America and Europe reported worse 
health-related quality of life in people with congenital heart 
defects compared to reference groups (120-123). Such out- 
comes in some studies appeared to vary by anatomic lesion and 
surgeries (116,124), family income (114), and age (125-127). 
Also, obtaining employment, health insurance, and mortgages 
were noted as challenges in the United States (128), even for 
people with mild heart defects (129). 

These data should be viewed as exploratory and prelimi- 
nary, given the heterogeneity in methods and results across 
studies. A recent systematic review (106) found that in four of 
the 12 studies analyzed, quality of life of selected congenital 
heart defects (not always the same across the different studies) 
was comparable to normative samples according to proxy- 
(130,131), self- (132) or combined reports (133). One study 
even observed a better self-reported quality of life compared 
to healthy norms in a large sample of children with transposi- 
tion of the great arteries undergoing surgery (116). In contrast, 
four studies reported an impaired quality of life in many self- 
and most proxy-reported dimensions (114,120,134,135). Two 
studies compared quality of life of children with congenital 
heart defects with that of children with other chronic illnesses: 
one study found better proxy-reported quality of life among 
children with congenital heart defects (135), whereas the other 
study found the converse (131). However, these studies are dif- 
ficult to compare because they used different tools that tended 
to measure different dimensions of quality of life (106). 

Some studies have tried to identify clinical predictors of 
quality of life, with inconsistent results. For example, a poorer 
quality of life was associated only in a minority of studies with 
the complexity of heart defects, type of surgery, duration of 
circulatory arrest, and number of surgical procedures (106). 
In two studies, a poorer quality of life was observed with post- 
operative complications, length of hospital stay, and current 


need for cardiac medication (114,134). Factors that influenced 
parental quality of life in at least one study included being 
unemployed or having a low income because of the child’s 
health condition (114), the presence of an adverse family rela- 
tionship (114), and parental stress at follow up (136). Finally, 
in two studies, older age at follow-up assessment was associ- 
ated with a better quality of life (120,135). 

In summary, even with incomplete and heterogeneous data, 
it appears that the quality of life in children and young adults 
with congenital heart defects seem to be affected, more so 
when assessed by parental reports than self reports. Also, par- 
ent’s quality of life appears affected, perhaps even to a higher 
degree than in their children. The implication for management 
is that support needs to be aimed not only at the child but also 
at parents, ideally in an integrated approach. Looking at the 
future, although the evidence base relative to quality of life is 
still less than robust, research in this area is expanding rapidly. 
Specific tools for people with heart defects are being developed 
and validated, including a cardiac module for the PedsQL 
(123,137) currently undergoing validation, and a disease- 
specific Pediatric Cardiac Quality of Life Inventory (138,139) 
with patient and parent-proxy forms and adapted for a wide 
age range. These developments should lead to a more exten- 
sive and robust body of literature that could be very helpful 
not only in delivering optimal clinical care but also in provid- 
ing a more realistic assessment of benefits of prevention that 
incorporates the quality of life of people with congenital heart 
defects and their families. 

Health Disparities 

Health disparities are a primary consideration in implement- 
ing and evaluating prevention activities (140). Disparities 
typically refer to differences in the occurrence, mortality, and 
burden of disease among groups of people. Disparities may 
arise because of the unequal distribution in the population 
of risk factors, including access to care, environmental expo- 
sures, low socioeconomic status, compounded or heightened 
by variations in disease susceptibility (140,141). Identifying 
and eradicating health disparities are critical steps in pursuing 
a measure of social justice in community health (140,141). 

One example of health disparity is the disproportionate 
mortality for congenital heart defects (and birth defects in 
general) in developing countries compared to developed coun- 
tries, as discussed above. However, health disparities appear 
also within developed countries, and are a major concern 
(140). For example, mortality for congenital heart defects in 
the United States, appears to vary by race and ethnicity and 
this has been documented for decades (76,78). As illustrated 
by Figure 25.9, infant mortality in the US, based on death cer- 
tificate files through 2006, has been consistently higher from 
black infants than for white infants (78). For Hispanic infants, 
the pattern is less consistent, and rates are closer to those in 
white infants than reported previously (76,77). 

The potential complexities of these evaluations are high- 
lighted in a recent report on neonatal mortality associated 
with congenital heart defects in the United States (75). Using 
vital record data, investigators reported similar overall neona- 
tal mortality between black and white infants. However, these 
findings changed considerably when stratified by gestational 
age. For example, among term infants, the neonatal mortality 
attributable to heart defects was 20% higher among infants of 
black mothers compared with white mothers, but among pre- 
term infants, the rate was 30% lower among infants of black 
mothers compared to white mothers (75). 

These differences in outcomes by race and ethnicity have 
been documented independently using different approaches, 
including follow-up studies after surgery for congenital heart 
defects using inpatient databases (142) and a population-based 
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Figure 25.9. Infant mortality from selected congenital heart defects by race-ethnicity, calculated as deaths per 
100,000 livebirths in the United States from 1999 to 2006. (Data from Gilboa SM, Salemi JL, Nembhard WN, 
et al. Mortality resulting from congenital heart disease among children and adults in the United States, 1999 to 
2006. Circulation 2010;122(22):2254-2263.) 


studies of early childhood mortality (143). The latter study 
identified an approximately twofold higher risk of dying in 
non-Hispanic black infants with selected severe heart defects 
compared to white infants, and smaller increased risk for His- 
panic infants (143). 

Expanding the assessment of potential health disparities 
over the lifespan (Fig. 25.10), researchers have examined 
United States death certificate data looking at race-specific 
mortality by age group (78). 

Mortality in blacks compared to whites was dispropor- 
tionately higher in infants and children (rate ratios of ~ 1.5 
overall), continued to be higher but less so through age 35 
years, and became similar or even lower in older adults (per- 
haps because of fewer survivors or fewer diagnoses at those 
ages). For Hispanics, the pattern is less consistent, with higher 
mortality than whites in very young children, but similar and 
even lower mortality than whites in older age groups. The rea- 
sons behind these differences are still unclear (75), and fur- 
ther studies are needed to understand whether they are due 
to reporting, prenatal diagnosis, prevalence of heart defects, 
or to differences in risk factors for congenital heart defects or 
medical treatment. 

In general, by reducing occurrence, primary prevention 
ought to ameliorate such disparities. A mix of targeted and 
population-based interventions is probably required to ensure 
that the benefits of prevention accrue equally to all segments 
of the population. This is particularly important for interven- 
tions aimed at exposures that affect the population unequally, 
such as maternal diabetes, smoking, or lack of preconcep- 
tional care. Similar considerations apply also to interventions 
aimed at improving outcomes among people with heart defects 
(secondary prevention). 

Cost 

Cost can be a powerful incentive for prevention. Current 
cost estimates are particularly important when projecting the 
future benefits of prevention and comparing these with the 
investments needed now to make prevention happen (144). 
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Figure 25.10. Rate ratios comparing mortality from congenital 
heart defects by race-ethnicity (non-Hispanic black vs. non- 
Hispanic white, Hispanic vs. non-Hispanic white) in different 
age groups in the United States from 1999-2006. Lines rep- 
resent 95% confidence intervals. Rate ratios above 1 suggest 
increased mortality, and rate ratios below 1 suggest decreased 
mortality compared to the reference group (non-Hispanic 
white). (Data from Gilboa SM, Salemi JL, Nembhard WN, 
et al. Mortality resulting from congenital heart disease among 
children and adults in the United States, 1999 to 2006. Circu- 
lation 20 10;1 22(22 ):2254-2263.) 


CHAPTER 25 ■ Epidemiology and Prevention of Congenital Heart Defects 


However, current cost estimates of congenital heart defects 
in the United States are far from being precise, complete, or 
timely. Part of the reason lies in the complexity of cost estima- 
tion, but a significant part lies also in the fragmentary nature 
of health care, restricted access to data, and incompleteness of 
many databases with health expenditure information. Before 
reviewing the literature on cost estimate, it is helpful to briefly 
outline the main elements of cost and the related data sources. 
Further information is available with extensive references in a 
recent review (144). 

Components of Cost 

To understand the basic aspects of cost, it can be helpful to 
imagine following a cohort of people with heart defects from 
birth (or ideally pregnancy) through the lifespan. The cost of 
congenital heart defects, from a societal perspective, can be 
defined broadly as the consumption of resources in produc- 
ing a good outcome, that is, optimal health, in this cohort. 
(Usually one is interested in incremental cost, which is the cost 
over and above the cost of people without heart defects). With 
primary prevention, these incremental costs should be saved. 
With secondary prevention, which is aimed at improving out- 
comes through optimal care of people with heart defects, some 
costs will be saved by preventing complications, whereas oth- 
ers might increase because of prolonged care with longer sur- 
vival; better cost-effectiveness, if not cost saving, would be the 
goal. 

Viewed as consumption of resources, the cumulative cost 
of congenital heart defects over the lifespan will have sev- 
eral components, some of which are easier to assess directly, 
whereas others may require more assumptions and complex 
statistical modeling. The obvious and most tangible com- 
ponent of cost is the direct medical cost, that is, the health 
expenditures for providing medical care and other services to 
people with congenital heart defects. These would include not 
only inpatient costs (facility as well as professional services 
costs), but also outpatient costs (office visits, emergency room 
visits, rehabilitation and early interventions services, etc.) and 
pharmacy costs. Additional components from a societal per- 
spective are the so-called indirect costs. These include mainly 
the reduced economic productivity for people with congenital 
heart defects. Caregiver costs, including lost productivity of 
caregivers as their activity are diverted to the care of affected 
family members, are important but rarely incorporated for- 
mally into cost estimates. 

Goals of Cost Estimation 

Ideally, in estimating cost in a prospective cohort of people 
with congenital heart defects, several metrics would be derived: 
incremental cost (rather than charges) due to heart defects, in 
the aggregate cohort as well in groups of people with specific 
types of heart defect; direct and indirect costs, separately and 
combined; cost breakdown by age group as well as longitu- 
dinally over the lifespan; national cost; and costs on a yearly 
basis. These data would be especially valuable if monitored 
in a timely manner and derived from a population-based, 
representative cohort of people with congenital heart defects 
that are accurately diagnosed and well characterized. Having 
this ideal situation in mind is helpful when evaluating the cost 
information currently available, which typically lacks several 
of these attributes. The overall result is that available cost 
studies likely underestimate, probably by a large margin, the 
true cost of congenital heart defects. In doing so, they also 
underestimate the potential benefits of prevention. 

Estimating Costs 

In the United States, several health expenditure databases 
have been used by researchers to estimate cost (144). Some are 
commercial databases. The MarketScan Commercial Claims 


and Encounters database, for example, contains considerable 
cost information on inpatient admissions and outpatient ser- 
vices. However, this database covers a select population of 
employees of a set of large self-insured corporations, and is 
not representative of the general population. Also, researchers 
are not currently allowed to link these data to outside heart 
defect registries; to identify and characterize people with con- 
genital heart defects, researchers need to use the ICD codes 
in the MarketScan database, with well-known problems of 
miscoding leading to false-positive and false-negative diag- 
noses. Another resource for cost estimation is the Healthcare 
Cost and Utilization Project (HCUP), which provides two 
nationally representative databases: the Nationwide Inpatient 
Sample (NIS), based on a 20% sample of community-based 
hospitals, and the Kids Inpatient Database, focusing on pedi- 
atric admissions, estimated to cover about 90% of births in 
the United States. These databases, however, cover only inpa- 
tient admissions, and even for these, they include facility costs 
but no professional service fees, which can be considerable in 
children with heart defects. Also, no outpatient services are 
included. Medicaid is a third resource used for cost estimates. 
It contains comprehensive data, can be linked to birth defect 
registries, but includes only patients covered by Medicaid and 
varies in operation between states, limiting extrapolations to 
the national context. 

In summary, in the United States, fairly extensive cost infor- 
mation is typically available only on select, typically nonrep- 
resentative cohorts of people, whose diagnosis is difficult to 
validate. Conversely, for nationally representative samples 
only partial cost information, consisting typically of some part 
of direct medical costs such as inpatient admissions, typically 
can be obtained. Also, nearly all these data are cross-sectional, 
rather than longitudinal. With these strengths and limitations 
in mind, one can now focus on two important metrics of costs 
for which some data are available, namely, cross-sectional 
costs and lifetime costs. 

Cross-Sectional Costs (Annual Costs) 

A helpful estimate for health care professionals and policy 
makers is the cost of congenital heart defects in a popula- 
tion, in any given year. By providing a cross section of costs in 
one point in time, these estimates can indicate the immediate 
short-term cost savings potentially deriving from prevention, 
particularly primary prevention. Nationally representative 
estimates of costs (rather than charges) have been produced 
for people with major congenital heart defects in the aggregate 
and for specific defects, using the HCUP database (HCUPnet) 
(144,145). According to these data (Fig. 25.11), the estimated 
cost of inpatient admissions alone in 2004 for people with 
congenital heart defects, all ages, was $1.4 billion. 

People with congenital heart defects were identified by ICD 
codes (745.0 to 747.9) in the principal discharge diagnoses. 
As high as this figure seems, it still likely underestimates the 
inpatient cost because, for example, professional services fees 
during the admission are not included. Nevertheless, it is an 
important aggregate estimate. An expanded assessment of this 
dataset (144) provided an additional estimate associated with 
a subset of severe heart defects. These were defined, based on 
ICD codes alone, mainly as conotruncal, single ventricle, hypo- 
plastic left heart syndrome, Ebstein anomaly, and endocardial 
cushion defects. The associated cost, for the same year, and 
across all age group, was $511 million (Fig. 25.11). Nearly 
all admissions for these defects were among infants (95%). 
However, the study authors noted that admission for heart- 
defect related causes in older patients could be less likely to be 
assigned congenital heart defect codes compared to younger 
patients, leading to an underestimate of costs among adults. 

To try and capture not only inpatient admission costs but 
also outpatient costs, the same investigators also conducted an 
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Figure 25.11. Estimated nationwide costs for inpatient admis- 
sions for congenital heart defects, overall and in a subset of 
severe heart defects in the United States in 2004. (Data from 
Boulet S, Grosse SC, Riehle-Colarusso T, et al. Health care 
costs of congenital heart defects. In: Wyszynski DF, Correa- 
Villasenor A, Graham TP, eds. Congenital Heart Defects: 
from Origin to Treatment. New York, NY: Oxford Univer- 
sity Press, 2010:493-501; Russo CA, Elixhauser A. Hospital- 
izations for birth defects, 2004. In: HCUP Statistical Briefs. 
Rockville MD: U.S. Agency for Healthcare Research and 
Quality; 2007.) 


analysis of MarketScan data (144), focusing on costs for the 
2005 for children 0 to 3 years of age with a major congenital 
heart defect (Fig. 25.12). 

The mean cost among infants was estimated at nearly 
$100,000 among infants, or 25 times the cost for children with- 
out a congenital heart defect (cost ratio). The costs decreased 
by about one-third among 1-year-olds and again among 
2-year-olds, with cost ratios of 12 and 9, respectively. The 
mean costs were over four times the median costs, indicating 
that some children contributed disproportionately to the costs. 
Figure 25.12 also shows the costs associated with by severity. 
Children with the more complex heart defects were one-tenth 
of all children with heart defects in the study (153/1,530) but 
contributed disproportionately to overall costs (Fig. 25.12). 


Mean cost per child (dollars) 



■ Any heart defect ■ Multiple severe 


Figure 25.12. Estimated cost (inpatient admission and outpa- 
tient services) for 2005 in a select United States population of 
children under 3 years of age with congenital heart defects. 
(MarketScan data from reference Boulet S, Grosse SC, Riehle- 
Colarusso T, et al. Health care costs of congenital heart defects. 
In; Wyszynski DF, Correa-Villasenor A, Graham TP, eds. Con- 
genital Heart Defects: from Origin to Treatment. New York, 
NY: Oxford University Press, 2010:493-501.) 


As noted by its authors (144), this study using MarketScan 
data has some limitations. The database covers a select, pri- 
vately insured population, so findings are difficult to gener- 
alize. Also, it doesn’t capture the switch of some children to 
state funded programs, such as Medicaid, when costs reach 
the lifetime limits or parents cannot afford private insurance 
any longer. Finally, as in other studies without clinical valida- 
tion, ICD codes may be inaccurate and some cases may have 
been misclassified. Nevertheless, with its limitations, this is an 
important study. It examined health expenditures associated 
with inpatient admissions as well as outpatient and pharmacy 
services, included a wide variety of congenital heart defects, 
and assessed the cost variations by age in early childhood and, 
to the extent possible for ICD codes, also by disease severity. 

The cost among adults is unclear and very likely under- 
estimated. One study used the NIS dataset to examine inpa- 
tient costs in adults (18 years or older) with a select group of 
complex congenital heart defects (146). For 2002, a total of 
28,072 hospitalizations were identified for adults with these 
conditions (mean age, 50.8 years), with a mean charge (not 
cost) per patient of $31,740. However, the true costs could be 
higher, as discussed, because ICD codes for congenital heart 
defects may be underused in older people. 

Lifetime Costs 

Lifetime costs aggregate the costs accumulated by people with 
congenital heart defects as they progress through life. Ideally, 
they include not only direct but also indirect costs such as loss 
of productivity. From a societal perspective, comprehensive 
lifetime costs are crucial metrics. From a prevention perspec- 
tive, these lifetime costs provide comprehensive economic esti- 
mates of the potential “return on investment” for prevention. 
For example, the “return on investment” of preventing diabe- 
tes-related congenital heart defects in pregnancies occurring in 
1 year is the savings gained by not having to expend resources 
that would have been consumed by affected babies born in 
1 year over their lifetimes. These lifetime costs, however, are 
currently complicated to estimate and require assumptions 
and modeling. 

A comprehensive lifetime cost estimate for selected con- 
genital heart defects was reported in a landmark study in the 
mid-1990s (147,148). In the study, researchers linked the Cali- 
fornia birth defect registry with health expenditure data and 
used sophisticated methodology to estimate lifetime cost of ill- 
ness for babies born each year with four major heart defects. 
The findings were then extrapolated to the population of the 
United States at that time. The estimated lifetime cost per indi- 
vidual new case is shown in Figure 25.13. 

These total costs per case ranged from $262,000 for tetral- 
ogy of Fallot to over $500,000 for truncus arteriosus. These 
estimates represent incremental costs for babies born in a sin- 
gle calendar year (1988) with one of the four heart defects, 
projected through their lifespan. They include not only direct 
costs (medical, developmental, and special education services) 
but also some indirect costs (costs of lost work and household 
productivity). Because these were incremental costs, the cost 
for general population was subtracted out. Finally, the dollar 
figure was based on 1992 dollars, obviously a gross underesti- 
mate compared to today. 

A helpful estimate for national policy is that of total aggre- 
gate costs for the nation. These are shown in Figure 25.14, 
using similar sources and methodology (147,148). 

As Figure 25.14 indicates, lifetime costs in the national 
aggregate are measured in millions of dollars for a single-year 
cohort, with a combined cost for the four conditions exceeding 
1.2 billion in 1992 dollars. A large fraction of these costs were 
indirect costs, due to loss of productivity because of high early 
mortality. However, direct medical costs were in the order of 
500 million dollars, mainly related to surgical care (147,148). 
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Figure 25.13. Estimated lifetime costs (total costs) per new 
case, for four major congenital heart defects, in 1992 dol- 
lars. (Data from Centers for Disease Control and Preven- 
tion, Waitzman NJ, Romano PS, Scheffler RM, Harris JA. 
Economic Costs of Birth Defects and Cerebral Palsy — United 
States, 1992. MMWR Morb Mortal Wkly Rep 1995;44: 
694-699.) 


Comparing cost per case (Fig. 25.13) and cost for the national 
cohort (Fig. 25.14) for the four defects, underscores the impact 
of birth prevalence on cost. For example, the cost associated 
with each new case of truncus arteriosus is nearly twice that 
for D-transposition complex, but the aggregate costs in the 
United States for truncus arteriosus are less than half that of 
D-transposition. This is due to the fact (Table 25.3) that the 
birth prevalence of D-transposition is about four times that of 
truncus arteriosus, thus driving up the aggregate costs in the 
population. 

In summary, the costs of congenital heart defects are high 
and increasing. However, the true nationwide cost is difficult 
to estimate in the United States because of the fragmentation 
of data and health care and the complexity of how health care 
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Figure 25.14. Estimated lifetime costs (total costs and medical 
costs) in 1992 dollars for the cohort of people born in 1 year 
(1988) in the United States with one of four major congenital 
heart defects. (Data from Centers for Disease Control and Pre- 
vention, Waitzman NJ, Romano PS, Scheffler RM, Harris JA. 
Economic Costs of Birth Defects and Cerebral Palsy — United 
States, 1992. MMWR Morb Mortal Wkly Rep 1995;44: 
694-699.) 


is paid. In other countries with national health care systems 
and comprehensive databases, such costs could be more eas- 
ily estimated. Nevertheless, even the most basic and conserva- 
tive costs estimates based on 1 year inpatient care of a decade 
ago surpass the billion dollar mark. The real costs today 
are likely even higher, for several reasons: estimates of life- 
time costs to date capture only a small fraction of congenital 
heart defects; medical costs have risen over time; survival has 
improved, so costs now accrue for more people over a longer 
period of time; and some components of costs are rarely esti- 
mated, including time spent and loss of productivity by family 
members and costs related to neurodevelopmental disabilities 
(144,147,148). 

Accurate estimates and timely monitoring of costs are 
crucial in providing services and particularly as an incentive 
for investing in prevention. As an example, preventing a single 
case of D-transposition of the great arteries through precon- 
ceptional treatment of a diabetic woman would save at least 
277,000 dollars (in 1992 United States dollars). These figures 
should provide powerful financial incentives to invest in pre- 
ventive services for women of childbearing age (147,148), 
particularly in times of soaring costs and increasingly limited 
resources. 


EVIDENCE: EPIDEMIOLOGY OF RISK 
AND CAUSES 


The starting point for effective primary prevention is identifying 
true modifiable causes of congenital heart defects in human 
populations. Several risk factors, such as diabetes or retinoic 
acid, reach this level of evidence and are prime candidates for 
prevention efforts. Others are less well characterized. Causality 
may be in question (e.g., obesity) or the magnitude of risk may 
be unclear (e.g., lithium), typically because of inconsistent find- 
ings across studies or concerns about bias and confounding. 

Part of the challenge of characterizing risk factors has been 
the near-exclusive reliance on observational studies. For most 
maternal and environmental factors, randomized clinical trials 
are out of the question. Exceptions may include factors that 
are potentially protective, such as folic acid supplementation, 
where risk reduction is expected and no material side effects 
are anticipated. But for most other factors, randomization is 
unethical and even unfeasible (e.g., maternal diabetes). Thus, 
one is typically left with observational studies, typically case- 
control studies, and occasionally cohort studies. Because of 
their complexities, observational studies are seldom consistent 
and the resulting steady stream of epidemiologic findings may 
appear disappointedly confusing and difficult to interpret. For 
this reason, before examining individual risk factors, it is help- 
ful to review some key epidemiologic concepts in risk assess- 
ment. These concepts can provide a framework for navigating 
the complex and ever increasing body of epidemiologic studies 
on the etiology of congenital heart defects (3,149). 

Evaluating Risk Through Epidemiology: Application 
to Heart Defects 

From the perspective of prevention, that is, in order to develop 
policies and strategies, a risk factor needs to be comprehen- 
sively characterized. Some of the important elements in this 
process are summarized in Table 25.6. 

The first element, causality, is perhaps the most challeng- 
ing. Observational studies typically generate associations. 
Moving from associations to causality is not simple: causal- 
ity is a complex concept that requires thoughtful evaluation 
(150) together with evidential support that goes beyond the 
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TABLE 25.6 


Characterizing Risk Factors: Questions and Epidemiologic Correlates 


Questions 


Epidemiologic Correlates 


Causality: does the factor cause heart 
defects? 

Causality is inferred by finding consistent, plausible associations in multiple, well-designed 
epidemiologic studies, ideally population based, while controlling for bias and confounding. 

Specificity: what types of heart defects 
does the factor cause? 

Establishing specificity requires typically large samples of well-characterized cases of 
types of heart defects: this implies large, collaborative studies (for sample size) and clinician 
involvement (for accurate case classification). 

Magnitude: how strong is the risk for 
heart defects? 

Magnitude is measured by a study's risk estimates. Relative risk (ratio of disease rate 
exposed/disease rate in unexposed) can be estimated by cohort and case-control studies; 
absolute risk (risk of disease when exposed) is readily estimated in cohort studies (can 
be inferred in population-based case control studies augmented with some external 
information). 

Interactions: what is the risk when 
exposed to more than one factor? 

Interactions may occur between multiple environmental exposures (diabetic women 
who smoke and drink) or between environmental exposures and genotypes (e g , MTFHR 
polymorphisms and folate supplementation). Risks may be combined in an additive, multipli- 
cative, or other scale. Methods are available to determine interactions, but typically require 
larger, very well designed studies. 

Population attributable fraction: what 
fraction of heart defects n a population 
is attributable to the factor? 

Population attributable risk depends on both the magnitude of risk (relative risk) and the 
frequency of the factor in the population. The latter can be inferred from surveys, or, in 
some cases, from the control sample of population-based case control studies. Crude 
estimates of attributable fraction may be computed easily, but accurate estimations require 
thoughtful analyses. 


results of a single study, however well-conducted. For obser- 
vational studies, the case for causality can be strengthened by 
consistent, plausible associations from multiple well-designed 
studies that stringently control for confounding and convinc- 
ingly minimize bias. Confounding and bias are significant con- 
cerns. For example, an association between maternal smoking 
and congenital heart defects could be due to confounding by 
alcohol use, if alcohol causes congenital heart defects and is 
more common among smokers compared to nonsmokers. 
The same association could also be spurious because of bias; 
for example, recall bias can occur in a case control study if 
mothers of affected babies are more likely than mothers of 
controls to remember or report smoking during pregnancy. 
Biases may also hide associations. For example, associations 
could also be diluted or distorted if exposures are not assigned 
correctly, as can happen when exposure assessment relies on 
maternal reports (for smoking but also many factors such as 
fever, chronic illnesses, medication use) with limited validation 
or use of biomarkers. Finally, in addition to confounding and 
bias, associations may be due to also chance. In the case of 
smoking, this can occur if the excess of smokers among case- 
mothers in a case-control study is randomly due to sampling. 
The effect of chance is important but fairly easy to measure 
and manage, whereas confounding and bias can be difficult 
to prevent, detect, and eliminate. Specificity (Table 25.6) is 
important for several reasons. A consistent association can 
provide clues to pathogenesis and strengthen the case for cau- 
sality, as in the case of retinoic acid as a specific and consist- 
ent cause of complex conotruncal defects, probably through a 
developmental effect on neural crest cells. However, specific- 
ity is not always present, and established teratogens such as 
maternal diabetes can cause a variety of heart defects. Iden- 
tifying associations with a specific effect on selected heart 
defects requires considerable care in study design and ideally 
the collaboration of expert clinicians in case review and clas- 
sification. From a prevention perspective, specificity also helps 


assess the potential benefits for prevention — a factor causing 
hypoplastic left heart syndrome would be viewed differently 
from one causing a small atrial septal defect. 

Magnitude of risk can be estimated in case-control and 
cohort studies, in the form of relative risk of disease, that is, 
the ratio of disease risk in the exposed divided by the risk in the 
unexposed. Some relative risks may be low (e.g., smoking), oth- 
ers can be considerable (maternal diabetes), and a few can be 
extremely elevated (e.g., retinoic acid). Ideally, one would also 
estimate the absolute risk for congenital heart defects, that is, 
the absolute rate of disease in those exposed (the numerator of 
relative risk). This is important information in individual coun- 
seling. The relative risk for a specific type of congenital heart 
defect could be 10 (i.e., 10 times the risk in the unexposed), but 
if the baseline risk in the unexposed is low, say 1 in 10,000, 
then the absolute risk, though increased, is still in the order of 
1 in 1,000 (or 999 to 1 odds of not developing the heart defect). 

Interactions (Table 25.6) are potentially important but chal- 
lenging to identify and characterize precisely. An interaction 
occurs when the concurrent presence of two factors changes 
the risk association between each factor alone and disease. 
These factors can be environmental or genetic. For example, 
a scenario may occur (not as implausibly as may appear) in 
which a diabetic woman takes lithium and a folic acid supple- 
ment. The question then becomes if and how these individual 
risks cumulate, and if they do, on which scale (additive, mul- 
tiplicative, or other). The answers are not just of academic 
interest. Finding that a vitamin supplement mitigates the risk 
associated with diabetes or lithium can provide a powerful 
adjunct tool in clinical management. Also, strong interactions 
can provide clues to shared pathogenesis and help discover 
new causes and mechanisms of congenital heart defects. The 
methodologic challenge, however, is that studying interactions 
requires stringent precision in assigning exposure and usually 
much larger sample sizes compared to studies looking at the 
main effects of risk factors. 
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Finally, the population attributable fraction (Table 25.6) 
is particularly helpful in translating measures such as relative 
risk into estimates of population impact — the number of cases 
caused by the risk factors. It is intuitive that the more women 
exposed to a teratogen in a population and the higher the tera- 
togenic risk, the higher the number of affected pregnancies. 
The population attributable fraction develops this notion rig- 
orously. It is defined as the proportion of cases in a population 
that can be attributed to a given exposure and is computed as 
a nonlinear function of disease risk and exposure prevalence, 
using one of several formulas (151,152). Figure 25.15 illus- 
trates the relation between exposure frequency, disease risk, 
and population attributable fraction, using a range of plausi- 
ble values for common risk factors. 

This illustration underscores several basic concepts. First, 
the higher the frequency of exposure to a risk factor, the higher 
the fraction of cases in the population that is attributable to 
that factor. The attributable fraction increases as a nonlinear 
function of the relative risk — the higher the relative risk, the 
steeper the increase. However, even weak risk factors, with 
odds ratios of 1.5 to 2, can potentially cause a significant 
fraction of disease in the population with sufficiently high 
exposure frequencies. High exposure frequencies are not unre- 
alistic: lack of folic acid supplementation easily exceeds 50% 
in many developed countries and is probably close to 100% 
in many developing countries. Smoking rates of 15% to 20% 
or more in women are not uncommon in some countries or 
groups in the population. 

Whereas attributable fraction may appear to be a straight- 
forward concept (151), in many practical settings it has sub- 
tleties that must be appreciated in order to get valid estimates. 
Such settings include using relative risk estimates derived 
from multivariable analyses, a common situation in modern 
epidemiologic studies, or when the exposure has more than 
two levels rather than being categorized simply as present or 
absent (153,154). With rare exceptions (155), a systematic 
assessment of population attributable risk for heart defects 
has been uncommon. Because of its potential implications for 
prevention, new rigorous evaluations would be very helpful. 


Seeking Candidates for Prevention: Review 
of Selected Risk Factors 

Because of the focus on primary prevention, this review will 
center on selected modifiable risk factors (Table 25.7), chosen 
either because they are established risk factors for congenital 
heart defects (e.g., diabetes, retinoic acid) or because they are 
so common in many populations (e.g., smoking, obesity) that 
they should be addressed even if associated with only mildly 
increased risks for congenital heart defects. The examination of 
these risk factors is not exhaustive; rather, it focuses on specific 
aspects relevant to primary prevention, such as the strength of 
the evidence, the specific outcomes related to the factor, the 
preventability of the risk factor, and its frequency in the popu- 
lation. Additional data can be found in several reviews (3,149) 
as well as in the cited primary sources. Because of the con- 
tinuous stream of studies, the information is to some extent 
always provisional. Helpful sources for updates, in addition 
to the published literature, include online databases such as 
Reprotox and TERIS (156,157), as well as the staff at Tera- 
togen Information Services (TIS) who can provide invaluable 
summaries and commentary (158,159). 

Diabetes 

Maternal diabetes is a well-known and established teratogen. 
It causes heart defects not uncommonly as part of multiple 
congenital anomaly patterns (16,160-168). Cardiac pheno- 
types consistently associated with maternal diabetes include 
laterality defects (heterotaxy) and several conotruncal defects. 
Less consistently, but still associated with maternal diabetes 
are left ventricular outflow obstructive defects and septal 
defects (16,160-164,167,169). Obstructive cardiomyopathy 
also occurs but typically resolves over time. Estimated relative 
risks for heart defects in the aggregate range approximately 
from 3 to 6, though they can be higher for some types of 
heart defects, especially when associated with extracardiac 
anomalies (16,160,161,163,164,166,167). Separate risk esti- 
mates associated with type 1 and type 2 diabetes are rarely 
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Figure 25.15. Population attributable fraction as a function of relative risk and population exposure frequency, 
with selected examples of common exposures (see text for details). 
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TABLE 25.7 

Common Exposures Associated with Increased Risk for Congenital Heart Defects: 

Estimated Effects, Risk, and Prevention 

Factor 

Congenital Heart Defect 

Estimated Risk 

Exposure Type and 
Frequency 

Comments 

Diabetes 

Early developmental CHDs, 
that is, laterality defects, 
looping, conotruncal defects, 
AV septal defects 

OR usually 3-10, higher 
for some phenotypes 

Pregestational diabetes 

1%-2% of women of 
childbearing age in United 
States; increasing in many 
countries 

Febrile illness, 
influenza 

LVOTO, including coarctation 
of the aorta; tricuspid atresia, 
dTGA and other conotruncal 
malformations, VSD, possibly 
others. 

For febrile illness, 
relative risk between 

1.5 and 3 (generally -2), 
thought possibly higher 
for tricuspid atresia. 

For influenza, similar 
risk estimates 

First trimester febrile 
illness reported in 
~6%-9% of pregnan- 
cies. Generally associ- 
ated with respiratory or 
flu-like symptoms. 

Relative contribution of 
hyperthermia and underly- 
ing infection unclear. Risk 
may be higher when influ- 
enza-like illness is associ- 
ated with high fever. 

Maternal phe- 
nylketonuria 

Tetralogy of Fallot, VSD, PDA, 
LVOTO 

Relative risk up to 6 

Frequency of PKU is ~1 
in 10,000 among whites 

Known teratogen. 

Relatively rare, but effects 
preventable with strict 
dietary compliance from 
before conception 

Retinoic acid 

Conotruncal defects 

High absolute risk 

Isotretinoin, etretinate 
by mouth are terato- 
genic, topical tretinoin 
probably not 

Retinoic acid use is subject 
to rigorous controls in some 
countries but not others. 
Exposure is a concern 
because many users are 
young women 

Lithium 

Ebstein anomaly, others 

Relative risk likely <10, 
between 1.5 and 8 in 
two cohort studies 

Use probably infrequent 
but few systematic 
studies 

Risk lower than originally 
thought, but likely pres- 
ent. Balance of risk versus 
benefits of treatments need 
to be considered. 

Obesity 

Several heart defects, 
including conotruncal 
defects, unclear if specific 

Relative risk between 
one and three, but 
some studies are nega- 
tive. Causality not clear 

Risks typically associ- 
ated with BMI > 29, but 
some studies show risks 
at BMI 25-29 

Causality not clear. 
Association possibly owing 
in part to unrecognized dia- 
betes. Important individual 
and public health concern, 
as obesity is increasing in 
many countries 

Smoking 

Septal defects, others 

Relative risk between 
one and three, but 
some studies are nega- 
tive. Causality not clear 

In individual studies, 
risk present if both par- 
ents smoke and if father 
alone smokes (second- 
hand smoking) 

Causality not clear, but 
preventable. Smoking 
can cause other adverse 
pregnancy outcomes 

Caffeine 

No clear association with 
structural CHDs 

No clear association 
has been demonstrated 

No clear increased risk, 
no trend for increased 
risk with increasing 
amount of caffeine 

Caffeine crosses the pla- 
centa and can have cardio- 
vascular effects. However, 
several large studies failed 
to identify increased risk 
for heart defects or other 
malformations 

Alcohol 

Possibly several heart 
defects, including 
conotruncal defects 

Inconsistent findings; 
some studies do not 
find association 

Possible higher risk with 
high exposure, but not 
consistent finding 

Known teratogen, major 
effects on central nervous 
system, association with 
specific heart defects still 
being investigated 


AV, atrioventricular; OR, odds ratio; LVOTO, left ventricular outflow tract obstruction; dTGA, D-transposition of the great arteries; VSD, ventricular septal defect; PDA, patent 
ductus arteriosus; BMI, body mass index; CHDs, congenital heart diseases. 
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available. Some studies have suggested an excess risk also 
with gestational diabetes, but the literature is inconsistent 
(162,170-172). 

The frequency of diabetes among women of childbearing 
age varies by country, age, and other factors. According to one 
estimate, diabetes affects approximately 2% or 1.85 million 
women of childbearing age in the United States, and precon- 
ceptional diabetes management could decrease the risk for 
pregnancy loss and congenital malformation for approxi- 
mately 113,000 births per year (141). Rates of diabetes are not 
only high, but rising in both developed and developing coun- 
tries (173,174). Of additional concern is that many women 
could have unrecognized diabetes. One study estimates that 
in the United States, for every two women of childbearing age 
diagnosed with diabetes, there is another one with undiag- 
nosed diabetes (175). 

Even without considering the overall effect on women’s 
health, these three elements — strong evidence for causation, 
high relative risk for disease, and comparatively high and ris- 
ing frequency in the population — combine to make diabetes a 
clear priority for prevention. Of major importance is therefore 
the finding that careful metabolic control before conception 
can reduce considerably the teratogenic risk associated with 
maternal diabetes (141,176,177). In practice, however, many 
affected pregnancies continue to occur (141,166,178), high- 
lighting the challenges of implementing optimal preconcep- 
tional control (179). 

Some findings suggest that birth defect risk may be lower 
among diabetic women who also took a folic acid-containing 
multivitamin supplement from before conception (161). If con- 
firmed, taking such a supplement could represent an adjunct 
prevention strategy for diabetes-associated birth defects. This 
benefit would add to the established benefit of folic acid in 
preventing neural tube defects. In summary, maternal diabetes 
is an established, serious risk for congenital heart defects, and 
a clear priority target for prevention efforts. 

Rubella 

The teratogenicity of rubella in pregnancy is well-established. 
The effectiveness of rubella immunization in decreasing 
rubella-associated birth defects is testimony to the power 
of primary prevention worldwide (180-182). Specific heart 
defects associated with congenital rubella syndrome include 
pulmonic stenosis, particularly branch pulmonary stenosis 
(180), patent ductus arteriosus, and, less frequently, other con- 
ditions such as tetralogy of Fallot (183). 

Through sustained immunization campaigns, congenital 
rubella syndrome has been nearly eliminated in the United 
States and some other countries, though continued vigilance is 
crucial because of lapses in immunization coverage, imported 
infection, and the challenges of surveillance (182,183). World- 
wide, rubella infection and congenital rubella syndrome 
remain a significant problem, underscoring the need for global 
eradication of this preventable condition (182,184,185). 

Fever and Flu 

Fever and hyperthermia are established teratogens in animal 
models (186-188). However, the extent of cardiac teratogenic- 
ity of fever and flu-like illnesses in humans is unclear. The evalu- 
ation is made challenging also because reports of febrile illness 
in pregnancy are difficult to validate, and because the associa- 
tion could be confounded by the underlying infection or use 
of medications. The balance of the evidence to date suggests 
that first-trimester febrile or flu-like illnesses are associated 
with a moderately increased risk for congenital heart defects 
in the aggregate (relative risks of approximately 1.5 to 3), 
with perhaps higher relative risks for some right-sided 
obstructive defects, coarctation of the aorta, aortic stenosis. 


ventricular septal defects, and atrioventricular septal defects in 
children with Down syndrome (18,164,187,189—192). How- 
ever, these findings are inconsistent across studies. 

Data on the frequency in the general population of fever 
and flu-like illnesses in early pregnancy are difficult to find in 
national surveys. However, judging by the prevalence among 
controls in case-control studies (which should represent the 
underlying population), it appears that approximately 6% to 
9% of women experience a respiratory infection (“flu”) or a 
febrile illness during the first trimester of pregnancy (18,189- 
191). If this is true, an estimated 250,000 pregnancies or more 
could be exposed every year in the United States. 

If febrile illnesses cause congenital heart defects, prevention 
strategies may include avoidance of ill contacts and possibly 
preconceptional immunization before influenza season. The 
potential effect of antipyretics is unclear. In a reanalysis of the 
BWIS, use of antipyretics was associated with an attenuation 
of the fever-associated risk for congenital heart defects (192), 
but more data are needed to confirm this finding. Finally, 
two studies reported that periconceptional use of multivita- 
min supplements among women with febrile illness reduced 
the fever-associated risk for congenital heart defects (18,189), 
suggesting a further benefit of supplement use. 

Maternal Phenylketonuria 

Maternal phenylketonuria (PKU) (women with PKU and high 
blood phenylalanine levels during pregnancy) is a teratogenic 
condition, with devastating effects on the fetus’s brain and 
sometimes the heart (193-195). Specific heart defects associ- 
ated with maternal PKU include left-sided defects (coarctation 
of the aorta to hypoplastic left heart syndrome), tetralogy of 
Fallot, septal defects, and possibly patent ductus arteriosus 
(193-195). Estimated relative risk has been high (6 to 15), and 
in one study, the absolute risk for heart defects was 14% (34 of 
235 pregnancies) among pregnancies exposed to high levels 
of phenylalanine (193). Strict control of phenylalanine levels 
from before conception reduces considerably the risk for heart 
defects and other adverse outcomes in the child (193-195). 

The prevalence of women of childbearing age with PKU 
is unknown. However, assuming an average birth prevalence 
of PKU of 1 in 20,000 births in the United States (higher in 
whites, lower in blacks), an estimated 100 girls with PKU are 
born every year in the United States. With universal newborn 
screening and appropriate early treatment, essentially all will 
reach childbearing age and eventually be at risk for having 
an affected pregnancy. Children of women with uncontrolled 
PKU continue to be born with a variety of physical and neu- 
rodevelopmental disabilities, demonstrating that implement- 
ing prevention remains difficult and complex. Many factors 
influence the desired adherence to the strict metabolic diet 
needed to control phenylalanine levels, including poor access 
to medical care, lack of reimbursement for medical foods, 
practical difficulties with implementing the diet, psycho- 
social issues, and the need for careful pregnancy planning. 
A comprehensive treatment approach is required. It should 
start before conception, and continue through the birth of the 
child. Proposed elements of the approach include education 
of girls with PKU from adolescence, preventing unplanned 
pregnancies, psychosocial support, and improved access 
to treatment (196). Novel medications such as sapropterin, 
which can reduce phenylalanine levels in responsive women 
with PKU, could also help improve metabolic control during 
pregnancy (196). 

Thalidomide and Retinoic Acid Congeners 

These medications, quite different in molecular structure and 
mechanism of action, are grouped here because they are estab- 
lished, potent teratogens associated with some of the highest 
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teratogenic risk in the literature, including for congenital heart 
defects (3). In addition to magnitude of risk, these medica- 
tions are also concerning because of the severity of the heart 
defects they typically cause, including complex conotruncal 
anomalies, and the frequent presence of extracardiac defects 
(197-1 99). From a prevention perspective, retinoic acid and 
its congeners, which include isotretinoin and etretinate, are 
also concerning because they may be used by young women 
for the treatment of acne and other skin conditions (200). 
Strict regulatory guidelines have been issued in some but not 
all countries, and exposures continue to occur (141,200,201). 

Epilepsy and Antiepileptic Drugs 

Most women with epilepsy have uneventful pregnancies and 
give birth to healthy newborns. However, considerable data, 
recently reviewed (202), indicates that some antiepileptic 
drugs (AEDs) can increase the risk for birth defects. This is 
particularly clear in experimental animals, in whom congeni- 
tal heart defects are reported to be among the most common 
birth defects associated with AEDs, followed by orofacial 
clefts, hypospadias, skeletal defects, and for valproate in par- 
ticular, neural tube defects (202). 

In human pregnancies, the AEDs, rather than epilepsy 
itself, seem to be the main, though perhaps not the only deter- 
minant of teratogenic risk (202-204). The precise parameters 
of risk are not clear. Pooling data from different studies is 
challenging and sometime suspect, because of the heterogene- 
ity in methods and study quality. A more recent approach is 
the use of networks of pregnancy registries sharing common 
methods and data (204,205). In a pooled review (206), the 
absolute risk for congenital malformations as a group among 
women using AEDs was 7%, about three times higher than 
the pooled reference group (and the group of women with 
epilepsy not using AEDs). The risk varied by type of AEDs 
and appeared to be higher for valproate (206). Risk was also 
higher with polytherapy and with higher AED doses, possibly 
with a threshold effect (202,206-210). Medications associ- 
ated with teratogenic risk include phenytoin, hydantoin, and 
valproic acid, and among newer agents, carbamazepine and 
lamotrigine (211-216). 

The specific risk for congenital heart defects is not well 
characterized. For carbamazepine, one study in India sug- 
gested an increased risk for congenital heart defects (217), but 
this was not confirmed in a large cohort study in the United 
Kingdom (218). For phenobarbital, several studies reported 
the occurrence of congenital heart defects in exposed pregnan- 
cies (203,212,217,219), but the small number of cases and the 
variability among studies make it difficult to establish conclu- 
sively the presence and magnitude of cardiac risk (202). 

In the United States, seizure medications are prescribed 
for an estimated 1 million women (19 per 1,000 population) 
(141) potentially affecting an estimated 30,000 to 75,000 
pregnancies every year (141,204). Prevention requires a joint 
effort by women and physicians. From a management perspec- 
tive, withholding AEDs is usually not a realistic option for 
most women, because many women with epilepsy will need 
AED treatment during pregnancy to prevent or control sei- 
zures (202,204). Preconceptional counseling is crucial, as is 
the strategy of trying to avoid starting young girls on AEDs 
with known teratogenic effects or switching to other AEDs 
before conception (141,214-216,220). 

The mechanism of teratogenic action is still unclear. Some 
AEDs (carbamazepine, phenobarbital, phenytoin and primi- 
done) are known to alter folate metabolism in early pregnancy 
at least in some women. This finding has led to investigate 
whether supplementation with folic acid might mitigate the 
teratogenic risk associated with some AEDs, particularly val- 
proic acid. The overall evidence so far, reviewed by Hill and 


collaborators (202) does not suggest that there is a specific 
protective effect among women on AEDs (202,207,218,221). 
Nevertheless, folic acid supplementation is still recommended 
in women on AEDs because AEDs may increase the risk for 
malformations in women with low blood folate levels (202) 
and because of the overall benefits of supplementation outside 
of the specific risk associated with AEDs. 

Lithium 

Lithium is used for manic-depressive disorders, and has been 
in clinical practice for decades in many countries. Approval by 
the United States Food and Drug Administration dates from 
1970. Because lithium was found early on to be teratogenic in 
experimental animals, several studies were initiated to assess 
the risk for congenital malformations in humans. Data through 
1994 have been reviewed in detail (222). An early report from 
the Danish Lithium Babies Registry, a voluntary reporting sys- 
tem (223), described 188 babies born of exposed pregnancies, 
of which six (5%) had a congenital heart defect, including two 
cases (1.7%) of Ebstein anomaly (223). The final report, 3 years 
later (224), described 225 exposed pregnancies, of which 25 
had birth defects (11%), including 18 with congenital heart 
defects (8%) and six with Ebstein anomaly (2.7%). Using these 
data together with a base birth prevalence for Ebstein anomaly 
of 0.6 per 10,000 (Table 25.3), a crude relative risk of about 
400 can be calculated. However, such estimates, as noted 
also in first reports, are unrealistic because of the reporting 
biases that can affect voluntary registries. In fact, later stud- 
ies suggested that whereas an excess risk for congenital heart 
defects probably exists, it is much lower than initially thought 

(222.225.226) . More specifically, a cohort study from Swe- 
den, using a series of data linkages, identified 59 pregnancies 
exposed to lithium alone and of these seven had birth defects, 
and four (6.8% overall) had congenital heart defects, for an 
estimated relative risk of 7.7 (95% confidence interval, 1.5 to 
41.2). Notably, none had Ebstein anomaly. Another cohort 
study, from the United States, evaluated 148 pregnancies of 
women with first trimester use of lithium, identified through 
a teratogen information system (225). The women had con- 
tacted the service because of concerns about the medication. 
A matched set of women who contacted the same service but 
had not been exposed to known teratogens was selected as the 
reference cohort. Overall birth defect rates in the two groups 
were similar (four cases in the exposed cohort, three in the ref- 
erence group). The formal relative risk estimate for congenital 
heart defects was 1.2 (95% confidence interval, 0.1 to 18.3). 
However, one of three affected pregnancies in the exposed 
cohort had Ebstein anomaly. In addition to these two cohort 
studies, several case-control studies with data on birth defects, 
some specifically on Ebstein anomaly, are available and have 
been reviewed in detail (222). Briefly, these studies reported 
very few exposed pregnancies and the associated odds ratios 
did not indicate an increased risk for congenital heart defects. 

Based on the cohort studies, it appears that the risk associ- 
ated with first trimester use of lithium is probably increased 
moderately for birth defects overall, perhaps two- to threefold. 
The specific risk for congenital heart defects seems to be in the 
same range or somewhat higher, increased from two- to seven- 
fold. The risk for Ebstein anomaly in particular is very likely 
increased but the magnitude is unclear. 

These findings can help clinicians assess the use of lithium 
during pregnancy in an appropriate context of risks and benefits 

( 37 . 222 . 226 ) . Women with manic-depressive conditions may 
benefit from targeted preconceptional counseling and prenatal 
care, also because they could be at risk for adverse pregnancy out- 
comes independent of lithium exposure (222,225-227). Some 
reports suggest that in experimental animals, lithium-induced 
embryopathy can be prevented by folate supplementation if 


CHAPTER 25 ■ Epidemiology and Prevention of Congenital Heart Defects 601 


administered in doses higher than those provided by a typical 
multivitamin supplement (228,229). Whether or not this can 
be extrapolated to women is unknown, but suggests neverthe- 
less that women who need to use lithium in pregnancy should 
adhere to basic preconceptional care recommendations, includ- 
ing taking folic acid from before conception. Whether or not 
they could benefit from higher doses of folic acid that the 0.4 mg 
currently recommended for all women is unknown. 

Antidepressants 

Antidepressants are a heterogeneous group of medications 
used for mood disorders. Several have been evaluated for the 
risk of birth defects. For congenital heart defects, results are 
often inconsistent and vary across different types and classes 
of antidepressants. Accumulating data seem to indicate a pos- 
sible mild to moderate risk for congenital heart defects associ- 
ated with paroxetine, a selective serotonin reuptake inhibitor 
(SSRI). Two formal meta-analyses have been published (230, 
231). The more recent study (230) generated a summary rela- 
tive risk estimate for heart defects of 1.24 (95% Cl, 1.08-1.43), 
slightly higher for the group of “combined heart defects.” It is 
still debated whether such modestly increased risk is entirely 
driven by medication use or also in part by the underlying risk 
factors in the select group of women who take the medication 
(230,232). Studies on paroxetine are also inconsistent regard- 
ing the specificity of the association; for example, one study 
reported an increased risk for right-sided obstructive heart 
defects (233), another for atrial septal defects but no other 
heart defect (234), and another still for minor defects such as 
ventricular septal defects and bicuspid aortic valve (235). 

Another antidepressant recently studies for possible car- 
diac teratogenicity is buproprion, an atypical antidepressant 
(different from SSRIs) used also for smoking cessation. Stud- 
ies so far include the pharmaceutical company’s registry data, 
which showed a potential association, one cohort study (236), 
reported as negative, and a case-control study (237), which 
showed a positive association with left-sided obstructive heart 
defects (odds ratio 2.6, 95% confidence interval 1.2 to 5.7). 

Although the magnitude of putative risks seems small, the 
high prevalence of use of these medications in women of child- 
bearing age makes them potentially important. In counseling 
women, the appropriate balance of risk and benefits needs to 
be reached, taking into account not only the potential risks 
for some heart defects, but also the serious consequences of 
untreated or undertreated depression during pregnancy. 

ACE Inhibitors 

Angiotensin converting enzyme (ACE) inhibitors are medica- 
tions widely prescribed to control hypertension. They are con- 
traindicated in the second and third trimester of pregnancy 
because of effects on fetal blood pressure and renal function, 
leading to fetal toxicity and death (238,239). For this reason, 
the United States Federal Drug Administration has required 
warning on ACE inhibitors (currently, category D) since 1992. 
Questions of cardiac teratogenicity following first trimester 
were raised by a study in 2006 that reported an increased risk 
for heart defects in babies of women who had been prescribed 
ACE inhibitors during pregnancy (240). The study linked 
coded outcomes with prescription data within the Tennessee 
Medicaid database and the reported association was based on 
seven occurrences of atrial or ventricular septal defects and 
two of patent ductus arteriosus (240). No association was 
found with the use of other antihypertensive medications, 
suggesting a specific effect of ACE inhibitors (240). However, 
such specific association was not found in several subsequent 
studies, including the population-based National Birth Defect 
Prevention Study (241), the Swedish Birth Registry (242), a 
collaboration of Teratogen Information Services in Israel and 


Italy (243) and the Kaiser Permanente system in California 
(244). Some of these studies were also summarized as part of 
a meta-analysis (245). The pattern that emerges from these 
studies is that ACE inhibitors are either not a risk factor for 
congenital heart defects or the associated risk is similar to that 
present in mothers with untreated hypertension or treated with 
many other classes of antihypertensive medications. Such a 
pattern does not support a specific effect with ACE inhibitors. 
The mild-to-moderate risk associated with antihypertensives 
could have different causes, including the underlying mater- 
nal hypertension. For example, in one study, the exposure to 
ACE inhibitors was associated with an increased risk for con- 
genital heart defects when compared to normal controls, but 
not compared to untreated hypertensive controls (244). Bias 
and confounding could also play a role. Hypertension com- 
monly occurs in women with obesity and diabetes, which are 
risk factors for congenital heart defects, and these factors have 
not been consistently accounted for in all studies. In summary, 
current data does not support the notion that first trimester 
exposure to ACE inhibitors confers an increased, specific risk 
for heart defects, above that possibly associated with mater- 
nal hypertension (treated or untreated) or with the common 
comorbidities of hypertension, such as obesity and diabetes. 
Nevertheless, ACE inhibitors are contraindicated in preg- 
nancy, mainly for their established deleterious effects in the 
second and first trimester. Women with hypertension should 
be appropriately counseled, ideally before conception, so they 
can start pregnancy on a safer medication that appropriately 
controls hypertension. 

Other Medications 

Trimethoprim-sulfonamide and sulfasalazine have been asso- 
ciated with a mild-to-moderate increase in risk for congeni- 
tal heart defects (246,247). In one study, the use of folic acid 
supplements decreased the excess risk associated with these 
compounds (247). 

Obesity 

To date, the evidence for obesity is mixed. Some positive asso- 
ciations have been reported, but it is unclear to what extent 
they reflect causality or are due to confounding. Both posi- 
tive and negative findings have been reported for heart defects 
in aggregate, as well as for specific phenotypes such as sep- 
tal defects, left- or right-sided obstructive defects, and some 
conotruncal defects (16,248-255). Among positive studies, 
the overall magnitude of risk is small, with most odds ratios 
under 1.5, with both higher and lower risk estimates for spe- 
cific cardiac phenotypes. Some studies appear to indicate a 
positive trend of risk with increasing body mass index (255), 
whereas other did not. 

Epidemiologically, it can be very challenging to examine 
the contribution and interaction of these factors among preg- 
nant women with obesity. For example, obesity may contrib- 
ute to and be present together with gestational diabetes (256) 
and perhaps unrecognized type 2 pregestational diabetes. This 
co-occurrence or confounding could vary by study, depending 
on the completeness of diabetes screening among study par- 
ticipants. Using appropriate biomarkers could be very helpful, 
but few are well characterized so far. 

Nevertheless, from a prevention perspective, obesity is a 
significant concern even if the excess teratogenic risks were 
small, because of its high and rising frequency in many devel- 
oped and developing countries (174). According to estimates 
from the United States CDC (257), the overall prevalence of 
obesity among women aged 20 to 39 years in the United States 
between 1976 to 1980 and 2007 to 2008 increased from 15% 
to 34%. These rates varied depending on race-ethnicity, and 
were higher among non-Hispanic blacks and lower among 
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non-Hispanic whites (257). Obesity rates also appear to be 
inversely correlated to education level, with the highest rate 
among women with less than high school education (258). 
With such high frequency and complex patterns of exposure, 
small risks can translate into many affected pregnancies, par- 
ticularly in groups of the population that are socioeconomi- 
cally disadvantaged. Interventions will need to take these 
factors into account, as well as related health issues such as 
diabetes. Finally, limited evidence suggests a possible mitigat- 
ing effect of multivitamin supplementation on obesity-related 
risk for heart defects (251). If confirmed by further research, 
vitamin supplementation could represent an adjunct approach 
to reducing the birth defect burden potentially associated with 
the obesity epidemic. 

Caffeine 

Caffeine is frequently consumed and has proven cardiovascu- 
lar effects in mother and fetus. However, the recent literature 
has been extensively reviewed (259) and did not find strong 
evidence suggesting an excess risk for congenital heart defects 
in several larger studies from Finland (260,261), Denmark 
(262), and the United States (16,263-265). 

Alcohol 

Alcohol is an established human teratogen, and is known to 
cause a wide range of structural malformations and neurode- 
velopmental abnormalities (266,267). The association with 
heart defects has been less impressive, with inconsistent or 
negative results in several large studies (16, 260, 261, 268- 
270), but with some positive associations as well (271-274). 

Methodologic issues, including the challenge of document- 
ing exposure reliably and precisely, make studies of alco- 
hol effects in humans especially difficult. In case series with 
established fetal alcohol syndrome, congenital heart defects 
and in particular septal defects are common (274). In the 
context of case-control studies of structural malformations, 
these findings have been difficult to replicate. In the BWIS, 
significant associations with alcohol exposure were limited 
to small ventricular septal defects and only in women who 
reported heavy consumption (16). In a series of studies from 
Finland, possible associations were found with ventricular 
septal defects, atrial septal defects, and possibly conotruncal 
defects, although dose-response patterns were unimpressive 
(260,268,269). In the Atlanta population-based case-control 
study, associations with conotruncal anomalies were evalu- 
ated and none were found (270). In two case-control studies 
from California, alcohol use was reportedly associated with a 
modestly increased risk for conotruncal heart defects, particu- 
larly D-transposition of the great arteries, though the authors 
noted that the estimates were imprecise and compatible with 
chance or modest bias (275,276). In the Danish National 
Birth Cohort study, low-to-moderate levels of alcohol on a 
weekly basis or occasional binge drinking during the early 
part of pregnancy was not significantly associated with ven- 
tricular or atrial septal defects, with point estimates between 
1.1 and 1.4 depending on reported amounts of alcohol use 
(271). Scarce data are available on possible interactions. In 
a case-control study in Arkansas, modestly elevated risks for 
heart defects (odds ratio of 1.7) were found with alcohol use 
only in women with certain polymorphisms of genes for the 
folate pathway (273). A case-control study from California 
that evaluated whether vitamin supplements used in women 
modified the alcohol-associated risk for congenital heart 
defects gave inconclusive results, and no specific pattern of 
risk was found (189). 

In summary, although babies with full-blown fetal alcohol 
syndrome commonly have defects, it is still unclear whether 
mild-to-moderate alcohol use is associated with an increased 


risk for heart defects. However, the global teratogenic effects 
of alcohol use, particularly on the fetal brain, make prevention 
of this exposure an important public health priority (141,277). 
According to one study, approximately seven million women 
of childbearing age in the United States are frequent drink- 
ers, and without preconception interventions, alcohol misuse 
might affect approximately 577,000 births per year (141). 

Smoking 

Although smoking is an established risk factor for low birth 
weight, preterm birth, and other adverse outcomes, evidence 
for cardiac teratogenicity is unclear. Some studies suggest 
a small excess risk (odds ratios, 1.1 to 1.6) for atrial septal 
defects and pulmonic stenosis (278-281), and perhaps for 
some conotruncal defects (odds ratio below 2) (16,189,279). 
Higher risk estimates have been reported with heavier smok- 
ing in some, but not in all studies. 

As with other common exposures, even a small increased 
risk for heart defects is of concern because of the high number 
of women who smoke. In 2003, an estimated 1 1 % of pregnant 
women in the United States smoked during pregnancy (141). 
In many countries, rates of smoking in women are high and 
increasing (282). 

In summary, the relative risk for congenital heart defects 
is probably low and causality is perhaps not entirely estab- 
lished. Nevertheless, smoking is in general bad for the health 
of women (cancer, heart disease) and their pregnancies (low 
birth weight, sudden infant death). These reasons strongly 
support the inclusion of smoking cessation as a priority target 
for prevention interventions. 

Vitamins: Epidemiologic Evidence for Risk 
and Protection 

The interest on the relation between nutrition and congenital 
heart defects continues to increase. In part, this may be the 
result of the public health success story of folic acid in prevent- 
ing neural tube defects. Supplementation campaigns and man- 
datory food fortification programs have been implemented in 
several countries, including the United States, Canada, sev- 
eral countries in Latin America, and Australia. Fortification 
in particular has led to a major population-wide reduction in 
the prevalence of spina bifida and other neural tube defects 
(283). From this successful chapter of translating epidemiol- 
ogy into prevention, research has moved in two directions: 
assessing whether folic acid may prevent other birth defects, 
including heart defects, and expanding the scope from folic 
acid to the larger network involving one-carbon metabolism 
and substrate methylation of which folic acid is part (284). 
These pathways include several other vitamins, including 
pyridoxine-B6 and cobalamin-B12, as well as several enzymes 
and transporters, encoded by genes that often have common 
functional polymorphisms. Of interest is also the increasing 
evidence that alterations in folate metabolism and folate lev- 
els could be associated with other common maternal risk fac- 
tors such as smoking. These novel data open the possibility 
of interactions between multiple genetic and environmental 
factors. In addition to single nutrient analyses, nutritional epi- 
demiologists increasingly tend also to assess dietary patterns, 
since people eat foods rather than nutrients. In fact, many 
nutritional strategies in adult cardiology and medicine to pre- 
vent cardiovascular disease and stroke are based on modifying 
dietary patterns (e.g., with the Mediterranean or the Dietary 
Approaches to Stop Hypertension-DASH diets), rather than 
on exclusively controlling a single or a few micronutrients. 

Similar approaches to congenital heart defects could 
prove fruitful (285) but are currently still in their infancy. 
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For now, most of the published data relate to micronutrients 
and vitamins. This section will focus on two vitamins in par- 
ticular, vitamin A and folic acid, with additional discussion on 
multivitamin supplements. 

Vitamin A: Not Too Little, Not Too Much 

Vitamin A is an essential vitamin, widely available in over- 
the-counter supplements. High-dose formulations are easily 
found. Vitamin A is an important molecule in the synthetic 
pathway of retinoic acid, a potent transcription factor and 
established cardiac teratogen, and for this reason it has been 
assessed in several epidemiologic studies of birth defects. 

Vitamin A is typically marketed in one of two forms, 
beta carotene and retinol. In all studies that have looked at 
it, beta-carotene (a provitamin A) has not been associated 
with increased risks for congenital heart defects (286,287). 
Retinol, on the other hand, is preformed vitamin A, and has 
been associated in some studies with an increased risk for 
congenital heart defects. Specifically, two studies described a 
moderate to strong association (odds ratios >5) between use 
of >10,000 IU of retinol and the occurrence of conotruncal 
heart defects, in particular D-transposition of the great arter- 
ies (286,287). Another study, which evaluated the use but not 
the dose of vitamin A, reported a weaker association (288). In 
four other reports, however, the association was not confirmed 
(289-292). Nevertheless, it appears reasonable to recommend 
avoiding high-dose retinol supplements in the periconcep- 
tional period and, if vitamin A is indicated, favor supplements 
containing beta -carotene. 

Folic Acid and Multivitamins: An Evolving Story 

Because of its established protective effect on neural tube 
defects, the use of folic acid for all women of childbearing age 
or those who do not actively exclude a pregnancy is recom- 
mended by medical organizations, public health agencies, and 
lay organizations in many countries. Thus, assessing whether 
or not folic acid should be recommended to prevent congenital 
heart defects could seem a useless exercise. However, this view 
is simplistic. Identifying a protective effect on heart defects, 
if indeed one exists, would be beneficial in several ways. It 
would add to the potential benefits of folic acids, and the 
associated “return on investment” that could be achieved 
with more expansive supplementation and fortification pro- 
grams worldwide. Identifying a protective effect may require 
approaches and methods that are different from those used 
to examine neural tube defects. For example, one might need 
to evaluate higher doses of folic acid or multivitamins rather 
than folic acid alone, as there is no guarantee that all folic 
acid-responsive birth defects are as sensitive to folic acid as 
are neural tube defects. This has implications for research and 
practice. If preventing congenital heart defects requires high 
doses of folic acid or multivitamins, then the current fortifi- 
cation programs, which typically use small amounts of folic 
acid alone, may achieve no or partial results. Also, identifying 
a role for folic acid or molecules in the broader context of 
folic acid-related biochemical networks could help understand 
aspects of the etiology of congenital heart defects, includ- 
ing gene-environment interactions, and ideally open further 
avenues for prevention. Finally, researching the effect of folic 
acid in humans has become more complex. Clinical trials com- 
paring folic acid with placebo, now that folic acid is known 
to protect against serious nervous system defects, would be 
unethical. Other options would be available, such as evaluat- 
ing high dose versus standard dose of folic acid/multivitamins, 
or including in a vitamin trial also a cohort of women who 
refused taking folic acid, but all these options are imperfect 
and challenging. 


Evidence from Clinical and Epidemiologic Studies 

The main epidemiologic and clinical studies, conducted in the 
absence of fortification, are described in Table 25.8 together 
with their main design features and findings. 

These studies include one randomized clinical trial from 
Hungary (293), and four case-control studies from the United 
States (19,294,295) and the Netherlands (296). All studies 
were conducted in the absence of universal food fortification. 

The randomized clinical trial (293) enrolled women from 
before conception. Participants were randomized to receive a 
multivitamin with folic acid or a placebo-like pill containing 
trace elements. These two cohorts were followed from concep- 
tion through after the child’s birth and their pregnancy out- 
comes were evaluated. The primary endpoint of the study was 
the occurrence of neural tube defects. Secondary endpoints 
included fetal deaths and other structural malformations, 
including heart defects. The case-control studies evaluated 
retrospectively the frequency of use of multivitamin supple- 
ments, known or presumed to contain folic acid, in case-moth- 
ers and control-mothers. Two of the studies evaluated a broad 
range of heart defects (19,296), whereas the remaining three 
(294,295,297) were restricted to conotruncal defects (and in 
one study, also ventricular septal defects). 

The findings are illustrated graphically in Figure 25.16. 

In the randomized clinical trial (293), fewer women taking 
the multivitamin with folic acid had a child with a congenital 
heart defect compared to the reference cohort, for a statisti- 
cally significant risk reduction of 58%. This finding was driven 
mainly by the lower rate of conotruncal and septal defects 
(293,298). However, the available sample size limited the pre- 
cision of the risk estimates for the subtypes of heart defect. 

The case-control studies confirm some of these findings, 
but not consistently. For example, the two case-control data 
that assessed heart defects in the aggregate also found an over- 
all reduced risk (19,296), though the magnitude of the appar- 
ent protective effect was lower than in the randomized clinical 
trial (25% vs. >50%). For conotruncal and septal defects, 
the evidence is mixed. Two case control studies did not show 
evidence of risk reduction for conotruncal defects (295,297), 
whereas three others did (19,294,296). For (ventricular) septal 
defects, one case-control study did not show evidence of risk 
reduction, (297) whereas two others did (19,296). Why the 
studies are not entirely consistent is unclear, but methodologic 
differences as well as varying degrees of bias and confounding 
could have played a role. 

In summary, at this time the preponderance of clinical and 
epidemiologic data, including findings from a randomized 
clinical trial, seems to indicate a moderate risk reduction for 
congenital heart defects in the aggregate with periconceptional 
use of a multivitamin supplement containing folic acid. How- 
ever, not all studies are consistent, and more data are needed. 
Ideally a new, well-designed clinical trial or a large, carefully 
implemented prospective case-control study, preferably with 
biologic markers, could provide conclusive data on this impor- 
tant issue. 

Rates After Fortification 

Several countries in North and South America and Middle 
East, as well as Australia (but no countries in Europe yet), 
have introduced folic acid fortification, that is, have added 
variable amounts of folic acid to the food supply, typically in 
cereal grain products that make their way into common sta- 
ples such as breads and pasta. The main goal was to reduce the 
occurrence of neural tube defects by increasing folic acid con- 
sumption in the population as a whole. Fortification has also 
allowed the opportunity to examine changes in the rates of 
major congenital heart defects in response to overall changes 
in folic acid consumption. Figure 25.17 summarizes the few 
available population-based studies, all from North America. 
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TABLE 25.8 


Prevention by Vitamin Use: Summary of Studies on Periconceptional Use of Vitamins 


Type of 

Study 

Year 

(Reference) 

Population- 

Based 

Study 

Participants 

Exposure 

Relative Risk (95% 
Confidence Interval) 

Ventricular 
Septal Defect 






Heart 

Defects 

(overall) 

Outflow 

Tract 

Defects 


Clinical Trials 

Randomized 
clinical trial 

1998 Czeizel 
et al (293) 


2,471 women 
on MV 

supplements; 
2,391 on trace 
elements 

MV pill with 

0.8 mg folic 
acid 

0.42 

(0.19-0.98) 

0.48 

(0.04-5.34) 

0.24 

(0 05-1.14) 

Observational Studies 

Case-control 

1995 Shaw 
et al. (294) 

Yes 

207 with OTD, 
481 controls 

MV pill 

— 

0.53 

(0.34-0.85) 

— 

Case-control 

1997 Scanlon 
et al. (295) 

Yes 

126 with OTD, 
679 controls 

MV pill with 
folic acid 

— 

0,97 

(0.6-1 .6) 

— 

Case-control 

1999 Werler 
et al. (297) 

No 

157 with OTD, 
186 with VSD, 
521 controls 

MV pill 


1.00 

(0.70-1.50) 

1.20 

(0.80-1.80) 

Case-control 

2000 Botto 
etal. (19) 

Yes 

958 with 
heart defects, 
3,029 controls 

MV pill 

0.76 

(0.60-0.97) 

0.46 

(0.24-0.86) 

0.61 

(0.38-0.99) 

Case-control 

2010 Beynum 
et al. (296) 

Yes 

611 with 
heart defects, 
3,343 controls 

>0.4 mg folic 
acid alone 
or as MV pill 

0.74 

(0.62-0.88) 

0.69 

(0.47-1.03) 

0.56 

(0.43-0.74) 
VSD or 

ASD 


MV, multivitamin; OTD, outflow tract defects, VSD, ventricular septal defects, ASD, atrial septal defect. 


In the United States, a study using birth defect sur- 
veillance data from 23 state programs compared rates of 
selected congenital heart defects in 1999 to 2000 versus 
1994 to 1996 (299). For heart defects, the study reported 
a modest (12%) but significant decline in D-transposition 
of the great arteries (12% reduction, rate ratio 0.88 with 
95% Cl 0.81 to 0.96), but not for tetralogy of Fallot or 
ventricular septal defects (299). In Canada, studies from 
two provinces also reported a modest decline in some heart 
defects after fortification. In Alberta, researchers using data 
from a well-established population-based birth defect regis- 
try reported a 20% decline in secundum atrial septal defects 
(rate ratio 0.80, 95% Cl 0.69 to 0.93), but not for other 
heart defects (300). In Quebec, researchers using linked 
administrative databases evaluated trends of a group of 
severe heart defects, including conotruncal defects (60% of 
the case group), single ventricle, and endocardial cushion 
defects (301). They reported a significant decline of these 
defects, 6% for every year after fortification (yearly rate 
ratio 0.94, 95% Cl 0.90 to 0.97). 

Limited additional information is available from Latin 
America, where several countries, including Chile, Argentina, 
and Brazil, introduced fortification at different times and 
levels. Unlike in North America, no population-based stud- 
ies are available yet. However, researchers from the Latin 
American Collaborative Study of Congenital Malformations 


(ECLAMC) evaluated rates of selected birth defects from 
a small sample of hospitals in Chile, Argentina, and Brazil 
before and after fortification (302). For heart defects, they 
reported a statistically significant reduction of septal defects. 
This decline was seen in Argentina and Brazil but not in Chile. 
In a similar pattern, a moderate nonsignificant decline in an 
aggregate group of severe heart defects (conotruncal defects, 
single ventricle, endocardial cushion defects) was observed 
in Argentina (rate ratio, 0.66) and Brazil (rate ratio, 0.77), 
but not in Chile (rate ratio, 1.28). By contrast, the decline 
for neural tube defects was marked and consistent across the 
three countries (302). 

In summary, the few postfortification studies available to 
date do not suggest a marked or consistent decline in con- 
genital heart defects. Some statistically significant reductions 
have been observed, but so far these have not been consist- 
ent across phenotypes and geographic areas, even within the 
same country. Interpreting these inconsistencies is challenging. 
Contributing factors could include variations in the effective- 
ness of fortification (as documented by blood folate levels) 
and in study methodology (inclusion criteria and classification 
scheme). In addition, without a concurrent control group, it is 
difficult to assess the influence of structural changes in report- 
ing and ascertainment, including the influence of elective ter- 
minations of pregnancy. Finally, as the ECLAMC researchers 
note in their report from Latin America (302), studies based 
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Estimated Relative Risk 

Figure 25.16. Estimated relative risks for congenital heart defects associated with periconceptional use of vitamin 
supplements with folic acid. Lines represent 95% confidence intervals. Estimated relative risks above 1 suggest 
increased risk, and relative risks below 1 suggest decreased risk compared to the reference group. (Data from 
Botto LD, Mulinare J, Erickson JD. Occurrence of congenital heart defects in relation to maternal mulitivita- 
min use. Am J Epidemiol 2000;151:878-884; Czeizel AE. Periconceptional folic acid containing multivitamin 
supplementation. Eur J Obstet Gynecol Reprod Biol 1998;78:151-161; Shaw GM, O’Malley CD, Wasserman 
CR, et al. Maternal periconceptional use of multivitamins and reduced risk for conotruncal heart defects and 
limb deficiencies among offspring. Am ] Med Genet 1995;59:536-545; Scanlon KS, Ferencz C, Loffredo CA, et 
al. Preconceptional folate intake and malformations of the cardiac outflow tract. Baltimore- Washington Infant 
Study Group. Epidemiology 1998;9:95-98; van Beynum IM, Kapusta L, Bakker MK, et al. Protective effect of 
periconceptional folic acid supplements on the risk of congenital heart defects: a registry-based case-control study 
in the northern Netherlands. Eur Heart J 2010;31:464-471; Werler MM, Hayes C, Louik C, et al. Multivitamin 
supplementation and risk of birth defects. Am J Epidemiol 1999;150:675-82.) 


on small convenient samples of hospitals can provide detailed 
data but also be affected by biases, including referral bias. 

In general, the data from postfortification studies 
(Fig. 25.17) are less compelling than those from the clinical 
trial and observational studies (Fig. 25.16). However, this 
seems to be true even for neural tube defects, for which the pro- 
tective effect of folic acid is well established: with fortification, 
the reduction in occurrence is less and take longer compared 
to what is seen in observational studies and clinical trials. But 
the different findings for heart defects and neural tube defects 
can have other explanations. For example, folic acid may not 
be effective for heart defects at all; it may be effective only 
in larger amounts than those typically consumed through for- 
tification or standard folic acid pills (0.4 mg); or it may be 
effective mainly as part of a multivitamin supplement. In fact, 


the reported studies all looked at multivitamin supplement use 
rather than folic acid alone. 

Ancillary Data from Genetic and Environmental Studies 
Potentially relevant data have been generated by studies look- 
ing at interactions between multivitamin supplement use and 
risk factors such as certain medications (247), febrile illnesses 
(18,189), and pregestational diabetes (161). Findings from 
one of these studies is illustrated in Figure 25.18 (18). 

The odds ratio estimated the relative risk for the different 
types of heart defects among women reporting a first trimester 
febrile illness. The figure shows these odds ratios in women 
who took a multivitamin supplement in the periconceptional 
period (fever, with MV) and in women who did not take the 
multivitamin supplement (fever, no MV). Although these risk 


606 SECTION V ■ From the Gene to the Neonate 


TGA 



Figure 25.17. Prevalence rate ratios showing changes in 
reported birth prevalence of selected congenital heart defects 
in North America after flour fortification with folic acid. Lines 
represent 95% confidence intervals. Prevalence rate ratios 
above 1 suggest increased rates after fortification, prevalence 
rate ratios below 1 suggest decreased rates. (Data from Can- 
field MA, Collins JS, Botto LD, et al. Changes in the birth 
prevalence of selected birth defects after grain fortification 
with folic acid in the United States: findings from a multi-state 
population-based study. Birth Defects Res A Clin Mol Teratol 
2005;73:679-689 (US selected states); Godwin KA, Sibbald 
B, Bedard T, et al. Changes in frequencies of select congenital 
anomalies since the onset of folic acid fortification in a Cana- 
dian birth defect registry. Can J Public Health 2008;99:271- 
275 (Canada Alberta); Ionescu-Ittu R, Marelli AJ, Mackie 
AS, et al. Prevalence of severe congenital heart disease after 
folic acid fortification of grain products: time trend analysis 
in Quebec, Canada. BMJ 2009;338:bl673 (Canada Quebec).) 


estimates have wide confidence intervals, there appears to be 
a fairly consistent trend for lower risks among multivitamin 
users. This would suggest that taking the supplement could 
mitigate the risk for congenital heart defects associated with 
fever (18). 

Regarding genetic susceptibility in humans, several studies 
have looked at risk for congenital heart defects in the presence 
of polymorphisms in several metabolic pathways, but mainly 
the folate/one-carbon metabolism pathway (303-306). So far, 
both positive and negative findings have been reported. For 
folate-related genes, most studies do not show an association 
with conotruncal or other heart defects (307-312), although 
some positive associations have been reported (37,313-315). 
Two studies also suggest a possible gene-nutrient interac- 
tion between folate supplementation and presence of a 


polymorphism in the reduced folate carrier gene (RFC1). Spe- 
cifically, these studies found a lower risk for some heart defects 
associated with the RFC1 polymorphism among mothers who 
used vitamin supplements in the periconceptional period 
(316,317). 

In summary, folic acid and multivitamin supplementation 
could have a role in reducing the risk for some congenital 
heart defects, but evidence, while suggestive, is not conclu- 
sive. If confirmed, the impact would be considerable, because 
the fraction of preventable heart defects may be large. Also, 
vitamins, including folic acid, are inexpensive and easily 
transportable, making prevention through vitamin supple- 
mentation a viable strategy also in developing countries. 
Because of the potential implications, a large randomized trial 
of vitamin supplementation (vs. the recommended dose of 
folic acid alone) would be very helpful. The resources needed 
for such study would be considerable, but will likely be mini- 
mal compared to the high societal and personal costs of heart 
defects. 

From a practical perspective, however, clinicians need not 
wait for such a trial. Because of the established protective effect 
against neural tube defects, daily periconceptional use of folic 
acid is recommended for all women of childbearing age. By 
simply promoting periconceptional use of a multivitamin sup- 
plement containing folic acid (400 jLtg), pediatric cardiologists 
would (and should) provide all women with the benefits of a 
reduced risk for a neural tube defect-affected pregnancy. The 
protection against heart defects, to the extent that is present, 
will be an added benefit, at no additional cost or risk. 


STRATEGIES AND TOOLS: EPIDEMIOLOGY 
OF PREVENTION 


Prevention is motivated by incentives and driven by evidence. 
The next step, implementation, requires strategies to maxi- 
mize the impact of interventions, and tools to make preven- 
tion practical, coherent with the goals, and consistent across 
practitioners. A broad strategic framework for disease preven- 
tion and health promotion is illustrated by the Health Impact 
Pyramid (Fig. 25.19) (318). 

This five-tier model emphasizes that to prevent a large 
fraction of disease, clinical care and counseling are impor- 
tant, but even more important are interventions that address 
the broader context of health in society. For example, using 
diabetes as a model, clinical care and counseling are crucial, 
but require much individual effort over time by both provider 
and client and typically reach only a fraction of women with 
diabetes (318). For maximum effectiveness, diabetes preven- 
tion needs to be tackled also through broad societal inter- 
ventions, such as promoting health education and healthy 
habits (nutrition, physical activity, obesity prevention), help- 
ing make healthy choices the default choices (establishing 
pedestrian friendly areas, increasing taxes on junk food and 
beverages), and implementing sustained, long lasting interven- 
tions (ad campaigns, including those targeted at youth, screen- 
ing campaigns) (318). The spectrum of interventions may of 
course vary depending on the target exposure. For example, 
to prevent rubella embryopathy, long-lasting interventions 
(Fig. 25.19) such as immunizations in preteens will play a 
major role. To decrease smoking, one may need to focus on 
early education campaigns to reduce the number of first-time 
smokers and on improvement in socioeconomic conditions, as 
in many countries socioeconomic status and education levels 
are inversely related to smoking rates. 

This broad strategic framework is crucial not only 
for primary prevention, but also for reducing complica- 
tions and optimizing health in people with heart defects 
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Figure 25.18. Interactions with multivita- 
min supplement use, possibly mitigating the 
effect of febrile illness on the risk for selected 
congenital heart defects. Symbols represent 
odds ratios for fever, in the absence and in 

Fever no MV the presence of multivitamin supplement use. 

Lines represent 95% confidence intervals. 

Fever, with MV Odds ratios above 1 suggest increased risk, 
odds ratios below 1 suggest decreased risk 
compared to the reference group. (Data from 
Botto LD, Erickson JD, Mulinare J, Lynberg 
MC, Liu Y. Maternal fever, multivitamin use, 
and selected birth defects: evidence of inter- 
action? Epidemiology 2002;13:485-488.) 


(secondary prevention), and fits with the increasing attention 
to prevention throughout the lifespan, from preconception to 
adults (Fig. 25.2). Clinicians can play a major role not only as 
providers of individualized clinical care, but also as members 
of professional organizations that can influence policy making. 


Every Woman, Every Time 

Moving from this prevention framework to implementation, 
it is important to characterize the main target population for 
interventions. Focusing on primary prevention, a preferred 
target historically have been high-risk families — typically 
women with family history of congenital heart defects or 
strong risk factors — and interventions were aimed shortly 
before conception or in early pregnancy. However, for maxi- 
mum impact, it is increasingly realized that a more appropri- 
ate target is all women of childbearing age. There are several 
reasons for this shift in focus. First, most babies with heart 
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Figure 25.19. The Health Impact Pyramid: designing pre- 
vention strategies for maximum population impact. (Modi- 
fied and redrawn from Frieden TR. A framework for public 
health action: the health impact pyramid. Am J Public Health 
2010;! 00(4) :590-595.) 


defects are born to women and families that are not known 
to have risk factors, such as having had an affected child. 
Also, women may not report routinely or even be aware of 
risk factors, even major ones such as diabetes (175). Second, 
prevention needs to start before conception. However, most 
pregnancies worldwide are unplanned (in the United States, 
over half) and many women find out they are pregnant sev- 
eral weeks after conception. Thus, optimizing women’s health 
before conception requires ongoing attention throughout the 
childbearing years. 

In summary, to maximize the opportunities for preven- 
tion, every clinician needs to promote prevention with every 
woman at every clinical contact — an approach that has been 
summarized as “every woman, every time.” One significant 
advantage of this approach is the potential not only to prevent 
some heart defects, but also improve women’s health generally, 
together with reducing a broad range of adverse pregnancy 
outcomes. Diabetes, infections, smoking, and lack of folic acid 
use are risk factors for several types of extracardiac malforma- 
tions, as well as for preterm birth, intrauterine growth restric- 
tion, and infant deaths. 


Choosing the Battles: Going for the Greatest Impact 

Having broadly identified the target population for preven- 
tion (every woman, every time), one is still confronted with 
a wide range of heterogeneous risk factors (Table 25.7). The 
final goal is to prevent all preventable congenital heart defects 
by intervening on all risk factors. However, strategically, it is 
helpful to reassess these risk factors in terms of their poten- 
tial for prevention. One useful metric in planning strategies 
is the attributable fraction of disease, the fraction of cases in 
the population that is attributable to a risk factor. This is a 
fraction of disease that could be prevented if the factor was 
controlled or eliminated. As illustrated previously (Fig. 25.15), 
the attributable fraction for a risk factor depends not only on 
its relative risk for disease but also on its frequency in the 
population. 

Risk factors with the highest attributable fraction, assum- 
ing that effective prevention strategies exist, would be prime 
candidates for focused efforts. Factors with low attributable 
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fraction are not necessarily excluded from prevention efforts, 
particularly if they are easy to identify and treat, and if they 
are important for other aspects of population health. For 
example, even if smoking has a low attributable fraction for 
congenital heart defects, it is a strong risk factor for many 
other adverse outcomes, and ought to be included in any 
comprehensive prevention program. Other considerations, in 
addition to attributable fraction (and therefore relative risk 
and exposure frequency), include the strength of the evidence 
for causality, the severity of the associated heart defects, and, 
because the final goal is the overall health of woman and child, 
also the effects on other health outcomes. Table 25.9 summarizes 
these elements for several of the risk factors that have been 
reviewed. 

As the table illustrates, some risk factors, such as pregesta- 
tional diabetes, have high potential for prevention, combining 
strong causal evidence, high relative risks for many congenital 
heart defects (include severe types), increasing frequency in 


the population with increasing attributable fraction, and 
additional impact on women’s health and pediatric outcomes. 
Others are rare (maternal PKU) but can be easily identified and 
referred for treatment. For a few, such as folic acid supplemen- 
tation, the evidence of protective effect for congenital heart 
defects is not conclusive, but the preventive effect on other 
adverse outcomes (e.g., spina bifida) is so well established 
and powerful, that it stands to reason to incorporate these 
interventions in comprehensive strategies of preconceptional 
health and prevention. Some of these elements are obviously 
subject to change, as the prevalence of risk factors increase or 
decrease, and as the knowledge about causality and specificity 
improve with new studies. 

With these caveats in mind, some guidelines for primary 
prevention can be suggested (3). With some minor modifica- 
tions and updates, they are summarized in Table 25.10. 

Specifically, all women of childbearing age should be 
encouraged to take a daily vitamin supplement containing 


i 



Selected Risk Factors for Heart Defects by their Potential Global Impact on Primary 
Prevention and Health Promotion 






Estimated 

Frequency of 

Potential 



Strength of 

Relative Risk 

Exposure (FEP) 

Attributable 

Prevention Benefits 

Factor 

Evidence 

(RR) 

in Women 

Fraction (%) 

beyond the Heart 

Diabetes 

Definite 

+++ 

Common, 

7%-1 5% of 

Definite: other birth defects, 

(pregestational) 



increasing 

more 

For RR = 4 and 

prematurity and other 
adverse pregnancy out- 





FEP = 2.5%-6% 

comes, maternal health 


Many types 

4-10 

2%-6% 



Select 

Definite 

++ 

Varies, but can be 

3% 

Definite: neural tube defects 

medications 



common 

For RR = 4 and 
FEP = 1%-3% 

and oral clefts (valproic 
acid), retinoic acid and 
multiple birth defects 


Many types 

2-5 or more 




Phenylketonuria, 

uncontrolled 

Definite 

+++ 

Rare 

0.5% 

Definite: Mental retardation, 
microcephaly 


LV0T0 

~6 

<0.01% 



Non use of folic 
acid, multivitamin 

Possible 

+ 

Very common 

33% 

For RR = 2 and 
FEP = 50% 

Definite: prevent 50%-70% of 
neural tube defects, possibly 
other birth defects as well 


Septal, 

conotruncal 

-2 

50% to >90% 



Fever/Flu 

Possible 

+ 

6 to 10% 

4% 

For RR = 2 and 

Probable/definite: neural 
tube defects, other adverse 





FEP = 6% 

outcomes 


Septal, RV0T0 

~2 




Smoking 

Possible 

+ 

Varies, common 

10% 

Definite: clefts, low birth 





For RR =2 and 

weight, intrauterine growth 





FEP = 11% 

restriction, infant death; 
maternal health 


Septal 

-2 

1 0%— 1 5% or more 



Obesity 

Possible 

+ 

Common, 

4%-6% 

Possible: neural tube defects 




increasing 

For RR = 12 and 

Definite: maternal health, 





FEP = 20%-30% 

diabetes 


Many types 


~1.5 


20% -30% 
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Improving Health, Decreasing 
Risk: Seven Steps for Primary 
Prevention and Health Promotion 
for Baby and Mother 



Action 

Comment 

1. Take a multivitamin 
with folic acid daily 

Folic acid, 400 pg (0.4 mg) or 
more 

Avoid high retinol (>10,000 IU) 

2. Promote healthy life 
and habits 

Healthy weight, physical activity, 
nutrition 


Preconceptional and early pre- 
natal care 

3. Screen/target chronic 
illnesses 

Diabetes (may be unrecognized), 
epilepsy, PKU 

4. Screen/stop smoking, 
alcohol use 

Also second hand smoking 

5. Screen/assess 
medication use 

Seizure medications, retinoic 
acid. Check with physician or 
teratogen information service 
(0TIS/ENTIS) 

6. Avoid close contact 
with ill individuals, 
especially with febrile 
illnesses 

Up-to-date immunizations, 
including rubella; treat high fever 
early 

7. Avoid exposures to 
heavy metals, herbi- 
cides, pesticides, and 
organic solvents 

At work and at home, self or 
spouse 


folic acid, to reduce the occurrence of neural tube defects and 
possibly also for some congenital heart defects. They should 
reevaluate and treat chronic conditions from before concep- 
tion, especially diabetes. Women diagnosed with PKU as 
infants should be targeted for interventions aimed at ensuring 
adherence to a low phenylalanine diet before conception and 
continue it throughout their pregnancy. 

Before conception, women who take potentially terato- 
genic medications (e.g., valproic acid or lithium) and who are 
not actively excluding a pregnancy should be counseled about 
risks and benefits and evaluated for a change in type or dose 
of medication. Unintended pregnancies need to be avoided 
particularly among women who use strong teratogens such as 
retinoic acid medications (e.g., Accutane®). Rubella vaccina- 
tion provides protective seropositivity and prevents congenital 
rubella syndrome. Because only 20% of women successfully 
control tobacco dependence during pregnancy, cessation of 
smoking is recommended before pregnancy (141), not so 
much to decrease the potential risk for some congenital heart 
defects, but to decrease the established risks for preterm birth, 
low birth weight, and other adverse perinatal outcomes. Alco- 
hol misuse is a significant concern. Although the evidence for 
specific cardiac teratogenicity is mixed, fetal alcohol syndrome 
and alcohol-related birth defects can be prevented if women 
cease intake of alcohol before conception. 

With respect to obesity, the risk associated with congeni- 
tal heart defects is not yet convincingly established. However, 
obesity is associated with several adverse perinatal outcomes, 
including neural tube defects, preterm delivery, diabetes, 


hypertension, and thromboembolic disease. Appropriate 
weight loss and improving nutritional health before pregnancy 
reduces these risks. Additional recommendation for precon- 
ception care include vaccination for hepatitis B, identification 
and treatment of HIV/AIDS and sexually transmitted diseases, 
treatment of hypothyroidism, and reassessment of oral antico- 
agulant therapy for warfarin users. 

These general guidelines can reasonably apply to all 
women of childbearing age, to prevent the occurrence of con- 
genital heart defects and other congenital anomalies. Pediatric 
cardiologists, perhaps more than other specialists, will also 
see and be called to counsel women who have a congenital 
heart defect or a previously affected child, and who are con- 
templating (or not actively excluding) another pregnancy. In 
this group, the search for modifiable risk factors should be 
especially rigorous. Also, evaluation for underlying genetic 
conditions (e.g., deletion 22qll), including referral to an 
experienced medical geneticists, may be extremely helpful 
in defining and managing recurrence risk. In the setting of 
prevention of recurrence of neural tube defects, data from a 
randomized trial has shown the efficacy of high dose (4 mg) 
of folic acid, with no adverse effect. No comparable data are 
available for heart defects. 

Ideally, these guidelines would be promoted as an inte- 
grated package that emphasizes not only overall preconception 
care but, broadly, women’s health (141). For preconception 
care in particularly a helpful guiding concept is the 12-month 
pregnancy, which includes also the trimester before concep- 
tion. This preconceptional period, together with at least the 
first 2 months of pregnancy, provides a crucial opportunity 
for promoting healthy cardiac development. Much of cardiac 
development occurs in the first 7 weeks postconception, at a 
time that many women may be unaware of the pregnancy, 
potentially exposed to teratogens, and with limited or no pre- 
natal care. On an individual basis, crucial areas of counseling 
include screening and managing chronic illnesses or exposures, 
avoiding exposures to acute illnesses, alcohol and smoking, 
and taking a daily multivitamin containing folic acid. On a 
population-basis, effective strategies will have to consider an 
integrated education campaign for women and providers on 
common or highly preventable risk factors, increasing access 
to preconceptional and prenatal care, and reducing disparities 
in access and care. 

Tools 

For these interventions, specific tools can be very helpful. 
Some tools and materials can be found in ongoing preven- 
tion initiatives such as “power your life” (319) and through 
local agencies and organizations. For the busy clinician who 
wants to promote primary prevention in daily clinical practice, 
a screening questionnaire could be a helpful adjunct tool to 
identify major areas for referral or intervention. One possible 
model (320) is illustrated in Figure 25.20. 

Such tools, used regularly (“every woman, every time”), can 
serve as reminders, as screening tools that can lead to referrals 
or further management, and as prompts for education. 


CONCLUDING COMMENTS 


Significant data gaps remain in our understanding of out- 
comes, risk factors, and best strategies for preventions. How- 
ever, currently available data is already sufficient to begin a 
concerted effort to prevent congenital heart defects. Effective 
prevention requires a combination of incentives that drive 
policy, evidence based on science, strategies to maximize the 
effect of interventions, and tools to make these interventions 


TABLE 25.10 
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Health 

Date: 

Name: 

Currently Pregnant: N Y 
Weight before pregnancy: 


Promotion and Prevention 

Patient ID: 

Age (years): Date of birth: 

Date LMP (day, month, year): 

Current weight (kg): Height (cm): 


Circle the answer (N=No; Y=Yes; DK=Do not Know). If yes, use the comment/specify section for details 


Selected Chronic Conditions 

Circle Answer 

Comment/Specify 

Diabetes (pregestational) type 1 

N 

Y 

DK 


Diabetes (pregestational) type 2 

N 

Y 

DK 


Epilepsy, seizure disorder 

N 

Y 

DK 


Asthma, respiratory disorders 

N 

Y 

DK 


Depression 

N 

Y 

DK 


Thyroid disease 

N 

Y 

DK 


Essential hypertension 

N 

Y 

DK 


Congenital heart disease 

N 

Y 

DK 


Rheumatic heart disease 

N 

Y 

DK 


Chronic renal failure 

N 

Y 

DK 


Sickle cell disease 

N 

Y 

DK 


Other (specify): 

N 

Y 

DK 


Pregnancy and family History 




Comment/Specify 

Previous babies with birth defects or 
died in infancy 

N 

Y 

DK 



Legend of timing : BefC = before conception; Pl-2 = month 1-2 of pregnancy; P3=month 3 of pregnancy; T2-2 nd trimester; T3-3 rd trimester 


Selected factors: specify when Yes 

Circle 

Answer 

Timing of exposure (circle) 

See above for legend 

Com m ent/Specify 

Smoking 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Folic acid or multivitamin (>3 times/week) 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Fever , > 38*C for more than one day 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Toxoplasmosis 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Rubella (disease) 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Rubella immunization 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Syphilis 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


HIV 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Medications, specify when Yes 










Seizure medication, type unknown 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Carbamazepime (Tegretol) 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Valproic acid 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Other seizure med (specify): 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Antidepressant/Lithium (specify): 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Thyroid medications (specify) 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Retinoic acid (Accutane) 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Warfarin (Cumarin) 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Trimethoprim 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


ACE inhibitors 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


Others (misoprostol, androgens, 
corticosteroids, others?): write in below 

N 

Y 

DK 

BefC 

Pl-2 

P3 

T2 

T3 


1 . 




BefC 

Pl-2 

P3 

T2 

T3 


2. 




BefC 

Pl-2 

P3 

T2 

T3 


3. 




BefC 

Pl-2 

P3 

T2 

T3 



Additional comments (add a page if needed): 


Figure 25.20. Sample questionnaire to screen for common modifiable risk factors for congenital heart defects in clinical 
practice. 
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practical, sustainable, and consistent. Epidemiology provides 
much of the supporting data, from assessing the impact of 
congenital heart defects (from prevalence to mortality to cost) 
to evaluating the effects of intervention (by ongoing monitor- 
ing of outcomes and risk factors). 

In the real world, prevention requires an integrated and 
sustained effort by the clinical, research, and public health 
community. This task ought to be tackled with a sense of 
urgency. Research into new causes and genetic determinants 
of congenital heart defects needs to go on, to fill the consider- 
able data gaps that still exist on the etiology of heart defects. 
Yet, even in this stage of incomplete knowledge, some aspects 
of prevention can and should be implemented today. Pregnan- 
cies exposed to known teratogens such as diabetes continue to 
occur, and affected children continue to be born. To change 
this, it will be crucial not only to target individual women 
for preconceptional education and care but also to sustain 
population-wide interventions that ensure a fair and equita- 
ble change for prevention for all groups in the population, so 
that the benefits of prevention can accrue to all, regardless of 
education or means. 
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S ince the publication of this chapter in the seventh edition 
of this book, there has been ongoing progress in both the 
medical and surgical management of children bom with con- 
genital heart defects (CHDs) and the genetic technology that 
has assisted diagnosis, management, and research. Patients 
with significant heart disease now routinely survive well into 
adulthood. With these advances come new questions about 
variability in clinical outcome, long-term survival, fetal inter- 
vention, and recurrence risk. Although differences in clinical 
management affect clinical outcome and survival, evidence 
suggests that the etiologic basis of these malformations con- 
tributes to outcome as well (1—4). These observations highlight 
the importance of understanding the causes of CHDs. 

Environmental, genetic, and stochastic factors contribute 
to the cause of CHDs (Table 26.1) (5,6); an expanded discus- 
sion of environmental risk factors and teratogens can be found 
in Chapter 25. Evidence for a genetic contribution comes from 
several observations. First, specific types of CHDs are com- 
monly seen with specific chromosomal abnormalities. For 
example, atrioventricular septal defects are most commonly 
diagnosed in patients with trisomy 21, and patients with tri- 
somy 21 are commonly diagnosed with atrioventricular septal 
defects. Second, similar CHDs can occur in multiple members 
of a family, suggesting a genetic basis. Recent studies have 
demonstrated particularly high heritability in certain subsets 
of CHDs such as left-sided lesions (7-9). Third, epidemiologic 
studies demonstrate an increased precurrence and recurrence 
risk for CHDs in families with one affected member (10-13). 

These observations also suggest that many CHDs result 
from complex genetic and environmental interactions rather 
than simple mendelian inheritance. Although the vast major- 
ity of patients with Down syndrome have a complete third 
copy of chromosome 21, only 40% to 50% of patients have 
CHD. In contrast to the consistent finding of intellectual dis- 
ability, the less frequent expression of CHDs suggests that 
other genetic and/or environmental factors contribute to the 
risk of CHDs even in the presence of a major chromosomal 
alteration. Similarly, the likelihood that parents with one 
child affected with a nonsyndromic CHD will have a sec- 
ond affected child is increased as compared to the baseline 
risk in the general population, but the recurrence risk is sig- 
nificantly lower than simple mendelian inheritance would 
predict. 

The heterogeneous etiologic factors of CHDs make it more 
difficult to understand the basis of these disorders. For exam- 
ple, several different genetic alterations are now known to 
be associated with tetralogy of Fallot including trisomy 21, 
the 22qll.2 deletion, and JAG1 mutations (Table 26.1 and 
see below: Genetics of Specific CHDs). Tetralogy of Fallot is 
found in many other genetic syndromes and can be associated 
with maternal exposure to retinoic acid and maternal phe- 
nylketonuria (14). Therefore, defining the genetic alterations 
that contribute to the cause of specific CHDs and identifying 
those that affect clinical outcome is challenging. 


Notable advances have begun to unravel the genetic basis 
of these disorders. The first edition of this text published in 
1968 cited 15 genetic syndromes and conditions, including 
storage diseases (personal correspondence from Dr. George 
Emmanouilides, Harbor-UCLA Medical Center). More than 
50 years later, this chapter lists 50 of the most familiar or 
distinctive malformation syndromes characterized in part by 
CHDs and associated with an identifiable cause. As discov- 
eries are made, the number of children with defined genetic 
causes of their CHD will increase. The information should 
help the physician counsel families more accurately about 
recurrence risks and clinical outcome and, it is hoped, lead to 
novel medical therapeutics to improve clinical outcomes. Since 
rapid progress is likely to continue, the medical caregiver will 
need a firm understanding of this area to anticipate its impact 
on clinical medicine. 

This chapter reviews the genetic basis of CHDs by provid- 
ing sufficient fundamental concepts to give readers a consistent 
background, yet remaining a pragmatic “off-the-shelf” hand- 
book in real clinical and educational settings. The term CHDs 
refers to developmental changes of the intracardiac structures 
and major vessels and is interchangeable with the terms car- 
diovascular malformation or congenital heart disease. The 
genetic basis of cardiomyopathies and arrhythmias, both of 
which may be associated with a CHD, is discussed in other 
chapters. Instead of listing all possible genetic syndromes asso- 
ciated with each CHD (which can be found in multiple online 
and textbook resources listed below), this chapter presents an 
alternative approach for considering the genetic causes of CHD, 
ordered by genetic mechanism to help the reader understand 
and anticipate future developments in this field. In addition, 
Tables 26.2-26.4 summarize the growing number of syndromes 
that are either common conditions frequently associated with any 
type of CHD, or uncommon syndromes associated with a dis- 
tinctive pattern of CHD. The chapter concludes with suggested 
guidelines for the genetic evaluation of a child with a CHD. 


METHODS AND MECHANISMS 

Genetic Testing 

In large part, the identification of novel genetic abnormali- 
ties associated with disease has been driven by increasingly 
sensitive methods to detect genetic alterations. The technol- 
ogy to detect structural variation in the human genome (134) 
has progressed from microscopic to genomic analyses, and is 
of interest to both clinician and researcher. In the first era of 
chromosome analysis, the karyotype displayed the 23 pairs 
of human chromosomes and detected changes in chromo- 
some number (such as trisomy 21) or large changes in chro- 
mosome architecture such as translocations (the exchange of 
pieces between two chromosomes). Smaller changes such as 
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Causes of CHDs 


Etiology 

Example: Patient with Tetralogy of Fallot (TOF) 

Chromosomal change 

Change in chromosome number 

Trisomy 18 or 21 

Translocation between chromosomes 

Translocation 1p36 

Deletion of chromosome segment 

Deletion 5p or 22q1 1 .2 

Duplication of chromosome segment 

Partial trisomy 8q 

Single gene or gene pair abnormality 

Isolated CHD 

Newborn with TOF, whose mother also had TOF 
repaired in childhood; sister has malalignment-type 

VSD (probable autosomal dominant inheritance) 

Associated with syndrome 

JAG1 mutation in Alagille syndrome 

Mitochondrial defect 

None known 

Environmental exposure 

Fetus found to have TOF, mother known to have 
maternal phenylketonuria 

Multifactorial causation 
(gene/environmental interaction) 

TOF in a child with ectopia cordis 

Stochastic events 

Isolated TOF 


VSD, ventricular septal defect. 


a visible deletion or duplication of chromosomal segments 
were subsequently detected by new “banding” methods, such 
as Giemsa staining, which resulted in characteristic dark and 
light bands for each chromosome. More recently, fluorescence 
in situ hybridization (FISH), multiplex ligation-dependent 
probe amplification (MLPA), and microarray technologies 
have been used to detect smaller deletions and duplications of 
chromosome segments that could not otherwise be seen on a 
standard or even high-resolution karyotype. Identification of 
disease-related mutations or alterations in the genetic code for 
a single gene can be detected using various techniques. 

Accordingly, changes in chromosome number such as tri- 
somy 21 or Turner syndrome were among the first identified 
genetic causes of CHDs. Deletion syndromes such as the 
22qll.2 deletion or Williams syndromes were subsequently 
recognized with the advent of new banding techniques and 
then FISH, MLPA, and now microarrays. The advent of micro- 
array technology has also permitted the characterization of an 
increasing number of deletion and duplication syndromes such 
as lp36 deletion and 8p23 deletion syndromes (Table 26.2) 
(135,136). Given the ability of microarrays to survey the entire 
genome for changes in regional chromosomal imbalances, this 
technology has become the test of choice in many scenarios 
and centers (137). 

Increasingly automated mutation detection and gene 
sequencing techniques now identify disease-related muta- 
tions in single-gene disorders such as Holt-Oram or Alagille 
syndromes. The growing ability to identify disease-related 
mutations by gene sequencing has allowed additional clinical 
genetic testing in individual patients or families. 

Investigative Approaches 

Investigators have used a variety of approaches to identify 
the genetic cause of CHDs reflecting advancements made in 


molecular genetic technologies. Historically, the identifica- 
tion of a consistent chromosomal alteration on a karyotype 
focused where investigators might look for the genetic basis 
of that disease. For example, 5% to 10% of patients with 
Alagille syndrome were originally noted to have a chromo- 
somal deletion involving the “p” (short) arm of chromosome 
20 (see Alagille syndrome). This observation suggested that 
other patients might have submicroscopic alterations of that 
region or a mutation in a gene in that region. Further investi- 
gations found disease-causing mutations in a gene called JAG 1 
that mapped into the region of 20p, thereby establishing JAG1 
as one of the disease genes for Alagille syndrome. 

Alternatively, large kindreds with multiple affected members 
permit a parametric linkage analysis to map the disease gene to 
a chromosomal position or locus. Informative linkage analyses 
were responsible for identifying the disease genes in Marfan, 
Holt-Oram, and Noonan syndromes as well as familial cases of 
atrial septal defect with atrioventricular conduction blockade 
(. NKX2.5 ), to name a few (see in Single-Gene Disorders). The 
Human Genome Project has greatly simplified and accelerated 
the identification of disease genes once a disease locus is defined. 

These aforementioned strategies to identify disease-related 
genes are limited by the relative rarity of large kindred or con- 
sistent chromosomal changes. However, emerging chromo- 
some microarray technologies have identified an increasing 
number of previously unrecognized submicroscopic chromo- 
somal deletions and duplications, thereby defining new genetic 
syndromes and disease genes (135-138). The advent of “next 
generation sequencing,” including large-scale gene, whole 
exome, and whole genome sequencing, promises to identify an 
increasing number of disease-causing variants as well. 

As noted, it is increasingly apparent that a large proportion 
of CHDs are complex in origin, resulting from a combination 
of genetic and environmental risk factors in any one patient or 
family (5,6,13). Studies to date suggest marked genetic hetero- 
geneity in the number of disease genes associated with any one 
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table 26.2 

Chromosome Abnormality Syndromes Associated with CHDs 



Frequency of CHD* 


Syndrome 

Distinctive or 

Reference Gene(s) b OMIM No. All (%) Common 

Distinctive Features 0 

Changes in chromosome number 


Trisomy 13 

(15-17) 


50-80 

Conotruncal CHDs: 

DORV, TOF 

VSD, ASD, PDA 

AVSD 

Polyvalvar dysplasia 

Polydactyly 

Cleft lip and palate 

CNS anomalies 
(holoprosencephaly) 

Renal, GU anomalies 

Scalp cutis aplasia 
Microphthalmia 

Trisomy 18 

(15,16,18-21) 


95 

Polyvalvar dysplasia 
Conoventricular VSD 

TOF, DORV 

AVSD 

Overlapping fingers 

CNS anomalies (posterior 
fossas) 

Small facial features 

Rocker bottom feet 

Renal, GU anomalies 

Down syndrome 
(trisomy 21 most 
common) 

(22-24) 

190685 

40 

AVSD defects: 

Complete AVSD 

Primum ASD 

VSD, all types 

Secundum ASD 

PDA 

TOF 

Gl anomalies 

Endocrine anomalies 

Fifth finger clinodactyly 
Leukemoid reaction 
Microbrachycephaly 

Turner syndrome 
(45,X most 
common) 

(25-32) 


25 

LVOTO CHDs: 

BAV ± AS(V) 

Coarctation 

MV anomalies, MVP 
PAPVC, LSVC 

Aortic dilation, dissection 
Hypertension 

Prolonged QTc 

Horseshoe kidney 

Short fourth metacarpal 

Neck webbing 

Lymphedema 

Infertility 

Short stature 

Nevi, keloids 

Hypothyroidism 

Chromosome deletion or duplication 

Deletion 1p36 

(33-35) 

607872 

35 

Assorted CHD 

TOF/PA 

PDA 

Ebstein 

DCM, noncompaction 

Obesity 

Cleft lip/palate 

Epilepsy 

Hearing loss 

Brachydactyly 

Deletion 3p25 

(36-39) 


33 

Primum ASD, AVSD 
Assorted CHDs 

Ptosis 

Abnormal ears 

Hearing loss 

Postaxial polydactyly 
Congenital hypothyroidism 

Duplication 3q 

(40,41) 


75 

Assorted CHDs 

Craniosynostosis 

Short neck 

GU anomalies 

Cleft palate 

Fifth finger clinodactyly 

Deletion 4p16 

(42) WHSC1 

WHSC2 

194190 

30-50 

Secundum ASD 

PS(V) 

VSD 

Abnormal ears 

Cleft lip/palate 

GU anomalies 

Seizures 

Hearing loss 


(Continued) 
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| Chromosome Abnormality Syndromes Associated with CHDs (Continued) 


Frequency of CHD a 


Syndrome 

Reference 

Gene(s ) 6 

OMIM No. 

All (%) 

Distinctive or 

Common 

Distinctive Features c 

Deletion 4qter 

(43,44) 



40 

RVOTO 

PS 

Abnormal pinnae 

Cleft palate 

Pierre-Robin sequence 

Fifth fingernail tapered, 
pointed/duplicated 

Deletion 5p15 

(45) 


123450 

20 

Assorted CHDs 

VSD 

PDA 

TOF 

Cat-like cry 

Cleft lip/palate 

Abnormal ears 
Preauriculartags 

Williams 

syndrome 

Deletion 7p13 

(46) 

ELN 

194050 

75 rf 

SVAS ± AS(V) 

PS 

PPS 

Coarctation 

Coronary artery stenosis 

Abnormal calcium 
levels 

Hypodontia 

Characteristic behavior 
and personality 

Deletion 8p23 

(47-51) 

GATA4 

600576 

65-80 

PS 

Secundum ASD 

AVSD 

VSD 

Left ventricular 
noncompaction 

GU anomalies 

Abnormal ears 

Minor hand anomalies 
Diaphragmatic hernia 

Duplication 8q 
(recombinant 8) 

(52,53) 


179613 

45 

Conotruncal CHDs: 

TOF, DORV, truncus 

Short fifth finger 
Hypertelorism 

Hirsutism 

Deletion 9p 

(54,55) 


158170 

35 

Assorted CHDs 

Trigonocephaly 

Extra flexion creases 
Hypertelorism 

Ear anomalies 

Genital anomalies 

Deletion 1 0p 

(56,57) 


601362 

50 

VSD ± ASD 

PDA 

Minor hand/foot anomalies 
Hearing loss 

Renal anomalies 

DiGeorge phenotype 

Deletion 1 1q23 

Jacobsen 

Syndrome 

(58) 


147791 

55 

VSD 

LVOTO: HLHS 

Thrombocytopenia or 
abnormal platelets 
Undescended testes 

Renal anomalies 

Deletion 17p11.2 

Smith-Magenis 

syndrome 

(59,60) 

RAH 

182290 

10 

Assorted CHDs 

Brachycephaly 

Aggressive, self-injurious 
behavior 

Sleep disturbances 

Eye, ear anomalies 

Deletion 18q 

(61-63) 


601808 

15-30 

PS 

ASD 

VSD 

Wide-spaced nipples 

Cleft palate 

GU anomalies 

Aural atresia 

Brain dysmyelination 

Tetrasomy 22p 

Cat eye 
syndrome 

(64) 


115470 

50 

TAVPC 

PAPVC 

Assorted CHDs 

Rectoanal anomalies 
Coloboma 

Preauricular tag/pit 

GU anomalies 
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TABLE 26.2 


Chromosome Abnormality Syndromes Associated with CHDs ( Continued ) 






Frequency of CHD S 


Syndrome 

Reference 

Gene(s) 6 

OMIM No. 

All (%) 

Distinctive or 
Common 

Distinctive Features 0 

Derivative 1 1 ;22 

(65,66) 


609029 

60 

ASD, VSD, PDA 

LSVC 

Preauriculartag/pit 

Cleft palate 

Genital anomalies 

Deletion 22q11.2 
DiGeorge sequence 

Velocardiofacial 

syndrome 

(67-71) 

TBX1 

CRKL 

ERK2 

192430 

602054 

602007 

176948 

75-85 

IAA type B 

Truncus 

TOF 

VSD 

Cleft palate 

Hypocalcemia 

T-cell dysfunction 

Feeding and speech 
disorders 

Conotruncal 
anomaly face 





Aortic arch anomalies 

Psychiatric disorders 


“Frequency figures rounded. When not specified in an article, data were calculated independently. Congenital heart "defects" excluded valve regurgitation, patent foramen 
ovale, and unspecified murmur, cyanosis, or heart disease. Some syndrome-specific nonstructural anomalies were included 

fc Genes listed map to the disease locus and are specifically associated with the cardiovascular features of the syndrome, though other genes in the chromosomal region may 
also be related to the syndrome. 

“Most syndromes have growth delay, some degree of developmental delay/mental retardation, and dysmorphic facial features, which can be reviewed in general genetics 
references (72,73). 

^Frequency reflects cases with molecular confirmation. 

ASCA, aberrant subclavian artery; ASD, atrial septal defect; AS(V), aortic stenosis (valvar specified); AVSD, arterioventricular septal defect; BAV, bicuspid aortic valve; CHDs, 
congenital heart defects; CNS, central nervous system; DCM, dilated cardiomyopathy; DDRV, double-outlet right ventricle; FAVS,facioauriculovertebral spectrum; 

Gl, gastrointestinal; GU, genitourinary; HCM, hypertrophic cardiomyopathy; HLHS, hypoplastic left heart syndrome; IAA, A/B, interrupted aortic arch, type A or B; LSVC, left 
superior vena cava; LVOTO, left ventricular outflow tract obstruction; MS, mitral stenosis; MVP, mitral valve prolapse; OMIM, on line Mendelian inheritance in man, PA, pulmonary 
atresia; PAPVC, partial anomalous pulmonary venous connection; PDA, patent ductus arteriosus; (P)PS, (peripheral) pulmonic stenosis; PS(V), pulmonary stenosis (valvar 
specified); RVOTO, right ventricular outflow tract obstruction; TAVPC, total anomalous pulmonary venous connection; TOF, tetralogy of Fallot; VSD, ventricular septal defect. 


lesion, and identify a wide range of genetic alterations rang- 
ing from whole chromosome to single nucleotide changes. The 
extent to which common and/or rare variants, be they single 
nucleotide polymorphisms (SNPs), deletions, or duplications, 
contribute to disease risk is a subject of much debate and 
investigation. In either case, defining disease-associated genetic 
variants, genes, and developmental pathways provides new 
opportunities for novel therapeutic and preventive strategies. 


PATTERNS OF INHERITANCE AND 
FAMILIAL RISKS 


Assessing the risk of recurrence (the chance that an affected par- 
ent will have an affected child or that unaffected parents will 
have a second affected child) for a patient or their relative is an 
ongoing challenge (139). Historically, different study designs, 
variable classification schemes of CHDs, different modes of 
ascertainment, and evolving methods of diagnosis have made it 
difficult to compare studies and have complete confidence in the 
results. Most cases of CHD have been thought to be sporadic. 
Overall, low recurrence risks of 2% to 4% have been quoted 
for all types of CHDs with one affected sibling or parent (140- 
143). Studies suggest that the recurrence risk increases if more 
than one sibling is affected (13) although it has been unclear if 
an affected mother confers a greater risk than an affected father 
(144,145). Recurrent CHDs within a family are often concord- 
ant or derive from the same class of defects (140). 

Data from these studies are valuable, but must be used 
with some caution. Earlier studies did not consider the more 
recently described mendelian syndromes and chromosomal 


causes of CHDs, factors that affect the overall recurrence 
frequency. In addition, familial cases of almost every type 
of CHD have been observed as has every pattern of inher- 
itance including autosomal dominant, autosomal recessive, 
X-linked, or complex nonmendelian patterns of inheritance. 
The observed pattern of inheritance greatly influences the risk 
of recurrence for any one family and must be considered for 
counseling purposes. 

As an alternative to recurrence risk analysis, investigators 
from the Baltimore-Washington Infant Study calculated the 
rate of CHD precurrence (the number of currently affected 
relatives at the time of birth) (10). Their studies demonstrated 
increased familial disease, especially left-sided CHDs. Left- 
sided obstructive defects have also been the subject of several 
recent large family studies. Echocardiography was performed 
on first-degree relatives of probands to complement extensive 
pedigree analysis and better assess the occurrence of CHD 
in each family. These reports found that 8% to 19% of first- 
degree relatives of patients with left-sided CHDs had predom- 
inantly concordant CHDs, suggesting that left-sided CHDs 
commonly result from inherited genetic traits (7-9,146). Of 
note, CHDs were identified with higher frequency in first- 
degree relatives of probands with hypoplastic left heart syn- 
drome (HLHS) (19.3%) and coarctation of the aorta (9.4%) 
than in first-degree relatives of probands with D-transposition 
of the great arteries (2.7%) (9). Most recently, several studies 
confirm high heritability of left-sided CHDs (implying a strong 
genetic component to their etiology) and marked genetic het- 
erogeneity with evidence for possible autosomal dominant 
inheritance in some pedigrees (7,146-149). Studies detailing 
the heritability of other types or classes of CHDs have not yet 
been performed to provide similar data. 
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] Single-Gene Disorders Associated with CHDs 







Frequency of CHD a 


Syndrome 

Reference 

Gene(s) 

OMIM No. 

All (%) 

Distinctive or Most 
Common 

Distinctive Features^ 

Autosomal dominant 

Alagille syndrome 

(74,75) 

JAG1 

N0TCH2 

118450 

600275 

90 c 

PPS 

TOF ± PA 

ASD, VSD 

Coarctation 

Bile duct paucity 

Chronic cholestasis 

Butterfly vertebrae 

Posterior embryotoxon 

Cardiofaciocutaneous 

syndrome 

(76-78) 

BRAF 

MEK1 

MEK2 

KRAS 

115150 

75 c 

PS(V) 

Secundum ASD 

Other valve dysplasia 

HCM 

Sparse, curly hair 

Low, rotated ears 
Hyperkeratosis 

Char syndrome 

(79,80) 

TFAP2p 

169100 

20-70 

PDA 

Muscular VSD 

Anomalies of fifth 
finger 

Supernumerary nipple 

CHARGE syndrome 

(81,82) 

CHD7 

SEMA3E 

214800 

90 c 

Conotruncal CHDs: 

TOF, D0RV±AVSD 

Aortic arch anomalies 
Assorted CHD 

Coloboma 

Choanal atresia 

Genital anomalies 

Ear anomalies 

Facial asymmetry 

Cleft lip/palate 

Cornelia de Lange 
syndrome 

(83-85) 

NIPBL 

SMC1A 

122470 

30040 

25 

VSD, ASD 

PS 

HCM 

Upper limb deficiency 

Gl anomalies 

Costello syndrome 

(86) 

HRAS 

218040 

85 c 

PS(V), other valve 
dysplasia 

HCM 

Atrial tachycardia 

Aortic dilation 

Skin/joint laxity 

Fine/curly hair 

Ulnar deviation 

Papillomata 

Scoliosis, pectus 

Holt-Oram syndrome 

(87,88) 

TBX5 

142900 

75 c 

ASD, VSD 

PAPVR 

Assorted CHDs 
Conduction defect 

Upper limb anomalies 

Kabuki syndrome 

(89-92) 

MLL2 

147920 

45-55 

ASD/VSD 

LVOTO CHDs: BAV, 
Coarctation, HLHS 

Long palpebral fissures 

Cleft lip/palate 

Skeletal abnormalities 

LEOPARD syndrome 

(93-95,102) 

PTPN11 

RAF1 

163950 

70-100 

PS(V) 

HCM 

Conduction defect 

Cafe au lait macules 
Lentigines 

Deafness, ear anomalies 

Neurofibromatosis 

(96,97) 

NF1 

162200 

2 

PS(V) 

AS(V), Coarctation 

HCM 

Cafe au lait macules 

Optic glioma 

Scoliosis 

Pseudarthrosis 

Neurofibromas 

Noonan syndrome 

(93,98-104) 

PTPNU 

KRAS 

SOS1 

RAF1 

NRAS 

BRAF 

SH0C2 

163950 

85 c 

PS(V) 

ASD 

AVSD, partial 

Coarctation 

HCM 

Short, webbed neck 

Pectus deformity 
Cryptorchidism 

Rubinstein-Taybi 

syndrome 

(105,106) 

CREBBP 

EP300 

180849 

40 

PDA, ASD, VSD 
Coarctation, HLHS 

Broad thumbs, 
greattoes 
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Single-Gene Disorders Associated with CHDs ( Continued ) 





Frequency of CHD a 
Distinctive or 


Syndrome 

Reference 

Gene(s) 

OMIM No. 

All (%) 

Most Common 

Distinctive Features 6 

Townes-Brocks 

syndrome 

(107) 

SALL1 

107480 

25 c 

Truncus, TOF 

ASD, VSD 

Thumb malformations 

Ear anomalies 

Imperforate anus 

Autosomal recessive 

Ellis— van Creveld 
syndrome 

(108-110) 

EVC 

EVC2 

225500 

607261 

70 

AVSD defects: 
Common atrium 
Primum ASD, 

Complete AVSD 
Secundum ASD 

Short limbs 

Polydactyly 

Hypoplastic nails 

Dental anomalies 

Keutel syndrome 

(111,112) 

MGP 

245150 

70 

PS, peripheral 

Short digits 

Mixed hearing loss 

Cartilage calcification 

McKusick-Kaufman 

syndrome 

(113,114) 

MKKS 

604896 

15-50 

AVSD defects: 
Complete AVSD 
Primum ASD, 
common atrium 

Hydrometrocolpos 

Postaxial polydactyly 

Smith-Lemli-Opitz 

syndrome 

(115,116) 

DHCR7 

270400 

45 

Secundum ASD, VSD 
Complete AVSD 

TAPVR 

2-3 toe syndactyly 

Cleft palate 

Lung anomalies 

Genital anomalies 

Simpson-Golabi- 
Behmel syndrome 

(117) 

GPC3 

312870 

25 

Secundum ASD, VSD 
Rare, variable 
cardiomyopathy 

Macrosomia 

Cleft palate 

Supernumerary nipples 


Hypospadias 

Polysyndactyly 


See Table 26.2 for definition of abbreviations. 

frequency figures rounded. When not specified in an article, data were calculated independently. Congenital heart "defects" excluded valve regurgitation, patent foramen 
ovale, and unspecified murmur, cyanosis, or heart disease. Some syndrome-specific nonstructural anomalies were included. 

6 Most syndromes have growth delay, some degree of developmental delay or mental retardation, and dysmorphic facial features, which can be reviewed in general genetics 
references (72,73). 

frequency reflects cases with molecular confirmation. 

PAPVR, partial anomalous pulmonary venous return; TAPVR, total anomalous pulmonary venous return. 

(Adapted from Lin AE, Belmont J, Malik S. Heart. In: Stevenson RE, Hall JG, eds. Human Malformations and Related Anomalies. 2nd ed. New York, NY: Oxford University 
Press, 2006:85-120; Lin AE, Ardinger HH. Genetic epidemiology and an overview of the genetics of congenital heart defects. Prog Pediatr Cardiol 2005;20:113-126, Ref. 119.) 


Collectively, these findings suggest that precurrence and 
recurrence rates are likely to vary between specific types of 
CHD and within different kindred. Therefore, instead of using 
population-based empiric data alone, counseling for recur- 
rence risk for an individual family requires the consideration 
of multiple factors including the specific type of CHD, the 
presence of additional affected family members, and the pres- 
ence of known genetic or syndromic risk factors. 


GENETIC SYNDROMES 

Genetic syndromes are defined as a consistent pattern of mal- 
formation caused by a genetic alteration. A malformation syn- 
drome consists of multiple structural defects that are thought 
to be due to a single cause, even if the suspected cause has not 
yet been identified (72). The cause can include genetic altera- 
tions such as changes in chromosome number, translocations 


between chromosomes, deletions or duplications of specific 
chromosomal regions, or single-gene defects, or can involve a 
teratogen (Table 26.1). The most common genetic syndromes 
are described in the following sections organized by the 
type of associated genetic alteration. For each syndrome the 
genetic basis, clinical and cardiac phenotype, diagnostic test- 
ing, natural history, and population frequency are described. 
A more extensive table of syndromes is provided for reference 
(Tables 26.2-26.4). In addition to the common conditions 
summarized in this chapter, there is a constantly enlarging 
compendium of chromosome regions associated with CHDs 
that have evolved from cytogenetically visible aberrations 
(150,151) to complex genomic-based networks (152). Genetic 
textbooks, chapters, and online services provide extensive 
descriptions of each syndrome (72,73,153,154). An alterna- 
tive listing of syndromes by cardiac subclasses may be more 
practical for the cardiologist searching for information based 
on the specific type of heart defect, especially when a dysmor- 
phic child lacks a specific syndromic diagnosis (118). 
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Wfl Conditions with Presumed but Unknown Genetic Cause, or Genetic Heterogeneity 

Associated with CHDs 






Frequency of CHD fl 







Distinctive or Most 


Syndrome 

Reference 

Gene(s) 

OMIM No. 

All {%) 

Common 

Distinctive Features* 

Autosomal dominant 

Adams-Oliver 

(120,121) 


100300 

20 

LVOTO CHDs: 

Scalp cutis aplasia 

syndrome 





Coarctation, parachute MV 

Terminal transverse limb 






TOF 

Pulmonary vascular 
malformations 

defect 

Autosomal recessive 

Fryns syndrome 

(122) 


229850 

50 

Secundum ASD, VSD 
Conotruncal CHDs 

Diaphragmatic hernia 

Distal digital hypoplasia 

GU, Gl anomalies 

Hydrolethalus 

syndrome 

(123,124) 

HYLS1 

236680 

610693 

60 

AVSD defects: 

Complete 

AVSD, common atrium 
ASD 

Hydrocephalus 

Keyhole occipital defect 
Polydactyly 

Cleft lip/palate 

Oral-fa cial-digital 

(108) 


252100 

50 

Primum ASD 

Tongue hamartomas 

syndrome, II 





Complete AVSD 

Median cleft lip, alveolus 
Complex polysyndactyly 

Ritscher-Schinzel 

(125) 


220210 

100 

TOF, DORV 

Dandy-Walker malformation 

syndrome (3C) 





Complete AVSD, primum 
ASD 

Prominent forehead 

Cleft palate 






ASD, VSD 

Coloboma 

Etiologic heterogeneity with autosomal gene(s), in some cases 

PHACES syndrome 

(126,127) 


606519 

90 

Coarctation 

1 AA type A 

Right, double, or cervical 
aortic arch 

Posterior fossa malformation 
Hemangiomas 

Eye anomalies 

HFM, 

(128) 


164210 

30 

VSD 


Goldenhar syndrome, 
oculoauricular 
vertebral spectrum 





Conotruncal CHDs: TOF 

Microtia, ear tags, pits 
Hypoplasia face 

Epibulbar dermoid 

Vertebral anomalies 

Radial deficiency 

GU anomalies 

Heterotaxy 

(129-131) 

LEFTY2 

ACVR2B 

601877 

602730 

95 

Dextrocardia 

D-transposition 

Visceral situs anomalies 

Lung lobation anomalies 



CFC1 

ZIC3 

605376 

306955 


L-transposition 

AVSD defects 

Cleft lip, palate 

GU, brain anomalies 






TAPVR 

Biliary atresia 






Interrupted IVC 

Malrotation, bowel atresia 






Left SVC 

Spleen anomalies 

VATER association 

(132,133) 


192350 

50 

Assorted CHDs 

Vertebral anomalies anorectal 






Single umbilical artery 

anomalies 

Renal anomalies 

Radial deficiency 


See Table 26.2 for definitions of abbreviations. 

I VC, inferior vena cava; SVC, superior vena cava, TAPVR, total anomalous pulmonary venous return. 
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Syndromes Associated with Chromosome 
Abnormalities 

In population-based studies, a chromosome abnormality was 
detected in approximately 13% of children in the first year 
(22,155), and in 19% to 36% of miscarriages and stillborn 
fetuses with a cardiac defect (156). These occurrence data are 
reviewed in more detail in Chapter 25 of this text. Chromo- 
some abnormalities can be classified according to an increase 
or decrease in whole chromosome number (aneuploidy), an 
increase or decrease of part of a chromosome (duplication or 
deletion, partial trisomy, or partial monosomy), or a more 
complex rearrangement. More recently, chromosome micro- 
array analysis may be able to detect a causal diagnosis in up 
to 18% with a “syndromic CHD” (157). Of the many pos- 
sibilities, Table 26.2 lists the most common syndromes with 
the most distinctive CHDs, with selected ones discussed below. 

Change in Chromosome Number (Aneuploidy) 

Down Syndrome 

The most familiar syndrome to cardiologists is Down syn- 
drome in which there is trisomy 21 in 94% (a complete extra 
copy of chromosome 21) (Table 26.2). Less commonly, (6% 
overall), partial trisomy of chromosome 21 is present owing to 
a chromosomal translocation or mosaicism. The well-known 
facial appearance changes with age and varies with ethnic 
background (Fig. 26.1). Common findings include hypotonia, 
global developmental delays and moderate intellectual disabil- 
ity, microbrachycephaly, small ears, mouth and nose, protrud- 
ing tongue, upslanting eyes with epicanthal folds, transverse 
palmar creases, and sparse hair. Skeletal anomalies include fifth 
finger clinodactyly, brachydactyly, a gap between first and sec- 
ond toes, atlantoaxial instability, hypoplastic pelvis, and joint 
laxity. Additional problems involve the visual, auditory, endo- 
crine, hematologic, reproductive, and gastrointestinal systems. 

Almost half of liveborn Down syndrome individuals have 
a CHD, approximately 40% of whom have a complete atrio- 
ventricular septal defect (also known as atrioventricular canal 
defect or endocardial cushion defect) (23). When primum-type 
atrial septal defect, canal-type ventricular septal defect, and 
transitional atrioventricular septal defect are included, the fre- 
quency of the atrioventricular family of septal defects increases 
to almost 60% (22-24). The association of Down syndrome 
and atrioventricular septal defects is underscored by the fact 
that approximately 75% of patients with a complete atrioven- 
tricular septal defect have Down syndrome. Other common 
CHDs include secundum atrial septal defect, perimembranous 
and muscular ventricular septal defect, tetralogy of Fallot 
(with and without atrioventricular septal defect), and hemo- 
dynamically significant patent ductus arteriosus. 

Mothers older than age 35 years have an increased risk of 
conceiving a child with aneuploidy (an extra chromosome), 
including Down syndrome. Cross-sectional data (1979 to 
2003) looking at Down syndrome children aged 0 to 19 years 
in 10 sections of the United States showed a steady increase 
from 9.0 to 11.8 per 10,000, but was lower among non-His- 
panic blacks (158). Overall survival has improved, although 
prenatally diagnosed CHDs and/or growth retardation may 
predict a poorer outcome (159). The median age at death 
increased from 25 to 49 years in the interval from 1983 to 
1997 (160). Equivalent if not better surgical results for atri- 
oventricular septal defect repair with similar postoperative 
residual cardiovascular defects have been reported in Down 
as compared with non-Down syndrome individuals (161,162). 

The largest survey study to date reported that the frequency 
of CHDs in patients with Down syndrome mosaicism was 



Figure 26.1. Down syndrome. A thriving 1 -year-old girl with 
epicanthal folds, small nose, small mouth, small ears, and 
atrioventricular septal defect. (Courtesy of Sara S. Halbach, 
MS, CGC; Donna McDonald-McGinn, MS, CGC; Terri 
Anderson, MD; and Elaine Zackai, MD, The Children’s Hos- 
pital of Philadelphia.) 


similar to the complete trisomy 21 comparison group (~42% 
and 50%) (163). Atrial septal defect was the most common 
CHD, with atrioventricular septal defect reported in 11% 
compared to 22%. 

The strong association of Down syndrome and atrioven- 
tricular septal defects prompted a search for a cardiac gene on 
chromosome 21. A Down syndrome critical region on chro- 
mosome 21 (21q22) and CHD candidate genes have been pro- 
posed, although causation for atrioventricular septal defects 
has not been demonstrated (164). 

The only source of data on Down syndrome adults fol- 
lowed postoperatively (165) recommended monitoring as with 
any child who had a similar CHD repair. Conduction block 
with variable escape arrhythmia should be assessed with peri- 
odic Holter monitoring. 

Trisomy 18 

Although most fetuses with trisomy 18 may not survive until 
livebirth, there are many parents who will seek aggressive 
support for these seriously affected children, and thus, clini- 
cians should be familiar with their appearance and CHDs 
(18). These children have short palpebral fissures, small 
mouth, micrognathia, growth retardation, prominent occiput, 
clenched hands, disorganized or hypoplastic palmar creases, 
hyperconvex nails, short sternum, small nipples, radial defi- 
ciency, and anomalies of almost every organ system. 

CHDs are nearly ubiquitous and include perimembranous 
ventricular septal defect, tetralogy of Fallot, double-outlet right 
ventricle, and polyvalvar dysplasia in which two or more valve 
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leaflets are thickened, myxomatous, or dysplastic (15,19,20). 
A natural history study of trisomy 1 8 in the United Kingdom 
reported that the prevalence at 18 weeks’ gestational age was 
about 1 in 4,000, which decreased to 1 in 8,000 at birth (21). 
Recent population-based analyses of trisomy 18 (and trisomy 
13) born during 1968 to 1999 reaffirmed that the vast major- 
ity (91%) die in the first year of life, although CHDs did not 
seem to affect survival (16). Although the high lethality and 
obligatory severe mental retardation among survivors is well 
recognized, some parents of trisomy 18 infants advocate for 
cardiac surgery, among other procedures. 

There is no single trisomy 18 critical region. Instead, anal- 
ysis of individuals with duplication of distal 18q provides 
insights into chromosome regions that may contribute to the 
trisomy 18 phenotype (166). 

Turner Syndrome 

The liveborn prevalence of Turner syndrome is approximately 
1 per 2,000 (167). The phenotype depends on whether the 
X chromosome is absent (45, X in almost 50% of patients) or 
structurally abnormal (168). The most common presentation is 
a spontaneously aborted fetus with hydrops or lymphatic mal- 
formation in the neck or mediastinum. Fetal lymphedema pro- 
duces neck webbing, protruding ears, low hairline, puffy hands 
and feet, and deep-set nails (Fig. 26.2). Frequent findings include 
short fourth metacarpals, cubitus valgus, Madelung deform- 
ity, osteoporosis, kyphoscoliosis, broad chest with apparently 
widely spaced nipples, renal anomalies (horseshoe kidney), nevi, 
hearing loss, infertility, autoimmune diseases, as well as deficits 
in visual-spatial/perceptual abilities, attention, and social skills. 
Turner syndrome women with 45, X generally have more mal- 
formations as compared to those with only partial deletion of 
the X chromosome. Mosaicism involving 45,X/46,XX is usually 
associated with a milder phenotype, and 45,X/46,XY mosai- 
cism increases the risk for gonadoblastoma (168). 

Approximately 30% of Turner syndrome women have a 
CHD, which usually involves the left-sided cardiac structures 
(25,26,168), and up to 50% of adults have vascular anomalies 



Figure 26.2. Turner syndrome. An 1 1 -year-old girl with hyper- 
telorism, facial nevi, and dysplastic right pinnae. She has short 
stature, normal intelligence, thyroiditis, and no CHDs. (Cour- 
tesy of Angela E. Lin, MD.) 


detected by magnetic resonance imaging (MRI) (27,169). An 
asymptomatic bicuspid aortic valve (15%) may progress to aor- 
tic stenosis (10%), and coarctation of the aorta (with or without 
a bicuspid aortic valve) is present in 10% of Turner syndrome 
patients. Because these findings are significantly associated with 
the presence of neck webbing, investigators have hypothesized 
that the altered lymphatic drainage itself causes the associated 
left-sided obstructive lesions (26,170). It is unproven whether 
haploinsufficiency for genes on the X chromosome that may 
impair lymphatic and vascular development represent the 
underlying cause instead (28). Less common left-sided defects 
include elongation of the transverse arch and/or pseudocoarc- 
tation (almost half of adults with Turner syndrome) (27), vari- 
ous mitral valve anomalies (<5%), and HLHS (rare). Secundum 
atrial septal defect, perimembranous ventricular septal defect, 
partial anomalous pulmonary venous connection often involv- 
ing the upper left pulmonary vein, and persistent left superior 
vena cava also occur, but complex CHDs, especially conotrun- 
cal defects, are noticeably rare (25-27). 

Turner syndrome women are at risk for aortic dilation, dis- 
section, and sudden death. Prospective MRI of older patients 
doubles the echocardiographic detection of aortic dilation (33% 
vs. 16%) (169). Arterial dilation and arterial wall abnormali- 
ties, and cerebral involvement suggest that there may be a more 
diffuse vasculopathy (171,172). An epidemiologic description 
of aortic dissection calculated a sixfold population-based risk 
(36 per 100,000 Turner syndrome years), or an approximate 
1.4% risk (29). Aortic dissection in Turner syndrome is almost 
always associated with a risk factor such as bicuspid aortic valve, 
coarctation of the aorta or hypertension; the few individuals 
without an underlying cause may reflect inadequate examina- 
tion (173,174), although an intrinsic predisposition cannot be 
excluded. Consensus guidelines (28) for the increasing number 
of older women with Turner syndrome include baseline imaging 
of the aorta at the time the condition is diagnosed and ongoing 
blood pressure monitoring. MRI may provide superior images to 
echocardiography depending on age, coexisting CHDs, previous 
surgery, and body habitus (27,169). Repeat imaging should be 
done every 5 to 10 years, with the appearance of hypertension, 
or if pregnancy is contemplated (28,175). In general, growth 
hormone does not appear to promote aortic dilation (30,31). 
A disturbing number of deaths owing to aortic dissection raises 
concern about the safety of pregnancy (175,176). For the increas- 
ing number of women who consider pregnancy using assisted 
reproductive technology with oocyte donation, it seems prudent 
to exclude the women who have risk factors for dissection, and 
plan pregnancy according to guidelines published in 2007 (28). 

Adult women with Turner syndrome require monitoring 
for postoperative recoarctation and hypertension, and aortic 
stenosis and regurgitation. Unrepaired bicuspid aortic valve 
should be monitored for the development of progressive ste- 
nosis and aortic dilation. Hypertension and coronary artery 
disease are more common than in the general population 
(174,177). Prospective electrocardiogram (ECG) monitoring 
may also be indicated since data demonstrate conduction and 
repolarization abnormalities (including prolongation of the 
QTc interval) (32). 

Studies correlating genotype with clinical phenotype sug- 
gest that haploinsufficiency of the short stature-homeobox 
gene on the short arm of the X chromosome leads to short stat- 
ure and skeletal changes. Genes on both arms of the X chro- 
mosome are important for ovarian function. However, there 
is no known critical region on the X chromosome for CHDs. 

Deletion-Duplication Syndromes 

Microarray technologies have markedly increased the ability 
to detect chromosome imbalances along the entire length of 
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the chromosome, and as such have often become the test of 
choice to detect deletions and duplications (137). As a result 
of these rapid technologic advancements, an increasing num- 
ber of small chromosomal deletions and duplications that are 
not apparent on a high-resolution karyotype have been identi- 
fied in patients with various clinical syndromes and multiple 
congenital anomalies. A chromosomal deletion occurs when 
there is a missing segment of a chromosome on one of the two 
copies of the same chromosome resulting in one copy, or hap- 
loinsufficiency, of that region (partial monosomy). Conversely, 
a chromosomal duplication occurs when there is an extra copy 
of one segment of a chromosome resulting in three copies of 
that region (partial trisomy). Research has defined an expand- 
ing list of deletion and duplication syndromes over the last 
decade. Most of these syndromes are characterized by multi- 
ple congenital anomalies, presumably because of the number 
of genes involved in the deleted or duplicated segments. They 
also display marked clinical variability between individuals. 
Many of these syndromes are associated with CHDs and thus 
constitute an increasingly important group of syndromes with 
which a cardiologist should be familiar. Examples of the most 
common deletion syndromes with cardiovascular features are 
described below, and others are highlighted in Table 26.2. 

The 22q11.2 Deletion Spectrum (DiGeorge Syndrome, 
Velocardiofaciai Syndrome) 

Molecular studies demonstrate that the vast majority of 
patients with the clinical diagnosis of DiGeorge, velocardi- 
ofacial (Shprintzen syndrome), or conotruncal anomaly face 
syndromes share a common genetic cause, namely, a 22qll.2 
deletion (178-180). The 22qll.2 deletion syndrome is cur- 
rently the most common deletion syndrome known and is 
estimated to occur in approximately 1 in 6,000 live births 
(155,181). 

The clinical phenotype of the 22qll.2 deletion syndrome is 
highly variable among related and unrelated individuals (182). 
The presentation can be severe and easily recognized at birth 
or subtle and detected late in life. Approximately 6% to 10% 
of cases are familial, implying that the affected child inherited 
the chromosomal deletion from a parent. Frequently, the par- 
ent is recognized to carry a 22qll.2 deletion only after their 
more severely affected child is diagnosed. The most common 
features include CHDs, palate anomalies, feeding disorders, 
speech and learning disabilities, hypocalcemia, immunodefi- 
ciency, renal anomalies, behavioral and psychiatric disorders, 
and typical facial features (reviewed in Ref. 67) (Fig. 26.3). 
However, the facial features can be difficult to identify in 
infants and may be underappreciated in certain populations 
such as African Americans (183). 

CHDs are estimated to occur in 75% to 80% of patients 
with a 22qll.2 deletion (68,69). The prevalence of CHDs 
may be overestimated because of increased ascertainment in 
the pediatric population with CHDs as compared with adults 
with more subtle features (184). The most common CHDs 
associated with a 22qll.2 deletion include tetralogy of Fallot, 
interrupted aortic arch type B, truncus arteriosus, perimem- 
branous ventricular septal defect, and aortic arch anomalies 
(68,69). It should be noted that a wide range of CHDs has 
been reported in patients with a 22qll.2 deletion, including 
pulmonary valve stenosis, atrial septal defect, heterotaxy syn- 
drome, and HLHS. 

Because CHDs are common in the 22qll.2 deletion syn- 
drome, several studies have estimated the frequency with 
which a 22qll.2 deletion is found in patients with CHDs typi- 
cal of DiGeorge or velocardiofaciai syndromes. At least 50% 
of patients with an interrupted aortic arch type B, 35% with 
truncus arteriosus, 24% with an isolated aortic arch anomaly, 
15% with tetralogy of Fallot, and 10% with a perimembra- 


Figure 26.3. 22qll.2 deletion syndrome. A 5-year-old boy with 
typical facial features of the 22qll.2 deletion syndrome includ- 
ing malar flattening, small mouth, bulbous tipped nose with 
hypoplastic alae nasi, and micrognathia. He also had tetralogy of 
Fallot, developmental delay, mild immune suppression, and late 
emergence of speech. (Courtesy of Donna McDonald-McGinn, 
MS, CGC; Elaine Zackai, MD; and Elizabeth Goldmuntz, MD, 
The Children’s Hospital of Philadelphia.) 


nous ventricular septal defect are found to have a 22qll.2 
deletion (70,185-193). In contrast, <1% of patients with 
double-outlet right ventricle or D-transposition of the great 
arteries are found to have a 22qll.2 deletion. Several studies 
have demonstrated that patients with one of these intracar- 
diac anomalies and a concurrent aortic arch anomaly (either 
abnormal sidedness, cervical location, or abnormal branching 
pattern) are more likely to have a 22qll.2 deletion. For exam- 
ple, only 3% of patients with a perimembranous ventricular 
septal defect and a normal left-sided aortic arch with normal 
branching pattern were diagnosed with the 22qll.2 deletion, 
whereas 45 % with a perimembranous ventricular septal defect 
and concurrent aortic arch anomaly had a 22qll.2 deletion 
(192). Therefore, the presence of an aortic arch anomaly 
increases the risk of finding a 22qll.2 deletion regardless of 
the intracardiac anatomy. Studies also suggest that the sub- 
set of patients with tetralogy of Fallot associated with absent 
pulmonary valve syndrome or aortopulmonary collaterals are 
at higher risk of having a 22qll.2 deletion (191,194). Col- 
lectively, these findings demonstrate that a 22qll.2 deletion is 
commonly found in a significant subset of patients with con- 
genital cardiovascular defects. 

Identifying the cardiac patient with a 22q 1 1 .2 deletion early 
in life can provide substantial benefits to the child and fam- 
ily. Currently, it is recommended that infants with interrupted 
aortic arch type B, truncus arteriosus, tetralogy of Fallot, and 
isolated aortic arch anomalies undergo testing for a 22qll.2 
deletion given the high frequency with which these patients 
are found to harbor a 22qll.2 deletion (5). Likewise, it is 
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suggested that patients with a perimembranous ventricular 
septal defect and aortic arch anomaly, or any infant with non- 
cardiac features of the 22qll.2 deletion syndrome (regard- 
less of the CHD) undergo 22qll.2 deletion testing. Although 
somewhat controversial, current recommendations for testing 
seek to identify the deletion-bearing patient as early as pos- 
sible to anticipate associated medical conditions and provide 
accurate family genetic counseling. Parents found to carry 
the deletion have a 50% chance of transmitting the deletion- 
bearing chromosome in subsequent pregnancies. 

Although the evaluation must be tailored to each patient’s 
needs, infants or children diagnosed with the 22qll.2 syn- 
drome should be evaluated for associated noncardiac features 
including hypocalcemia, immunodeficiency, palate anomalies, 
feeding and speech disorders, renal and skeletal anomalies, 
cognitive deficiencies, and behavioral issues (67). Parents 
should be tested for a 22qll.2 deletion as well. A 22qll.2 
deletion is now easily detected using FISH, MLPA, or micro- 
array technologies, though the latter is becoming the test of 
choice in many centers (137). 

Many children present with noncardiac symptoms and are 
diagnosed with a 22qll.2 deletion later in infancy or child- 
hood. Although these patients are unlikely to have major 
intracardiac anomalies, aortic arch anomalies are commonly 
identified in this subset of patients. In particular, 38% of 
patients diagnosed with a 22qll.2 deletion after 9 months of 
age were found to have an aortic arch anomaly, of whom 27% 
had a symptomatic vascular ring (195). A remarkable variety 
of aortic arch anomalies has been found in the 22qll.2-deleted 
population including absent or isolated subclavian arteries 
where retrograde flow through the vertebral artery provides 
flow into the absent or isolated subclavian artery predispos- 
ing to a steal phenomenon (196). Since respiratory symptoms 
including asthma and airway anomalies are commonly diag- 
nosed in the 22qll.2-deleted population, it is important to 
identify which children have concurrent vascular rings con- 
tributing to or causing their respiratory symptoms and which 
should undergo surgical ligation. 

Caring for the CHDs of adults with 22qll.2.2 deletions is 
similar to their nonsyndromic counterparts and lesion specific. 
Aortic root dilation has been observed in a subset of older 
children without CHD, but its clinical significance is not yet 
understood (197). 

7q11 Deletion (Wiliiams-Beuren Syndrome) 

Williams-Beuren syndrome (“Williams syndrome”) is another 
familiar multisystem disorder that occurs in 1 per 20,000 live- 
births. It is characterized in part by CHDs, hypercalcemia in 
infancy, skeletal and renal anomalies, cognitive deficits, social 
personality, and elfin facies (Fig. 26.4). As with other dele- 
tion syndromes, children with Williams syndrome can be 
diagnosed at different ages and present with a broad range 
of clinical features (reviewed in 206). Early in life, feeding 
disorders and growth retardation are common. Hypercalce- 
mia is seen in 15% of infants and usually resolves over time 
(198). The neurocognitive profile of Williams syndrome most 
commonly includes mild mental retardation, although the full- 
scale IQ ranges from low normal intelligence to severe mental 
retardation. Cognitive strengths and weaknesses relative to 
other patients with mental retardation include relatively good 
auditory rote memory but extreme difficulty with visuospa- 
tial construction tasks (199). The familiar high sociability and 
overly friendly demeanor seen in some patients with Williams 
syndrome may be accompanied by substantial behavioral dis- 
orders, including inattention and hyperactivity. 

Approximately 55% to 80% of patients with Williams 
syndrome have CHDs, which typically include supraval- 
var aortic stenosis and/or supravalvar pulmonary stenosis 



Figure 26.4. Williams syndrome. A 17-month-old girl with 
typical facial appearance including flared eyebrows, bright 
stellate irides, and wide mouth. She has mild supravalvar aortic 
stenosis. (Courtesy of Amy E. Roberts, MD, Children’s Hos- 
pital, Boston.) 


(200,201). The degree of cardiovascular involvement and the 
relative involvement of the pulmonic or aortic vessels vary 
widely. Although supravalvar pulmonary stenosis usually 
improves with time, supravalvar aortic stenosis progresses 
in most cases (200,202,203). If significant supravalvar aor- 
tic stenosis is left untreated, cardiac hypertrophy followed by 
cardiac failure can result. Surgical and catheter interventions 
have met with success in some cases (204). Sudden cardiac 
death is another reported cardiovascular complication. Sud- 
den death was described in 10 young children with Williams 
syndrome, seven of whom had coronary artery stenosis along 
with severe biventricular outflow tract obstruction (205). 
Presumably, sudden cardiac death resulted from myocardial 
ischemia, decreased cardiac output, and/or arrhythmias. 
Finally, patients with Williams syndrome may commonly 
develop hypertension either because of renal artery stenosis or 
other undefined mechanisms (201). Because of the generally 
diffuse arteriopathy and potential for hypertension, lifelong 
cardiovascular monitoring is recommended for patients with 
Williams syndrome (206). 

Approximately 90% of patients with the clinical diag- 
nosis of Williams syndrome have a deletion at chromosome 
7qll.23, which is not generally apparent on a routine kar- 
yotype but can be detected by FISH, MLPA, and microar- 
ray technologies. Clinical testing is readily available in most 
standard cytogenetic clinical laboratories. Given the clinical 
variability of Williams syndrome, it is appropriate to consider 
testing all patients with supravalvar aortic or pulmonic steno- 
sis for a 7qll.23 deletion. 

Most patients with Williams syndrome have a 7qll.23 
deletion of the same size. The genes mapping to this region 
have been defined and include the elastin gene, ELN. Muta- 
tions within the elastin gene have also been found in patients 
with isolated supravalvar aortic stenosis (207-209). There- 
fore, deletion of the elastin gene in patients with Williams 
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syndrome is thought to account for the cardiovascular phe- 
notype. Molecular studies of rare patients with smaller dele- 
tions implicate the gene LIMK1 in the impaired visuospatial 
constructive cognition (210). Additional genes mapping into 
the deleted region are thought to contribute to the neuro- 
cognitive features and are under further study. In contrast to 
the 22qll.2 deletion syndrome, these findings suggest that 
Williams syndrome is a true contiguous gene deletion syn- 
drome in which the deletion of specific genes corresponds to 
distinct clinical features. 

Studies further suggest that specific types of mutations 
in the elastin gene result in different clinical syndromes. As 
noted, a 7qll.23 deletion results in complete loss of one copy 
of the elastin gene (as well as other genes) and the diffuse arte- 
riopathy seen in Williams syndrome. Disruption or mutation 
of the elastin gene alone can also result in isolated forms of 
supravalvar aortic and pulmonic stenosis. Both sporadic cases 
of supravalvar aortic stenosis and families with autosomal 
dominant inheritance have been found to have intragenic elas- 
tin gene mutations that result in functional hemizygosity (half 
of the functional gene dosage), similar to deletion of the entire 
gene (209). Mutations in the elastin gene have been identi- 
fied in some patients with the autosomal dominant form of 
cutis laxa, another connective tissue disorder characterized 
by loose, saggy, inelastic skin. Both autosomal recessive and 
dominant forms have been observed in this genetically hetero- 
geneous disorder (211,212). Studies suggest that these elastin 
mutations are functionally distinct from those associated with 
the diffuse arteriopathy, acting instead as a dominant nega- 
tive effect. Thus, the specific elastin gene mutation appears 
to correlate with a specific clinical phenotype. These findings 
serve to demonstrate the complexity and heterogeneity of even 
seemingly straightforward genetic syndromes. 

Emerging Microdeletion/Microduplication Syndromes 

The advent of microarray technologies demonstrated that the 
human genome exhibits enormous variability both at the level 
of single nucleotides (so-called SNPs) and large segments of 
deoxyribonucleic acid (DNA) (deletions and duplications, 
or so-called copy number variants) (134). These technolo- 
gies have provided increasingly sensitive means by which to 
identify cytogenetically undetectable changes in chromosomal 
copy number, and have therefore been used to identify new 
potential CHD disease loci. Several studies identify different 
copy number variants in cardiac patients, particularly in those 
with multiple congenital anomalies and/or developmental 
delay (157,213-216). Depending upon the resolution of the 
array, in these studies nearly 20% of such patients are found 
to harbor unique or rare copy number variants, though the 
disease significance of such findings in some cases remains 
to be demonstrated. These studies nonetheless highlight the 
potential clinical relevance of screening for submicroscopic 
alterations. In addition, several new deletion and duplication 
syndromes have been described, while others are just coming 
to be recognized. A subset of such syndromes are noted below, 
though further clinical testing and research will likely identify 
novel changes and solidify the significance of others. 

11q23 Deletion Syndrome (Jacobsen Syndrome) 

The llq terminal deletion syndrome, previously known as 
Jacobsen syndrome, is thought to be a contiguous gene dis- 
order characterized by distinctive facial features (Fig. 26.5), 
thrombocytopenia, developmental delay, CHD, short stature, 
genitourinary anomalies, pyloric stenosis, and ophthalmologic 
issues. As with other deletion syndromes, the clinical pheno- 
type is highly variable, as is the size of the associated deletion. 
In a recent study (58), 56% of cases had serious CHDs, of 



Figure 26.5. Jacobsen syndrome. An 18-year-old man with a 
deletion llq23 (Jacobsen syndrome) who has mild features 
including short stature, mild intellectual disability, wide- 
spaced small eyes with mild ptosis, and small ears. (Courtesy 
of family.) 


which approximately one-third had ventricular septal defects, 
one-third had left-sided anomalies (mitral and aortic valve), 
and one-third had a range of other types of CHD. Molecular 
analysis of 110 patients identified potential critical regions for 
multiple phenotypes. Though a rare diagnosis, it is an area of 
active research as further molecular analysis may identify spe- 
cific disease-related genes, and current genetic testing methods 
may permit the identification of additional cases. 

8p23.1 Deletion Syndrome 

Numerous patients with interstitial or terminal deletions of 
8p23.1 deletion have been reported. In general, such patients are 
characterized clinically by growth impairment, developmental 
delay, behavioral problems, microcephaly, diaphragmatic her- 
nia, hypospadias, and CHDs (reviewed in Refs. 47 and 48). The 
most common CHDs include atrioventricular septal defects, 
atrial septal defects, ventricular septal defects, and pulmonary 
valve stenosis. The disease gene, GATA4 , is often disrupted by 
these deletions, but cases with a GATA4 deletion without CHD, 
as well as cases whose deletion does not encompass GATA4 but 
have CHD, have been reported. Other genes disrupted by the 
deletion have also been implicated, but further studies correlat- 
ing genotype with phenotype are warranted. More common 
use of clinical diagnostic array technology will likely identify an 
increasing number of cases with an 8p23.1 deletion. 

1p36 Deletion Syndrome 

Monosomy lp36 is now recognized to be the second most 
common deletion syndrome with an estimated prevalence of 
1 in 5,000 to 10,000 livebirths (33,34). As with other deletion 
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syndromes, the associated clinical phenotype is variable but 
notable for characteristic craniofacial features, ocular malfor- 
mations or visual problems (52%), hearing loss (47%), neu- 
rologic abnormalities (44%), skeletal anomalies (41%), renal 
anomalies (22%), as well as CHDs (71%) (33). The most 
common CHDs include atrial septal defects, ventricular septal 
defects, patent ductus arteriosus, valve anomalies, tetralogy of 
Fallot, and coarctation of the aorta. Of note, many patients 
with lp36 deletion syndrome present with cardiomyopathy 
including noncompaction of the left ventricle or dilated car- 
diomyopathy. One report described a patient presenting as 
an adult with noncompaction of the left ventricle, suggesting 
that lifelong observation for such complications might be war- 
ranted (35). As larger patient cohorts are identified with the 
lp36 deletion syndrome, the prevalence of CHDs and cardio- 
myopathy will be better defined. 

Genetic Syndromes Caused by Mutations 
in Single Genes 

An increasing number of malformation syndromes has been 
found to be caused by a mutation of a single gene in contrast 
to a larger chromosomal abnormality (see Table 26.3). These 
mutations can be inherited in a mendelian fashion and demon- 
strate an autosomal dominant pattern of inheritance in fami- 
lies, with a 50% risk of recurrence. As with larger chromosomal 
alterations, single-gene disorders are characterized by a vari- 
able phenotype between related and unrelated affected indi- 
viduals, suggesting that additional genetic and environmental 
factors modify the clinical phenotype of any single mutation. 


The type of intragenic mutation may be variable (as in Alagille 
syndrome) or fairly consistent (as in achondroplasia) and may 
include nonsense, frameshift, missense, or splice site muta- 
tions. Specific mutations may result in different biologic conse- 
quences and may cause different clinical phenotypes (variable 
expression ); mutations in different genes can produce a similar 
clinical phenotype (genetic heterogeneity). These observations 
have been well characterized in Noonan syndrome and related 
disorders, and Alagille syndrome (see below). The most com- 
mon genetic syndromes for which a specific disease gene has 
been defined are described below. Readers are also referred 
to GeneReviews.org, a collection of excellent peer-reviewed 
resources, which are updated periodically. 

Alagille Syndrome (JAG1 and N0TCH2) 

Alagille syndrome was originally defined as the presence of bile 
duct paucity on liver biopsy in conjunction with three of the 
following five findings: cholestasis, CHDs, skeletal or ocular 
abnormalities, or typical facial features (217,218) (Fig. 26.6). 
An autosomal dominant disorder, it was noted that a subset of 
patients with clinical features of Alagille syndrome had dele- 
tions of chromosome 20pl2 (219-221). The Notch ligand, 
JAG1 , was subsequently mapped into the commonly deleted 
region (222). Two reports identified mutations of JAG1 in 
patients with Alagille syndrome and therefore demonstrated 
that JAG1 is a disease gene for this disorder (223,224). JAG1 
mutations were also identified in family members with milder 
presentations or microforms of Alagille syndrome, demon- 
strating that there is a broad spectrum of clinical phenotypes 
associated with JAG1 mutations. 



Figure 26.6. Alagille syndrome. Representative facial features of two boys with Alagille syndrome aged 7 months 
(A) and 9 years (B). Note the broad forehead, deep-set eyes, rounded tip and pear-like shape of the nose, and pointed 
chin. The features give the face an inverted triangle appearance. (Courtesy of the parents; David Piccoli, MD; and 
Elizabeth Goldmuntz, MD, The Children’s Hospital of Philadelphia.) 
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Alagille syndrome is now recognized to be a genetically het- 
erogeneous disorder. Approximately 5% of patients will have 
a chromosomal deletion involving one copy of the entire JAG1 
gene, whereas most will have various intragenic JAG1 muta- 
tions (225,226). Using the most sensitive techniques, JAG1 
mutations can be identified in 94% of patients with features 
of Alagille syndrome (225,226). A minority of patients will 
have NOTCH2 mutations (74). Mutations introducing a shift 
in the reading frame of the genetic code (so-called frameshift 
mutations) are the most common type of JAG1 mutation, but 
missense mutations that alter only a single amino acid have 
also been identified. As a result of most JAG1 deletions and 
mutations, there is presumably half the amount of functional 
protein. Therefore, the disease mechanism appears to be that 
of haploinsufficiency. 

Alagille syndrome is characterized by right- sided CHDs 
including peripheral pulmonary stenosis (diffuse hypoplasia of 
the pulmonary arterial bed as well as discrete stenosis), pulmo- 
nary valve stenosis, and tetralogy of Fallot. Left-sided lesions 
and septal defects have also been reported (227). Examination 
of pedigrees of patients with Alagille syndrome and/or JAG1 
mutations suggested that some patients with CHDs with- 
out overt hepatic involvement would have JAG1 mutations. 
Indeed, JAG 1 mutations have been identified in patients and 
kindred who do not have overt hepatic disease and therefore 
do not meet the classic criteria of Alagille syndrome but have 
CHDs typical of Alagille syndrome and other mild syndromic 
features (228,229). Therefore, the diagnosis of Alagille syn- 
drome or JAG1 mutation should be considered in families in 
which more than one member has a right-sided heart defect. 
Conversely, patients with right-sided CHDs should be carefully 
examined for subclinical features of Alagille syndrome and 
questioned for a relevant family history to identify the patient 
at risk for Alagille syndrome or a JAG1 mutation. Patients 
suspected of having Alagille syndrome should undergo cytoge- 
netic testing including a karyotype and analysis for deletion 
of chromosomal region 20pl2. Testing for intragenic JAG1 
mutations is now clinically available. 

Several studies have reported additional vascular anomalies 
and complications in patients with Alagille syndrome, high- 
lighting the fact that the observed arteriopathy can affect more 
than the pulmonary arterial bed. In particular, Kamath et al. 
(230) reported that 9% of their cohort with Alagille syndrome 
had noncardiac vascular anomalies or events including basilar, 
internal carotid, and middle cerebral artery aneurysms. Other 
reported arterial anomalies include renal artery stenosis and 
moyamoya disease. Vascular events accounted for 34% of the 
mortality in this cohort. The true prevalence of such arterial 
anomalies is still unknown; thus, it is not yet clear whether 
routine screening for other vascular anomalies is clinically war- 
ranted. However, these observations point to a diffuse vascu- 
lopathy in Alagille syndrome and should heighten the clinician’s 
awareness for these potentially devastating complications. 

A small number of patients with clinical features of Alagille 
syndrome do not have JAG1 mutations but have mutations 
in its ligand, NOTCH2. In particular, McDaniell et al. (74) 
identified two unrelated kindred with NOTCH2 mutations 
out of 11 JAG1 mutation-negative patients with the clinical 
features of Alagille syndrome. Of note, all of the patients with 
NOTCH2 mutations had renal manifestations, which are less 
commonly seen in the cohort of Alagille patients with JAG1 
mutations. These results also further highlight the critical role 
of the NOTCH signaling pathway in cardiovascular develop- 
ment and disease. 

Holt-Oram Syndrome (TBX5) 

Holt-Oram syndrome is the most common “heart-hand” syn- 
drome (upper limb and CHDs) and is estimated to occur in 


1 of 100,000 live births. The skeletal anomalies of this auto- 
somal dominant disorder involve the preaxial radial ray and 
are fully penetrant (i.e., everyone with the diagnosis of Holt- 
Oram syndrome must have a skeletal anomaly), although they 
range in severity (231,232). Subclinical changes may include 
only radiographic evidence of abnormal carpal bone, whereas 
others have obvious severe manifestations such as phocome- 
lia. The thumb is frequently affected and can be triphalangeal, 
hypoplastic, or absent. Skeletal anomalies can be seen in one 
or both upper limbs and may be symmetric or asymmetric. 

Approximately 75% of patients diagnosed with Holt-Oram 
syndrome have CHD (233). Although atrial and ventricular 
septal defects are most commonly seen (58% and 28%, respec- 
tively), additional CHDs including atrioventricular septal 
defects, conotruncal anomalies, and left-sided defects are also 
reported. Atrioventricular conduction delay, which can begin 
as first-degree atrioventricular block and progress to complete 
heart block, is also an important cardiovascular feature. 

Linkage analyses performed on families demonstrating 
autosomal dominant inheritance identified a disease locus 
at 12q24 (234,235). Subsequent investigations identified 
mutations in TBX5 in patients with Holt-Oram syndrome 
(236,237). Since the initial discovery, nonsense, frameshift, 
and missense mutations have been identified in familial and 
sporadic cases. Mutations of TBX5 are found in approxi- 
mately 70% of patients with the clinical features of Holt- 
Oram syndrome. Presumably those with the correct diagnosis 
of Holt-Oram syndrome in whom a mutation cannot be read- 
ily identified have a mutation in a regulatory domain that is 
not routinely tested since the disorder is not thought to be 
genetically heterogeneous. Although in most cases the diagno- 
sis of Holt-Oram syndrome can be reliably made by clinical 
examination, genetic testing for TBXS mutations is clinically 
available in several specialized laboratories and may be use- 
ful in specific situations where the diagnosis is ambiguous or 
needed for prenatal counseling. 

The diagnosis of Holt-Oram syndrome should be con- 
sidered in the patient with heart and upper limb anomalies. 
Given the variable phenotype, Holt-Oram syndrome should 
also be considered in the patient with an apparently isolated 
septal defect and family history of septal or upper limb anom- 
alies. The patient suspected of having Holt-Oram syndrome 
should be evaluated for radial ray and cardiac and conduc- 
tion abnormalities. Although it is most commonly a spo- 
radic rather than familial disorder, selected family members 
of affected members should be examined for subtle features 
to allow for appropriate genetic counseling. Some reports 
have suggested a genotype/phenotype correlation (i.e., cer- 
tain mutations may be associated with more severe cardiac or 
skeletal manifestations), but caution must be exercised for the 
individual when counseling about the implications of each 
mutation. 

Noonan Syndrome Spectrum (Noonan Syndrome, LEOPARD, 
Cardiofaciocutaneous Syndrome, Costello Syndrome) 

Several phenotypically similar, but genetically distinct, multi- 
ple anomaly syndromes have been the subject of tremendous 
clinical and molecular genetic and cardiology research. They 
are often known collectively by the most common and familiar 
disorder in the group (“Noonan syndrome spectrum”) or by 
the Ras/mitogen-activated protein kinase (MAPK) biochemi- 
cal pathway (“rasopathies”). Noonan syndrome, cardiofacio- 
cutaneous (CFC) syndrome, and Costello syndrome are the 
result of mutations in the Ras/MAPK pathway (76) and have 
similar cardiac abnormalities, namely, CHDs, hypertrophic 
cardiomyopathy (HCM), and arrhythmia (86). Other clinical 
syndromes in this pathway, broadly defined, such as neurofi- 
bromatosis, type 1 and Legius syndrome, are not discussed. 
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Figure 26.7. Rasopathy syndromes: Noonan syndrome, CFC 
syndrome, Costello syndrome. A: On the left is a child with 
Noonan syndrome. B: In the middle is a 12-year-old girl with 
the CFC syndrome due to the most common BRAF mutation 
(exon 12) without any cardiac disease. C: The right lower 
panel shows a 16-year-old girl with Costello syndrome due to 
the typical HRAS G12S mutation. She has severe hypertrophy 
of the left ventricle (HCM) with mitral valve stenosis and sub- 
aortic obstruction (see [86], Table III, Supplemental patient 6) 
(Each photo was kindly provided by the family.) 



Noonan syndrome occurs in 1 per 1,000 to 1 per 2,500 live 
births diagnosed clinically (98,238,239) (Fig. 26. 7A). There is 
a characteristic facial appearance (ptosis, hypertelorism, low- 
set ears, low posterior hairline), webbed neck, pectus excava- 
tum, bleeding diathesis, lymphatic issues, learning disabilities, 
variable intellectual disability, and cryptorchidism. Noonan 
syndrome is genetically heterogeneous with at least seven causa- 
tive genes identified including PTPN11, SOS1, KRAS, RAF1, 
NRAS, BRAF, and SHOC2 (98). Linkage analyses and can- 
didate gene studies in patients with Noonan syndrome first 
identified mutations in the gene PTPN11, which encodes the 
non-receptor-type protein tyrosine phosphatase SHP-2 (src 


homology region 2-domain phosphatase-2) that functions in the 
ras/MAPK pathway (99). Subsequent studies identified addi- 
tional mutations in genes participating in the same molecular 
genetic pathway. Approximately half of patients with Noonan 
syndrome have a mutation in PTPN11 (99,100,240-242). Gen- 
otype-phenotype analyses demonstrate that mutations in specific 
disease genes correlate with specific clinical features (76,98). 

At least 80% of clinically defined Noonan syndrome 
patients have a cardiovascular abnormality, 60% of which are 
CHDs and 20% have HCM (98). Pulmonary valve stenosis, 
often with an atrial septal defect, is most common (25% to 
35%) overall and most commonly associated with PTPN11 
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mutations. Additional CHDs include secundum-type atrial 
septal defect, ventricular septal defect, tetralogy of Fallot, 
pulmonary artery stenosis, coarctation of the aorta, incom- 
plete atrioventricular septal defect (primum-type atrial sep- 
tal defect), and polyvalvulopathy (98,101). HCM occurs in 
approximately 20% of patients with Noonan syndrome, espe- 
cially those with a RAF1 mutation and uncommonly with a 
PTPN11 mutation. Patients with KRAS mutations have the 
most severe phenotype, and SOS1 mutations result in a lower 
prevalence of cognitive delays. SHOC2 is more likely to have 
mitral valve prolapse and septal defects, growth hormone defi- 
ciency, distinctive hyperactive behavior, hypernasal speech, 
and the distinctive easily pluckable hair. 

Most cases of Noonan syndrome are sporadic, although 
families with a pattern of autosomal dominant inheritance 
are well known. There is marked clinical variability among 
affected individuals, and some parents have been diagnosed 
with this disorder only after the diagnosis of their more 
severely affected offspring. 

Mutations of PTPN1 1 have also been found in syndromes 
whose features overlap with those of Noonan syndrome, 
demonstrating that these are allelic disorders sharing a com- 
mon genetic basis. Mutations of PTPN11 have been identi- 
fied in several patients with Noonan-like/multiple giant cell 
lesion syndrome, a syndrome characterized by features of 
Noonan syndrome and giant cell lesions of bone and soft tis- 
sue (cherubism) (100,102,243,244). A subset of patients with 
LEOPARD syndrome has also been found to have PTPN11 
mutations (93,245-247). LEOPARD syndrome is an autoso- 
mal dominant disorder characterized by multiple lentigines, 
electrocardiographic conduction abnormalities, ocular hyper- 
telorism, pulmonary valve stenosis, HCM, growth retardation, 
abnormal genitalia, and sensorineural deafness. LEOPARD 
syndrome itself appears to be genetically heterogeneous since 
not all patients with this clinical diagnosis have a PTPN11 
mutation (93,246). Although PTPN11 mutations resulting in 
Noonan syndrome are thought to confer a gain in function of 
the encoded protein, SHP-2 (99), mutations found in LEOP- 
ARD syndrome appear to have a dominant negative effect 
(248), which may explain the distinct phenotype. The abil- 
ity to induce cardiomyocytes to pluripotent stem cells from 
a patient with LEOPARD syndrome heralds a new era of 
research for this group of syndromes (249). The researchers 
noted in vitro features of sarcomeric organization and prefer- 
ential localization of NFATC4 in the nucleus, which correlate 
with a potential hypertrophic state, thus providing an insight 
to the disease phenotype. 

CFC syndrome and Costello syndrome are usually dis- 
tinguishable from Noonan syndrome in the older child, but 
can be quite similar in the fetus, infant, and very young child 
(Fig. 26.7B,C). Whereas CFC syndrome can be caused by three 
genes (BRAF, MEK1, MEK2)(76,250) y Costello syndrome 
is defined only by HRAS (76). As with Noonan syndrome, 
children with CFC syndrome also have relative macrocephaly, 
hypertelorism, and ptosis, but tend to have coarser facial fea- 
tures with sparse eyebrows and eyelashes, and dry skin (fol- 
licular hyperkeratosis). Costello syndrome also has coarse 
facial features, with ulnar deviation of the hand, curly (or very 
straight) hair, hyperpigmentation, loose skin, deep palmar and 
plantar creases, papillomata, and premature aging. Posterior 
fossa crowding can lead to Chiari 1 malformation, hydro- 
cephalus, and syrinx (251). Developmental delays are always 
present, and intellectual disability is typically in the range of 
moderate mental retardation. Costello syndrome has a 10% to 
15% risk of neoplasia, notably rhabdomyosarcoma. 

The overall frequency (-80%) of any cardiovascular abnor- 
mality is nearly identical in CFC syndrome, Costello syn- 
drome, and Noonan syndrome (86); HCM is more common 
(about 60%) in Costello and LEOPARD syndromes. Atrial 


tachycardia, especially multifocal atrial tachycardia, is most 
common in Costello syndrome. 

Kabuki Syndrome (MLL2) 

In the previous edition of this textbook, Kabuki syndrome was 
listed as a syndrome with a “presumed, but unknown” cause. 
However, that is no longer the case. Affected patients have 
a characteristic expressionless facial appearance (reminiscent 
of the Japanese Kabuki theater actors) including elongated 
palpebral fissures with everted lower lids, arched eyebrows, 
sparse lateral brows, large pinnae, and fetal finger pads. 
Anomalies of the kidney and digits, immunologic and feeding 
problems, and intellectual disability are common. Because of 
tremendous phenotypic heterogeneity, the search for a causa- 
tive gene was elusive until exome sequencing identified MLL2 
(which encodes a Trithorax-group histone methyltransferase) 
as the gene for Kabuki syndrome (89). Other researchers have 
described additional mutations and confirmed the original 
phenotype-genotype correlation that showed classic cases are 
most likely to be mutation-positive (90). 

Atrial and ventricular septal defects are the most common 
CHDs in Kabuki syndrome. An increased frequency of left- 
sided CHDs, including HLHS and Shone’s like complexes had 
been reported in a clinical review (91), and also, in those with 
molecular confirmation (89,92). This will likely provide valu- 
able information for ongoing candidate gene mapping for this 
group of CHDs. 

CHARGE Syndrome (CHD7) 

Whether the CHARGE malformation complex should be 
termed an association or syndrome (252) was resolved after 
the discovery of causative mutations in the chromodomain 
helicase DNA-binding gene ( CHD7 ) on chromosome 8ql2.1 
(138). The cause of CHARGE syndrome is likely to be geneti- 
cally heterogeneous given that CHD 7 mutations have been 
found in approximately 65% of patients diagnosed clinically 
(81,138,253-255). The original diagnostic criteria specified 
coloboma (usually involving the retina or choroid), CHDs, 
choanal atresia (membranous or bony), retardation of post- 
natal growth and development (including hypotonia), brain 
anomalies, genitourinary anomalies (more commonly recog- 
nized in males, including hypogonadotropic hypogonadism), 
and external ear anomalies (small, square, cupped pinnae) and/ 
or deafness (conduction, sensorineural, mixed) (Fig. 26.8). The 
mnemonic was updated to highlight the diagnostic value of 
cranial nerve weakness or palsy (especially facial asymmetry) 
and hypoplasia of the cochlea and semicircular canals. Oral 
clefts and neurogenic swallowing problems are now appreci- 
ated as supportive of the CHARGE syndrome (253,256). The 
developmental, behavioral, and personality profile is complex 
since visual and auditory sensory handicaps exaggerate cogni- 
tive limitations and may include some features of autism (252). 

CHDs have always been part of the core phenotype, and 
the availability of molecular testing provides more accurate 
analysis of a core phenotype. A CHD was present in 92% of 
CHD7 mutation-positive and 71% CHD7 mutation-negative 
individuals (81). Assorted CHDs have been reported, with 
conotruncal and aortic arch anomalies consistently overrep- 
resented in clinical series. Features of the DiGeorge phenotype 
have been observed concurrently in patients with CHARGE 
syndrome (256). A detailed review of the molecular and phe- 
notypic aspects of CHARGE syndrome found a similar occur- 
rence of CHDs among those who were mutation positive and 
mutation negative; however, more sophisticated analysis was 
limited by the incomplete molecular typing (82). 

The frequency of the CHARGE syndrome has been 
reported to range from 1 per 10,000 to 1 per 15,000 live births, 
although one population-based study estimated a frequency of 
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Figure 26.8. CHARGE syn- 
drome. The characteristic 
ear anomalies include pinnae 
that are severely malformed 
(A), protruding (B), or small 
(C), as in this 5-year-old girl 
with very mild facial features 
and laryngotracheomalacia. 
She carries the CHD7 muta- 
tion and had a more severely 
affected brother, presumably 
representing gonadal mosa- 
icism. (Courtesy of the par- 
ents; Margaret A. Hefner, MS, 
CGS; and the CHARGE Syn- 
drome Foundation, Inc.) 



1 in 8,500 live births (257). Most cases of the CHARGE syn- 
drome are sporadic in occurrence, but autosomal dominant 
inheritance and germline mosaicism, long clinically suspected, 
have now been confirmed by molecular testing (81). 

Other Common Conditions 

Table 26.4 lists syndromes that are presumed to be due to a 
mendelian gene based on observed family inheritance (e.g., 
affected siblings with Fryns syndrome suggest autosomal reces- 
sive inheritance). Also listed are familiar conditions that have 
more than one cause, such as heterotaxy, and those that are 
usually not associated with a single genetic cause such as ver- 
tebral defects, anal atresia, cardiac defects, tracheoesophageal 
fistula, renal anomalies, and limb abnormalities (VACTERL) 
association or hemifacial microsomia (HFM). 

Heterotaxy 

Heterotaxy is neither a typical genetic syndrome nor an isolated 
CHD, but a familiar malformation complex involving defects 
of right-left axis determination (reviewed by 129). The birth 
prevalence is approximately 1 in 10,000 (130). Heterotaxy 
implies that the laterality of thoracoabdominal viscera is neither 
situs solitus (normal position) nor situs inversus (mirror image). 
Cardiac, pulmonary, renal, gastrointestinal defects, and minor 
systemic venous anomalies such as interruption of the inferior 
vena cava (258) may also be accompanied by midline defects of 
the brain and face (131). Heterotaxy can, thus, be viewed as a 
developmental field defect or laterality sequence. 

Family studies have been invaluable in delineating the 
genetic basis of heterotaxy. Kindred in which some members 
had situs inversus and others had heterotaxy, or when some 
individuals had isolated CHDs such as transposition of the 
great arteries or double-outlet right ventricle and others had 
overt heterotaxy syndrome, suggested that laterality defects 
represent a developmental spectrum. Recognized risk factors 
for heterotaxy include maternal insulin-dependent diabetes, 


but assorted chromosome abnormalities have also been identi- 
fied (22,130). The first genetic basis of a laterality disorder 
was observed in Kartagener syndrome in which situs inver- 
sus is accompanied by bronchiectasis, chronic sinusitis, nasal 
polyps, and infertility due to immotile sperm from impaired 
ciliary function. Autosomal recessive inheritance, and less 
commonly, autosomal dominant and X-linked recessive inher- 
itance, have been described in Kartagener syndrome. Genetic 
heterogeneity is supported by the discovery of mutations in 
the gene encoding axonemal dynein intermediate chain on 
chromosome 9p21, with additional loci on 7p21 and 5pl4 
(259,260). The presence of CHD and heterotaxy in a study 
of primary ciliary dyskinesia confirmed that they are part of a 
spectrum, and connected by ciliary dysfunction (261). 

Pedigrees with X-linked patterns of inheritance for hetero- 
taxy led to the discovery of the first heterotaxy gene, ZIC3, 
which maps to Xq26.2 (262,263). Many genes have also been 
found in animal models to participate in the establishment 
of asymmetry and laterality in the embryo. Several of these 
genes were tested for mutations in patients with heterotaxy 
and are implicated as potential disease-related genes includ- 
ing LEFTY A, CRYPTIC/CFC1, ACVR2p, NKX2.5, and 
CRELD1 (129,264-269). However, such studies were limited 
and additional research is needed to define the contribution of 
these candidate genes to the disease spectrum. 

VATER/VATERR/VACTERL Association 

The VACTERL association is usually a sporadic occurrence of 
unknown cause. In rare cases as an association, it can occur 
in a child with an underlying syndrome, such as trisomy 18 
(270) or trisomy 21 (132). The original acronym was VATER 
to include vertebral anomalies, anal atresia (with or without 
fistula), Jracheoesophageal fistula, and renal dysplasia. Later, 
radial defects including radial or thumb absence or hypo- 
plasia, and preaxial polydactyly expanded the R. The presence 
of CHDs, a single umbilical artery, and lower spine anomalies 
were also included. A general diagnostic guideline required 
three or more defects to establish the diagnosis (133). 
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Various types of CHDs have been reported in VACTERL 
association using traditional clinical series, epidemiologic 
analyses (133,271), and more recent cluster analysis (132). 
VACTERL is generally a sporadic occurrence. However, when 
VACTERL occurs with hydrocephalus (especially due to aque- 
ductal stenosis) and/or is associated with a family history of 
hydrocephalus, it is viewed as a distinct mendelian disorder 
(272). Autosomal dominant, X-linked recessive, and autoso- 
mal recessive inheritance have been described. Because the 
VACTERL association is not thought to have a single patho- 
genetic pathway, it would not be suspected of having a single 
causative gene. When sonic hedgehog signaling is defective in 
mice, the pattern of defects resembles VACTERL (273), which 
may provide insights into the human condition. 

Hemifacial Microsomia, Facioauriculovertebral 
Spectrum, and Oculoauriculovertebral Spectrum, 
Goldenhar Syndrome 

Although Goldenhar syndrome is the most familiar eponym, 
it is perhaps the least accurate description of what is consid- 
ered a spectrum of craniofacial anomalies (72). Referring to 
the complex as possible errors in morphogenesis of the first 
and second branchial arches is cumbersome though accurate. 
A practical approach using the acronym OMENS is favored 
by many plastic surgeons and builds on the fundamental 
HFM; the additional defects of eye, mandible, ear, nerve, and 
soft tissue involvement are added (274). Many dysmorpholo- 
gists prefer the literal terms facioauriculovertebral spectrum 
and oculoauriculovertebral spectrum (OAVS). A few cases 
are familial, and autosomal dominant inheritance has been 
reported. Maternal diabetes is a familiar association (275). 
Other risk factors that have been studied include vasoactive 
medications and vascular events (276). 

Involvement is usually unilateral with variable hypoplasia 
of facial structures (including bone, soft tissue, ears, eyes, or 
mouth). Ear tags or ear pits, epibulbar dermoids (characteristic 
of Goldenhar syndrome), and deafness are also typical. Oral 
clefts may involve the lip, palate, and corner of the mouth, cre- 
ating macrostomia. There can be associated vertebral, radial, or 
rib defects, as well as renal anomalies and midline brain defects 
(especially agenesis of the corpus callosum, encephalocele, and 
lipoma). The breadth of associated anomalies has prompted 
many descriptions of overlapping complexes (277,278). 

The largest single-center review noted CHDs in almost one- 
third of the 87 patients who were defined as having oculoau- 
riculovertebral spectrum (128). The authors acknowledged the 
wide range of previously reported frequencies (5% to 58%) 
and attributed this to the selection bias (clinical series, popula- 
tion-based ascertainment) and the variability in case definition. 
They reported tetralogy of Fallot and ventricular septal defect 
in about two-thirds of those with a CHD, but many other 
CHDs were noted. The increased frequency of conotruncal 
CHDs has led many investigators to suspect a role for neural 
crest cell migration in producing the head and neck anomalies. 

Genetics of Isolated Congenital Heart Defects: NKX2.5 , 
GATA4, N0TCH1 

Little is known about the genetic basis of isolated, nonsyndro- 
mic CHDs although they constitute the vast majority of clinical 
cases. The evaluation of kindred with multiple affected mem- 
bers has begun to identify specific disease genes for isolated 
CHDs in recent years. In particular, the transcription factors 
NKX2.S and GATA4 , and the regulator of cell fate, NOTCH1 , 
have been identified as disease genes for a small subset of 
patients with specific types of nonsyndromic CHDs. These 
findings and the remaining questions are described below. 


NKX2.5 

Schott et al. (279) identified four families whose affected 
members most commonly had atrial septal defects and atrio- 
ventricular conduction disorders. An informative parametric 
linkage analysis identified a disease locus on chromosome 5q. 
The gene, NKX2.5, mapped into this locus and was already 
known to participate in cardiovascular development from 
animal models. Mutations of NKX2.5 specific to each family 
were found in the affected members and were not found in 
any normal control subjects. Each mutation was predicted 
to alter the encoded protein function, and most mutations 
disrupted the highly conserved DNA-binding domain. Sub- 
sequent reports identified NKX2.5 mutations in other spo- 
radic and familial cases with atrioventricular conduction 
abnormalities with or without atrial septal defects (280,281). 
These studies not only identified the first disease gene for 
isolated CHD but also made the surprising discovery that 
NKX2.5 was critical to atrioventricular nodal development 
and function over time. 

Multiple subsequent studies report additional NKX2.S 
mutations in familial cases with atrial septal defect and atrio- 
ventricular block, as well as sporadic cases with atrioven- 
tricular block in the absence of CHD. Studies also report 
missense mutations of NKX2.5 in sporadic cases with a vari- 
ety of CHD without atrioventricular block, including some 
with conotruncal or left-sided defects; the pathologic signifi- 
cance of such mutations remains to be demonstrated (282- 
284). These studies suggest that NKX2.5 plays an important 
role in a range of CHDs and particularly in atrioventricular 
conduction. 

Though investigations continue, it is clear that patients 
with atrial septal defects and atrioventricular conduction 
abnormalities are at risk for having a mutation of NKX2.5. It 
is also clear that those patients with NKX2.5 mutations who 
present with first-degree atrioventricular block can progress to 
complete heart block over time and even sudden cardiac death 
if the conduction abnormality goes undiagnosed (282). These 
data suggest that patients with an atrial septal defect war- 
rant assessment by ECG for atrioventricular prolongation. If 
first-degree atrioventricular block is diagnosed, then periodic 
evaluation for progression to higher grades of atrioventricular 
block is indicated, even after surgical repair. It is also impor- 
tant to obtain a detailed family history for signs and symptoms 
of complete heart block and at times, it may be appropriate 
to screen immediate family members (first-degree relatives) 
by ECG for subclinical atrioventricular conduction abnor- 
malities to identify underlying familial disease. Likewise, the 
immediate family members of a patient with atrioventricular 
conduction abnormalities with or without other CHDs might 
warrant similar screening. Mutation studies of NKX2.S are 
now clinically available and help identify the subset of patients 
with an atrial septal defect at risk for progressive conduction 
abnormalities. 

GATA4 

Garg et al. (285) first reported mutations in the transcription 
factor, GATA4, in two kindreds with septal defects: members 
of the first kindred had atrial septal defects, but members of 
the second kindred displayed a more heterogeneous pheno- 
type with atrial septal defects, ventricular septal defects, and 
pulmonary valve stenosis. These findings were of particular 
interest given that GATA4, which maps to chromosome 8p22- 
p23.1, is a molecular partner with NKX2.5 and is deleted in 
some patients with CHDs and chromosome 8p23 deletions. 
Subsequent investigators have reported GATA4 mutations in 
familial cases of septal defects (280,281 ), and less commonly in 
sporadic cases with septal defects or other conotruncal defects 
(280,281,286-288). These findings, in conjunction with those 
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on NKX2.5, highlight the significance of this molecular path- 
way in cardiovascular development and disease. 

NOTCH 7 

Studies of kindred with multiple affected members continue 
to identify novel molecular developmental pathways that 
contribute to cardiovascular disease and development. Most 
recently, Garg et ah (289) identified mutations in NOTCH1 in 
two small families with bicuspid aortic valve and aortic valve 
stenosis. Of particular interest was that some patients did not 
have congenital bicuspid aortic valves but developed aortic 
valve calcification in later decades of life. Experiments con- 
firmed that NOTCH1 was expressed in the developing aortic 
valve. Experiments also suggested that NOTCH1 mutations 
play a role in aortic valve calcification. Subsequent studies of 
small patient cohorts report rare NOTCH1 mutations in spo- 
radic cases with a range of left-sided cardiac defects, including 
aortic valve stenosis, bicuspid aortic valve, coarctation of the 
aorta, and HLHS (290-292). Though more work remains to 
be done to define the affected cohort, these studies highlight 
the important role of the NOTCH pathway in CHD. 


GENETICS OF SPECIFIC CARDIAC LESIONS 


The growing body of genetic information now allows the cli- 
nician to consider whether a patient with a specific type of 
CHD has an associated genetic alteration (Table 26.5). The 
clinician needs to consider whether additional genetic consul- 
tation or genetic testing is warranted. For example, mutations 
in NKX2.5, GATA4, MYH6 , and TBX5 have been identified 
in patients with atrial septal defects (237,279,285,293). There- 
fore, one can now consider whether a patient with an atrial 
septal defect has an associated syndrome (such as Holt-Oram 
syndrome) or mutation in one of these genes. Clinical testing 
for mutations in these genes is now available, allowing for 
improved diagnostics, family screening and genetic counseling, 
and risk assessment for associated features. Similarly, patients 
with tetralogy of Fallot may be either syndromic or nonsyn- 
dromic and are at risk for different genetic alterations accord- 
ingly (14) (Tables 26.1 and 26.5). A patient with tetralogy of 
Fallot should be carefully evaluated for features of one of the 
known associated syndromes including trisomy 21, 22qll.2 
deletions, and JAG1 mutations. The family history should be 
carefully reviewed for CHDs or associated syndromic features 
that might suggest a 22qll.2 deletion or JAG1 mutation, for 
example. Table 26.5 lists known genetic alterations associated 
with specific CHDs to help the clinician move from the cardiac 
to a concurrent genetic diagnosis. Since all of these CHDs are 
genetically heterogeneous, this table can list only the currently 
known associated disease genes. As new diagnostic tests and 
clinical discoveries are made, this list is likely to become more 
extensive and clinically relevant. Of course, many other genetic 
syndromes associated with each CHD are known; only those 
with recognized specific genetic alterations are listed here. 


GENETIC EVALUATION AND COUNSELING 

Although most of the care for a patient with CHD focuses 
on the diagnosis and treatment of the heart itself, it is criti- 
cal for the referring primary care provider and the cardiolo- 
gist to consider whether genetic consultation and counseling 
is warranted both at the time of diagnosis of the CHD and in 
later years (139). The chances of finding additional congenital 
anomalies or syndromic features in a patient with a CHD are 


high. Approximately 20% to 25% of infants <1 year of age 
have a noncardiac malformation, and approximately 5% to 
17% have a genetic syndrome (11,22,294-299). The diag- 
nosis of a genetic syndrome is more likely when growth and 
developmental delay are also present. Therefore, clinicians 
must examine the patient with a CHD with a critical eye for 
dysmorphic features, changes in body habitus, other congeni- 
tal anomalies, neurocognitive deficits, or a family history of 
these same findings. It is increasingly evident that one should 
not ascribe neurocognitive deficits to surgery alone and must 
consider whether they are a symptom of an underlying genetic 
alteration instead. Even in the apparent absence of dysmor- 
phic features or other congenital anomalies, patients with cer- 
tain CHDs should be suspect for genetic syndromes based on 
the known frequency of such associations. For example, the 
patient with interrupted aortic arch type B is so commonly 
found to have a 22qll.2 deletion that referral for genetic con- 
sultation and testing should be considered even in the absence 
of overt dysmorphic features. Finally, given the highly vari- 
able and often subtle presentation of many genetic syndromes, 
a concurrent genetic diagnosis can be easily overlooked or 
delayed if a high level of suspicion and willingness to seek 
genetic consultation is not maintained. 

Importance of Identifying a Genetic Syndrome or 
Genomic Imbalance 

Identifying the underlying genetic syndrome or alteration in a 
patient with a CHD is of growing clinical importance. First, 
diagnosing the patient with a genetic syndrome allows for the 
early identification and treatment of associated noncardiac 
features. For example, the patient found to carry a 22qll.2 
deletion can be evaluated and treated for commonly associated 
noncardiac features such as feeding disorders, palate anoma- 
lies, speech disturbances, hypocalcemia, and others. Know- 
ing that a patient with a CHD has a 22qll.2 deletion may 
help define the cause of feeding disorders and failure to thrive, 
which might otherwise be accredited to heart failure alone. 
Second, establishing a specific genetic cause allows for appro- 
priate family counseling regarding risks of recurrence (297). 
For example, parents of a patient with Alagille syndrome 
should be tested to determine if one of the parents is a carrier 
of a ]AG1 mutation since the parent with only subtle syndro- 
mic manifestations carrying the mutation has a 50% chance 
of having a second affected child. Depending on the age of 
the individual and circumstances, the geneticist may provide 
information about prenatal diagnosis including options for 
imaging the fetal heart and obtaining appropriate genetic tests. 
Third, establishing a genetic diagnosis in the future will most 
likely allow more accurate counseling regarding cardiac and 
noncardiac clinical outcome. Several studies already suggest 
that specific genetic syndromes are associated with a worse 
clinical cardiac prognosis (1-4). Finally, for many patients and 
their families, knowing whether a CHD is associated with an 
identifiable cause such as a chromosome abnormality, gene 
mutation, or genetic risk factor can be important. Ultimately, 
determining the patient genetic phenotype is essential to pro- 
vide more accurate clinical care, estimation of prognosis, and 
assessment of risk (Table I in (295)). In the future, genotype 
may influence management strategy. 

When to Refer the Cardiac Patient for a Genetics 
Evaluation 

The increasing number of possible genetic diagnoses and 
the rapid development of new genetic tests necessitate a 
close collaboration between the referring primary physician. 
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Disease Loci or Genes Associated with Specific CHDs Known 

' ' HjcJH to Date 

Congenital Heart Defect 

Associated Genetic Loci or Disease Genes* 

Atrial septal defect (with or without 

7£X5(Holt-0ram syndrome) 

atrioventricular conduction blockade) 

NKX2.5 

Atrial septal defect (without atrioventricular 

GATA4 

conduction blockade) 

MYH6 

Perimembranous ventricular septal defect 

TfiX5(Holt-0ram syndrome) 

GATA4 

22q1 1.2 deletion 

Many syndromes including trisomy 21 

Tetralogy of Fallot 

NKX2.5 

JAG1 (Alagille syndrome) 

PTPN11 (Noonan syndrome) 

22q1 1 .2 deletion 

Many syndromes including trisomy 21 

Truncus arteriosus 

22q 11.2 deletion 

Interrupted aortic arch 

22q11.2 deletion 

Patent ductus arteriosus 

TFAP2p (Char syndrome) 

Atrioventricular septal defect 

CRELD1 

Ip 

8p23 

Trisomy 21 (21 q22) 

Heterotaxy syndrome 

ZIC3 

CPC 1 

ACVR2B 

Lefty 2 

Valvar pulmonary stenosis 

JAG1 (Alagille syndrome) 

PTPN11 KRAS S0S1 (Noonan syndrome) 

HRAS (Costello syndrome) 

BRAF r MEK1/2{ CFC syndrome) 

Supravalvar aortic stenosis 

ELN 

Aortic valve stenosis/Bicuspid aortic valve 

NOTCH 7 


s See text for relevant references. 


cardiologist, and clinical geneticist (139). Much depends on 
the cardiologist’s diagnostic ability, interest, and time to deter- 
mine if a CHD is isolated, part of a familial CHD syndrome, or 
associated with other defects of a known syndrome or as of yet 
uncharacterized complex (153). Consultation from a clinical 
geneticist should be sought for the cardiac patient with the fol- 
lowing: dysmorphic features, multiple congenital anomalies, 
neurocognitive deficits, or a family history of CHD, congenital 
anomalies, or neurocognitive deficits. Although, historically, 
learning disabilities or developmental delay have often been 
attributed to the cardiac defect and surgical intervention, these 
observations may instead prove to be independent problems 
that may indicate the presence of a genetic syndrome or chro- 
mosomal alteration. Families may also benefit from a genetic 
consultation for counseling purposes, particularly with respect 
to risks of recurrence. Early referral to a clinical geneticist 
allows the early diagnosis of associated noncardiac features, as 
well as early intervention and timely counseling. Finally, some- 
times the primary care taker or cardiologist orders the basic 
genetic tests to screen for abnormalities with the intention 


of consulting genetics if an abnormality is discovered. How- 
ever, this practice may greatly underserve the patient with 
no detectable chromosomal alteration who nonetheless may 
have a genetic syndrome or the patient who could benefit from 
more specialized genetic testing. In addition, the number of 
clinically available genetic tests has increased remarkably in 
the last five years, ranging from single-gene mutation stud- 
ies to genome-wide scans. As such genetic testing has become 
increasingly complex and requires the ordering physician to be 
ever more knowledgeable. Thus, genetic consultation should 
be considered in the suspicious patient to allow for specialized 
assessment and direction of genetic testing. 

The Genetic Evaluation 

The goal of the genetic evaluation is to establish a diagno- 
sis and provide information to the patient and family about 
recurrence risk and expected outcomes that are known (297). 
The evaluation therefore considers both the patient under 
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evaluation and the family medical history in detail. Geneti- 
cists will first consider the specific type of CHD and associated 
congenital anomalies present in the patient. The geneticist (or 
genetic counselor) then obtains a complete family history of 
malformations and genetic conditions, including malforma- 
tion syndromes (297). Information is also sought about recur- 
rent miscarriages, sudden death in childhood, developmental 
delay, and mental retardation. 

The geneticist’s physical exam begins with an overall 
appraisal of habitus, facial appearance, and movements. 
Occasionally when an immediate general impression based on 
characteristic dysmorphic features provides rapid diagnosis, 
restraint and confirmation is needed. In addition to height, 
weight, and head circumference, measurements may be made 
of facial landmarks and distances, or other body parts to 
quantify the qualitative sense of hypertelorism, small pinnae, 
or long fingers. Most geneticists do not perform complete neu- 
rodevelopmental examinations, substituting modified office 
screening tests, reports from family members, previous formal 
testing, or functional appraisal of the individual’s interactions 
and performance in the office setting. 

Depending on whether the consultation is performed dur- 
ing an admission to the hospital or as an outpatient visit, emer- 
gency or as a scheduled visit, and whether the location is the 
tertiary care center or a small satellite clinic, diagnostic testing 
can be performed at the same time as the initial evaluation or 
requested to be obtained under the direction of the primary 
care giver and/or cardiologist. Radiographic and ultrasono- 
graphic tests may be ordered to define internal organ structure 
and function. Medical, educational, and therapeutic specialists 
may be requested to characterize multisystem involvement and 
to begin treatment. 

Genetic Testing 

Historically, the most commonly requested genetics test was 
a cytogenetic examination ordered as a karyotype of lympho- 
cytes in fresh whole blood. A FISH analysis became comple- 
mentary to a standard chromosome analysis, which was useful 
for rapid diagnosis (e.g., amniocentesis diagnosis of trisomy) 
and the detection of small deletions. Microarray technologies 
offer the most recent technique for detecting an alteration of 
DNA quantity and have become the test of choice to detect 
chromosomal deletions and duplications (137), although a 
standard karyotype is still necessary to detect mosaicism and 
chromosomal translocation. More rapid techniques to detect 
single nucleotide mutation in a panel of genes are also now 
available. 

When a mendelian gene disorder is suspected, geneticists 
determine if molecular testing is available and whether the 
testing is being done at a research or clinical lab. Details are 
sought from the referral laboratory and literature. Before test- 
ing can be done, the genetics team needs to know if the labora- 
tory is approved to report clinical results, how specimens are 
shipped, the cost and potential for reimbursement by insur- 
ance, the length of time it takes to complete the test, and how 
results are communicated. This process can consume as much 
time as the genetics examination itself. 

Practically speaking, the timing and location of having 
these tests completed may be determined more by medical 
insurance coverage and less by referring physician or patient 
preference. Likewise, whether the individual will be permitted 
to return for a follow-up genetics visit is highly dependent on 
health care coverage. Regardless of whether the genetics evalu- 
ation was conducted on a critically ill neonate on an emergent 
basis, or during an extensive consultation with the extended 
family of multiply affected individuals, communication and 
collaboration with the cardiologist are essential. Of course, 


the primary care physician and the individual (and family) 
should be included in all discussions. 

A Partnership 

Since approximately 75% of CHDs currently have no identifi- 
able cause (1 1,22,154,294,296,298,299) or underlying condi- 
tion, the notion of a formal genetic evaluation may appear 
to be unnecessary in many cases. However, the list of genetic 
causes of CHDs is expanding rapidly and is ever more difficult 
to understand, and many syndromes are now recognized to 
present with subtle and often unrecognized features. More- 
over, options for clinical genetic testing are rapidly evolving 
and increasingly complicated. As the list of genetic causes and 
tests for CHDs continues to expand in length and complex- 
ity, and the list of genetic syndromes associated with CHDs 
grows as well, there is clearly a need for clinical partnership 
between primary caretakers, cardiologists, and geneticists. In 
many cases, the primary care taker and cardiologist will call 
on the geneticist for consultation as described in the previ- 
ous sections. For example, when coarctation is confirmed in 
a young girl who is noted subsequently to have short stature, 
redundant neck skin, and low-set ears, the geneticist can con- 
firm the suspected diagnosis of Turner syndrome and provide 
long-term counseling to the patient and family. In other cases, 
the geneticist may call upon the cardiologist to define the asso- 
ciated CHD in a patient under consideration for a particular 
genetic syndrome to assist with the diagnosis. For example, 
a geneticist may consider the diagnosis of Holt-Oram syn- 
drome in a three-generation family with absent and unusual 
thumbs. Although TBX5 mutation studies would be confirma- 
tory, speedier diagnostic support would be provided by two- 
dimensional echocardiographic detection of a secundum atrial 
septal defect in mother and son. 

It can be difficult to coordinate the cardiology and genet- 
ics consultations (295). Instead of being evaluated at different 
times, some patients are seen in cardiovascular genetics clinics 
with genetics and cardiology specialists working in tandem. 
With the assistance of supplemental imaging of other organs; 
confirmatory cytogenetic, molecular, or metabolic blood tests; 
and the proven test of time, clinicians may make a unifying 
diagnosis to enhance each case. 


CONCLUSIONS 

In concert with the field of human genetics, our understand- 
ing of the genetic contribution to CHDs has advanced dra- 
matically over the last 10 years. The field has moved from 
detailing genetic syndromes to the definition of specific genetic 
alterations causing those clinical phenotypes. Specific genetic 
causes of isolated CHDs have also begun to be identified. The 
remarkable and rapid advancements in human genetics and 
developmental biology are likely to lead to new discoveries in 
the field of cardiovascular genetics in the near future. Given 
these discoveries, an increasing number of patients with a 
CHD could be given a concurrent genetic diagnosis. It will 
be of increasing importance for the cardiologist caring for 
patients with CHDs to have a working knowledge of these 
discoveries and available genetic testing. It will also be increas- 
ingly important for the general pediatrician and cardiologist 
to work in concert with the clinical geneticists and genetic 
counselors to identify concurrent genetic diagnoses. The clini- 
cal implications of the associated genetic diagnosis, such as 
associated noncardiac features, will be increasingly important 
to recognize and address. Already, genotype-specific manage- 
ment strategies have been developed in many fields and will 
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inform that of pediatric cardiology in the near future. The 
association between genotype and clinical outcome is also 
well established (1-4) and will play an increasingly impor- 
tant role in counseling. Most important, understanding the 
genetic basis of these disorders, in conjunction with advances 
in developmental biology, will improve our understanding of 
cardiovascular development and disease and allow for novel, 
improved management strategies (300). 
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HISTORICAL PERSPECTIVE 


In the introduction to his epochal 1974 monograph, “Congenital 
Diseases of the Heart,” Dr. Abraham M. Rudolph (1) empha- 
sized the importance that characterization of the cardiovascular 
adaptation of the fetus during the months leading to delivery 
and the postnatal transition of the systemic and pulmonary cir- 
culatory system have in improving understanding of the clinical 
condition of the neonate, and in contributing to the formula- 
tion of logical and physiologically based management strategies 
for various forms of congenital heart disease. Toward this end, 
Rudolph and Heymann (2) developed techniques for the study 
of cardiovascular development, using chronically instrumented 
fetal lambs. Their studies included normal fetal animals, as well 
as fetuses in which pulmonary artery or ascending aortic band- 
ing was used to simulate pulmonary or aortic stenosis (PS or 
AS). Regional flow within the cardiovascular system was inves- 
tigated through the use of radionuclide-labeled microspheres 
(3,4). These observations were extended to include the varied 
components of the transitional circulation, providing insights 
into the relative roles played by oxygenation, cord clamping, 
and the intrinsic fetal shunt pathways in the redistribution of 
blood flow in the fetus at the time of birth (5-8). 

Rudolph’s studies of the fetal lamb were postulated as a 
model for understanding the human fetal and transitional cir- 
culation, despite the recognition that the fetal lamb differed 
in substantial ways from the human fetus. These differences 
would be reflected in altered regional flow distribution to 
organs such as the brain, which constitutes a larger fraction 
of body mass in the primate and human than in the ovine 
fetus. In addition, the relative difference in the degree of 
“maturation” of the ovine neonate, compared with the human 
neonate, could also result in alterations in regional blood flow 
distribution between the two species. 

In 1977, Rudolph’s observations of the fetal lamb served 
as the foundation on which our understanding of the fetal and 
transitional circulation of the human fetus was based. In 1976, 
Dr. Frederick Morin completed a doctoral thesis toward his 
M.D. degree at the Yale University School of Medicine that 
was, in turn, based on the observations of a 1972 study (9) 
describing the use of M-mode echocardiographic recordings 
of fetal cardiac activity in the human fetus. This paper had 
speculated that fetal cardiac function in normal and abnormal 
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pregnancies could be analyzed through the use of the meas- 
urement of left ventricular ejection fraction from M-mode 
recordings of cardiac wall motion against time. The same pub- 
lication predicted that the small size, complex anatomy, and 
rapid heartbeat of the human fetus would not allow complex 
congenital cardiac malformations to be diagnosed prenatally. 

This served as the intellectual underpinning for the initia- 
tion of a clinical research project at the Yale University School 
of Medicine aimed at applying fetal echocardiography to 
validate in the human fetus the observations that had been 
documented in the ovine fetal model. The first findings of sig- 
nificance related to paradoxic motion of the interventricular 
septum, reminiscent of the findings postnatally in patients with 
cardiac malformations associated with volume- and pressure- 
overloaded right ventricles. M-mode echocardiography in the 
human fetal heart thus provided noninvasive confirmation 
that the findings that had previously been made in the ovine 
fetus, where the fetal right ventricle functions as the dominant 
ventricle, ejecting a larger stroke volume than the left ventricle 
at systemic blood pressure, held, as well, for the fetal human. 

Subsequent studies were undertaken to characterize the 
development of the human fetal cardiovascular system and were 
presented at the annual meetings of the Society for Gynecologic 
Investigation and the Society for Pediatric Research in the spring 
of 1978. At the latter, Dr. Helen Taussig commented on the impor- 
tance of these findings, which offered the potential for the diagno- 
sis of congenital heart disease in early gestation, and the potential 
for termination of such pregnancies, to decrease the individual 
and societal burden of congenital heart disease in these children. 

Thereafter, our attention was turned toward establishing a 
clinical role for fetal echocardiography. Although we had specu- 
lated in 1978 that such studies could be useful for the diagnosis 
of congenital heart disease, it was not until a year had passed that 
we were able to prove this. Our first peer-reviewed publication 
on this topic appeared in 1980 (10). This paper suggested indi- 
cations for detailed fetal echocardiographic study in pregnancies 
deemed to be at high risk for congenital heart disease. M-mode 
and two-dimensional (2-D) echocardiography was used to docu- 
ment atrioventricular septal defect (AVSD) in a patient with left 
atrial isomerism and complete atrioventricular ( AV) block, atrial 
flutter (AF), and hydrops fetalis. M-mode echocardiography 
was used to document tricuspid atresia and hypoplastic right 
ventricle in a second fetus. M-mode echocardiography was used 
to demonstrate the presence of complete heart block in the fetus 
of a mother with systemic lupus erythematosus. 

This article was reviewed by Dr. Alexander Nadas in the 1981 
edition of the Yearbook of Pediatrics (10). Dr. Nadas noted the 
potential for the use of the technique for research purposes, but 
he doubted the potential for a clinical role for fetal echocardiog- 
raphy, owing to the improbability of establishing such diagnoses 
before the legal limits for termination of pregnancy. 

During 1980, publications from San Diego (11) and from 
London (12,13) documented the potential for examination of 
the fetal heart using sequential, segmental analysis of cardiac 
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structure. In 1981, deGeeter et al. from Strasbourg, hosted the 
first international meeting devoted to fetal echocardiography 
and clinical fetal cardiology. 

In 1984, at the World Congress of Pediatric Cardiology, 
Fermont et al. (13) from Paris, reported their experience with 
four-chamber screening of the fetal heart for the detection of 
congenital heart disease. This was followed by the description 
provided by Allan et al. (14) of a regional screening program 
in London. She went on to train ultrasonographers through- 
out Great Britain and the Continent to participate in similar 
screening programs throughout Europe. 


INDICATIONS FOR FETAL ECHOCARDIOGRAPHY 

While it must be recognized that most cases of congenital heart 
disease result from pregnancies in women who are not identi- 
fied in advance to be at higher-th an- average risk for congenital 
heart disease, most women referred for detailed fetal echocar- 
diographic study have been judged to be at risk according to 
factors defined as fetal, maternal, or familial risks (Table 27.1). 


SCREENING FOR CONGENITAL HEART DISEASE 


TABLE 27.1 


Indications for Fetal Echocardiography 


Familial risk factors 
History of congenital heart disease 
Previous sibling 
Paternal 

Mendelian syndromes that include congenital heart disease 
Noonan 

Tuberous sclerosis 
Maternal risk factors 
In vitro fertilization 
Congenital heart disease 
Cardiac teratogen 
Isotretinoin 
Lithium carbonate 
Ethanol 
Phenytoin 
Valproic acid 
Trimethadione 
Carbamazepine 
Maternal metabolic disorders 
Diabetes mellitus 
Phenylketonuria 
Fetal risk factors 
Extracardiac anomalies 
Chromosomal 
Anatomic 

Increased nuchal fold thickness 
Fetal cardiac arrhythmia 
Irregular rhythm 

Tachycardia (>180 bpm) in absence of amnionitis 
Fixed bradycardia 
Nonimmune hydrops fetalis 
Abnormal fetal situs 

Suspected fetal heart malformation on screening ultrasound 

Lack of reassuring four-chamber view during basic obstetric 
scan 


bpm, beats per minute. 


As noted above, most infants with congenital heart disease are 
born to women without high-risk indications for congenital 
heart disease. Fermont et al. (13) documented that the iden- 
tification of fetuses with abnormal four-chamber views of the 
heart would improve case findings of major forms of congeni- 
tal heart disease. The normal four-chamber view of the fetal 
heart may be obtained in approximately 95% of fetuses exam- 
ined between the late second and early third trimesters of preg- 
nancy. The fetal heart is normally a midline structure, with the 
apex pointing leftward toward the fetal stomach. The heart 
lies in a horizontal orientation, above the transverse liver. By 
orienting the ultrasound transducer approximately 30 degrees 
cephalad from the transverse plane where the fetal abdomi- 
nal circumference is measured, a tomographic view of the fetal 
heart is obtained (Fig. 27.1) that demonstrates the four-chamber 
anatomy of the fetal heart. The central fibrous body of the 
normal fetal heart is intact, with the septal leaflet of the tricus- 
pid valve inserting slightly closer to the cardiac apex than the 
insertion of the anterior leaflet of the mitral valve. The atrial 
cavities and the interposed atrial septum are visualized, with 
the foramen ovale representing the major source of blood flow 
into the left atrium from the inferior vena cava (IVC). The atrial 
septum primum undulates in the left atrial flow stream from 
the IVC and functions as a flap valve that functionally seals 


LA 


LV 


#' 


Figure 27.1. Normal four-chamber view of the fetal heart dur- 
ing midtrimester. Note the relatively equal transverse diam- 
eters of the right and left atria (RA, LA) and the right and left 
ventricles (RV, LV). The septal leaflet of the tricuspid valve is 
inserted into the central fibrous body of the heart in a position 
that is slightly offset toward the apex of the heart in compari- 
son with the site of insertion of the anterior mitral leaflet to 
the central fibrous body. The moderator band is seen at the 
apex of the right ventricle. The posterior inflow portion of the 
ventricular septum is interposed between the two ventricular 
chambers. The foramen ovale represents an unrestricted flow 
orifice between the IVC and the left atrium. Relatively highly 
oxygenated umbilical venous return from the IVC is preferen- 
tially shunted into the left atrium through the left ventricle and 
into the descending aortic distribution. This provides the most 
highly oxygenated arterial blood to the fetal coronary arterial 
and cerebral circulation. 
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the foramen ovale following birth, owing to increased pulmo- 
nary venous return consequent to gaseous expansion of the 
lungs and postnatal decrease in pulmonary vascular resistance. 
The atrial chambers are normally symmetrical in appearance 
as are the ventricular chambers. The right ventricular chamber 
appears slightly foreshortened owing to the moderator band at 
the ventricular apex. The right ventricular surface of the ven- 
tricular septum is more coarsely trabeculated than the left 
ventricular septal surface. In the short-axis view, the two pap- 
illary muscles of the mitral valve are seen, and neither of these 
muscles is associated with the ventricular septum, whereas the 
tricuspid valve characteristically has a chordal insertion to the 
conal region of the right ventricular outflow tract. 

Abnormalities of four-chamber anatomy may characterize 
certain forms of congenital heart disease. In many cases, the 


primary structural abnormality of the heart may be apparent 
in the view of the central fibrous body. Such defects may 
include complete atrioventricular septal (canal) defect, hypo- 
plastic left heart syndrome (HLHS), hypoplastic right heart 
syndrome, Ebstein malformation of the tricuspid valve, and 
various forms of single ventricle (Fig. 27.2). Disproportion 
of atrial or ventricular chambers may reflect altered flow pat- 
terns through the fetal cardiovascular system (15). In such 
cases, the four chambers of the heart may change their vol- 
ume and or wall thickness to reflect the volume and pressure 
of blood flow through them. Pulmonary valve (PV) stenosis, 
for example, may be associated with right ventricular wall 
hypertrophy, with decreased chamber volume secondary to 
increased right-to-left shunting across the foramen ovale, 
with right ventricular hypertrophy or with increased chamber 
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volume if tricuspid regurgitation occurs (16). Similarly, 
disproportionate development of atria and ventricles may 
occur in the presence of discrete obstruction to left ventricular 
outflow (Fig. 27.3) (17-19). The latter findings have served as 
the foundation for the development of the first programs for 
fetal intervention. 

The sensitivity and specificity of abnormal four-chamber 
screening for congenital heart disease has been discussed 
repeatedly in the literature during the past decade, with claims 
varying from a sensitivity of 0% to 10% (e.g., the RADIUS 
trial in the United States) (20-22) to a sensitivity of >80%, 
with most series suggesting a sensitivity in the range of approx- 
imately 40% (10,23-49) (Table 27.2). 

Based on claims of the utility of four-chamber screening for 
congenital heart disease, bodies such as the American College 
of Radiology, the American College of Obstetrics and Gyne- 
cology, and the American Institute of Ultrasound in Medicine 
have recommended that four-chamber screening views of the 
heart be included in the evaluation of all fetuses undergoing 
ultrasound examination, regardless of indication. 

Views of the ventricular outflow tracts may demonstrate 
ventriculoarterial connections and allow the integrity of the 
ventricular septum to be evaluated. The right ventricular out- 
flow through the main pulmonary artery typically proceeds 
in a posterior sweep to the ductus arteriosus, the descend- 
ing thoracic aorta, and the pulmonary arterial bifurcation, 
with the left pulmonary artery continuing posteriorly and 
the right pulmonary artery arising at a right angle where it 
passes under the aortic arch. The left ventricular outflow tract 
(LVOT) continues into the ascending aorta, which ascends 
vertically toward the head. The ascending aorta and main 
pulmonary artery crisscross one another after emerging from 
their respective outflow tracts. Tomographic imaging dem- 
onstrates the perpendicular courses of these great arteries by 
showing one vessel in a longitudinal view while the second 
vessel is seen as a circular cross section (Fig. 27.4). The pres- 
ence of subvalvar, valvar, and/or supravalvar obstruction can 
be detected, and outflow tract abnormalities such as ventricu- 
lar septal defect (VSD), conal septal malalignment, double- 
outlet ventricle, or arterial transposition may be documented 
(Fig. 27.5). 

The sensitivity and specificity that are added to four- 
chamber screening of the fetal heart by the inclusion of 
long-axis views of the outflow tracts have resulted in revised 
standards for screening echocardiography by the American 
College of Radiology, the American College of Obstetrics 
and Gynecology, and the American Institute of Ultrasound 
in Medicine. 


ECH0CARDI0GRAPHIC ASSESSMENT OF FETAL 
CARDIOVASCULAR PERFORMANCE 


M-mode echocardiographic studies of the human fetus provide 
insight into the relative size and pressure of the fetal ventricles. 
The timing of mechanical events during various phases of the car- 
diac cycle as reflected by wall motion, and motion of the cardiac 
valves may be used to analyze cardiac rhythm (10) (Fig. 27.6). 

Two-dimensional imaging may provide insight into relative 
chamber and blood vessel volume and pressure. The addition 
of color flow Doppler adds further information concerning 
the function of the AV and semilunar valves and flow within 
important fetal flow pathways such as the ductus venosus 
(DV), foramen ovale, and ductus arteriosus (Fig. 27.7). 

Feit et al. (50) used 2-D imaging of the fetal foramen ovale 
to estimate interatrial volume flow and demonstrated that 
fetuses with left heart obstruction had smaller transatrial flow 
volumes, whereas patients with right heart obstructive lesions 
had larger-volume right-to-left interatrial shunts. Berning et al. 
(51) emphasized the importance of color flow in determining 
flow volume and direction across the fetal ductus arteriosus 
and foramen ovale in the diagnosis of left heart hypoplasia 
and/or obstruction to right ventricular outflow (Fig. 27.8). 

Pulsed Doppler flow analysis has been used to estimate 
regional blood flow distribution within the human fetus dur- 
ing the third trimester of pregnancy. The radionuclide-labeled 
microsphere studies of Heymann and Rudolph (2) had dem- 
onstrated that in the third trimester fetal lamb, the fetal right 
ventricle ejects 67% of the combined output of the two ventri- 
cles, with only approximately 8% of the combined output tra- 
versing the high-resistance pulmonary vascular bed. This 8% 
of combined output enters the fetal left atrium as pulmonary 
venous return and combines with relatively oxygen-rich 
pulmonary venous return streaming through the DV and IVC, 
amounting to approximately 25% of combined ventricular 
output. Thus, 33% of combined ventricular output crosses 
the mitral valve and is ejected as left ventricular output. This 
relatively oxygen-rich blood is preferentially distributed to 
the coronary arteries and cerebral circulation. In the 1970s, 
Dr. Rudolph had estimated that the relatively larger brain in 
the primate and human would probably demand a larger vol- 
ume of left ventricular output during fetal life. He estimated 
that the ratio of right-to-left ventricular combined output in the 
human would be in the range of 55%/45%. Doppler flow stud- 
ies in the human fetus have confirmed that estimate (52,53). 

Friedman et al. (54-56) described studies on isolated 
strips of myocardium as well as on whole heart preparations 
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Figure 27.2. Montage of 6 four-chamber views of the fetal heart (A-F). Five cases of congenital heart disease 
(A — F) involving the central fibrous body of the heart are contrasted with a normal four-chamber view (C). A: 
Four-chamber view of the heart of a fetus with tricuspid atresia and ventricular disproportion favoring a large left 
ventricle (LV). There is an absent right AV connection, with a solid bar of muscle interposed between the right 
atrium (RA) and the right ventricle (RV). The sole inflow to the right ventricle is through a small muscular VSD, 
and the right ventricular cavity is hypoplastic. There is a large, single, mitral AV valve and a large left ventricle. 
B: Marked ventricular disproportion favoring the right ventricle in a patient with hypoplastic left heart. The left 
atrium (LA) is small and thick walled. The mitral valve is miniscule, and the left ventricle is hypoplastic, with 
a hypertrophic, fibroelastotic left ventricle. C: Normal four-chamber view of the fetal heart with proportionate 
ventricular and atrial cavities, normal AV valves, and intact central fibrous body. D: Unbalanced, right ventricu- 
lar not dominant, AVSD in a fetus with trisomy 21. Although not visualized in this view, this fetus also had 
a hypoplastic aortic arch. E: Atrial and ventricular disproportion, with enlarged right-sided cardiac chambers 
in a fetus with the Ebstein malformation of the tricuspid valve. The tricuspid valve leaflets are redundant and 
thickened, with inferior displacement of the septal (visualized) and posterior (not seen in this view) leaflets. The 
anterior leaflet (visualized) is redundant and sail-like. A significant portion of the inflow tract of the right ven- 
tricle is “atrialized” owing to the apical displacement of the tricuspid valve. F: A balanced, complete, AVSD in a 
hydropic fetus with trisomy 21. The central fibrous portion of the heart is deficient, with a large ostium primum 
atrial septal defect (ASD), inflow VSD, and a common AV valve. 
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| Prenatal Screening for Congenital Heart Disease 


Study 

View 

GA(Weeks) 

Sensitivity 

Wylie et al. (1994) 

4-Chamber View 

18-20 

18 

Stoll et al. (1993) 

4-Chamber View 

18-22 

9.2 

Sharland and Allan (1992) 

4-Chamber View 

— 

69 

Vergani et al. (1992) 

4-Chamber View 

18-20 

81 

Buskens et al. (1996) 

4-Chamber View 

16-24 

5 

Todros et al. (1997) 

4-Chamber View 

18-22 

15 

Ott (1995) 

4-Chamber View 

— 

14 

Luck (1992) 

4-Chamber + outflow 

19 

33.3 

Tegnander et al. (1995) 

4-Chamber 

16-22 

10 

Rustico et al. (1995) 

Full fetal echo 

20-22 

35.4 

Hafner et al. (1998) 

Full fetal echo 

16-22 

43.8 

Achiron et al. (1992) 

Extended fetal echo 

18-24 

78(48 4-chamber) 

Stumpflen et al. (1996) 

Extended fetal echo 

18-28 

88 (47 4-chamber) 

Tegnander etal. (2006) 

4-Chamber + outflow 

18 

57 


from mature and fetal sheep. These studies demonstrated 
that mature myocardium generates higher tension (pressure) 
at any end-diastolic length (volume) than does fetal myocar- 
dium. In addition, passive tension (pressure) is higher at any 
level of diastolic length (volume). These myocardial properties 
explain the findings of fetal animal studies, suggesting limited 
afterload and preload reserve. Possible explanations for the 
intrinsic differences between fetal and mature myocardium 
have been offered, including a paucity of contractile elements 
within immature myocytes, the increased amount of nuclear 
material within mature myocytes, the relatively haphazard ori- 
entation of contractile elements within immature myocardium 
versus the parallel orientation of the contractile elements of 
mature myocardium, and the relative deficiency of sarcomeres 
in fetal myocardium versus the rich distribution of sarcomeres 
and t-tubules that provide intracellular calcium stores to the 
contractile elements of mature myocardium. 


Pulsed Doppler and Doppler tissue imaging studies of 
biventricular diastolic filling are suggestive of restrictive ven- 
tricular diastolic physiology throughout mid and late gestation 
(57-60) (Fig. 27.9). Recently, normative data have been pre- 
sented for strain and strain rate analysis of the fetal myocar- 
dium (61,62). It is unclear at this point whether this technique 
will offer a reliable and reproducible means of analyzing fetal 
systolic and diastolic performance. 

Rudolph (1) has summarized the known characteristics 
of fetal myocardium and the in utero environment to explain 
the proclivity of fetuses toward the development of interstitial 
edema and hydrops fetalis (Fig. 27.10). These findings explain 
the frequent development of hydrops fetalis among fetuses 
with pressure or volume overload, or sustained bradyarrhyth- 
mias or tachyarrhythmias. 

Huhta et al. (63,64) have proposed the use of a Car- 
diovascular Profile Score to determine the overall status of 


< — 

Figure 27.3. Montage of five four-chamber views of the fetal heart (A-E), including one normal fetal heart (C) 
and five examples (A,B,D,E) of fetal four-chamber views that are abnormal, owing to perturbed flow distribu- 
tion, in a setting of a normal central fibrous body. A: Four-chamber view of the heart of a fetus with PS. The 
right ventricle (RV) is thick walled and has a slightly diminutive right ventricular cavity. In the presence of PV 
stenosis and a competent tricuspid valve, the increased right ventricular afterload results in myocardial hypertro- 
phy, whereas the decreased diastolic compliance of the hypertrophic myocardium results in increased right-to-left 
shunting at the level of the foramen ovale, with increased left ventricular (LV) diastolic filling volume and dimin- 
ished right ventricular filling volume. B: Four-chamber view of the heart of a hydropic fetus with severe AS, left 
ventricular dilation, and fibroelastosis, with decreased systolic contraction. Severe mitral regurgitation resulted in 
marked left ventricular (LV) and left atrial (LA) dilation and premature closure of the foramen ovale. C: Normal 
four-chamber view of fetal heart demonstrating symmetrical right and left atria (RA, LA) and ventricles (RV, LV). 
D: Four-chamber view of fetal heart of a fetus with coarctation of the aorta. The right ventricle is disproportion- 
ately enlarged, whereas the left ventricle is relatively volume depleted. This is due to the abnormal distribution 
of blood flow, favoring outflow from the right ventricle at the expense of outflow from the left ventricle in this 
fetus with aortic arch hypoplasia. E: Four-chamber view of fetal heart near term. This image demonstrates the 
finding that disproportionate right ventricular dilation, while characteristic of flow redistribution in fetuses with 
coarctation of the Ao, is sensitive but not specific for this malformation. In this case, the disproportion between 
ventricular dimensions is not associated with aortic coarctation, but rather, with normal flow redistribution near 
term in a fetus with mild constriction of the ductus arteriosus, with resulting increased right ventricular afterload. 
This image was found in one of the patients in our series who was incorrectly suspected to have coarctation of 
the aorta, based on this finding. 




Figure 27.4. A: Long-axis view of the LVOT. The anterior right ventricle (RV) is separated from the posterior 
left ventricle (LV) by the ventricular septum. The integrity of the anterior ventricular septum can be evaluated. 
The membranous and conoventricular septa are intact and are in fibrous continuity with the anterior wall of 
the ascending aorta (Ao). The anterior mitral valve leaflet is in fibrous continuity with the posterior aortic wall, 
resulting in commitment of the left ventricle to the ascending aorta. The left atrium is posterior to the ascending 
aorta. The subaortic region is unobstructed. The right pulmonary passes beneath the aortic arch. B: Long-axis 
view of the right ventricular outflow tract. The right and left ventricles (RV, LV) are separated by the intact 
ventricular septum. The main pulmonary artery (PA) arises above the conus and dives posteriorly to continue 
into the ductal arch. The main pulmonary artery is perpendicular to the ascending aorta, which passes vertically 
until the branch point between the innominate artery and the aortic arch. 





Figure 27.5. Montage of six long-axis views of the fetal heart. A: Long-axis view of the LVOT of a fetus with 
pulmonary atresia with VSD. The ventricular septum is interposed between the left and right ventricles (LV, RV). 
The large ascending aorta (Ao) overrides a large, subaortic, conoventricular septal defect. The right ventricular 
outflow tract is not visualized in this view. B: Long-axis view of the LVOT in a fetus with d-TGA. The interven- 
tricular septum is intact. There is ventriculoarterial discordance, with the transposed ascending aorta (Ao) arising 
anteriorly from the right ventricle (RV) and the mam pulmonary artery (PA) arising from the left ventricle. The 
parallel course of the great arteries is characteristic of transposition or malposition. C,D: Normal left (C) and right 
(D) ventricular outflow tracts. E: Long-axis view of the LVOT in a fetus with type I persistent truncus arteriosus. 
The common arterial trunk (Tr) overrides a large conoventricular septal defect. A common pulmonary artery 
(asterisk) arises from the left and posterior aspect of the common arterial trunk. F: Long-axis view of the LVOT 
of a fetus with Taussig-Bing double-outlet right ventricle. The parallel, d-malposed great arteries both arise from 
over the right ventricle, with the pulmonary artery overriding the subpulmonary VSD. The anterior aorta is much 
smaller than the posterior pulmonary artery. Further investigation demonstrated a hypoplastic aortic arch. 
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Figure 27.6. M-mode echocardiographic tracing recorded 
through aortic root of fetus with atrial ectopic tachycardia at 
180 beats per minute. The aortic valve opening (v) corresponds 
to the mechanical response to electrical stimulation leading to 
ventricular myocardial contraction. Note that there is one 
atrial undulation (a) for each ventricular contraction. 

cardiovascular compensation of given fetuses. They have sug- 
gested that this scoring system be used to predict the onset of 
cardiovascular decompensation in such fetuses (Fig. 27.11). 

CONGENITAL HEART DISEASE AND ASSOCIATED 
ANOMALIES 

The association of congenital heart disease with extracardiac 
malformations of the fetus and neonate is well recognized. In 
some cases, the genetic basis for these associations has been 
defined (9,10,65-68). 

Increased nuchal fold thickness during the first trimes- 
ter of pregnancy may be associated with a high incidence of 
congenital heart disease. In some cases, the increased nuchal 
thickness is related to karyotypic abnormalities such as Turner 
(XO) syndrome or trisomy 21 (69-74). In other cases, karyo- 
type may be normal, and increased nuchal thickness is thought 
to relate to elevated fetal venous pressure from congestive 
heart failure. Increased first trimester fetal nuchal thickness is 
another screening method that has been used as an indication 
for detailed fetal echocardiographic study (17,75-83). 

Typical associations do exist between specific congeni- 
tal heart malformations, extracardiac malformations, and 
karyotypic abnormalities. These associations include atrio- 
ventricular septal (canal) defects, increased nuchal thickness, 
macroglossia, hypoplastic fifth metacarpal, duodenal atresia, 



Figure 27.7. Color flow imaging demonstrating inferior vena 
caval (IVC) return to the fetal right atrium and aortic arch flow 
(Arch) into the descending thoracic aorta (DAo). 


sandal foot, and trisomy 21; double-outlet right ventricle, 
intrauterine growth restriction, clinodactyly, rocker bottom 
feet, esophageal atresia, and trisomy 18; VSD, holoprosen- 
cephaly, intrauterine growth restriction, cleft lip and palate, 
and trisomy 13; and coarctation of the aorta, bicommissural 
aortic valve, cervical cystic hygroma, pedal edema, and Turner 
syndrome (XO). The association between conotruncal malfor- 
mations and (del) 22qll.2, DiGeorge syndrome, and/or velo- 
cardiofacial syndrome has been well established (84-89). 

We have found approximately 60% of fetuses presenting 
with complete, balanced, AVSD and previously undiagnosed 
karyotype to have trisomy 21. Approximately 20% of patients 
with complete AVSD have abnormalities of situs and spleen 
formation. The association of interrupted IVC, azygous con- 
tinuation to the superior vena cava, intestinal malrotation, 
complete heart block, and/or agenesis of the gall bladder and 
extrahepatic biliary atresia are strongly suggestive of left atrial 
isomerism and polysplenia. On the other hand, the associated 
presence of double-outlet right ventricle, AVSD, PS or atresia, 
totally anomalous pulmonary venous connection, and intesti- 
nal malrotation are strongly suggestive of right atrial isomer- 
ism with asplenia (90-96). Such fetuses represent some of the 
most difficult cases to manage postnatally. 

The frequent association of karyotypic abnormalities with 
congenital heart disease diagnosed during the second trimes- 
ter (30.5%) has led us to recommend genetic diagnosis when- 
ever congenital heart disease is diagnosed in the human fetus 
(10,65,66,97,98). Although many patients have been reticent 
to submit to the risks involved with amniocentesis, chorion 
villus sampling, or fetal umbilical blood sampling, especially 
if they have no intention of terminating the pregnancy, even 
if a karyotypic abnormality is found, or if the pregnancy has 
already progressed past the legal limit for abortion, we have 
still recommended such testing in selected cases. Although ter- 
mination of pregnancy is a compelling and common reason for 
genetic testing, the knowledge of an associated genetic abnor- 
mality may serve to change the aggressiveness of tocolytic 
therapy for the treatment of premature labor or the aggres- 
siveness of fetal monitoring and the use of cesarean delivery 
for fetal distress during labor in the mothers of such fetuses. 

The frequent association of congenital heart disease (C), 
especially conotruncal malformations and abnormalities of the 
vertebrae (V), anus (A), trachea (T), esophagus (E), kidneys (R), 
and limbs (L) (VACTERL) should raise suspicions when congen- 
ital heart disease is diagnosed in fetuses with polyhydramnios 
(e.g., impeded fetal swallowing), oligohydramnios (impeded 
urine production), scoliosis, or limb reduction (99,100). 

Another, increasingly common, indication for targeted 
echocardiographic imaging is the presence of intensely echo- 
genic foci within the left ventricular cavity (Fig. 27.12). This 
finding is thought to relate to increased mineralization of the 
tips of the papillary muscles within the left ventricle and, in 
and of itself, does not appear to have short- or long-term clini- 
cal consequences. Until recently there was some debate about 
whether these echogenic foci are clinical markers for the pres- 
ence of trisomy 21. A recent meta-analysis concluded that such 
foci increase the odds that a given pregnancy is complicated 
by the Down syndrome by a factor of five to six. It is rec- 
ommended, therefore, that this factor be included in the risk 
calculation (e.g., along with traditional serum markers and 
nuchal translucency evaluation) for consideration of invasive 
genetic diagnosis for affected fetuses (101-111). 


WHAT IS IT THAT PARENTS WANT TO KNOW? 

The value of prenatal diagnosis can best be assessed in light 
of what parents expect from these studies. It would be easier 
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Figure 27.8. Series of figures demonstrating Doppler color flow 
analysis in fetuses with congenital heart disease. A: Retrograde 
flow in the ductus arteriosus ( Ductus ) of a fetus with complex 
congenital heart disease, including pulmonary atresia. B: Ret- 
rograde perfusion of the aortic arch (Ao) in a fetus with com- 
plex congenital heart disease including aortic arch hypoplasia. 
C: Left-to-right flow across the foramen ovale ( asterisks ) in a 
fetal patient with HLHS. LV, left ventricle; RV, right ventricle. 



to cost account such studies if they had a clear-cut impact 
on neonatal survival or quality of survival. As we would see 
below, such an impact is difficult to demonstrate for many 
of these studies. On the other hand, there is little doubt that 
detailed prenatal diagnosis has an impact on prenatal coun- 
seling and on the process of obtaining informed consent from 
parents whose fetuses have complex congenital heart disease. 

Our counseling process consists of a detailed description 
of the anatomic abnormalities in the fetus. This includes 


abnormalities of the heart and cardiovascular system, as well 
as extracardiac abnormalities that may have been diagnosed. 
The details of neonatal care, including the timing, location, 
and mode of delivery; details of medical support, including 
the potential need for prostaglandin E 2 infusion for the main- 
tenance of ductal patency; and the potential need for repara- 
tive or palliative surgery in the neonatal period are discussed. 
The details of neonatal and later surgical procedures are dis- 
cussed, and the parents are given the opportunity to speak 



Figure 27.9. Doppler tissue imaging velocities from lateral tricuspid valve ring (A) and Doppler flow-velocity 
waveforms from right ventricular inflow of normal midtrimester fetus (B). Note dominant a’ and a waves. These 
waveforms are consistent with relatively restrictive fetal ventricular myocardium at this stage of development. 
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Figure 27.10. Schematic representation of idealized 
postnatal versus fetal capillary hemodynamics. The 
relationship between hydrostatic and plasma oncotic 
pressures and estimated interstitial tissue pressure 
result in a net outward pressure gradient of 1 mm Hg 
in the fetus, whereas in the postnatal cardiovascular 
system the net pressure gradient is 0. This explains the 
dependency of the fetal cardiovascular system on avid 
lymphatic drainage to prevent fetal edema and fluid 
third spacing. 


with the pediatric cardiac surgeons, pediatric surgeons, and 
neonatologists who are likely to be involved in neonatal man- 
agement. 

In large part, parents care little about the detailed name or 
anatomic description of their child’s anomaly. They are, most 
often, interested in learning what the short-, mid-, and long-term 
prospects for survival are. These are often related to associated 
anomalies, genetic syndromes, or underlying anatomy. From a 
purely anatomic perspective, the breakpoint in the continuum 
of disease severity, from 1 (minimal) to 10 (most severe), occurs 
at 8. Eight to ten on this scale represents lesions that are not rep- 
arable into a two-ventricular physiology, and will, by definition, 
require Fontan palliation and/or orthotopic transplantation. 

The prospects for cardiac and neurodevelopmental out- 
come are discussed, and the parents are encouraged to ask 
questions of the physician management team and/or a team 
composed of parents of children with similar problems who 
have consented to be available, as requested. 


DOES PRENATAL CARDIAC DIAGNOSIS MAKE 
A DIFFERENCE? 


It has taken approximately a quarter-century of experience 
with prenatal cardiac diagnosis to demonstrate that such 
studies have a positive impact on survival (112-114). In fact, 
multiple studies that focused on the impact of prenatal diag- 
nosis of HLHS appeared to suggest that prenatal diagnosis 
had a negative influence on short-term survival (49,115-128). 
This is almost certainly related to a weighting toward pre- 
natal diagnosis in a sicker subpopulation of fetuses. A study 
undertaken at Yale during the early 1990s failed to demon- 
strate a survival advantage related to the prenatal diagnosis 
of congenital heart disease with single-ventricle physiology, 
whereas fetuses with lesions reparable into two ventricular 
systems appeared to enjoy a significant enhancement of sur- 
vival prospects (10). This study also demonstrated a common 
experience with several other series in which it was noted that 
prenatal cardiac diagnosis, by facilitating anticipatory use of 
prostaglandin to prevent closure of the ductus arteriosus in 
neonates with critical impairment of systemic or pulmonary 
blood flow, allows affected fetuses to avoid neonatal acidemia 
(129-131). Although currently an unproven hypothesis, the 
potential neurodevelopmental advantage to be derived by the 
affected neonate who avoids acidemia may, in the long run, 
prove to be the most important long-term salutary effect of 
prenatal cardiac diagnosis (132). Among the individual car- 
diac lesions for which prenatal diagnosis has been suggested 
to impart a survival advantage are transposition of the great 
arteries (TGA), coarctation of the aorta, and HLHS. A review 


of the experience in the latter series emphasizes the impact of 
prenatal diagnosis on the parental intention-to-treat decision- 
making process (10,49,122-124,127,133). 

The Impact of Prenatal Cardiac Diagnosis on 
Planning for Delivery 

A relatively unique consideration of the impact of prenatal 
cardiac diagnosis on outcomes that is not readily appreciated 
in reviews of surgical outcome for individual lesions relates to 
the options for site of delivery of these patients. It has been 
demonstrated that surgical survival for neonates with HLHS is 
directly related to the surgical volume of the individual surgical 
center (134). Prenatal diagnosis, by providing parents with the 
luxury of time to conduct research, may alter survival through 
alteration of the site of delivery and subsequent surgery. 
It is possible, if not likely, that the latter will exert a profound 
impact of prenatal cardiac diagnosis on postnatal survival. 

With the possible exception of patients with associated ext- 
racardiac lesions (e.g., abdominal wall defects) that necessitate 
cesarean delivery (135), it is rare for the pediatric cardiologist 
to become involved in the decision making concerning mode of 
delivery. Possible exceptions include fetuses with cardiac rhythm 
disturbances that preclude effective intrapartum fetal heart rate 
monitoring. Such arrhythmias may include chaotic rhythms 
that confound the logic of external fetal heart rate monitors that 
calculate heart rate from instantaneous measurement of R-R 
intervals or regular tachyarrhythmias or bradyarrhythmias such 
as AF or complete heart block, where the heart rate may not 
vary with the alterations in sympathetic and parasympathetic 
tone that are associated with uterine contraction (10). 

Cesarean delivery may be indicated in rare situations in 
which the coordinated care of the neonate requires the skills of 
multiple specialists who are assembled specifically at the time 
of delivery. In the year 2005, at the Morgan Stanley Children’s 
Hospital of New York-Presbyterian we delivered four fetuses 
by cesarean section specifically for cardiac reasons. Two 
fetuses were delivered by cesarean section owing to prenatal 
identification of premature closure of the foramen ovale in 
fetuses with HLHS with secondary pulmonary venous obstruc- 
tion, whereas one fetus was delivered by cesarean section to 
undergo cardiac surgery because of obstructed totally anoma- 
lous pulmonary venous return in a setting of right atrial isom- 
erism, AVSD, double-outlet right ventricle with d-malposition 
of the great arteries, and pulmonary atresia. One fetus, with 
d-TGA and congenital diaphragmatic hernia, was delivered by 
cesarean section and immediately placed on extracorporeal 
membrane oxygenation (ECMO), pending surgical repair 
of diaphragmatic hernia and subsequent successful arterial 
switch repair of TGA. 
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Figure 27.11. Huhta’s proposed Cardiovascular Profile Score. 


It is unusual for neonates with congenital heart disease 
to require resuscitation in the delivery room. In such cases, 
there is usually an associated problem that interferes with 
adequate lung inflation at the time of the first breath. Such 
issues may arise in fetuses with associated pleural effusions, 



Figure 27.12. Intensely echogenic focus associated with the 
anterolateral mitral papillary muscle. This does not represent a car- 
diac neoplasm, nor does it represent a structural malformation of 
the fetal heart. There has been a suggestion that such foci are asso- 
ciated with an increased odds ratio of associated fetal Down syn- 
drome. The arrow points to an echogenic focus in the left ventricle. 


in fetuses with associated congenital diaphragmatic her- 
nia, or in fetuses in which marked cardiomegaly results in 
a mass effect and pulmonary hypoplasia (e.g., occasional 
cases of Ebstein malformation of the tricuspid valve or AS 
with marked mitral regurgitation). In fetuses with severe 
pulmonary venous obstruction, such as those with totally 
anomalous pulmonary venous drainage with obstruction 
(particularly common among fetuses with visceral heterotaxy 
and right atrial isomerism), congenital atresia of the common 
pulmonary vein, or in fetuses with HLHS and premature clo- 
sure of the foramen ovale, gas exchange may be rendered 
inadequate by pulmonary edema. Doppler waveform analy- 
sis in the branch pulmonary veins may be predictive of criti- 
cal pulmonary venous obstruction (Fig. 27.13). Fetuses with 
tetralogy of Fallot (TOF) and absent PV with aneurysmal 
pulmonary arteries may have inadequate ventilation owing 
to external airway compression with secondary tracheomala- 
cia or bronchomalacia (Fig. 27.14). 


REGIONAL BLOOD FLOW ANALYSIS AND FETAL 
CARDIOVASCULAR WELL-BEING 


Techniques for the antenatal surveillance of the fetus are 
aimed at the detection of evidence of cardiovascular compro- 
mise secondary to hypoxemia and deterioration of acid-base 
balance (69,129,136-143). Blood flow within the placental 
circulation is normally characterized by low placental vas- 
cular resistance with no evidence of autoregulation within 
the placental vascular bed, whereas regional arterial flow in 
the fetal organ beds is finely tuned through local autoregu- 
lation. Impaired forward arterial flow is almost invariably 
associated with altered preload and with abnormalities of 
flow within the fetal central venous system, including the 
inferior vena cava (IVC), ductus venosus (DV), and umbili- 
cal vein (UV). Abnormalities of flow in these three locations 
may be used to predict acid— base status in growth-retarded 
fetuses (Fig. 27.15). Progressive deterioration in cardiac pump 
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Figure 27.13. To-and-fro flow pattern in pulmonary vein in a 
fetal patient with obstructed left ventricular inflow and outflow. 
This pattern is highly suggestive of severe pulmonary venous 
obstruction. This fetus is likely to have critical pulmonary insuffi- 
ciency in the neonatal period. Such fetuses may require emergent 
pulmonary vein decompression in the neonatal period and have 
been subjected to efforts at atrial septal fenestration in utero. 


function is associated with absent forward venous flow during 
atrial contraction or with atrial flow reversal in the central 
venous circulation. The finding of retrograde flow in the DV 
during atrial contraction is almost always associated with fetal 
acidemia, and diastolic notching of flow within the UV, espe- 
cially with evidence of absent or reversed end-diastolic flow in 
the umbilical artery (UA), is a finding that presages fetal death 
if delivery is not accomplished within the ensuing 72 hours 
(Fig. 27.16) (144-149). 

Ventricular-vascular coupling within a cardiovascular 
system based largely on massive blood flow through a low- 
resistance bed such as the placenta, with a propelling pump 
consisting of fetal myocardium, with limited preload and 
afterload reserve is markedly sensitive to alterations in pla- 
cental resistance and/or to altered myocardial performance or 
intravascular volume (150). Elevation of placental vascular 



Figure 27.14. Pulmonary regurgitation ( asterisk ) through the 
rudimentary PV structure in a fetus with TOF with absent PV 
results in dilation of the right ventricle (RV) and pulmonary 
artery (PA). Such fetuses are in danger of pulmonary insuf- 
ficiency in the delivery room secondary to external compres- 
sion of the major airways by the aneurysm-dilated main and 
proximal right pulmonary artery. 



Figure 27.15. DV flow waveforms. A: Normal DV flow dem- 
onstrates high continuous antegrade flow during systole (s), 
diastole (d), and during atrial contraction (a). B: Retrograde 
DV flow during atrial contraction. This is a finding that is asso- 
ciated with progressive ventricular dysfunction, with increased 
end-systolic volume, and increased end-diastolic pressure. 


resistance is typically accompanied by an increase in umbilical 
arterial pulsatility (difference between peak arterial and end- 
diastolic flow velocity), whereas enhanced perfusion (organ- 
sparing) of fetal organs is associated with decreased local 
resistance and decreased arterial pulsatility. Brain sparing 
has been demonstrated to be strongly predictive of perinatal 
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Figure 27.16. A: Simultaneous recording of UA and UV wave- 
forms in normal fetus. Note the high end-diastolic velocity in 
the UA, characteristic of a low-resistance placental circulation. 
There is continuous antegrade flow in the UV. B: Umbilical arte- 
rial and venous flow in a fetus with paroxysmal polymorphic 
VT and hydrops fetalis. Note chaotic, rapid, umbilical arterial 
undulations and marked umbilical venous notching associated 
with cannon a waves. The latter are associated with elevated 
systemic venous pressure, hydrops fetalis, and fetal acidosis. 
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morbidity in fetuses with intrauterine growth retardation 
and has been correlated with impaired cognitive outcome in 
children who were born as very preterm infants (151-153). It 
has been suggested that growth-restricted human fetuses with 
chronic cerebral hypoxemia and established brain-sparing cen- 
tralization of blood flow may have limited capacity for further 
hyperperfusion in response to superimposed acute hypoxemia 
(154). Fouron et al. (155— 157) have focused attention on the 
direction of blood flow in the aortic isthmus among patients 
with congenital heart disease. These workers have found that 
retrograde isthmus blood flow is correlated with impaired neu- 
rodevelopmental outcome, perhaps related to limited cerebral 
oxygen delivery. We have focused our attention on pulsed Dop- 
pler evidence of centralization of fetal blood flow as evidence 
of autoregulation of fetal cerebral blood flow in the presence 
of congenital cardiac malformations associated with impaired 
cerebral oxygen delivery owing to impaired cerebral arterial 
oxygen content or impaired cerebral blood flow volume (158). 
We have speculated that these alterations in blood flow may be 
associated with altered neurodevelopmental potential among 
these fetuses. Kaltman et al. (159) found similar cerebral flow 
redistribution among fetuses with right ventricular outflow 
obstruction, whereas Jouannic et al. (160) found similar cer- 
ebral flow redistribution among fetuses with TGA. 


THE PRENATAL EVOLUTION OF CONGENITAL 
HEART DISEASE 


The principal underlying Rudolph’s concept that understand- 
ing fetal cardiovascular adaptation to congenital heart disease 
will provide insight into the transitional and neonatal circula- 
tion is that in the fetal heart form follows function. It was pos- 
tulated for many years prior to the availability of ultrasound 
for the observation of progressive cardiovascular development 
in the presence of congenital heart disease that certain con- 
genital cardiac malformations evolve through the course of 
pregnancy, with a tendency toward progressive chamber and 
blood vessel disproportion (1). 

It has been demonstrated, for example, that pulmonary 
outflow obstruction in fetuses with TOF may progress in 
severity, even to the point of acquired pulmonary atresia, over 
the course of pregnancy (118,161,162). Aortic or pulmonary 
valvar stenosis may progress over the course of pregnancy into 
valvar atresia, and ventricular wall thickness may increase in 
concert with increased ventricular peak systolic pressure. Ven- 
tricular chamber development may be stunted by the develop- 
ment of endocardial fibroelastosis and diminished ventricular 
compliance through pregnancy (163). On the other hand, the 
onset of AV valve regurgitation, related to papillary muscle 
dysfunction or chordal rupture, may result in marked progres- 
sive ventricular and atrial chamber enlargement. 


PRENATAL TREATMENT OF CONGENITAL HEART 
DISEASE 

In 1992, Allan et al. reported an experience with a percutaneous 
technique for fetal aortic balloon valvuloplasty (164) involving 
needle puncture of the maternal abdomen, uterus, and fetal 
thorax, with direct catheterization of the fetal left ventricle 
by direct apical puncture and subsequent wire and catheter 
manipulation across the stenotic aortic valve. Four fetuses were 
subjected to this technique, with a single long-term survivor. 
That technique was devised against a background of appall- 
ing survival figures for neonates who were undergoing surgical 


treatment for that lesion at that time. Interestingly, between the 
announcement of that procedure in the popular press and the 
appearance of the publication in the scientific literature, that 
same group declared a moratorium on the procedure, related 
in part to improved surgical and interventional catheterization 
results with neonates with AS (120). A subsequent publication 
described the world’s experience with this technique and docu- 
mented a 100% failure rate at several institutions (165), with 
the almost inexplicable conclusion that further investigation 
was merited to determine the potential role for the technique 
in the management of fetuses with congenital heart disease. 

A decade later, the group from Boston Children’s Hospital 
released to the press the results of a preliminary experience 
with the use of this same technique, which was being pro- 
posed as a means of preventing the evolution of severe fetal AS 
with associated left ventricular fibroelastosis into HLHS. This 
group has attempted to establish criteria for selection of can- 
didates for this procedure and has preliminary data to suggest 
that in selected cases fetal balloon valvuloplasty may result 
in incremental aortic and left ventricular growth, and may 
result in adequate left heart development to obviate the need 
for Norwood-type palliation, with subsequent biventricular 
palliation of these patients. This group has suggested that ret- 
rograde perfusion of the aortic arch is one of the criteria that 
is predictive of hypoplastic left heart in patients who do not 
undergo palliation. Their experience suggests that successful 
aortic balloon valvuloplasty results in antegrade perfusion of 
the aortic arch and isthmus in these fetuses (112,166). 

Tulzer et al. (167,168), from Austria, reported an experi- 
ence with fetal percutaneous pulmonary balloon valvulo- 
plasty, under ultrasound guidance, to alter the natural history 
of pulmonary atresia with intact ventricular septum. Their ini- 
tial experience was undertaken to avoid the onset of hydrops 
fetalis. The potential for hydrops fetalis was assessed on the 
basis of the Cardiovascular Profile Score that was proposed 
by Huhta (63). Subsequent experience has suggested that pul- 
monary outflow obstruction is almost invariably associated 
with atrial flow reversal in the IVC and DV that may affect 
the cardiovascular performance score and unduly increase the 
prediction of subsequent hydrops fetalis. Several centers have 
subsequently reported successful PV dilation and biventricular 
management of fetuses who presented with pulmonary atresia 
and intact ventricular septum (169-171). Rigorous evaluation 
of the selection criteria and outcome of such fetuses has not 
been reported at this point. 

The Boston Children’s Hospital group has also reported a 
preliminary experience with percutaneous balloon dilation of 
the atrial septum, in an effort to palliate fetuses with HLHS 
and pulmonary venous obstruction secondary to premature 
stenosis or closure of the foramen ovale (112). This technique 
was devised to improve the results for the palliation of these 
fetuses, who may present with severe pulmonary hypertension 
and pulmonary lymphangiectasia. The experience reported to 
date suggests that needle perforation of the atrial septum, wire 
passage across the septum, and delivery of an angioplasty cath- 
eter with subsequent balloon septoplasty can be accomplished. 
This preliminary experience suggests that improvement in bal- 
loon technology will be required before the technique may be 
expected to result in a lasting fenestration of the atrial septum 
that is adequate to effect a positive impact on fetal physiology. 
This same group has recently reported successful coronary 
stent placement in the atrial septum of a fetus with HLHS. 
This fetus survived and subsequently underwent success- 
ful Norwood stage I palliation. A recent report describes the 
use of fetoscopy to place an intracardiac ultrasound catheter 
into the esophagus of a human fetus with HLHS to provide 
transesophageal imaging during an unsuccessful attempt to 
perform balloon septoplasty on a fetus with critical pulmo- 
nary venous obstruction (172). 
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Reports of the use of fetoscopy and laser fenestration of the 
atrial septum in such fetuses, for the management of AS, have 
emerged from Tampa (173). Ludomirsky et al. in St. Louis, are 
investigating the use of targeted ultrasound to create fenestra- 
tions of the fetal atrial septum. Scattered anecdotal reports of 
attempts to perform aortic and pulmonary balloon valvulo- 
plasty procedures have surfaced at national and international 
cardiology meetings. 

The overall results of these procedures ideally should be 
collected, analyzed, and reported in a critical fashion, lest the 
pediatric cardiology community repeat the hard lessons learned 
by the maternal-fetal medicine community during the past 
25 years. The latter have had a broad experience with fetal 
therapy, and have seen several promising techniques capture 
the imagination of the medical community and the popular 
press, only to be abandoned later after disappointing functional 
outcomes were found on follow-up of surviving infants. Such 
techniques were based on a seemingly sound understanding of 
physiology and on a genuine desire to be of help to these fetuses. 
These included procedures for fetal exteriorization for repair of 
diaphragmatic hernia and for palliation of urinary tract obstruc- 
tion, and percutaneous cerebral ventriculoamniotic shunting 
for palliation of obstructive hydrocephalus (113,174-183). 


THE CURRENT ROLE OF FETAL 
ECHOCARDIOGRAPHY 


While fetal echocardiography and fetal cardiology have been 
incorporated into many pediatric cardiology programs during 
the past two decades, the role of fetal cardiology varies con- 
siderably from location to location. In many cases, the role 
of fetal cardiology is dependent upon the relationship that 
exists between maternal-fetal medicine and pediatric cardiol- 
ogy in the institution, and whether individual institutions have 
obstetric and neonatal services housed under the same roof. 

We have reviewed the role that prenatal cardiac diagno- 
sis has had during the last 4 calendar years (2007 to 2010) 
at the Morgan Stanley Children’s Hospital of the Columbia 
University Medical Center campus of New York-Presbyterian 
Hospital. This service represents a highly evolved fetal cardiol- 
ogy service, with an extremely active Department of Obstet- 
rics and Gynecology, with a maternal-fetal-medicine division 
that has been actively involved in the performance of detailed 
fetal echocardiography for many years. Similarly, the Pediatric 
Echocardiography service of the Morgan Stanley Children’s 
Hospital has been extremely aggressive in its approach to fetal 
cardiology, and the integration of these patients into the neo- 
natal cardiology and cardiovascular surgery service. 

Unlike the case at many centers, where the pediatric cardi- 
ology service provides “screening” services for fetal congenital 
heart disease, the service at our hospital is based on a model in 
which the pregnant woman is seen, almost exclusively, by the 
obstetrical service, until a high-risk indication for a targeted 
fetal echocardiogram is identified (Table 27.1). While services 
that perform screening studies usually find evidence of fetal 
cardiovascular disease in approximately 10% to 15% of scans 
(Table 27.2), with the predominant indication for scan being a 
previous family history of congenital heart disease, we have a 
very different experience (270, 271). 

In 2007 to 2010, our laboratory detected 615 fetuses with 
congenital cardiovascular abnormalities among 2,828 fetuses 
undergoing fetal echocardiography (yield 22%). There were 
31 false positives (cases of relative right heart enlargement 
and suspected coarctation of the aorta including six fetuses 
with left-sided congenital diaphragmatic hernia with right- 
ward deviation of the heart and mediastinum). Fourteen false- 
negative cases were documented, including 11 small VSDs 


that did not require surgical or medical management and 
three moderate to large VSDs that required surgery in the first 
months of life. 

Of the 615 patients with congenital heart disease follow- 
up is complete for 90%. Sixty patients (10%) have been lost 
to follow-up and an additional 15 were known to have been 
liveborn at outside hospitals. Of 396 babies known to have 
been liveborn, 64% (184) underwent surgery during the first 
6 months of life (249 at Columbia University Medical Center 
and 3 at outside hospitals). Ten additional babies underwent 
interventional catheterization procedures at Columbia. Of 
these babies 88 (33%) have undergone additional surgery 
within the first 6 months of life, and nine are <6 months of age 
as of the time of writing this chapter. 

Of the 615 cases of correctly identified congenital heart 
disease, the “categories” of abnormality, in descending order 
of frequency, consisted of conotruncal malformations (213 
[35%]), left heart obstructive lesions (126 [20%]), left-to-right 
shunt lesions (106 [17%]), including 29 complete AVSD), right 
heart obstructions (51 [8%]), visceral heterotaxia (33 [5%]), 
double-inlet left ventricle (18 [3%]), aortic arch anomalies 
(27 [4%]), Ebstein malformation of the tricuspid valve 
(14 [2%]), single ventricle variants (17 [3%]), absent PV syn- 
drome with intact ventricular septum (2 [<1%]), complex 
conjoined hearts in thoracopagus twins (2 [<1 %] ), and other, 
one-of-a-kind anomalies (6 [1%]) (Table 27.3). 

One hundred thirty (21%) patients either underwent termi- 
nation of pregnancy (102) or chose nonintervention (“compas- 
sionate care”) (28) for their offspring. The diagnoses of these 
fetuses, presented in Table 27.4, were weighted toward severe 
anomalies such as HLHS and visceral heterotaxia, and those 
with chromosomal and severe extracardiac abnormalities. 

Twenty-eight patients suffered intrauterine fetal demise 
(Table 27.5). These included 10 with documented chromo- 
somal anomalies including five fetuses with trisomy 18, three 
with trisomy 21, and two with trisomy 13. Two fetuses with 
demise had additional severe anomalies but no chromosomal 
study, including one with a complex single ventricle and absent 
kidneys, and one with double-outlet right ventricle and Pental- 
ogy of Cantrell. Four fetuses who suffered intrauterine demise 
had normal chromosomes with an extracardiac fetal anomaly 
or a maternal abnormality, including three fetuses with hypo- 
plastic left heart variants (one with an absent stomach, one 
with prune belly syndrome, and one with maternal protein 
S deficiency), and one fetus with persistent truncus arterio- 
sus and placental insufficiency. Three fetuses had intrauterine 
demise associated with complete AV block, including two with 
left atrial isomerism, and one with atrial and VSDs. The remain- 
ing nine fetuses with intrauterine demise had congenital heart 
disease but no additional anomalies, including four fetuses with 
Ebstein malformation of the tricuspid valve (comprising 29% 
of fetuses with Ebstein malformation seen), two fetuses with 
pulmonary atresia and intact ventricular septum (one of whom 
also had left ventricular outflow obstruction and no karyotype, 
the other with severe cardiomegaly and a normal karyotype), 
two fetuses with AVSD and hydrops fetalis (one complete AVSD 
with no chromosomal study and one unbalanced, LV-dominant 
AVSD with normal chromosomes), and one fetus with absent 
PV syndrome and intact ventricular septum. 

Of the 615 fetuses with congenital cardiac malformations 
327 (53%) underwent prenatal karyotyping. Seventy (21%) 
of these fetuses had identifiable genetic syndromes while 
169 patients underwent only postnatal genetic testing, of which 
17 (10%) had an abnormality. Chromosomal abnormalities 
included 39 cases of trisomy 21 (15 with complete AVSD, and 
13 with TOF), 13 with trisomy 18 (seven with VSD, four with 
double-outlet right ventricle, one with complete AVSD, one 
with AS), four with Turner Syndrome (two with bicommis- 
sural aortic valve, one with HLHS, and one with a small VSD). 
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| Congenital Heart Disease Diagnoses in Fetuses 2007-2010 (/> = 615) 


Diagnosis 

2007 

2008 

2009 

2010 

Total 

Conotruncal Malformations 

D-Transposition/IVS 

11 

12 

8 

5 

36 

D-Transposition + VSD, PS, or CoA 

6 

1 

11 

3 

21 

Double-Outlet RV (±Malposition) 

12 

16 

8 

9 

45 

Tetralogy of Fallot 

9 

15 

11 

20 

55 

Pulmonary Atresia/VSD 

5 

4 

3 

6 

18 

Pulmonary Atresia/VSD/MAPCAs 

3 

3 

2 

2 

10 

Tetralogy with Absent PV Syndrome 

0 

2 

3 

0 

5 

TOF/AVSD 

1 

1 

4 

1 

7 

l-TGA (±VSD) 

3 

1 

0 

1 

5 

Truncus Arteriosus 

3 

2 

2 

4 

11 

Left Heart Obstructive Lesions 

HLHS (Mitral/Aortic Atresia) 

15 

22 

16 

16 

69 

HLHS Variant 

7 

5 

0 

1 

13 

Shone's complex 

10 

10 

6 

6 

32 

Isolated mitral valve anomaly 

0 

2 

0 

0 

2 

Aortic stenosis 

5 

2 

2 

1 

10 

Left-to-Right Shunt Lesions 

Atrioventricular Septal Defects 

Complete AVSD 

9 

10 

4 

6 

29 

Ostium Primum ASD 

1 

3 

3 

1 

8 

Ventricular Septal Defect — mod to large 

2 

10 

5 

19 

36 

Ventricular Septal Defect — small 

4 

9 

10 

10 

33 

Right Heart Obstructive Lesions 

Tricuspid Atresia (± d-TGA) 

1 

6 

4 

6 

16 

Pulmonary Atresia + IVS 

6 

3 

5 

3 

17 

Tricuspid Stenosis 

0 

1 

0 

1 

2 

Pulmonary Stenosis 

2 

4 

6 

4 

16 

Visceral Heterotaxia 

7 

7 

9 

10 

33 

Double Inlet LV 

5 

3 

5 

5 

18 

Absent PV/IVS 

1 

0 

1 

0 

2 

Aortic Arch Anomalies 

Isolated Coarctation 

1 

1 

2 

0 

4 

Coarctation + VSD 

1 

4 

4 

4 

13 

IAA + VSD 

3 

5 

1 

1 

10 

Ebstein Malformation of the TV 

3 

3 

5 

3 

14 

Single Ventricle Variants 

3 

5 

6 

3 

17 

Complex conjoined hearts 

0 

0 

2 

0 

2 

Other (1 of a kind) 

1 

1 

2 

2 

6 

TOTAL 

140 

172 

150 

153 

615 
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Terminations of Pregnancy or Compassionate Noninterventional Care for Fetuses with 
Congenital Heart Disease 2007-2010 </? = 130) 


Terminations of Pregnancy (n = 102) 


Cardiac Lesion n Genetic or Extracardiac Abnormality 


Hypoplastic Left Heart Syndrome 

13 

None 

Tetralogy of Fallot 

13 

22q11 deletion (1), Trisomy 21 ( 1 ), XYY ( 1 ) 

VSD 

11 

Trisomy 18 (3), Trisomy 13 (1), Chromosome 13 deletion (1), Cardiomyopathy 
(1), CDH (1), CNS (1), skeletal (2), renal (1) 

Heterotaxy 

9 

CDH and renal (1) 

Double-outlet right ventricle (D0RV) 

6 

Trisomy 13 (1) 

AVSD 

5 

Trisomy 21 (4) 

Complex Single Ventricle 

4 

CNS (1) 

Tricuspid Atresia 

4 

None 

Pulmonary atresia/intact ventricular 
septum 

4 

Cleft lip/palate (1) 

Double Inlet LV 

4 

CDH (1) 

Pulmonary atresia/VSD/PDA 

4 

None 

Interrupted arch/VSD 

3 

22q11 deletion (1) 

Truncus arteriosus 

3 

22q11 deletion (2) 

Ebstein's 

3 

None 

HLHS variant 

3 

CNS and renal (1) 

PA/VSD/MAPCAs 

2 

22q11 deletion (1) 

Coarctation/VSD 

2 

Limb/Body wall complex (1 ) 

TOF/Absent PV syndrome 

2 

22q 1 1 deletion (1) 

d-TGA 

1 

None 

Hypoplastic aortic arch 

1 

CNS and skeletal (1) 

Aortic stenosis 

1 

Trisomy 18(1) 

T0F/AVSD 

1 

Trisomy 21 (1) 

Shones 

1 

CNS (1 ) 

Absent PV syndrome/IVS 

1 

None 

Complex conjoined hearts 

1 

Conjoined twins (1) 

Total 

102 



Compassionate (Hospice) Care (n = 28) 

Cardiac Lesion 

n 

Genetic or Extracardiac Anomalies or Other Issues 

D0RV 

5 

Trisomy 18 (2), CHARGE (1), CNS anomaly (1), Perinatal CNS insult (1) 

VSD 

4 

Trisomy 18 (2), Trisomy 21 + hydrops (1), CHARGE (1) 

HLHS variant 

3 

16q24 deletion (1), Chromosome 8 deletion (1), Abnormal head vessel 
anatomy (1) 

HLHS 

3 

Intact atrial septum/Premature triplet (1 ), Poor RV function +TR (1), 
Compassionate care given at OSH (1) 

Heterotaxy 

3 

Obstructive pulmonary venous return as component of cardiac lesion (2), 

Heart block + hydrops (1 ) 

Single Ventricle Variant 

1 

Chromosome 4 deletion 

AVSD with coarctation of aorta (CoA) 

1 

Trisomy 18 

Pulmonary atresia/intact ventricular 
septum 

1 

Severe cardiomyopathy 

PA/VSD/MAPCAs 

1 

22q11 deletion, premature twin 


table 27.4 


(continued) 
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Terminations of Pregnancy or Compassionate Noninterventional Care for Fetuses with 
Congenital Heart Disease 2007-2010 (/>= 130) (Continued) 


Cardiac Lesion n Genetic or Extracardiac Anomalies or Other Issues 


TABLE 27.4 


T0F 

Critical pulmonary stenosis 
Ebstein anomaly 
PA/VSD/PDA 
Shone's 

Complex conjoined hearts 

Total 


1 Renal disease, anhydramnios 

1 Congenital diaphragmatic hernia 

1 Hydrops 

1 Trisomy 13 

1 Restrictive Foramen Ovale 

1 Thoracopagus twins 

28 


Eighteen patients were found to have Chromosome 22qll.2 
microdeletion (five with truncus arteriosus communis; four 
with pulmonary atresia, VSD, and major aortopulmonary col- 
lateral arteries (MAPCAs); three with TOF; three with inter- 
rupted aortic arch (IAA) with VSD; one with hypoplastic left 
heart with a cervical aortic arch; one with TOF with absent 
PV syndrome; and one with pulmonary atresia with VSD and 
patent ductus arteriosus [PDA]). An additional nine patients 
had unique abnormalities consisting of a chromosomal dele- 
tion, gain, inversion, or translocation. There were two patients 
who underwent prenatal karyotyping but were not diagnosed 
to have genetic syndromes until postnatal genetic testing took 
place (one with a 22ql 1.2 microdeletion and one with an XrX 
ring chromosome). Table 27.6 reviews the results of chromo- 
somal testing on this cohort of patients. 

One hundred thirty-seven fetuses were identified who had 
congenital cardiac malformations and associated extracardiac 
malformations. The latter included 63 fetuses with multi- 
ple extracardiac anomalies, and 74 with single extracardiac 
anomalies, including 6 with congenital diaphragmatic her- 
nia, 18 with central nervous system anomalies, 15 with renal 
anomalies, 9 with gastrointestinal anomalies, 6 with skeletal 
anomalies, and 6 with abdominal wall defects. 

Indications for detailed fetal echocardiographic study are 
presented in Table 27.7. Note the marked predominance of 
“suspected congenital heart disease” in this list, and the rela- 
tive infrequency of “family history of congenital heart dis- 
ease.” We attribute this, and the paucity of cases of associated 
chromosomal abnormalities to the maturity of the screening 
program within maternal-fetal medicine at our hospital. 

In a more recent review of our experience (185), we gained 
important perspectives that have led us to reexamine our 
mission. During the 4-year interval from 2004 to 2008, 439 
neonates underwent cardiothoracic surgery at our institution. 
Of these 294 (67%) were diagnosed prenatally. The majority 
underwent surgery with a Severity Score of 3 to 6. Eighteen 
of these patients underwent emergency surgery, and a total of 
three required ECMO support. 

A detailed comparison between the prenatally and postna- 
ta lly diagnosed infants was performed. Not surprisingly, single 
ventricle variants, including HLHS, were significantly more 
likely to be diagnosed prenatally. This, alone, was responsi- 
ble for the significantly higher Surgical Severity Score among 
the neonates who were diagnosed prenatally. While double- 
outlet right ventricle was significantly more likely to be diag- 
nosed prenatally, the same did not hold for TOF. TGA was 
significantly more likely to be diagnosed postnatally, and total 


anomalous pulmonary venous connection was, by far, more 
frequently a postnatal finding than a prenatal diagnosis. 

Somewhat surprisingly, we found no difference between 
arterial pH and highest measured serum lactate between the 
prenatal and postnatal diagnosis groups. The prenatal diag- 
nosis group was significantly more premature at birth (37.9 
± 2 weeks vs. 38.6 ± 2 weeks). This almost certainly reflects 
our policy of suggesting elective induction of labor for fetuses 
with potential ductal dependency who live at any significant 
distance from our center. This may have deleterious effects on 
the development of the brain, which has been found to lag in 
development in many fetuses with severe forms of congenital 
heart disease. We are reexamining this policy, to avoid elective 
deliveries prior to 39 weeks gestation. Another finding, which 
may be unique to our institution, is that the average age at 
surgery was 6 to 7 days, regardless of whether the infant was 
diagnosed prenatally or postnatally (in fact, the prenatal group 
[7 {5 to 8} days] waited significantly longer for surgery than 
the postnatal diagnosis group [6 (5 to 9} days]). This held, 
even when the groups were stratified according to cardiac 
diagnosis. This may be related to the much higher propensity 
for surgery to be postponed for the infants who were diag- 
nosed prenatally (22.8% vs. 11.7%, p = 0.006). The latter is 
disturbing, and suggests that length of stay and total hospital 
costs could be impacted significantly for the prenatal group if 
we are more assiduous in scheduling surgery upon admission 
for delivery of the prenatal diagnosis group. 


FETAL CARDIAC ARRHYTHMIAS 

Fetal cardiac arrhythmias have been recognized with increas- 
ing frequency during the past several years and in general have 
been associated with a greater degree of maternal and physi- 
cian anxiety than they deserve. Most irregularities of fetal car- 
diac rhythm represent isolated extrasystoles, which frequently 
present as a perceived skipping of fetal heart beats. Extra- 
systoles are significant only because of the potential for an 
appropriately timed extrasystole to initiate sustained reentry 
tachycardia in the presence of an appropriate anatomic sub- 
strate involving an accessory conduction pathway or a region 
of scar with unidirectional block and decremental conduction. 
The statistical likelihood of this occurring in the fetal or imme- 
diate neonatal period is in the range of 0.5% to 2%. The most 
common, important, sustained fetal arrhythmias are ortho- 
dromic reciprocating supraventricular tachycardia (SVT), AF 
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Fetal CHD with Intrauterine Fetal Demise 2007-2010 (n = 28) 


Cardiac Diagnosis 

Other Findings 

Karyotype 

Absent PV Syndrome/IVS 

Hydrops fetalis 

None 

ASDand VSD 

Complete heart block 

None 

AVSD 

Hydrops fetalis 

None 

AVSD 

None 

Trisomy 21 

AVSD 

None 

Trisomy 21 

AVSD 

Oligohydramnios 

Trisomy 21 

AVSD, LV-dominant 

Hydrops fetalis 

Normal 

AVSD, LV-dominant with AS, LA isomerism 

Complete heart block 

Normal 

AVC/D0RV/MGV, LA isomerism 

Complete heart block, renal anomaly, Hydrops fetalis 

Normal 

Complex single ventricle 

Absent kidneys, anhydramnios 

None 

DORV 

Duodenal atresia 

Trisomy 18 

D0RV 

CNS, renal, and skeletal anomalies 

Trisomy 18 

DORV 

Arnold Chiari, neural tube defect, renal and skeletal 
anomalies, Hydrops fetalis 

Trisomy 13 

D0RV/MA/AA 

Absent stomach 

Normal 

D0RV/MGV 

Congenital diaphragmatic hernia, skeletal anomalies 

Trisomy 18 

D0RV/PA with Ectopia Cordis 

Pentalogy of Cantrell 

None 

Ebstein malformation 

Hydrops fetalis 

None 

Ebstein malformation 

Hydrops fetalis 

None 

Ebstein malformation 

Hydrops fetalis 

Normal 

Ebstein malformation 

None 

None 

HLHS (Mitral stenosis/ Aortic atresia) 

Prune belly syndrome 

Normal 

HLHS (Mitral stenosis/Aortic atresia) 

Maternal Protein S deficiency, on Lovenox 

Normal 

PA/IVS, also LV0T obstruction 

Hydrops fetalis 

None 

PA/IVS 

Severe cardiomegaly 

Normal 

Pulmonary atresia/VSD 

Cleft lip and palate, cerebral and genital anomalies, hydrops 
fetalis 

Trisomy 13 

Truncus arteriosus 

Placental insufficiency 

Normal 

VSD (large inlet) 

Skeletal anomalies 

Trisomy 18 

VSD (large inlet) 

Congenital diaphragmatic hernia, Skeletal anomalies, 
hydrops 

Trisomy 18 


with varying degrees of AV block, and severe bradycardia 
associated with complete AV block (10). 

Nineteen patients were found to have sustained fetal 
arrhythmias during 2004 and 2005. Nine fetuses had sus- 
tained atrial premature contractions. None of these fetuses 
went on to develop sustained SVT, and none received prenatal 
therapy. Ten patients with sustained arrhythmias received in 
utero therapy and went on to live birth with normal neona- 
tal cardiovascular function. These included two fetuses with 
prolonged AV conduction (1) or complete heart block (1) in 
the presence of positive maternal titers against Ro or La anti- 
bodies. The first fetus received dexamethasone as part of a 
multicenter study and was born with normal AV conduction. 
The second of these fetuses required cardiac pacing in the neo- 
natal period, owing to recalcitrant complete heart block. Two 
fetuses, with left atrial isomerism, complete AVSD, hydrops 
fetalis, and complete heart block were classified as heterotaxy 
syndrome and were not included in the group presenting with 


sustained arrhythmia as the chief complaint. One patient with 
HLHS and intermittent SVT was classified among fetuses with 
congenital heart disease as the primary diagnosis. 

The other eight fetuses had sustained supraventricular 
tachyarrhythmias, including AF (1), ectopic atrial tachycardia 
(EAT) (2), and orthodromic reciprocating tachycardia (5). 
They responded to antiarrhythmic therapy protocols that 
contained digoxin, alone or in combination with propranolol, 
sotalol, or flecainide (Table 27.8). 

In the presence of sustained fetal tachyarrhythmia, it is 
common for the fetus to develop hydrops fetalis (10). The 
latter arises because of the development of venous hyperten- 
sion in the presence of significant atrial backflow into the 
I VC circulation. The increase in hydrostatic pressure results 
in a net increase in extravasation of fluid into the interstitial 
space that is not adequately compensated by fetal lymphatic 
drainage. It is not uncommon, therefore, for hydrops fetalis 
to develop despite maintenance of normal or nearly normal 
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Chromosomal Anomalies of 
Fetuses with Congenital Heart 
Disease 2007-2010 (n = 89) 

Chromosomal Defect Number of Fetuses 


TABLE 27.6 


Trisomy 21 

39 

Complete AVSD 

15 

T0F/AVSD 

7 

VSD 

7 

T0F 

6 

Partial AVSD 

2 

AVSD — single ventricle variant 

2 

22q11 Deletion 

18 

Truncus 

5 

PA/VSD/MAPCAs 

4 

T0F 

3 

IAA/VSD 

3 

Aortic atresia/cervical arch/VSD 

1 

TOF/absent PV 

1 

Pulmonary atresiaA/SD/PDA 

1 

Trisomy 18 

13 

VSD 

7 

D0RV 

4 

AVSD 

1 

AS 

1 

Trisomy 13 

6 

Pulmonary atresiaA/SD/PDA 

3 

D0RV 

2 

VSD 

1 

Turner Syndrome (and similar variants) 

4 

Bicuspid aortic valve, mild AS 

2 

Small VSD 

1 

Hypoplastic left heart 

1 

Other 

9 

Total 

89 


systolic ventricular shortening. Sustained fetal tachycardia and 
hydrops fetalis have been associated with neonatal hypoal- 
buminemia and hyperbilirubinemia, even weeks following 
resolution of the tachycardia and fetal anasarca (186). This 
is probably attributable to high IVC pressure and associated 
hepatic dysfunction, with decreased albumin production and 
biliary stasis. The decreased albumin production, resulting in 
decreased fetal and neonatal serum oncotic pressure, contrib- 
utes both to the production of fetal edema and anasarca and 
to the considerable delay that is often encountered between 
arrhythmia control and resolution of hydrops fetalis. 

Bradycardia associated with complete AV block may result 
from autoimmune damage to the AV conduction system, 
related to transplacental passage of anti-Ro (SS-A) or La (SS-B) 


TABLE 


27.7 


Reasons for Referral for Fetal 
Echocardiogram, 2007-2010 
(total /r = 2,542 Pregnancies) 





Reason for Referral 

Number of 
Pregnancies 

% 

Suspected CHD 

965 

38% 

Subgroup of arrhythmia 

129 


Other Fetal Indications: 

692 

27% 

Extracardiac anomaly 

495 


Chromosomal anomaly, abnormal 
quad screen, or nuchal thickness 

124 


Two vessel cord 

55 


Multiple gestation (not mono/di) 

18 


Family History 

367 

14% 

Maternal Indication 

323 

13% 

Maternal diabetes mellitus 

236 


Maternal medical issue or 
medication 

84 


Advanced maternal age 

3 


Mono/di twins or twin to twin trans- 
fusion syndrome (TTTS) 

139 

5% 

Other 

56 

2% 

Poor visualization of heart 

38 


IVF 

7 


Unknown 

7 



Research 4 


antibodies. Such mothers may have clinical symptoms of 
systemic lupus erythematosus or Sjogren syndrome, although 
in many young women, the detection of fetal heart block may 
be the first evidence of an elevated antibody titer in an other- 
wise asymptomatic mother (187-194). 

Bradycardia owing to complete AV block may be diag- 
nosed in fetuses with negative maternal antibody titers. Many 
of these fetuses have complex congenital cardiac disease 
with malformations involving the development of the central 
fibrous portion of the heart (e.g., AV discordant connections 
in congenitally corrected TGA or left atrial isomerism with 
ambiguous AV connections). Complete heart block must be 
distinguished from sinus bradycardia, which may be associ- 
ated with fetal hypoxemia, or from blocked atrial bigeminy, 
in which every second atrial contraction is so premature that 
the AV node is still refractory because of the previous sinus 
beat and therefore unable to conduct the premature contrac- 
tion (95,195). 

These three forms of bradycardia can be distinguished from 
one another through careful evaluation of atrial rhythm. In 
sinus bradycardia, there is a one-to-one relationship between 
the slow atrial rate and the equal ventricular response rate. 
In complete heart block, the atrial rate is regular and exceeds 
the slower, regular, idioventricular rhythm. In blocked atrial 
bigeminy, the atrial rate is regularly irregular, with paired beat- 
ing between the conducted beat and the blocked premature 
atrial beat, which is not conducted. Magnetocardiographic 
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1 1 TABLE 

Clinically Important Fetal Arrhythmias Encountered during 2004-2005 (« = 

13) 

Pt. no. 

Arrhythmia 

Cardiac 

Structure 

Cardiac 

Function 

Medication(s) 

Comments Outcome 

1 

Orthodromic reciprocat- 
ing tachycardia (ORT) 

Normal 

Normal 

Digoxin 


NSR (A/W) 

2 

Persistent junctional 
reciprocating 
tachycardia (PJRT) 

Normal 

Decreased 
(hydrops fetalis) 

Digoxin; 

flecainide; 

propranolol 


NSR Function normal- 
ized; hydrops resolved 
(A/W) 

3 

ORT (intermittent) 

Normal 

Normal 

Propranolol 


NSR (A/W) 

4 

ORT 

Normal 

Normal 

Digoxin 


NSR (A/W) 

5 

AF 

Normal 

Decreased 
(hydrops fetalis) 

Digoxin; sotalol 


NSR function normalized; 
hydrops resolved (A/W) 

6 

EAT 

Normal 

Decreased 

Digoxin; 

propranolol 

In utero control 

Neonatal recurrence 
resolved with amioda- 
rone/propranolol (A/W) 

7 

ORT 

Normal 

Decreased 
(hydrops fetalis) 

Digoxin; sotalol 


NSR function normalized; 
hydrops resolved (A/W) 

8 

ORT 

Normal 

Normal 

Digoxin; 

flecainide 

Therapy started 
elsewhere 

NSR (A/W) 

~Y~ 

ORT 

HLHS 

Decreased RV 
function 



Termination of 
pregnancy 

10 

Complete AV block 

LA isomerism 
complex AVSD 

Decreased 
hydrops fetalis 



Termination of 
pregnancy 

n 

Complete AV block 

LA isomerism 
complex AVSD 

Decreased 
hydrops fetalis 



Termination of 
pregnancy 

12 

Complete AV block 

Normal 

Decreased 

Dexamethasone 

Maternal lupus 

Epicardial VVI pace- 
maker (A/W) 

13 

Primary AV block 

Normal 

Normal 

Dexamethasone 

Maternal 

anti-SS-A; 

anti-SS-B 

NSR (A/W) 


studies of fetal patients with recurrent episodes of SVT have 
suggested that many of the premature atrial beats that occur in 
these fetuses are echo beats that reenter the atrium via acces- 
sory pathways but are not conducted back into the ventricle 
through the AV node (196). 

Analysis and Treatment of Fetal Cardiac Arrhythmias 

In the absence of reliable electrocardiographic recordings of 
fetal atrial and ventricular electrical activity, M-mode, pulsed 
Doppler, and color-encoded M-mode echocardiographic 
recordings of mechanical and flow events are used to time 
and sequence the electrical activation underlying these events 
(Fig. 27.17) (10,52,197-217). Rein et al. (218) described the 
use of Doppler tissue imaging to time the mechanical activa- 
tion sequence of the atria and ventricles to analyze cardiac 
rhythm using a ladder diagram or kinetocardiogram to pro- 
vide similar information. Recent reports have demonstrated 
that magnetocardiography may provide important informa- 
tion regarding fetal atrial activation and the morphology of 
fetal QRS complexes, QT intervals, and T-wave morphology. 
This procedure is laborious, requires special equipment and 
magnetic shielding, and is not widely available, but may well 
emerge as the preferable means of analyzing clinically signifi- 
cant fetal arrhythmias (196,219-223). 


Fetal Antiarrhythmic Therapy 

The existence of techniques for the analysis and treatment of 
fetal cardiac arrhythmias is insufficient justification to expose 
a mother and fetus to the potential hazards of antiarrhythmic 
therapy. Fetal therapy offers the potential for dramatic suc- 
cess, but also has the potential for catastrophic consequences 
for two patients at once. The management schema for such 
patients should be predicated on an understanding of the 
natural history of the arrhythmia, a precise knowledge of the 
electrophysiologic basis for the arrhythmia, and a detailed 
appreciation of the pharmacokinetics and pharmacology 
of antiarrhythmic agents in the fetus, mother, and placenta. 
These must be factored in a commonsense risk/benefit analy- 
sis. Neonatal risk increases proportionately with the degree 
of prematurity and lung immaturity at the time of the initial 
diagnosis. This must be balanced against the degree of car- 
diovascular compromise accompanying the arrhythmia. In the 
absence of extreme prematurity, or without evidence of severe 
fetal hemodynamic compromise (e.g., hydrops fetalis), fetal 
intervention is difficult to justify. 

Analysis of Fetal Tachyarrhythmias 

Figure 27.18 presents a suggested algorithm for the analysis 
and treatment of fetal tachyarrhythmias. If tachycardia is 
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Figure 27.17. Color-encoded M-mode echocardiogram. The 
M-mode tracing imparts temporal resolution to the color flow 
recording. In this orientation, diastolic filling of the fetal ven- 
tricle is toward the transducer, resulting in the biphasic e and 
a waves, whereas the ejection into the aorta is away from the 
transducer and is inscribed as the aliased blue/cyan image. 

associated with AV dissociation or is sustained in the presence 
of varying degrees of AV block, AV reentry tachycardia (AVRT) 
(either orthodromic or antidromic) or AV nodal reentry tachy- 
cardia (AVNRT) cannot be the underlying electrophysiologic 
mechanism of the tachycardia, since those tachycardias are 
characterized by a 1:1 AV contraction sequence, driven by a 
circus movement of electrical energy at the AV junction. 

If there is AV dissociation, with a ventricular rate in excess 
of atrial rate (A:V ratio <1:1), one may assume that the tachy- 
cardia arises below the bundle of His and does not depolarize 
the atrium in a retrograde direction with a 1:1 ratio. The latter 
is characteristic of ventricular tachycardia (VT) or junctional 
ectopic tachycardia (JET). When there is some degree of AV 
block with an A:V ratio of >1:1, one may be dealing with intra- 
a trial reentry tachycardia (IART), ectopic atrial tachycardia 
(EAT), multifocal atrial tachycardia (MAT), atrial flutter (AF), 
or atrial fibrillation. In the presence of these arrhythmias, the 
atrial rate exceeds that of the ventricles, with the relationship 
dictated by the degree of AV block. 

In the presence of a strict 1:1 A:V ratio, we evaluate the 
ventriculoatrial (VA) interval. Using simultaneous recordings 
of central venous and arterial pulsed Doppler flow waveforms, 
the time sequence of atrial and ventricular electrical activa- 
tion can be discerned. Such recordings can be obtained by 
placement of the Doppler sample volume to overlap the fetal 
superior vena cava and ascending aorta (224) or fetal right 
pulmonary artery and right pulmonary vein (Fig. 27.19) (225). 
The AV mechanical interval may be used as a surrogate of elec- 
trocardiographic PR interval, and the VA time interval may 
also be calculated. 

In the presence of a very short VA interval or one slightly 
>70 ms, the most likely electrophysiologic mechanism of the 
tachycardia is orthodromic AVRT or AVNRT. If the A:V ratio 
is >1:1 with a regular atrial tachycardia, the likely diagno- 
sis is AF or IART Depending on gestational age, the likeli- 
hood of pulmonary maturity, and the presence or absence of 
hydrops fetalis, we may or may not consider the use of in utero 
antiarrhythmic treatment to the fetus. A fetus with unsus- 
tained tachycardia or without hydrops fetalis is not in immedi- 
ate danger and is not likely to be offered prenatal therapy. On 
the other hand, in the presence of sustained tachyarrhythmia, 
with hydrops fetalis, the risk/benefit analysis tips in the direc- 
tion of in utero therapy. 


Intrauterine Antitachyarrhythmic Therapy 

In the face of severe prematurity, immediate delivery for 
postnatal treatment may not be a logical option. The frequent 
association of hydrops fetalis with sustained SVT and the dis- 
mal prognosis for such fetuses and neonates in a setting of 
extreme prematurity may justify vigorous efforts at in utero 
therapy, if such treatment can be offered at a tolerably low 
risk to the mother. Even a moderate risk to the fetus could 
be justified in this setting, in light of the poor prognosis for 
the neonate if the arrhythmia and hydrops fetalis are unremit- 
ting. The decision regarding the institution of fetal treatment 
should consider the following: (a) the fetal hemodynamic state 
(Is there hydrops fetalis?), (b) the potential risks to mother 
and fetus inherent in fetal treatment, (c) availability of facili- 
ties for monitoring of mother and fetus, and (d) willingness of 
the mother to submit to such treatment and monitoring. 

Many antiarrhythmic drugs have a narrow therapeutic 
margin and may be associated with significant toxicity, includ- 
ing proarrhythmic potential. Only the Vaughn-Williams class 
II (/3-blocker) agents appear to lack the potential for late 
proarrhythmic mortality. Type IA or type III agents, alone 
or in combination with medications that interfere with drug 
metabolism through the cytochrome P-450 pathway, may pre- 
cipitate polymorphic VT (torsades de pointes). Type IC agents 
such as flecainide may cause QRS prolongation and VT that 
is recalcitrant to treatment. The absence of a readily avail- 
able technique to monitor fetal QTc or QRS duration dur- 
ing antiarrhythmic therapy constitutes a fundamental hazard 
associated with fetal antiarrhythmic therapy. 

Prior to the initiation of antiarrhythmic therapy, the thera- 
peutic goal should be established. In some circumstances, rate 
control may provide an adequate opportunity to recover fetal 
cardiovascular function, whereas in many cases complete 
control of the arrhythmia is necessary to allow resolution of 
hydrops fetalis. 

The literature is filled with many reports touting the vir- 
tues of different antiarrhythmic agents for the control of 
fetal tachyarrhythmias (10,226-242). Few of these reports 
discussed medication choices based on a detailed analysis 
of the electrophysiologic mechanism of the arrhythmia. The 
algorithm that we present is based on a sequential analysis 
of arrhythmia mechanism modeled after the framework sug- 
gested by Walsh et al. (243). The suggested sequence of drug 
administration has evolved considerably over the past several 
years and has been influenced by personal experience and 
the literature. This is offered as a step-off point for consid- 
eration by the reader when fetal antitachycardia treatment 
is anticipated. Just as different cardiac centers use differing 
medical regimens for the same arrhythmia in infants and chil- 
dren, it is expected that fetal antiarrhythmic treatment pro- 
tocols will be individualized, based on local experience with 
specific antiarrhythmic medications. A rational approach to 
the treatment of these patients should consider the nature 
of the arrhythmia, the hemodynamic impact of the rhythm 
disturbance, and the pharmacology and pharmacokinetics of 
the maternal-placental-fetal unit. We have settled on a sim- 
plified treatment protocol, focusing on the administration 
of digoxin, propranolol, sotalol, and amiodarone. We have 
had limited experience with the use of flecainide in the fetus, 
although some centers have found the latter to be a safe and 
effective agent for the treatment of some fetal arrhythmias. 
We have made a team approach to the administration of 
antiarrhythmic treatment to the pregnant woman. This team 
includes maternal-fetal medicine, pediatric cardiology, and 
adult cardiology specialists to focus on the care of these com- 
plex patients. Such teams should devise their own treatment 
plans, which may differ at individual medical centers or for 
individual patients. 



Treatment 


CHAPTER 27 ■ Fetal Echocardiography and Fetal Cardiology 665 


CO 

‘co 

o 

§ 3 ] 

CO 



1:1 



> 1:1 


< 1:1 



<70 

>70 

»70 

msec 

msec 

msec 


/ Atrial \ 


Regular Variable Chaotic 



r 

▼ 

MAT 

A Fib 


VT 

JET 



Figure 27.18. Suggested algorithm for the analysis and treatment of fetal tachyarrhythmias. 
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Figure 27.19. Simultaneous inscription of flow waveforms from 
the right upper pulmonary artery (above the baseline) and right 
upper pulmonary vein (below the baseline ). The undulations 
of the pulmonary vein representing atrial contraction (a) are 
related to the timing of the upstroke of the systolic ejection into 
the branch pulmonary artery (v). The atrioventricular (a-V) 
and ventriculoatrial (V-a) conduction times may be measured 
and related to the electrical events underlying the mechanical 
responses that result in the flow events recorded in this image. 

Treatment of the Fetus with Bradycardia 

The most important sustained fetal bradyarrhythmia is con- 
genital complete heart block. These fetuses may develop 
hydrops fetalis. The latter may occur in the subgroup of fetuses 
with associated congenital heart disease. The association of 
fetal heart failure with congenital heart block, with or without 
congenital heart disease, represents an absolute indication for 
electrical pacemaker therapy in the neonate. In the fetus, the 
association of complete heart block and hydrops fetalis is dire. 
When associated with congenital heart disease, the outcome 
is almost invariably fatal, with or without fetal therapy (195). 

The initial report of the use of electrical pacemaker therapy 
for the treatment of fetal congenital heart block involved a 
fetus presenting with heart block in the absence of congenital 
heart disease (244). This fetus presumably incurred immune 
complex-mediated damage to the fetal conduction system 
and myocardium. There was severe bradycardia and hydrops 
fetalis. In desperation, the treating physicians placed a pac- 
ing catheter within the fetal heart via percutaneous puncture 
of the maternal abdomen, uterus, fetal thorax, and ventricu- 
lar wall. Fetal ventricular capture was demonstrated, without 
clinical improvement. Subsequent attempts to use similar pac- 
ing systems have been, likewise, unsuccessful. 

Laboratory models of complete heart block have been cre- 
ated in fetal lambs, with subsequent resolution of hydrops feta- 
lis following fetal exteriorization and surgical implantation of 
permanent pacemakers connected to epicardial pacing leads 
(245). An attempt to implant a pacemaker in this fashion in 
a human fetus was unsuccessful. Although it may well be that 
some human fetuses with heart block and hydrops fetalis have 
deteriorated solely because of bradycardia, we are concerned 
that some neonates do not respond to pacing alone. This sub- 
group of patients may have immune-mediated damage to the 
contractile elements of the heart from the same mechanism 
that damaged the fetal conduction system (246-250). Although 
it has been demonstrated that the administration of /3-mimetic 
agents to the pregnant woman may increase the intrinsic ven- 
tricular rate of the fetus by 50%, there has been no consist- 
ent evidence that such treatment ameliorates hydrops fetalis in 
affected fetuses (184, 251-253). 

A preliminary experience in our laboratory with the admin- 
istration of absorbable corticosteroid to pregnant women 
whose fetuses had developed high-grade second-degree or 
recent-onset third-degree heart block in the presence of high 
titers of anti-SS-A or SS-B antibodies suggested that such treat- 
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Figure 27.20. Rendered STIC image of aortic and ductal arches 
obtained from STIC dataset recorded with B-mode documenta- 
tion of cardiac and vessel blood flow. (Reproduced from Gon- 
salves LF, Lee W, Espinosa J, et al. How do we do it? Practical 
advice on imaging-based techniques and investigations. Ultra- 
sound Obstet Gynecol 2006;27(3):336-348, with permission 
from John Wiley and Sons.) 

ment might halt the progression or even reverse the damage to 
the conduction tissue (10). This study spawned a multicenter 
investigation designed to evaluate the impact of maternally 
administered corticosteroid on echocardiographically esti- 
mated fetal AV conduction intervals (254-261). Some cent- 
ers have adopted steroid therapy for the routine treatment 
of fetuses with antibody-mediated congenital complete heart 
block, based on improved mortality statistics in the current era 
compared with historical controls (262— 265). The results of the 
multicenter study noted above are likely to provide an impor- 
tant insight into the appropriateness of such therapy (266). 

Three-Dimensional Fetal Echocardiographic Imaging 

During the few years that have elapsed since the last edition of 
this textbook, there has been great interest in the use of 3- and 
4-D ultrasound for the examination of the fetal heart. Differ- 
ent technologies have evolved for the acquisition of 4-D data- 
sets that allow online and postprocessed images of the cardiac 
chambers and great vessels. Interest has been expressed by the 
maternal— fetal-medicine community in the use of such data- 
sets for remote analysis and for automated multislice images 
of the fetal heart in order to facilitate screening for congeni- 
tal heart disease. The two most commonly used technologies 
are Spatiotemporal Image Correlation (STIC) and real-time 
4-D imaging using 2-D matrix-array transducers (Fig. 27.20). 

STIC imaging requires synchronization of spatial and 
temporal imaging by serially constructing a 4-D dataset 
from multiple 2-D images constituting a single cardiac cycle. 
The 2-D anatomic images may be combined with color or 
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Figure 27.21. STIC image of four- 
chamber view of fetal heart is seen 
in the left-sided panel. The yellow 
dot at the crux of the ventricular 
septum is the focal point around 
which the image is “spun” in a 
clockwise fashion to demonstrate 
the relationship between the 
ventricular septum and the ante- 
rior wall of the aorta in the left 
ventricular long-axis view of the 
outflow tract. (Reproduced from 
Devore GR, Polanco B, Sklansky 
MS, et al. The ‘spin’ technique: 
a new method for examination 
of the fetal outflow tracts using 
three-dimensional ultrasound. 
Ultrasound Obstet Gynecol 
2004;24(l):72-82, with permis- 
sion from John Wiley and Sons.) 


power Doppler flow information to increase the accuracy of 
the imaging process. 

Using STIC imaging, it is possible to examine the heart in 
three orthogonal planes and to gradually slice through the azi- 
muthal plane in each view (267). Postprocessing allows ren- 
dering, which may view the flow within the heart and great 
vessels with the body and heart rendered transparent. Using 
inversion imaging, it is possible to demonstrate B-flow within 
the heart and blood vessels. Such images may allow detailed 
evaluation of vascular anomalies (Fig. 27.21). Devore et al. 
(268) demonstrated the utility of visualizing the outflow tracts 
in detail in each plane by rotating (“spinning”) the image of 
the individual 2-D view of the outflow portion of the heart 
around chosen point within the outflow tract (Fig. 27.22). 

It remains to be seen whether STIC imaging fulfills its poten- 
tial for increasing the sensitivity and specificity of screening 
programs for fetal congenital heart disease. The automation 


of outflow tract imaging is an attractive alternative, but 
recent studies (269) have suggested that this imaging results 
in satisfactory views in only 70% to 83% of fetuses at 18 to 
22 weeks gestation. Certainly, in order to obtain adequate 
STIC analysis of the fetal heart, it is essential that satisfactory 
four-chamber visualization of the heart serve as the foundation 
for the sequential dissection and rotation of the 4-D dataset. 

We have found that 3- and 4-D imaging is particularly use- 
ful for evaluating the spatial relationship of the great arteries in 
fetuses with conotruncal malformations. As noted above, since 
such fetuses constitute the largest single group of fetal anoma- 
lies in our laboratory, we have found ourselves increasingly 
dependent upon STIC imaging. Another important role for 
STIC imaging has been for the evaluation of the AV valves and 
their chordal attachments. The latter are particularly useful in 
evaluating patients with single ventricular or AVSD variations. 



Figure 27.22. Reconstructed 3-D tomogram of the two ven- 
tricles. Reconstruction is from STIC 4-D dataset. Mitral valve 
(MV) and tricuspid valve (TV) are labeled. (Reproduced from 
Gonqalves LF, Lee W, Espinosa J, et al. How do we do it? 
Practical advice on imaging-based techniques and investiga- 
tions. Ultrasound Obstet Gynecol 2006;27(3):336-348, with 
permission from John Wiley and Sons.) 
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Atrial Septal Defects 


Ritu Sachdeva 


INTRODUCTION 


Atrial septal defects (ASD) originate at particular sites in the 
atrial septum and are named according to their embryonic 
origin. The most common occurs in the central part of the 
atrial septum in the region of fossa ovalis (secundum ASD). 
Others include those in the region of endocardial cushion (pri- 
mum ASD), in the sinus venosus septum (sinus venosus ASD), 
and in the region of ostium of coronary sinus (coronary sinus 
ASD). In this chapter, we also address patent foramen ovale 
(PFO), which is a normal interatrial communication present 
in fetal life that may persist in adults. Ostium primum ASD 
is discussed in Chapter 29 since it is a part of the spectrum of 
atrioventricular septal defects (AVSD). 


INCIDENCE __ 

ASDs constitute 8% to 10% of congenital heart defects in chil- 
dren. The incidence of ASDs has been estimated to be 56 per 
100,000 live births (1). The recent estimates are much higher 
(100 per 100,000 live births), likely due to increased recog- 
nition of ASDs in this era of the common use of echocardi- 
ography (2). The female:male ratio for secundum ASDs is 
2:1, but for the sinus venosus ASDs it is 1:1 (3,4). Secundum 
ASDs constitute approximately 75% of ASDs, followed by 
ostium primum ASD (20%) and sinus venosus ASD (5%) (5). 
Coronary sinus (CS) ASDs more often are seen in association 


with heterotaxy syndromes and systemic venous anomalies, 
and isolated CS ASDs are rare (<1%). 


GENETIC AND ENVIRONMENTAL RISK FACTORS 


Although most ASDs occur sporadically, familial modes of 
inheritance have been reported. The risk of congenital heart 
disease in offspring of a woman with a sporadic ASD is esti- 
mated to be 8% to 10% (6). ASDs may be related to mutations 
in either regulatory genes or their target sarcomeric genes. 
Heterozygous mutations in the transcription factor NKX2.5/ 
CSX were among the first found in families with autosomal 
dominant transmission of secundum ASDs (7). Mutations in 
other transcription factors such as TBX5, GATA4, GATA6, 
and TBX20 also have been associated with secundum ASDs 
(7-11). TBX5 mutations also are responsible for Holt-Oram 
syndrome, which is an autosomal dominant syndrome charac- 
terized by secundum ASD, anomalies of the upper extremities, 
and atrioventricular (AV) conduction delay (12). A locus on 
chromosome 14ql2 with a missense mutation in alpha-myosin 
heavy chain (MYH6), a structural protein expressed at high 
levels in the developing atria, has been linked to dominantly 
inherited ASD (13). Secundum ASDs also have been reported 
in association with cardiomyopathies that have resulted 
from mutations in sarcomeric genes (14,15). In ASDs associ- 
ated with prolonged AV conduction, an autosomal dominant 
pattern of inheritance has been reported (16). Secundum ASDs 
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also are associated with other syndromes such as Noonan, 
Down, Klinefelter, Williams, Kabuki, Goldenhar, and Ellis— 
van Creveld. In addition to genetic factors, maternal diseases 
and exposure to environmental risk factors may play a role 
in development of ASDs (17). These factors include preges- 
tational diabetes, phenylketonuria, influenza and exposure to 
retinoids, nonsteroidal anti-inflammatory drugs, anticonvul- 
sants, thalidomide, smoking, and alcohol (17-19). 


PATHOGENESIS AND ANATOMIC FEATURES 


During embryogenesis, the primitive atrium undergoes a com- 
plex septation process (Fig 28.1) (20). In the fourth week of 
embryonic life, the septum primum appears as a thin-walled 
sagittal fold in the middle of the common atrium and grows 
inferiorly toward the endocardial cushion. The opening between 
the leading edge of the septum primum and the endocardial 
cushion is called the ostium primum. Before complete closure 
of the ostium primum, tissue reabsorption occurs in the supe- 
rior portion of the septum primum resulting in another opening 
called the ostium secundum. This occurs during the fifth and 
sixth week of embryonic life. Concurrently, an anterosuperior 
infolding of the atrial roof develops to the right of the septum 
primum, called the septum secundum that is concave shaped 
with a superior and inferior limb. The inferior limb fuses with 
the lowermost part of the atrial septum to join the endocardial 
cushion, thus separating the inferior portions of the two atria. 
The thick muscular ridge of the superior limb forms an incom- 
plete partition that overlies the ostium secundum resulting in an 
opening called the foramen ovale. The septum secundum thus 
forms the concave-shaped superior margin of the fossa ovalis, 
called the limbus of fossa ovalis (annulus ovalis) and the sep- 
tum primum forms the valve of fossa ovalis. During fetal life, 
inferior vena caval flow from the placenta is deflected toward 
the foramen ovale by the eustachian valve, and then blood is 


directed from the right atrium to the left atrium via the foramen 
ovale. This fetal interatrial communication (the PFO) normally 
closes after birth as a result of fusion of the septum primum 
and septum secundum. However, it may persist in 25% to 30% 
of adults where it is probe patent with a competent valve. In 
some cases, the valve of fossa ovalis is incompetent, either con- 
genitally or acquired due to elevated right or left atrial pressures 
allowing interatrial shunting across the foramen. 

The atrial septal anatomy and location of various types 
of ASDs are shown in Figure 28.2. Secundum ASDs occur in 
the central part of the atrial septum (fossa ovalis) as a result 
of deficient valve tissue, ectopic or excessive resorption of 
septum primum, or deficient growth of septum secundum 
(Fig. 28.3). Such defects result in an enlarged ostium secun- 
dum. These defects usually are single, but rarely can occur as 
multiple atrial septal fenestrations. 

Sinus venosus defects occur outside the margins of the fossa 
ovalis, in relation to the venous connections of the right atrium 
(Fig. 28.4). The right horn of sinus venosus incorporates the 
right superior vena cava (SVC) and inferior vena cava (IVC) 
into the right atrium. Ectopic or incomplete resorption of the 
sinus venosus results in deficiency of the wall that separates 
the right pulmonary veins from the SVC, IVC, and the right 
atrium resulting in a sinus venosus ASD (21). Some argue that 
these should be termed partial anomalous pulmonary venous 
return to the SVC. The interatrial communication in these 
defects is, in fact, the orifice of the unroofed right pulmonary 
vein and is not a true defect in the atrial septum per se.(21) 
Most commonly, the sinus venosus ASDs are related to the 
SVC where blood from the right upper and/or middle pulmo- 
nary veins is directed into SVC or the right atrium. Less fre- 
quently, a similar defect can occur inferior to the fossa ovalis 
in relation to the IVC and the right lower pulmonary venous 
orifice. This defect often has been termed an IVC-type sinus 
venosus ASD, although direct involvement of the IVC almost 
never occurs. Hence, the term sinus venosus defect of right 
atrial type is preferred (21). 



55 days Birth 


Figure 28.1. Schematic diagram showing embryogenesis of atrial septum. LA, left atrium; LV, left ventricle; PFO, 
patent foramen ovale; RA, right atrium; RV, right ventricle. (Modified from Van Mierop LHS. Embryology of the 
atrioventricular canal region and pathogenesis of endocardial cushion defects. In: Feldt RH, McGoon DC, Ong- 
ley PA, et al., eds. Atrioventricular Canal Defects . Philadelphia, PA: WB Saunders, 1976:1-12, with permission.) 
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Figure 28.2. A: Anatomy of the atrial septum. View from the right atrial side. B; View from the left atrial side. 
The interatrial septum (IAS) is outlined by the dotted lines. It is formed by the limbus of the fossa ovalis on the 
right atrial side and the valve of the fossa ovalis toward the left. The aortic root indents the right atrial free wall 
anterosuperiorly as the torus aorticus (TA). C: Cross section of the heart in a 4-chamber view. The IAS formed 
by the limbus and valve of fossa ovalis lies between the right and left atria (RA, LA). The atrioventricular septum 
(AVS) lies between the RA and left ventricle (LV) D: Schematic diagram showing the location of various types of 
ASDs: (a) Secundum; (b) Primum, (c) Sinus venosus; (d) Coronary sinus. IVC, inferior vena cava; IVS, interven- 
tricular septum; MV, mitral valve; PT, pulmonary trunk; RAA, right atrial appendage; RV, right ventricle; SVC, 
superior vena cava; TV, tricuspid valve. (Reprinted by permission of the Mayo Foundation.) 


The left horn of the sinus venosus forms the CS. The CS 
defect (unroofed CS) results from failure of the wall between 
the left atrium and CS to develop. There may be complete or 
partial unroofing of the CS resulting in direct communication 
with the left atrium (Fig. 28.5). Almost always, this anomaly 
is associated with a left SVC. A rare variation consists of com- 
plete absence of the CS rather than unroofing, along with a 
defect in the expected location of the ostium of CS. In such 
defects, blood from the left SVC directly enters the left atrium. 
Kirklin and Barratt-Boyes (5) classified the unroofed CS defects 
as type I, completely unroofed with LSVC; type II, completely 
unroofed without LSVC; type III, partially unroofed midpor- 
tion; and type IV, partially unroofed terminal portion. 


ASSOCIATED CARDIOVASCULAR ANOMALIES 

Interatrial communications can occur in isolation, but often 
are associated with other congenital heart defects. The pres- 
ence of an interatrial communication may be crucial for survival 
in some such defects such as hypoplastic left heart syndrome, 
D-transposition of great arteries, tricuspid atresia, and total anom- 
alous pulmonary venous return. Partial anomalous pulmonary 


venous return is present in almost 90% of patients with sinus 
venosus ASDs and, more rarely, can occur with secundum ASDs. 
Although valvular pulmonary stenosis frequently has been asso- 
ciated with ASDs, the increased gradient across the pulmonary 
valve may be flow related and not necessarily due to an abnormal 
valve per se. CS ASDs commonly are associated with a persistent 
left SVC. Aside from congenital heart defects, secundum ASDs 
also have been reported in association with noncompaction and 
apical hypertrophic cardiomyopathy (14,15). 

Lutembacher Syndrome 

Lutembacher syndrome is the association of an ASD with 
mitral stenosis. Unlike the original description by Lutem- 
bacher, where the mitral stenosis was considered to be con- 
genital in origin, the current consensus is that it is of rheumatic 
origin (22). As a result of the mitral stenosis, the left-to-right 
shunting across the ASD is augmented. The ASD usually is 
large and unrestrictive. Therefore, the magnitude of the atrial 
level shunt is directly related to the degree of obstruction at the 
mitral valve. Rarely, when the ASD is restrictive, the left-to- 
right shunt is continuous due to significant pressure difference 
across the atrial septum during the entire cardiac cycle. 






Figure 28.3. Secundum ASD occurs in the region of fossa ovalis. A: Right atrial view. B: Left atrial view. C: Four- 
chamber view, showing comparison of a heart with large secundum ASD ( arrows ) with a normal heart (toward 
the right). The right atrium (RA) and right ventricle (RV) are significantly enlarged in the heart with the ASD. 
D: Schematic diagram showing a left-to-right shunt across ASD, which becomes right-to-left with development 
of pulmonary vascular disease. Ao, aorta; LAA, left atrial appendage; IVC, inferior vena cava; MV, mitral valve; 
PT, pulmonary trunk; RAA, right atrial appendage; RV, right ventricle; SVC, superior vena cava; TV, tricuspid 
valve. (Reprinted by permission of the Mayo Foundation.) 



Figure 28.4. Sinus venosus ASD. A: Right atrial view. Right upper (RUPV) and lower (RLPV) pulmonary veins 
join the right atrium near the site of the ASD, posterior and superior to the fossa ovalis (FO). B: Right atrial view. 
The ASD is posterior to the FO, and the right upper and middle (RMPV) pulmonary veins are anomalously con- 
nected to the SVC. Ao, aorta IVC, inferior vena cava; PT, pulmonary trunk; RAA, right atrial appendage; RV, 
right ventricle; SVC, superior vena cava; TV, tricuspid valve. Reprinted by permission of the Mayo Foundation. 
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Figure 28.5. Coronary sinus atrial septal defect (ASD). A: Right atrial view. B: Left atrial view. The defect is 
at the site of the CS ostium, anterior and inferior to the fossa ovalis (FO). A persistent left superior vena cava 
(LSVC) joins the left atrial wall (LA). IVC, inferior vena cava; MV, mitral valve; RV, right ventricle; SVC, supe- 
rior vena cava; TV, tricuspid valve. Reprinted by permission of the Mayo Foundation. 


PATHOPHYSIOLOGY 

During fetal life, the majority of the blood reaching the left 
atrium comes via the foramen ovale since there is minimal flow 
to the lungs. After birth, the lungs expand and the pulmonary 
blood flow increases. The increased pulmonary venous return 
to the left atrium results in the left atrial pressure exceeding 
the right atrial pressure causing functional closure of the fora- 
men ovale. Intrauterine physiology is not altered in the pres- 
ence of an ASD, but unlike the PFO, the ASD does not close 
with the hemodynamic changes that occur following birth. 
The physiologic consequences of an ASD depend on the mag- 
nitude and duration of the shunt and its interaction with the 
pulmonary vascular bed. The primary determinant of the mag- 
nitude and direction of the shunt is the relative compliance 
of the ventricles. During the neonatal transition period as the 
pulmonary vascular resistance drops and the right ventricu- 
lar wall becomes thinner and hence more compliant than that 
of the left ventricle, there is an increase in left-to-right shunt- 
ing. Catheter-based studies on flow dynamics in ASD provide 
insight into the circulatory pattern during the various phases 
of cardiac cycle. Maximum left-to-right shunting occurs dur- 
ing diastole when all four cardiac chambers are in communica- 
tion. Atrial contraction further augments this shunt. A small 
right- to-left shunt, predominantly from IVC blood can occur 
during early diastole or during onset of systole. The magnitude 
and amount of shunting varies with the respiratory cycle. Dur- 
ing inspiration when the intrathoracic pressure is decreased, 
there is a decrease in the left-to-right shunt across the ASD. 
Conversely, during expiration, when the intrathoracic pressure 
is increased, there is an increase in the left-to-right shunt. 

Moderate-to-large left-to-right shunts across an ASD result 
in volume overload and dilation of the right atrium and ven- 
tricle (Fig. 28.3). The tricuspid and pulmonary annuli may 
dilate and become incompetent. The volume-overloaded right 
ventricle alters the diastolic configuration of the left ventricle 
with septal bowing toward the left. Occasionally, the abnor- 
mal left ventricular geometry may result in prolapse of the 


mitral valve or superior systolic motion of the mitral leaflet 
(23). As a result of the increased flow into the lungs, the pul- 
monary arteries, capillaries, and the veins are dilated and there 
can be flow-related pulmonary artery hypertension. Over time 
this can lead to medial hypertrophy of pulmonary arteries 
and muscularization of the arterioles resulting in pulmonary 
vascular obstructive disease (24,25). With severe pulmonary 
vascular obstructive disease, patients develop Eisenmenger 
syndrome as the atrial level shunt becomes right-to-left, result- 
ing in cyanosis (Fig. 28.3). 


CLINICAL PRESENTATION 
History 

Most patients with ASD are asymptomatic and may remain 
undiagnosed until later in life. They may come to medical 
attention due to abnormal auscultatory findings or diagnostic 
studies such as ECG, chest radiograph, or echocardiogram. 
Very rarely, some infants with ASD may present with features 
of pulmonary overcirculation, recurrent respiratory infec- 
tions, and failure to thrive. The mechanism of heart failure in 
these infants is not well understood since the hemodynamics 
are quite similar to those who are asymptomatic. Some have 
proposed rapid remodeling and thinning of the pulmonary 
vascular bed to be the reason for this early presentation (26). 
Additionally, one should carefully evaluate mitral anatomy 
and function since mitral stenosis or regurgitation can aug- 
ment atrial shunting. Despite repair of ASD in these patients, 
there may not be any significant improvement in their symp- 
toms (27). Older children may present with symptoms of mild 
fatigue and dyspnea that may worsen with age. In adults, 
worsening of clinical condition has been attributed to various 
factors such as a decrease in left ventricular compliance sec- 
ondary to coronary artery disease and hypertension, which, in 
turn, results in increased left-to-right shunt, right ventricular 
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failure, atrial arrhythmias, and elevated pulmonary artery 
pressure. Patients who develop Eisenmenger syndrome (rever- 
sal of the left-to-right shunt due to pulmonary hypertension) 
may present with cyanosis and syncope with exertion. 

Physical Examination 

Phenotypic features of various syndromes associated with 
ASD may be notable. The most common syndrome known to 
be associated with ostium secundum ASD is the Holt-Oram 
syndrome. In this syndrome, the thumb is hypoplastic and in 
some cases may be rudimentary or absent. Additionally, the 
metacarpals may be small or absent and the radius may be 
absent. The thumb may resemble a finger. 

In patients with long-standing large left-to-right shunt, 
there is a left precordial bulge. Palpation reveals a prominent 
right ventricular impulse felt along the lower left sternal bor- 
der and the subcostal area. In normal persons, splitting of 
S 2 has a normal variation with respiration. During inspira- 
tion, negative intrathoracic pressure causes increased venous 
return into the right side of the heart, which in turn causes 
the pulmonary valve to stay open for a longer duration in 
ventricular systole causing a normal delay in the pulmonary 
valve closure component of S 2 . During expiration, the positive 
intrathoracic pressure reduces the venous return to the right 
side of the heart, resulting in an earlier closure of pulmonary 
valve. The auscultatory hallmark of ASD is wide, fixed split- 
ting of the second heart sound (S 2 ). This means that the aortic 
and pulmonary components of S 2 are widely separated during 
expiration and demonstrate little or no variation in degree of 
splitting during inspiration or with Valsalva maneuver. S 2 is 
“widely split” due to a delay in closure of the pulmonary valve 
resulting from prolonged emptying of the volume-overloaded 
right ventricle and increased pulmonary vascular capacitance 
leading to low pulmonary impedance and, therefore, a long 
“hangout interval” after the end of right ventricular systole. 
The S 2 is “fixed” since the increased right ventricular stroke 
volume does not vary much with respiration. 

A systolic ejection murmur can be heard in the left upper 
parasternal area. The murmur is due to increased flow across 
the pulmonary valve. This murmur begins shortly after S 1 and 
is crescendo-decrescendo, reaching its peak in early to midsys- 
tole and ending before S 2 . When this murmur is loud, it can 
indicate a large shunt or associated pulmonary valve stenosis 


(a systolic ejection click usually is present when the pulmo- 
nary valve is truly stenotic). When there is a large left-to-right 
shunt, a middiastolic murmur can be heard due to excessive 
flow across the tricuspid valve. This murmur is short, soft, 
low to medium in frequency, and localized to the left lower 
parasternal area. Rarely, a diastolic murmur may result from 
pulmonary regurgitation as a result of an exceptionally large 
pulmonary trunk that dilates the valve annulus. 

Most patients are acyanotic. However, cyanosis can be seen 
in those with pulmonary hypertension, significant right ven- 
tricular outflow tract obstruction, or in rare cases of a large 
eustachian valve directing IVC blood into the left atrium via 
the ASD. Patients with pulmonary hypertension and a right- 
to-left atrial level shunt are cyanotic and have auscultatory 
findings that are different from those of patients with an ASD 
without pulmonary hypertension. The jugular venous pulse 
has a dominant “A” wave resulting from increased force of 
right atrial contraction. The large “A” waves result in presys- 
tolic distention of the right ventricle resulting in a fourth heart 
sound. The pulmonary component of S 2 is loud and promi- 
nent. The wide fixed splitting of S 2 and tricuspid flow mur- 
mur disappear and the midsystolic pulmonary flow murmur 
is replaced by a softer and shorter murmur. A high-frequency 
early diastolic murmur (Graham Steell murmur) of pulmonary 
regurgitation can be heard due to pulmonary valve incompe- 
tence resulting from pulmonary hypertension. Also, a holo- 
sytolic Sj coincident murmur of tricuspid regurgitation heard 
best at the right lower sternal border can develop. 


DIAGNOSTIC EVALUATION 


Electrocardiogram and Electrophysiology 

ECG findings depend on the type and size of the ASD. In 
patients with a small left-to-right shunt and no right atrial 
or ventricular dilation, the ECG is normal. With a signifi- 
cant left-to-right shunt, an rSR' pattern occurs in the right 
precordial leads indicating right ventricular volume overload 
(Fig. 28.6). There often is slight prolongation of the QRS 
complex with slurring of the terminal R', and the terminal 
forces are directed to the right, superiorly and anteriorly. 
Other features include right axis deviation and tall P waves 
reflecting right atrial enlargement. In almost 50% of patients 



Figure 28.6. ECG in a 4-year-old patient with large secundum ASD showing rSR' pattern in lead VI and V2 and 
terminal widening on S in lead V6 indicating right ventricular volume overload. 
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with sinus venosus ASD, a frontal plane P wave axis of <30 
degrees is seen (4). In most patients with ASD, the frontal 
plane QRS axis is between +95 and +170 degrees. Ostium 
primum ASD can be distinguished from other forms of 
ASDs by the presence of a counterclockwise loop and left 
axis deviation. Rhythm usually is sinus in children. However, 
older patients, usually beyond the third decade of life, can 
have junctional rhythm or atrial arrhythmias such as atrial 
fibrillation or flutter (28). With the advent of pulmonary 
hypertension, the rSR’ pattern in the right precordial leads 
is replaced by Q waves and tall monophasic R waves with 
deeply inverted T waves. 

Electrophysiologic studies have demonstrated a significant 
age-related incidence of sinus node dysfunction that may begin 
in early childhood (29,30). These patients have prolonged cor- 
rected sinus node recovery times and sinoatrial conduction 
times (31). However, these findings are not significant clini- 
cally and the resting and ambulatory ECGs in these patients 
are normal. AV node dysfunction is less common than sinus 
node dysfunction. Electrophysiologic studies in such cases 
show a prolonged A-H interval or an AV node Wenckebach 
periodicity at slow atrial pacing rates. First-degree AV block 
can occur in older individuals as a result of intraatrial H-V 
conduction delay and in patients with a rare autosomal domi- 
nant form of secundum ASDs (16). 

Chest X-Ray 

A small shunt across the ASD generally results in a normal- 
appearing chest x-ray. Cardiomegaly, due to right atrial and 
right ventricular enlargement, and increased pulmonary vas- 
cular markings extending to the periphery are seen in patients 
with significant shunts. (Fig. 28.7). The dilated right ventricle 
occupies the apex and forms an acute angulation with the left 
hemidiaphragm in the anteroposterior projection and oblit- 
erates the retrosternal space in the lateral view. Dilation of 
the right ventricular outflow tract may cause smooth continu- 
ity with the enlarged main pulmonary artery. The proximal 
branch pulmonary arteries, especially the right pulmonary 



Figure 28.7. Chest x-ray of a 5-year-old patient with a sinus 
venosus ASD. The x-ray shows cardiomegaly with right atrial 
prominence, increased pulmonary vascular markings, and 
prominent main pulmonary artery. 


artery, also are dilated. The left atrial and left ventricular 
sizes are normal. If pulmonary hypertension develops, the 
increased peripheral pulmonary arterial vascularity is replaced 
by oligemic lung fields. 

Echocardiogram 

The echocardiogram is instrumental in defining the type of 
ASD, its size, the degree of shunting, its effect on the right- 
sided chambers of the heart, associated lesions, and estima- 
tions of right ventricular pressure. These echocardiographic 
findings help in determining the appropriate intervention. 

Transthoracic Imaging 

Two-Dimensional Imaging and M-Mode 

An ASD can be visualized from the subcostal, parasternal, and 
apical views. Subcostal views provide the best profile of the 
atrial septum since the ultrasound beam is perpendicular to 
it. However, subcostal windows may be suboptimal in older 
or obese patients. In apical views, a “drop-out” may be seen 
in the thin septal region of the fossa ovalis since the ultra- 
sound beam is parallel to it. This can give a false appearance of 
an ASD. 

The type of ASD can be determined by defining its loca- 
tion. PFO and secundum ASDs are located in the region of 
fossa ovalis, that is, the midatrial septal region (Fig. 28.8). 
A PFO is guarded by a flap valve on the left side and limbus 
of fossa ovalis to the right. A PFO can be differentiated from 
a secundum ASD by this overlap of septal tissue. Ostium 
primum ASDs are located between the anteroinferior margin 
of the fossa ovalis and AV valves. Sinus venosus defects are 
seen superiorly at the junction of SVC with the right atrium 
(Fig. 28.9). These defects are best seen from the subcostal 
short-axis or high right parasternal views as a communica- 
tion between the atria where the right upper pulmonary vein 
and SVC are usually seen. The right pulmonary artery is seen 
in cross-section immediately above the ASD. Subcostal long- 
axis and parasternal short-axis views are useful in evaluating 
sinus venosus ASDs of the right atrial type which appear 
as a posteroinferior atrial defect with a deficient posterior 
margin (Fig. 28.9). Anomalous drainage of right middle and 
lower pulmonary vein can be seen best in the parasternal 
short-axis view. For CS defects, a large ostium of the CS is 
seen as an inferior interatrial communication, just above and 
anterior to the entry of IVC into the right atrium. Absence 
of the CS indicates complete unroofing. In partial unroofing, 
parts of the wall between the CS and the left atrium can be 
identified. 

The enlarged right atrium, right ventricle, and pulmonary 
arteries also are seen on 2-D imaging. The volume-overloaded 
right ventricle causes diastolic flattening and paradoxical 
motion of the interventricular septum (Fig. 28.10). Associated 
anomalies such as pulmonary stenosis, mitral valve prolapse, 
and anomalous pulmonary venous return also should be eval- 
uated using 2-D imaging. M-mode imaging of the ventricles 
will show an enlarged right ventricle and paradoxical septal 
motion (Fig. 28.10). 

Doppler 

Using color Doppler, one can visualize the shunt across the 
ASD (Fig. 28.8). This shunt usually is left-to-right, but in 
patients with elevated pulmonary artery pressure, a bidirec- 
tional shunt or a right-to-left shunt can be seen. Pulsed-wave 
Doppler shows interatrial shunting in late systole and early 
diastole. Since the pressure gradient across the atrial septum 
is minimal when these defects are nonrestrictive, low-velocity 
flow is noted using Doppler. Commonly, a qualitative 


CHAPTER 28 ■ Atrial Septal Defects 679 




Figure 28.8. Echocardiography delineation of defects in the region of fossa ovalis. A: Subcostal sagittal view 
showing a PFO (arrow), with a flap valve noted on the left atrial side and the limbus of fossa ovalis on the right 
atrial side. B: Subcostal coronal view showing a large secundum ASD with well-defined rims. C: Color Doppler 
showing a left-to-right shunt across the ASD. D: A pulsed-wave Doppler showing a left-to-right shunt across the 
ASD with phasic changes. LA, left atrium; RA, right atrium. 


assessment of the shunt across the ASD is done by direct 
visualization of the shunt using color Doppler and its effect 
on the right-sided cardiac chambers. However, a quantita- 
tive assessment of the pulmonary to systemic blood flow ratio 
(Q P :Q S ) also can be made. For this, the time velocity integrals 
obtained by tracing the pulsed-wave Doppler of pulmonary 
and aortic outflow are multiplied by the area of pulmonary 
and aortic valve, respectively. This has been shown to have 
a close correlation with the Q p :Q s measured invasively by 
oximetry during cardiac catheterization (32). Presence of 
right ventricular outflow tract obstruction, semilunar valve 
insufficiency, and patent ductus arteriosus limit the use of this 
method (33). 

A large left-to-right shunt may result in a flow-related 
peak gradient of as much as 30 mmHg across the pulmonary 
valve. However, with higher gradients, one must suspect 
associated pulmonary valvular stenosis. Progressive tricus- 
pid regurgitation resulting from tricuspid annular dilation 
and lack of coaptation of leaflets can be seen with significant 
right ventricular dilation. Doppler assessment for estimating 
pulmonary artery pressure can be performed by measuring 
the tricuspid and pulmonary regurgitant jets and applying 
the modified Bernoulli equation to calculate transvalve gra- 
dients and adding estimated right atrial pressure and right 
ventricular end-diastolic pressure, respectively. Development 
of pulmonary hypertension results in worsening of tricus- 
pid and pulmonary regurgitation. In addition, the main 
and proximal pulmonary arteries further dilate. The right 


ventricle becomes hypertrophied, and its systolic function 
starts deteriorating. 


Transesophageal Echocardiography 

A transesophageal echocardiogram (TEE) is useful for evalu- 
ation of ASD when transthoracic images are inconclusive due 
to poor windows or unusual location of the defect. TEE can be 
particularly useful to detect a sinus venosus ASD, which eas- 
ily can be missed using transthoracic imaging. In addition, it 
frequently is used as a monitoring adjunct for operative and 
percutaneous closure of ASD. Due to the close proximity of the 
transducer to the cardiac structures, transesophageal imaging 
allows better spatial resolution and superior images of the atrial 
septum compared with transthoracic imaging (Fig. 28.11). 

Contrast Echocardiography 

Intravenous contrast using injection of agitated saline during 
transthoracic or transesophageal echocardiographic imaging 
can be used to confirm the shunting across an ASD or PFO. A 
left-to-right shunt is seen as a negative contrast washout into the 
right atrium, when the right atrium is opacified with contrast. A 
right-to-left shunt is detected by the presence of microbubbles in 
the left atrium and ventricle, and this effect can be augmented by 
performing a simultaneous Valsalva maneuver. In the presence of 
an unroofed CS, injection of contrast in the left arm will result in 
microbubbles in the left atrium before it opacifies the right atrium. 
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Figure 28.9. Echocardiography of sinus venosus defects: A: Subcostal sagittal view showing the SVC-type sinus 
venosus defect. The defect ( asterisk ) is cranial to the superior limbic band of fossa ovalis and is in communication 
with the cardiac end of SVC. B: Color Doppler image of the same defect shows the blood directed from LA to 
RA via the left atrial orifice of the right upper pulmonary vein and the sinus venosus defect. C: Subcostal coronal 
view showing the SVC-type sinus venosus defect [asterisk), the superior limbic band of fossa ovalis (arrow), and 
orifice of the right upper pulmonary vein (RUPV). D: Subcostal coronal views of right atrial type of sinus venosus 
defect (asterisk) showing a large defect in the posterior right atrial wall. IVC, inferior vena cava; LA, left atrium; 
RA, right atrium; RPA, right pulmonary artery. 
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Figure 28*10. Severe right atrial (RA) and right ventricular (RV) dilation seen in a patient with large secundum 
ASD: A: apical view; B: Parasternal long-axis view; C: Short-axis view. D: M mode showing RV dilation and 
paradoxical motion of the interventricular septum. 


Three-Dimensional Echocardiography 

Imaging the ASD using 2-D echocardiography is based on 
limited number of orthogonal planes and could result in 
underestimation of the size of the ASD and its surrounding 
rims. With the availability of real-time 3-D echocardiography, 
an en face view of the entire atrial septum can be obtained, 
thus allowing better morphologic delineation of the ASD and 
its surrounding structures (34). This information is helpful in 
determining whether or not closure of the ASD can be accom- 
plished with a transcatheter device (35). Furthermore, 3-D 
transesophageal echo now is being used not only to delineate 
anatomic features of ASD but also for guiding device closure 
during the procedure (Fig. 28.12) (36-38). 


Intracardiac Echocardiography 

Intracardiac echocardiography using an ultrasound catheter has 
been shown to be a safe alternative to transesophageal echocar- 
diography for assisting in device closure of ASDs (39-42). It 
provides excellent 2-D and color-Doppler imaging of the intera- 
trial septum and the surrounding structures. This technique has 
the advantage of eliminating the need for general anesthesia 


and additional personnel to perform transesophageal echocar- 
diography. However, due to the large size of the sheath required 
to insert the catheter, its use in smaller children is limited (42). 


Cardiac Catheterization 

In the current era cardiac catheterization seldom is indicated 
for diagnosis of ASDs unless pulmonary vascular disease is sus- 
pected. Angiography can be helpful in diagnosing associated 
lesions such as partial anomalous pulmonary venous return 
or mitral stenosis. During catheterization, a step-up in oxygen 
saturations in the right atrium will be noted in the presence of 
an atrial level left-to-right shunt. An increase in saturations 
of 10% or more from SVC and IVC in a single blood sample 
series or an increase of 5% in two series indicates the presence 
of an atrial level shunt. Similar results also can be obtained in 
the presence of a left ventricle to right atrial shunt, a ventricu- 
lar septal defect-related tricuspid insufficiency, AVSDs, sys- 
temic arteriovenous fistula, or anomalous pulmonary venous 
return to the right atrium. Detection of a CS type of ASD 
can be challenging. Continuous oximetry using a fiberoptic 
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Figure 28.11. A: TEE showing a large secundum ASD (asterisk). B: Amplatzer septal occluder used to close the 
atrial septal defect (arrow). LA, left atrium; RA, right atrium; RV, right ventricle. 


catheter pull-back in the CS has been employed to diagnosis a 
left-to-right shunting across such ASDs (43). 

Q p :Q s can be calculated using the standard Fick equation or 
indicator dilution technique. In the absence of any other major 
cardiac anomalies, the presence of a small left-to-right shunt 
(Q P : Qs < 1.5) is considered hemodynamically insignificant. 
When the Q p :Q s is >1.5, the shunt is considered significant. 

Direct measurement of intracardiac and pulmonary artery 
pressure can be performed during catheterization, and pulmo- 
nary vascular resistance can be calculated. In the presence of 
a large defect, there is minimal gradient between the two atria 
and there can be a flow-related gradient across the pulmonary 
valve as high as 30 mm Hg. In cases of pulmonary hyperten- 
sion, acute response to pulmonary vasodilators such as nitric 
oxide and oxygen generally has been used to assess the revers- 
ibility and make decisions regarding closure. 

Angiography just outside the orifice of right upper pulmo- 
nary vein in a cranially angulated left anterior oblique projec- 



tion is ideal for optimal visualization of location of the ASD 
(44). Injection into the main pulmonary artery will demonstrate 
pulmonary venous anatomy and shunt across the atrial septum, 
but is not ideal for determining the size and location of the ASD. 
A CS type of ASD can be diagnosed by injecting contrast selec- 
tively into the left SVC, pulmonary vein, or left atrium (45). 


Other Imaging Modalities: CT/MRI 

If the findings on echocardiography are uncertain, computer- 
ized tomography (CT) or magnetic resonance imaging (MRI) 
can be used to define the anatomy of an ASD and its influence 
on the right-sided cardiac chambers and associated anoma- 
lies (Fig. 28.13) (46,47). Both CT and MRI also have been 
used to define the CS type of ASD, which can be particularly 
challenging to recognize using routine echocardiography (48). 
Multislice CT has a high spatial and temporal resolution and 



Figure 28.12. Three-Dimensional transesophageal echocardiogram. A: Right atrial view of secundum ASD. 
B: Left atrial view of secundum ASD. IVC, inferior vena cava; SVC, superior vena cava. (From Pushparajah K, 
Miller OI, Simpson JM. 3D echocardiography of the atrial septum: anatomical features and landmarks for the 
echocardiographer. ]ACC Cardiovasc Imaging. 2010;3:981-984, with permission). 
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Figure 28.13. A: Gadolinium-enhanced magnetic resonance 
angiogram showing anomalous drainage of right upper and 
middle pulmonary veins (arrows) into the SVC. B: Bright blood 
image in axial plane showing drainage of right upper pulmo- 
nary vein ( asterisk ) to the SVC. C: Bright blood image showing 
a sinus venosus defect (asterisk). AA, ascending aorta; LA, left 
atrium; RA, right atrium; RPA, right pulmonary artery. 


multiplanar reconstruction capabilities to characterize ASDs 
and pulmonary venous anomalies, though at the cost of radia- 
tion exposure (49). MRI is being used increasingly in adults 
since the transthoracic echocardiographic images can be quite 
limited. MRI has been shown to have a good correlation with 
TEE in assessing the size and rims of the defect (47). Velocity- 
encoded, phase-difference MRI measurements of flow in the 
proximal great vessels has been used to noninvasively measure 
Q p ‘-Qs with results comparable to those obtained by oximetry 
and indicator dilution techniques (50). 

Exercise Testing 

Even though most patients with ASD are asymptomatic, their 
exercise capacity may be decreased. Closure of an ASD may 
improve exercise capacity in adults who were asymptomatic 
or mildly symptomatic prior to closure (51). Exercise capacity 
is uniformly low in patients with ASD and pulmonary hyper- 
tension. In cases where the symptoms are discordant with the 
clinical findings, it can be useful to document the exercise 
capacity. Exercise testing can be helpful in documenting oxy- 
gen saturations during exertion in patients with pulmonary 
hypertension, though maximal exercise is not recommended in 
the presence of severe pulmonary hypertension (52). 

Natural History of ASDs 

While secundum ASDs can spontaneously close over time, 
other types of ASDs do not. In a report on the natural his- 
tory of unrepaired ASD, Campbell (53) noted that the 
mean age of death was 37.5 ± 4.5 years with 75% dying by 
50 years and 90% dying by 60 years of age. This was in 
the era prior to echocardiography where reports regarding 
outcome of ASDs obviously were skewed toward clinically 
recognizable defects. Since the advent of echocardiography, 
it is possible to report data from serial echocardiographic 
evaluations estimating the change in the size of the defect 
and the rate of spontaneous closure (54-56). In general, most 
defects <5 mm that were recognized during infancy are likely 


to spontaneously close, while those larger than 8 to 10 mm 
are unlikely to do so. 

In a report of 30 children with secundum ASDs (mean age 
at diagnosis 1.3 years) that were considered hemodynamically 
insignificant during infancy, Brassard et al. (57) noted that 
17 children had spontaneous closure of the defect at a mean age 
of 8.4 years. In seven asymptomatic patients, the defect size was 
1 to 6 mm at a mean follow-up of 13.2 years. In the remain- 
ing six patients, the defect had become larger and closure was 
performed since the patients were symptomatic or the defect 
was determined to be hemodynamically significant (57). Radzik 
et al. (58) evaluated the predictive factors for spontaneous clo- 
sure of ASDs diagnosed in infants <3 months. They reported that 
the frequency and timing of closure were inversely related to the 
diameter of the ASD. At a mean follow-up of about 14 months, 
spontaneous closure occurred in all the defects that were <3 mm 
at diagnosis, in 87% of defects that were 3 to 5 mm, in 80% 
of defects that were 5 to 8 mm, and in none of the defects that 
were >8 mm. In a longitudinal study of 200 children with iso- 
lated secundum ASDs diagnosed at a median age of 5 months, 
Hanslik et al. (59) reported spontaneous closure in 34% and 
a decrease in size to <3 mm in another 28%. ASD diameter 
and age at diagnosis were noted to be independent predictors 
of spontaneous closure or regression to <3mm defect size. None 
of the ASDs >10 mm at diagnosis closed spontaneously (59). 
In contrast to the above studies, a study by McMahon et al. 
(60) of 104 patients with isolated secundum ASDs reported that 
the diameter of ASDs increased in 65% of their cohort, with 
a >50% increase in 30% of their patients. Spontaneous clo- 
sure occurred in only 4%, and 12% reached a size of >20 mm. 
The mean age at diagnosis in this study was much older (4.5 
years, range 0.1 to 71 years) than in the previously mentioned 
studies, and the mean interval between echocardiograms was 
3.1 years (0.7 to 8.1 years), which may contribute to the differ- 
ences reported in the natural history of secundum ASDs (60). 

Pulmonary vascular obstructive disease may develop in 
patients with large left-to-right shunts during adulthood, 
though it occurs much later with ASDs compared to high- 
pressure left-to-right shunts such as ventricular septal defects 
or patent ductus arteriosus. According to Craig and Selzer (3), 
young adults with ASD have about a 14% chance of devel- 
oping progressive pulmonary hypertension. Eventually, when 
there is reversal of the left-to-right shunt, these patients become 
progressively cyanotic and symptomatic. They eventually die 
of cardiac failure or pulmonary artery thrombosis (3). Their 
pulmonary vascular disease usually is progressive and becomes 
irreversible. Acute response to vasodilators during cardiac 
catheterization is helpful to determine reversibility, though 
some cases may still fall into an indeterminate zone where it 
is difficult to differentiate between a reversible and an irrevers- 
ible state. In patients with advanced pulmonary vascular dis- 
ease, closure of the ASD can result in further deterioration of 
the patient and decreased survival compared to patients with 
unrepaired ASDs (61). In most of these patients there is right 
ventricular failure, and the right-to-left shunt across the ASD 
provides increased cardiac output albeit at the cost of cyanosis. 

Chronic volume overload, elevated pulmonary artery pres- 
sures, ventricular dysfunction, and AV valve regurgitation can 
contribute to atrial stretching, which in turn predisposes to 
atrial arrhythmias. Late in the natural history of ASDs, atrial 
arrhythmias in the form of atrial fibrillation, flutter, or less 
commonly, paroxysmal supraventricular tachycardia contrib- 
ute to morbidity and mortality. 

Management 

Most children with an ASD are asymptomatic. In rare cases 
when they are symptomatic, anticongestive therapy with diu- 
retics may be indicated until closure is accomplished. Closure 
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of an ASD is indicated if there is a large shunt, that is, Q p :Q s 
>1.5. Other indicators of a large shunt include a diastolic 
flow rumble in the tricuspid area, ECG evidence of right ven- 
tricular hypertrophy, chest x-ray evidence of cardiomegaly or 
increased pulmonary vascular markings, or echocardiographic 
evidence of right ventricular enlargement and/or paradoxi- 
cal septal motion (62). In asymptomatic patients with a large 
shunt, elective closure between 2 and 5 years of age is recom- 
mended (62). Even though most children with large defects 
may be asymptomatic, elective closure is recommended to 
prevent long-term complications such as atrial arrhythmias, 
paradoxical embolism, pulmonary hypertension, severe right 
ventricular dilation and dysfunction with overt symptoms 
of congestive heart failure, and hemodynamically significant 
mitral and tricuspid insufficiency. If large ASDs are identified 
later in life, it is important to have evidence of pulmonary 
vascular reactivity and a net left-to-right shunt prior to con- 
sidering closure. Those with irreversible pulmonary hyperten- 
sion are not candidates for ASD closure and warrant medical 
therapy for treatment of pulmonary hypertension. 

Closure of small defects without any right-sided car- 
diac enlargement is controversial. While these patients may 
remain asymptomatic well into their fourth and fifth decades 
of life, there is concern about increase of the left-to-right 
shunt at an older age due to reduced left ventricular compli- 
ance as a result of CAD, systemic hypertension, or valvu- 
lar disease (52). Routine follow-up of these patients during 
adulthood should include assessment for atrial arrhythmias 
and paradoxical embolic events and an echocardiogram 
every 2 to 3 years to evaluate right atrial and ventricular size 
and pressures (52). 

Although closure of secundum ASDs can be performed with 
percutaneous devices or surgically, surgical closure is the only 
option for sinus venosus, CS, and primum ASDs. ASDs with 
multiple fenestrations and atrial septal aneurysm (ASA) require 
careful evaluation before proceeding with device closure. 

Secundum ASDs 

Surgical Closure: Surgical closure of an ASD was first per- 
formed by Murray in 1948 using an external suture technique 
without directly visualizing the defect. With development of 
the pump oxygenator, in 1953 Gibbon performed closure of 
ASD using the open technique that allowed complete visu- 
alization of the defect. For small to moderate ASDs direct 
suture closure can be accomplished. If the ASD is too large 
to allow direct suture closure, patch closure is performed. Use 
of autologous pericardial patch has eliminated the need to 
use prosthetic material, thereby theoretically, minimizing the 
risks of thromboembolism and endocarditis. In adult patients 
with atrial arrhythmias, a concomitant Maze procedure can be 
performed. Conventionally, median sternotomy approach has 
been used for surgical repair of ASD. More recently, partial 


lower sternotomy has been used particularly in children below 
3 years of age (63,64). 

Surgical mortality and morbidity for secundum ASDs with 
normal pulmonary vascular resistance are negligible. The 
majority of patients who had closure of secundum ASDs dur- 
ing childhood have had an uncomplicated course with a nor- 
mal cardiac rhythm and exercise capacity. Rarely, there may 
be inadvertent attachment of the eustachian valve to the atrial 
septum, thereby diverting blood from inferior vena cava to 
the left atrium and causing a right-to-left shunt, necessitating 
surgical reintervention. 

The long-term outcome following surgical repair of ASD 
primarily depends on the age at surgery and pulmonary 
artery pressures prior to surgery. Several investigators have 
reported the outcome in patients with pulmonary hyperten- 
sion who have undergone surgical closure of ASD. In 1960, 
Rahimtoola et al. (65) reported that the outcome in those 
who had a peak pulmonary artery pressure of more than 60 
mm Hg is poor. In 1973, Dave et al. (66) reported that surgi- 
cal outcome is adversely affected when the mean pulmonary 
artery pressure was more than 40 mm Hg. In 1987, Steele et 
al (25) reported that in patients with pulmonary hypertension, 
total pulmonary resistance, pulmonary arteriolar resistance, 
pulmonary-to-systemic resistance ratio, and systemic and 
pulmonary arterial oxygen saturation were all predictors of 
surgical outcome, with total pulmonary resistance being the 
best one. In 1990, Murphy et al. reported the long-term post- 
operative outcomes of 123 patients at Mayo Clinic between 
1956 and 1960 who had surgical repair of secundum or 
sinus venosus ASDs. The overall 30-year actuarial survival 
rate among survivors of the perioperative period was 74%, 
compared to 85% among age- and sex-matched controls 
(67). The late survival in patients undergoing surgery below 
24 years of age was similar to that of the control population. 
However, survival is significantly decreased in those repaired 
between 25 and 41 years when compared to the controls (84% 
and 91%, respectively). There was a further decline in late 
survival in those repaired after 41 years of age to 40% versus 
59% in controls (67). Independent predictors for long-term 
survival were younger ages at operation and lower preopera- 
tive pulmonary artery systolic pressures (67). Late repair was 
associated with significant morbidity including atrial fibrilla- 
tion, stroke, and cardiac failure. 

Device Closure 

Transcatheter device closure of secundum ASDs has signifi- 
cantly altered the management of ASDs. The first transcatheter 
device closure was reported by King et al. (68) in 1976. Fol- 
lowing that, several modifications in devices as well as delivery 
systems have been made. Various devices such as Amplatzer 
septal occluder, CardioSEAL, Gore HELEX septal occluder, 



Figure 28.14. Various devices used for transcatheter closure of ASD. A: Amplatzer septal occluder (Illustration 
courtesy of AGA Medical Corp.). B: Gore Helix septal occluder (Illustration courtesy of W.L. Gore & Associ- 
ates, Inc). C: CardioSEAL device. D: BioSTAR device. (Illustrations C and D courtesy of NMT Medical, Inc.) 
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Clamshell occluder, Sideris Buttoned device, Das-Angel Wings 
occlusion device, and BioSTAR are now available (Fig. 28.14). 
The Amplatzer septal occluder is currently the most widely 
used device. Some of the advantages of this device include 
relatively easy deployment, easy retrievability (until released 
from the delivery system), ability to close large defects, and 
the relatively larger left atrial disc to close additional atrial 
fenestrations. 

While device closure has proven to be technically safe and 
feasible and has the obvious advantage of being a nonsurgical 
technique, it is not free of complications. These complications 
include fracture or embolization of the device, device malalign- 
ment, residual shunts, device thrombosis, and impingement of 
adjacent structures such as valves, SVC, CS, pulmonary veins, 
or aorta (69-71). Also, long-term problems such as late ero- 
sion of the atrial wall or aorta, inaccessibility of the left atrium 
if needed, and artifact during MRI can be encountered (72). 
A partially biodegradable device (BioSTAR) made of collagen 
discs and metallic arm and rings has been developed to over- 
come some of these problems. This device has been used in 
Europe since 2006 for PFO and ASD closure (73). The closure 
rates are comparable to the Amplatzer device with very little 
foreign material left over at 6 months’ follow-up (74). A fully 
absorbable transcatheter device (BioTREK) is currently under- 
going experimental trials. 

In the current era of ASD device closure, several studies 
have evaluated outcomes of ASD closure using this technique 
in patients with pulmonary hypertension. In 2008, Balint et al. 
(75) reported the outcome of device closure of ASD with mod- 
erate or severe pulmonary arterial hypertension. They noted 
that at a mean follow-up of 31 months, although there was 
a decrease in the mean right ventricular systolic pressures as 
determined by echocardiography, it normalized in only 44%, 
while 15% had persistence of severe pulmonary hypertension. 
In 2009, Yong et al. (76) reported a longitudinal study evalu- 
ating pulmonary hypertension in 215 adults with attempted 
device closure of ASDs. Independent predictors of moderate 
or severe pulmonary hypertension were older age, larger ASD, 
female sex, and presence of at least moderate tricuspid regur- 
gitation (76). Among patients with moderate or severe pulmo- 
nary hypertension, independent predictors of normalization 
of pulmonary pressure were lower baseline pulmonary artery 
pressure and no more than mild tricuspid regurgitation (76). 
In a study of 236 adults who had device closure of ASD at a 
mean age of 49 ± 18 years, Humenberger et al. (77) found 
that ASD closure at any age was followed by improvement 
in symptoms and decrease in pulmonary artery pressures and 
right ventricular size, but the best outcome was in patients 
with less functional impairment and lower baseline pulmonary 
artery pressures. These studies indicate that, similar to surgi- 
cal closure of ASDs, the outcome following device closure is 
influenced by age at closure and the presence of pulmonary 
hypertension. 

Sinus Venosus ASD 

In the rare case where the sinus venosus ASD is not associated 
with anomalous pulmonary venous return, an autologous 
pericardial patch closure of the ASD is performed. However, 
in more than 90% of cases, anomalous pulmonary venous 
return to the SVC is present. In such cases, surgical correc- 
tion involves closure of ASD and redirection of anomalous 
pulmonary veins into the left atrium. While the surgery for 
superior, posterior, and inferior sinus venous ASD with anom- 
alous veins draining directly into the right atrium is associated 
with minimal complications, that for anomalous pulmonary 
veins connected to SVC is complex and can be associated with 
long-term complications such as obstruction of the pulmo- 
nary vein orifice, SVC stenosis, sinus node dysfunction, and 


atrial arrhythmias, including atrial flutter or atrial fibrillation 
depending on the surgical technique used. In the intracaval 
baffle technique the anomalous pulmonary venous return 
is redirected through the sinus venosus defect by baffling 
these structures with a pericardial or synthetic patch with or 
without performing a patch cavoplasty as needed (78). The 
transcaval technique uses a lateral incision in the SVC and a 
single-patch closure of the ASD along with baffling of anoma- 
lous pulmonary veins into the left atrium (79). When the right 
pulmonary venous insertion into the SVC is high (more than 
2 cm above the atriocaval junction), the Warden procedure 
is used, in which the SVC is transected above the site of the 
anomalous pulmonary veins and connected to the right atrial 
appendage. The cardiac end of the SVC along with the anom- 
alous pulmonary venous flow is baffled into the left atrium 
with a patch (80). 

Coronary Sinus ASD 

In a partially unroofed CS defect, repair can be performed 
using a roofing procedure (81). If there is redundant tissue, 
primary closure of the defect can be performed. If that is not 
feasible, a roof can be created using a pericardial patch. 

Most cases of CS ASD are associated with a left SVC which 
is dealt with on its own merits. If the left SVC is small and 
there is a bridging vein, it can be ligated. If it is large and is 
the only source of systemic venous drainage from the head and 
upper extremities, an intraatrial baffle can be performed. 

Management Issues During Follow-Up 

Patients who had surgical closure of ASD during childhood 
have an excellent outcome. In general, they have decrease in or 
resolution of preoperative symptoms, an increase in exercise 
capacity, and are free of significant cardiac rhythm abnormali- 
ties. However, the outcome in those who had surgery during 
adulthood is significantly different due to pulmonary hyper- 
tension, atrial arrhythmias, and cardiac failure. Device closure 
is also associated with early and long-term complications as 
mentioned above which warrant long-term surveillance. Spe- 
cific issues that need attention during follow-up are discussed 
below. 

Postpericardiotomy Syndrome 

During the first few weeks postoperatively, patients may 
present with fever, chest pain, abdominal pain, emesis, and 
fatigue. These symptoms should alert one to the diagnosis of 
postpericardiotomy syndrome, and an echocardiogram should 
be performed to exclude pericardial effusion and cardiac tam- 
ponade. 

Pulmonary Hypertension 

It is well established that the outcome of patients with repaired 
or unrepaired ASD and pulmonary hypertension is not favora- 
ble compared to those with normal pulmonary artery pressure. 
Despite closure of the defect, pulmonary vascular disease may 
progress in some patients. Therefore, periodic surveillance 
along with serial Doppler echocardiograms is recommended 
to estimate pulmonary artery pressures. Medical therapy using 
pulmonary vasodilators should be instituted if indicated. 

Atrial Arrhythmias 

Atrial fibrillation and flutter are uncommon in patients with 
ASD before the age of 40 years with a prevalence of <1% (82). 
Beyond 40 years of age, the prevalence increases significantly 
compared to that of the general population: 15% and 61% at 
40 to 60 years and beyond 60 years, respectively (82). Patients 
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with atrial arrhythmias also are more likely to have higher 
pulmonary artery pressures and worse functional class (83). 
Patients older than 40 years at the time of ASD closure are 
more likely to have new-onset atrial arrhythmias. Those with 
atrial arrhythmias before and soon after ASD closure are more 
likely to have persistent arrhythmias (83). In patients predis- 
posed to atrial arrhythmias, periodic follow-up with ECG and 
Holter monitoring is recommended. Atrial arrhythmias should 
be appropriately treated to restore and maintain sinus rhythm. 
If sinus rhythm cannot be restored with medical or interven- 
tional means, then rate control and anticoagulation are recom- 
mended (52). 

Right Atrial and Ventricular Size and Function 

Following ASD closure, there is regression of right atrial and 
ventricular size in the majority of patients, irrespective of the 
technique used for closure (46,84). Most of the regression 
occurs within the first year following closure (85). While sig- 
nificant changes in the right atrial size may not be observed 
acutely, that too decreases over time (86). Regression in 
right heart size is less in patients repaired at an older age 
and in those with pulmonary hypertension. Right ventricu- 
lar systolic function is normal to hyperdynamic in those with 
unrepaired ASDs, but chronic volume overload can result in 
reduced right ventricular systolic and diastolic dysfunction in 
adults, which may or may not improve following closure of 
the defect. 

Left Ventricular Function 

Although earlier reports indicated that left ventricular func- 
tion was normal in patients with ASD, there is now evidence 
that both systolic and diastolic function can be influenced 
adversely by severe chronic right ventricular volume overload 
(87-89). Therefore, monitoring of both right and left ventricu- 
lar function during follow-up is advisable. 

Mitral Regurgitation 

Patients with ASD may develop mitral valve prolapse and 
insufficiency, presumably from leftward shifting of the ventric- 
ular septum due to an enlarged right ventricle (90). This may 
persist after successful closure of the defect (90,91). While the 
etiology of mitral regurgitation has been ascribed to mechani- 
cal ventricular dysfunction, the valve itself often is noted to 
be morphologically abnormal with myxomatous changes and 
prolapse (92). 

Bacterial Endocarditis 

Patients with isolated ASDs are not predisposed to endocarditis 
unless there is an associated valvular lesion such as cleft mitral 
valve with mitral valve regurgitation. There are rare reports 
of bacterial endocarditis following uncomplicated surgical or 
device closure of ASD. Endothelialization of prosthetic mate- 
rial or devices usually occurs within the first 6 months after the 
procedure. Therefore, antibiotic prophylaxis is recommended 
for the first 6 months following such a procedure and is then 
discontinued (93). 

ASD in Adults 

ASD is the most common congenital heart disease in adults 
accounting for up to 30% of congenital heart defects in this 
age-group. Patients with ASD may survive into adulthood 
without being diagnosed. Although many come to attention 
due to abnormal physical findings, chest x-ray, or ECG, some 
may present with a cerebrovascular event due to paradoxical 
embolism or signs and symptoms related to cardiac failure, 


arrhythmias, or pulmonary hypertension. Dyspnea on exer- 
tion is the most prevailing symptom present in symptomatic 
adults with ASD. Other symptoms include fatigue, palpita- 
tions, and rarely, chest pain (3). The development of these 
symptoms can be attributed to multiple factors. In older 
patients, left ventricular compliance may be reduced due to 
systemic hypertension or CAD, which in turn increases the 
left-to-right shunt across the ASD. Chronic right ventricular 
volume overload ultimately results in right ventricular fail- 
ure and progressive tricuspid valve insufficiency. Survival into 
adulthood is quite common with infrequent deaths during 
the first two decades of life. Symptoms of progressive pulmo- 
nary hypertension can begin in the third decade. The mortal- 
ity rate is significant after the fourth decade, around 6% per 
year (53). 

Adults who had surgical repair of secundum ASDs during 
childhood are usually symptom free, but rarely can have atrial 
arrhythmias and sick sinus syndrome (94). When surgery is 
performed in adults, the outcome primarily depends on the 
age at repair and the pulmonary artery pressures. Konstan- 
tinides et al. (95) compared outcomes of 179 patients >40 
years with secundum ASD who were treated either medically 
or surgically. The 10-year survival in the medically managed 
group was 84% compared to 95% in surgically managed 
group. The functional status of one-third of the medically 
managed patients deteriorated, but improved in those who 
had surgical repair, though the incidence of atrial arrhythmias 
and cerebrovascular events was similar in both groups (95). 
Horvath et al. (96) reported early and long-term follow-up 
of surgical repair of secundum and sinus venosus ASDs in 
166 adults repaired at Brigham and Women’s Hospital at a 
mean age of 44 years. The 5- and 10-year survival rates were 
98% and 94%, respectively. There were two operative deaths 
and six late deaths. Those with a systolic pulmonary artery 
pressure of >30 mm Hg had significantly higher late mortal- 
ity. St John Sutton et al. (97) reported patients who had sur- 
gical closure of ASD between 60 and 78 years. There was 
improved survival in patients discharged from the hospital 
following surgery compared to age- and sex-matched medi- 
cally treated controls. In this study, the majority of patients 
showed symptomatic improvement irrespective of preopera- 
tive pulmonary vascular resistance and functional class (97). 
Based on these studies and several others in the literature, 
there is general agreement that symptomatic adult patients 
improve after closure of ASD; the only contraindication for 
closure is severe pulmonary hypertension. There is some con- 
troversy over management of asymptomatic adults, but clo- 
sure can be performed with minimal risk with the advantage 
of reducing overload of right ventricle and progression of tri- 
cuspid insufficiency and in many cases reducing progression 
of pulmonary hypertension. Moreover, there is improvement 
in functional capacity even in asymptomatic patients follow- 
ing ASD closure (51). Given the low mortality and morbidity 
associated with closure of ASD within the first two decades of 
life, these patients have no cardiac restrictions and can have 
less frequent follow-up provided there is no cardiac rhythm 
or hemodynamic concerns. Patients repaired in their third 
decade and beyond require regular surveillance for atrial 
arrhythmias, cardiac failure, stroke, and pulmonary vascular 
disease(52,98). 

In general, pregnancy in patients with ASD is well tolerated 
as the increase in the left-to-right shunt across the atrial septum 
is balanced by the decrease in peripheral vascular resistance. 
Paradoxical embolism may occasionally occur unrelated to the 
size of the ASD. Pregnancy is not recommended in patients 
with ASD and severe pulmonary artery hypertension due to 
very high maternal and fetal mortalities (52). Such patients 
may develop arrhythmias, ventricular dysfunction, and pro- 
gressive pulmonary hypertension during pregnancy. 
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Atrial Septal Aneurysm 

An ASA is a saccular deformity of the atrial septum with a 
reported prevalence of 0.22% to 1.9% (99,100). Although 
in most cases the aneurysm is limited to the region of the 
fossa ovalis, it occasionally can involve the entire septum 
(Fig. 28.15D). ASA may protrude into the left or the right 
atrium or have a bidirectional excursion. Various classifica- 
tions of ASA based upon its excursion have been proposed 
(99,100). Hanley et al. (99) suggested diagnostic criteria for 
ASA based on transthoracic echocardiograms that include 
(a) protrusion of the aneurysm at least 15 mm beyond the 
plane of the atrial septum or when the atrial septum shows 
a phasic excursion of >15 mm during the cardiorespiratory 
cycle and (b) the base amplitude (width) of the aneurysm 
>15 mm. Although ASAs may occur in isolation, they com- 
monly are associated with congenital or acquired heart dis- 
ease. The most commonly associated cardiac lesion is ASD, 
though other lesions such as ventricular septal defects, pul- 
monary stenosis, patient ductus arteriosus, coarctation, and 
interrupted aortic arch can occur (101). ASAs also have been 
associated with atrial arrhythmias, AV valve prolapse, and sys- 
temic and pulmonary embolism (99). The association of ASA 
with cerebrovascular events, in particular cryptogenic strokes 
has been reported. The coexistence of a PFO with an ASA 
further increases the risk of stroke. The potential source of 
embolization in these cases could be a primary thrombus in 
the aneurysm or paradoxic embolization through interatrial 


shunting (102,103). TEE provides superior images for mor- 
phologic characterization of ASA. It also is helpful in defining 
interatrial shunting and the presence of multiple fenestrations 
and thrombi within the aneurysm (102,104). 

Management of patients with ASA and stroke includes 
medical therapy with aspirin or warfarin or closure by surgi- 
cal or transcatheter technique (105). 

Patent Foramen Ovale 

A PFO is a normal interatrial communication present in 
fetal life that persists in many adults (Fig. 28.15). Based on 
transesophageal echocardiography, it is present in up to 24% 
of healthy adults (106). A Mayo Clinic study based on 965 
autopsy specimens of human hearts reported the incidence and 
size of the PFO during the first 10 decades of life (107). While 
the overall incidence was 27.3%, it progressively declined with 
increasing age from 34.3% during the first three decades of life 
to 25.4% during the fourth through eighth decades and to 
20.2% during the 9th and 10th decades (107). Furthermore, 
the PFO size increased from a mean of 3.4 mm in the first 
decade to a mean of 5.8 mm in the 10th decade, likely due to 
stretching of the fossa ovalis over time. The incidence and size 
of PFO were reported to be similar in males and females (107). 

In the current era, transcatheter closure of PFOs is per- 
formed using a wide variety of devices such as Amplatzer, 
CardioSEAL-STARflex, Helex occluder, and BioSTAR, a new 




Figure 28.15. Patent foramen ovale. A: Right atrial view. B: Left atrial view. A white probe is seen between the 
limbus and valve (V) of the fossa ovalis and enters the left atrium (LA) through the ostium secundum (white 
arrow). C: Right atrial view. Atrial dilation has resulted in a valvular-incompetent PFO, that is, an acquired ASD 
(asterisk). D: Atrial septal aneurysm. Four-chamber view showing aneurysm of the fossa ovalis (arrows) bulging 
toward the right. LAA, left atrial appendage; VS, ventricular septum. (See Fig. 28.2 for other abbreviations.) 
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bioabsorbable implant (108,109). While the safety and effi- 
cacy of these devices has been reported in many studies, com- 
plications are similar to those with the devices used for ASD 
closure and include device embolization, hemopericardium, 
device thrombosis, residual shunts, and paroxysmal atrial 
fibrillation (108). 

PFO has been associated with cryptogenic strokes, tran- 
sient ischemic attacks, and migraine headaches (110). Sys- 
temic, noncerebral paradoxical embolism also rarely can 
occur in the form of myocardial infarction, renal infarction, 
or limb ischemia (111). The prevalence of PFO has been noted 
to be higher in patients with cerebrovascular events than in 
those without cerebral vascular events ranging from 40% to 
70%. Therefore, a potential etiologic role has been suggested. 
These patients have been treated with antithrombotic drugs 
like warfarin and aspirin, or closure has been performed to 
prevent future events (105,112,113). The recurrence of these 
events is not completely eliminated following surgical or tran- 
scatheter closure of PFO (113). Similar to studies in patients 
with stroke, some studies have reported relief of migraine with 
aura following closure of PFO (114-116). However, a recent 
population-based study of 1,100 stroke-free patients with self- 
reported migraines did not find any significant associations 
between PFO and migraine (117). Direct documentation of 
paradoxical embolization through the PFO resulting in cer- 
ebrovascular events obviously is challenging. Hence, the role 
of closure of PFO in such patients remains controversial. In 
the current era of device closure, there has been a dramatic 
increase in the rate of PFO closure in these patients in light 
of some observational studies reporting reduced incidence of 
recurrence. However, there are no randomized control trials as 
yet to prove the benefit of closing PFOs (105,118,119). 
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INTRODUCTION AND NOMENCLATURE DEMOGRAPHICS 


Atrioventricular septal defects (AVSDs) are a group of 
anomalies that share a defect of the atrioventricular (AV) sep- 
tum and abnormalities of the AV valves. The terms “AV canal 
defects” or “endocardial cushion defects” also describe these 
lesions but, for the purposes of this chapter, the term atrioven- 
tricular septal defect is used. These lesions are divided into par- 
tial and complete forms. In partial AVSD, a primum atrial septal 
defect (ASD) always is present and there are two distinct, but 
focally contiguous, right and left AV valve annuli. The left AV 
valve invariably is cleft. The complete form also includes a pri- 
mum ASD, but it is contiguous with an inlet ventricular septal 
defect (VSD), and the common AV valve has a single annulus. 
Similarly, the clinical manifestations and management of these 
patients depend on the extent and severity of the lesions present. 

Several classifications have been used to describe AVSDs. 
Transitional AVSD is a subtype of partial AVSD. This term is 
used when a partial AVSD also has a small inlet VSD that is 
partially occluded by dense chordal attachments to the ven- 
tricular septum. Intermediate AVSD is a subtype of complete 
AVSD that has distinct right and left AV valve orifices despite 
having only one common annulus. These separate orifices are 
referred to as right and left AV valve orifices rather than tri- 
cuspid and mitral. This also is true when describing the valves 
after repair of complete AVSD. The VSD in intermediate AVSD 
is large similar to other forms of complete AVSD. Unfortu- 
nately, the terms “transitional” and “intermediate” have been 
confused and are used synonymously in the literature. Because 
of the conflicting and confusing terminology of these subtypes, 
the clinician, echocardiographer, and surgeon should com- 
municate by simply describing AV valve morphology, cardiac 
chamber sizes, and magnitude of shunting observed. Com- 
plete and intermediate AVSDs have the physiology and clinical 
features of a combined ASD and VSD, whereas partial and 
transitional AVSDs have the clinical picture of a large ASD 
(Fig. 29.1). Anatomic features shared by all forms of AVSD are 
summarized in Table 29.1. 

Surgical repair of AVSDs has been one of the great suc- 
cesses of the last several decades of congenital cardiac surgery. 
Recently, the Pediatric Heart Network (PHN) reported AVSD 
outcome data from seven North American centers demon- 
strating an overall operative mortality of 3% (1,2). Long-term 
survival has been excellent. Cumulative 20-year survival of 
95% has been reported (3). This success has been tempered 
by the relatively large number of patients (-25%) who await 
reoperation, most commonly because of progressive left AV 
valve regurgitation or for relief of left ventricular outflow tract 
(LVOT) obstruction. Unfortunately, the prevalence of postop- 
erative left AV valve regurgitation has remained the most com- 
mon sequel of repair for decades. The PHN study found that 
26% of patients had more than moderate left AV regurgitation 
6 months after “repair” (1,2). 


AVSDs account for 4% to 5% of congenital heart defects and 
the estimated occurrence is 0.19 in 1,000 live births (4,5). 
In a large fetal echocardiography experience, AVSD was the 
most common anomaly detected, constituting 18% of abnor- 
mal fetal hearts (6). In utero diagnosis of an AVSD is made 
on routine fetal four-chamber imaging. Gender distribution is 
approximately equal or may show a slight female preponder- 
ance (4). 

About 40% to 45% of children with Down syndrome have 
congenital heart disease, and among these, approximately 
45% have an AVSD. In more than 75% of patients with Down 
syndrome, it is the complete form of AVSD (7). Conversely, 
approximately 50% of patients with AVSD have Down syn- 
drome. Race and ethnicity may factor into prevalence of AVSD 
in patients with Down syndrome. Patients of Black African 
ancestry with Down syndrome have AVSD more commonly 
than do whites. Familial occurrence of AVSD is rare. Com- 
plete AVSDs also occur in patients with heterotaxy syndromes 
(more common with asplenia than with polysplenia). Com- 
mon atrium has been associated with Ellis-van Creveld and 
heterotaxy syndromes (8-11). 


EMBRYOGENESIS 


The etiology of AVSDs has traditionally been considered as 
faulty development of the AV endocardial cushions. However, 
recent studies have illustrated additional pathways involving 
the “dorsal mesenchymal protrusion” that may act alone or 
in concert with development of the endocardial cushions to 
create AVSDs (12). In partial AVSDs, incomplete fusion of the 
superior and inferior endocardial cushions results in a cleft in 
the midportion of the left AV valve anterior leaflet often asso- 
ciated with regurgitation. In contrast, complete AVSD is asso- 
ciated with lack of fusion between the superior and inferior 
cushions and, consequently, with the formation of separate 
anterior and posterior bridging leaflets along the subjacent 
ventricular septum (Fig. 29.2). 

Failure of the endocardial cushions to fuse creates a defect 
in the AV septum. The primum atrial septal component of this 
defect usually is large. This results in downward displacement 
of the anterior left AV valve leaflet to the level of the septal 
right AV valve leaflet (13). In AVSDs, the AV valves have the 
same septal insertion level in contrast to the leaflet arrange- 
ment in the normal heart (Fig. 29.3). The distance from the 
cardiac crux to the left ventricular apex is foreshortened, and 
the distance from the apex to the aortic valve is increased. 
This is in contrast to the normal heart, in which the two dis- 
tances are roughly equal (Fig. 29.4). In AVSDs, the dispropor- 
tion between the two distances causes anterior displacement of 
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Figure 29.1. Summary of AVSD. Anatomic 
and physiologic similarities between the dif- 
ferent forms of AVSD are illustrated. Com- 
plete AVSDs have one annulus with large 
interatrial and interventricular communica- 
tions. Intermediate defects (one annulus, two 
orifices) are a subtype of complete AVSD and 
have a large ventricular septal defect (VSD). 
Complete AVSDs have physiology of VSDs 
and ASDs. In contrast, partial AVSDs have 
physiology of ASDs. Transitional defects 
are a form of partial AVSD in which a small 
inlet VSD is present. Partial AVSD and the 
intermediate form of complete AVSD share 
a similar anatomic feature: A tongue of tis- 
sue divides the common atrioventricular valve 
into distinct right and left orifices. LA, left 
atrium; LPV, left pulmonary vein; LV, left 
ventricle; RA, right atrium; RPV, right pul- 
monary vein; RV, right ventricle. (With per- 
mission of Patrick O’Leary, MD.) 


AVSD Summary 



Similar physiology - VSD & ASD 


Similar physiology - ASD 


Complete 


Intermediate 


Transitional 


Partial 


Similar AV valve anatomy: 

A tongue of tissue divides the common AV valve 
into a right and left component by connecting the 
anterior and posterior “bridging” leaflets centrally 


the LVOT resulting in elongation and narrowing of the LVOT 
producing the characteristic “gooseneck” deformity. After sur- 
gical repair of the defect, progressive subaortic stenosis still 
may develop (14). 

Since the dextrodorsal conus cushion contributes to the 
development of the right AV valve and the outflow tracts lie 
adjacent to their respective inflow tracts, AVSDs may be asso- 
ciated with conotruncal anomalies, such as tetralogy of Fallot 
and double-outlet right ventricle (RV). In addition, shift of the 
AV valve orifice may result in connection of the valve primarily 
to only one ventricle, creating disproportionate or unbalanced 
ventricles. 


PARTIAL ATRIOVENTRICULAR SEPTAL DEFECT 

Pathology 

In partial AVSD, the right and left AV valve annuli are separate. 
The most frequent form of partial AVSD consists of a primum 
ASD and a cleft left AV valve anterior leaflet (Figs. 29.5 and 
29.6). Most primum ASDs are large and located anterior and 
inferior to the fossa ovalis. The defect is bordered by a crescen- 
tic rim of atrial septal tissue posterosuperiorly and by AV valve 
continuity anteroinferiorly. These defects are not amenable to 
transcatheter device closure because of their proximity to the 
AV valves. 




TABLE 29.1 


Anatomic Features Shared by All 
Forms of AVSD 


AV valve leaflets insert at the same level at the cardiac crux 


■ Absence of the AV septum 

■ Unwedged and anterior displacement of the aortic valve 

■ Elongated LVOT 

■ Counterclockwise rotation of the LV papillary muscles 

■ Cleft left AV valve component directed toward the 
ventricular septum 


The right and left AV valves have the same septal insertion 
level because the left AV valve annulus is displaced toward the 
ventricular apex. As a result, the deficient AV septum is associ- 
ated with an interatrial communication rather than an inter- 
ventricular or right atrial to left ventricular communication. 
Nonetheless, the defect imparts a scooped-out appearance to 
the inlet ventricular septum, and the distance from the left AV 
valve annulus to the left ventricular apex is less than the dis- 
tance from the aortic annulus to the apex (Fig. 29.4). 

The cleft in the left AV valve anterior leaflet is directed 
toward the midportion of the ventricular septum, along the 
anteroinferior rim of the septal defect (Fig. 29.7). In contrast, 
isolated mitral valve clefts (not associated with AVSD) are 
directed toward the aortic valve annulus (15). The left AV 
valve orifice is triangular rather than elliptical (as in a normal 
heart) and resembles a mirror-image tricuspid valve orifice. 
The cleft left AV valve usually is regurgitant and, with time, 
becomes thickened and exhibits histologic alterations that 
resemble myxomatous mitral valve prolapse. 

The most common associated anomalies with partial AVSD 
are a secundum ASD, patent ductus arteriosus (PDA), and a 
persistent left superior vena cava connecting to the coronary 
sinus (1). Less frequently, pulmonary stenosis, tricuspid steno- 
sis or atresia, cor triatriatum, coarctation of the aorta, mem- 
branous VSD, pulmonary venous anomalies, and hypoplastic 
right or left ventricle (LV) have been reported (16-18). 


Clinical Manifestations 

Although patients with partial AVSD may be asymptomatic 
until adulthood, symptoms of excess pulmonary blood flow 
typically occur in childhood. Tachypnea and poor weight 
gain occur most commonly when the defect is associated with 
moderate or severe left AV valve regurgitation or with other 
hemodynamically significant cardiac anomalies. Patients with 
primum ASDs usually have earlier and more severe symptoms, 
including growth failure, than patients with secundum ASDs. 

An uncomplicated primum ASD often is discovered in young 
children when echocardiography is performed to investigate a 
murmur. The murmur has typical systolic ejection qualities and 
is best heard over the upper left sternal border with radiation to 
the lung fields. The murmur is caused by turbulent flow across the 
pulmonary valve (not flow through the ASD). The second heart 
sound is widely split and fixed during respiration. An SI -coincident 
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Figure 29.2. Diagram of the embryologic 
development of the AV canal region and the 
spectrum of AVSD, including partial, transi- 
tional, complete, and intermediate forms. A, 
anterior leaflet; AB, anterior bridging leaflet; 
DDCC, dextrodorsal conus cushion; IEC, 
inferior endocardial cushion; LEC, lateral 
endocardial cushion; P, posterior leaflet; PB, 
posterior bridging leaflet; S, septal leaflet; 
SEC, superior endocardial cushion; L, lateral 
leaflet. 


holosystolic murmur due to left AV valve regurgitation through 
the cleft may also be heard at the apex. A low-pitched middiastolic 
murmur heard at the left lower sternal border may be present if the 
shunt is large or if significant left AV valve regurgitation is present. 

Echocardiography 

Two-dimensional echocardiography is the primary imaging 
technique for diagnosing AVSDs (19-21). It is useful par- 
ticularly for delineating the morphology of the AV valves. 



Figure 29.3. AV septum in the normal heart (four-chamber 
view). The atrioventricular septum (AVS) lies between the RA 
and the left ventricle (LV) with the interatrial septum (IAS) 
above and the interventricular septum (IVS) below. The septal 
tricuspid leaflet (TV — right AV valve) normally inserts at a 
lower (more apical) level than the anterior mitral leaflet (MV — 
left AV valve). LA, left atrium; RV, right ventricle. (From 
Edwards WD. Applied anatomy of the heart. In: Brandenburg 
RO, Fuster V, Giuliani ER, et al., eds. Cardiology: Fundamen- 
tals and Practice. Vol. 1. Chicago, IL: Year Book Medical, 
1987:47-109, with permission of Mayo Foundation.) 


Transesophageal echocardiography (TEE) can provide 
incremental diagnostic information in larger patients or in 
patients with associated complex abnormalities. 

The internal cardiac crux is the most consistent echocar- 
diographic imaging landmark (19). The apical four-chamber 
imaging plane clearly allows visualization of the internal crux 
where the primum ASD is seen as an absence of the lower 
atrial septum. The size of the primum ASD is made reliably 
from this imaging position (Fig. 29.8) or from the subcostal 
four-chamber (frontal) projection. Accurate visualization of 
the cardiac crux also permits assessment of the AV valves. Sev- 
eral 2-D echocardiographic features are shared by all forms 
of AVSD: deficiency of a portion of the inlet ventricular sep- 
tum, inferior displacement of the AV valves, and attachment 
of a portion of the left AV valve to the septum. The AV valves 
are displaced toward the ventricles, with the septal portions 
inserting at the same level onto the crest of the ventricular 
septum. Therefore, in these defects, the two separate AV valve 
orifices are equidistant from the cardiac apex. 

In the transitional form of partial AVSD, there is aneurys- 
mal replacement of a portion of the inlet ventricular septum 
(21) (Fig. 29.9A,B). Small shunts may occur through this 
so-called “tricuspid pouch.” However these dense chordal 
attachments eventually obstruct flow. Spectral and color flow 
Doppler hemodynamic assessments are useful to determine the 
severity of AV valve stenosis or insufficiency and to quantitate 
right ventricular systolic pressure. Doppler echocardiography 
often is not useful for evaluating the degree of left AV valve 
stenosis in the setting of a primum ASD because the ASD will 
decompress the left atrium (LA). 

Other left AV valve abnormalities are typical with both the par- 
tial and complete forms of AVSD (Fig. 29.10A). The most common 
abnormality, a cleft, is best visualized from the parasternal and sub- 
costal short-axis imaging planes. Careful 2-D and color Doppler 
assessment of the left AV valve cleft needs to be performed since 
multiple jets of regurgitation may be present. LV to right atrium 
(RA) -directed left AV valve regurgitation is usually remedied dur- 
ing surgery with successful repair of the cleft and closure of the 
primum ASD. LV to LA regurgitation may not be completely elimi- 
nated with cleft repair and may signify other intrinsic abnormali- 
ties with the valve. An important factor that predicts the amount 
of residual postoperative left AV valve regurgitation is the degree of 
preoperative regurgitation. Rarely, other abnormalities of the left 
AV valve occur such as a parachute or a double-orifice valve. 
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Figure 29.4. Elongate LVOT in AVSD: Because of deficiency of the ventricular component of the AV septum and 
the “sprung” AV junction, the distance from the LV apex to the posterior left AV valve annulus is 20% to 25% 
shorter than the distance from the apex to the aortic annulus. Ao, aorta; LA, left atrium; LV, left ventricle; RV, 
right ventricle. (With permission of Robert H. Anderson, MD.) 


Figure 29.5. Top left: Four-chamber anatomic 
specimen demonstrating a large primum ASD 
(arrow), severe RA and RV dilation, and con- 
nection of both AV valves to the septum at the 
same level. Top right: Corresponding apical 
four-chamber diastolic image demonstrating 
severe RA and RV dilation owing to a large 
primum ASD (arrow). Bottom left: Color Dop- 
pler scan from the apex, demonstrating a large 
left-to-right shunt crossing the primum ASD in 
diastole (red flow jet). Bottom right: Systolic 
color flow Doppler displaying moderate right 
and left AV valve regurgitation. LA, left atrium. 
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Figure 29.6. Partial AVSD: AV valve anatomy. 
Top left: Systolic apical four-chamber image 
demonstrating that both right and left AV valves 
insert onto the crest of the ventricular septum at 
the same level. Top right: Corresponding diastolic 
frame showing a large primum ASD. Systolic 
frames often understate the size of the interatrial 
communication. There is significant RA and RV 
enlargement. Bottom panels: These are paraster- 
nal short-axis scans focused at the valve leaflet 
level in the left ventricular inflow. The left panel 
demonstrates the cleft in the anterior leaflet of 
the left AV valve (asterisk). The anterior leaflet 
is made of two separate components that move 
independently. This creates the diastolic gap in 
the leaflet (asterisk). Color Doppler on the right 
panel shows considerable regurgitation through 
the cleft. LA, left atrium; LV, left ventricle. 


Double-orifice left AV valve occurs in 3% to 5% of AVSDs 
(22). This abnormality is more common when two distinct 
right and left AV valve orifices are present. A tongue of tissue 
may divide the left AV valve into two orifices. The combined 
effective valve area of a double-orifice valve always is less 
than the valve area of a single-orifice valve. This predisposes 
the valve to postoperative stenosis. Standard subcostal and 
parasternal short-axis views usually demonstrate the double- 
orifice valve characteristics (Fig. 29.10B,C). However, in the 
setting of a common AV valve, the diagnosis may be challeng- 
ing. Double-orifice left AV valve rarely occurs in hearts that do 
not have AVSD. In contrast to AVSD, in the otherwise normal 


heart, double-orifice mitral valves have complete duplication 
of the valve structure. 

In the normal heart, the aortic valve is wedged between 
the mitral and tricuspid annuli. In AVSD, the aortic valve 
is displaced or “sprung” anteriorly (Fig. 29.11). This ante- 
rior displacement creates an elongate, so-called gooseneck 
deformity of the LVOT (Fig. 29.12) that predisposes the 
patient to progressive subaortic obstruction. LVOT obstruc- 
tion may occur in all subtypes of AVSD. It is more frequent 
when two distinct AV valve orifices are present rather than 
when there is a common orifice. But whenever the superior 
bridging leaflet attaches to the crest of the ventricular septum, 



Figure 29.7. Cleft left AV valve: Left: In AVSD, the cleft in the anterior leaflet of the left AV valve is typically 
oriented toward the midportion of the ventricular septum (arrow) along the anterior-inferior rim of the septal 
defect. Right: Subcostal sagittal image demonstrating the septal orientation of the cleft. A, anterior; PMs, papil- 
lary muscles; RV, right ventricle; S, superior. 
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Figure 29.8. AVSD and the internal cardiac crux. The internal cardiac crux is best visualized in the apical four- 
chamber imaging plane. In the normal heart, the anterior leaflet of the mitral insertion is more superiorly fixed 
than the corresponding tricuspid septal leaflet. In all forms of AVSD, both right and left AV valve components 
insert at the same level on the crest of the inflow ventricular septum. A cleft in the left AV valve occurs in con- 
junction with the downward displacement of the anterior leaflet. In partial AVSD, there is a defect in the lower 
fatty portion of the atrial septum (i.e., within the atrial ventricular septum). In complete AVSD, there is a defect 
beneath the AV valves in the inflow ventricular septum. In general, these easily recognized anatomic features 
distinguish normal from partial and complete AVSD. AVC, atrioventricular canal. 



Figure 29.9. A: Transesophageal echocardiogram in a four-chamber projection demonstrating a typical primum 
ASD in a 20-year-old patient with partial AVSD. No VSD is present. B: In contrast to image 9A, this patient has a 
transitional AVSD. Note the membranous aneurysm in the inflow ventricular septum (arrows). There is a primum 
ASD; clinically, it presents as a partial AVSD. There can be restrictive VSDs in the inflow aneurysmal membrane. 
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; VS, ventricular septum. 
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Figure 29.10. Echocardiographic features of 
left AV valve anomalies in AVSD. A: Cleft left 
AV valve. The left AV valve has a characteris- 
tic break (arrow) that represents a cleft in the 
anterior leaflet. This is a feature of all forms of 
AVSD. B: Double-orifice left AV valve imaged 
in the subcostal sagittal plane, typically encoun- 
tered with partial AVSD. Each papillary muscle 
receives a separate AV valve orifice (arrows). 
The anterolateral valve component is usu- 
ally cleft. C: Parasternal short-axis image of a 
double-orifice left AV valve with a cleft (arrow) 
in the anterolateral component. LV, left ventri- 
cle; RV, right ventricle; VS, ventricular septum. 


creating two orifices, this further elongates and narrows the 
LVOT. In addition, discrete subaortic fibromuscular ridges, 
septal hypertrophy, abnormal left AV valve chordal attach- 
ments, and abnormally oriented papillary muscles can further 
exacerbate the subaortic narrowing. LVOT obstruction may 
be subtle and therefore not appreciated during the preopera- 
tive echocardiographic assessment. LVOT obstruction may 


develop de novo after initial repair of AVSD (23) (Fig. 29.13). 
The LVOT obstruction often is progressive. Even after pri- 
mary repair of partial AVSD in adulthood, de novo LVOT 
obstruction may occur. The Mayo Clinic has reported the 
case of a 5 8 -year-old woman who had reoperation for LVOT 
obstruction after primary repair of partial AVSD at age 45 
years (24). 



Figure 29.11. Sprung aortic valve: Left: Normal heart pathologic specimen cut in short axis at the base demon- 
strating where the AV junction has a figure-of-8 configuration. Right: Similar projection in an AVSD heart where 
the AV junction is “sprung.” The aortic valve is anterior of the AV junction instead of being wedged between 
the AV valve annuli. 
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Figure 29.12. Because of the anterior displacement of the LVOT in AVSD, the elongate LVOT has been described as 
a “goose neck” with echocardiographic and angiographic imaging. Left: subcostal frontal view of the LVOT. Mid- 
dle: pediatric and adult goose necks in Minnesota. Right: Prograde LV angiograph demonstrating elongate LVOT. 



Figure 29.13. A: LVOT obstruction: systolic (left) and diastolic (right) echocardiograms demonstrating LVOT 
obstruction in a 17-year-old who had repair of a partial AVSD at age 15 months. LVOT obstruction (arrow) is 
usually progressive and may be undetected at time of initial repair. B: LVOT obstruction: parasternal long-axis 
projection demonstrating left AV valve attachments (arrow) to the septum in a patient after repair of partial AVSD. 
10% to 15% of patients with AVSD require reoperation to relieve LVOT obstruction. Progressive LVOT obstruc- 
tion is more common in partial than in complete AVSD. Mechanisms of LVOT obstruction include attachments 
of superior bridging leaflet to ventricular septum, extension of the anterolateral papillary muscle into the LVOT, 
discrete fibrous subaortic stenosis, tissue from an aneurysm of the membranous septum bowing into the LVOT. 
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Detailed and comprehensive echocardiographic 
assessment is required to evaluate associated lesions and 
determine their significance. Tetralogy of Fallot, double- 
outlet RV, and pulmonary valve atresia are associated with 
all forms of AVSDs but are less frequent with partial AVSD. 
In contrast, AV valve abnormalities and left ventricular 
hypoplasia are more frequent in two-orifice AV connections. 
Coarctation of the aorta occurs with equal frequency in 
partial and complete AVSD. 

Radiography 

Typically, chest radiography demonstrates cardiomegaly and 
prominent pulmonary vascular markings. Because the jet 
of mitral regurgitation often is directed into the RA, right 
atrial enlargement rather than left atrial enlargement may be 
apparent. 

Electrocardiography and Electrophysiology 

The position of the AVSD dictates the position of the AV 
conduction tissues. Accordingly, the AV node is displaced pos- 
teriorly, near the orifice of the coronary sinus, and the His 
bundle is displaced inferiorly, along the inferior rim of the 
septal defect. The displacement of the AV conduction tissues, 
in conjunction with loss of ventricular septal myocardium, 
results in left axis deviation in the frontal plane QRS. 

Sinus rhythm is present in most patients with a primum 
ASD. Prolongation of the P-R interval, in relation to patient 
age and heart rate, is seen in approximately 25% of patients. 
It is due primarily to increased conduction time from the 
high RA to the low septal RA (25). P-wave changes indicat- 
ing right atrial, left atrial, or biatrial enlargement are seen in 
approximately half of patients. The mean QRS axis in the 
frontal plane ranges from -30 degrees to -120 degrees, with 
most axes between -30 degrees and -90 degrees. Anatomic 
and electrophysiologic studies show that this abnormal 
vectorcardiographic pattern is associated with a specific anom- 
aly of the conduction system (26). Right ventricular volume 
overload results in right ventricular hypertrophy and some 
variation of the rsR' or RSR' pattern in the right precordial 
leads in 80% of patients; 10% of patients have a qR pattern. 
Patients with significant left AV valve regurgitation may have 
evidence of left ventricular hypertrophy. 

Except for prolonged intra-atrial conduction time, other 
intracardiac electrophysiologic measurements usually are nor- 
mal, including sinus node function, AV node function, His- 
Purkinje conduction time, and refractory periods (25). 

Cardiac Catheterization and Angiography 

Cardiac catheterization and angiography rarely are necessary 
for diagnosis or management of patients with a partial AVSD. 
Current echocardiographic techniques accurately define the 
anatomy and physiology of this lesion. In an older patient, 
cardiac catheterization may have a role in assessing the degree 
of pulmonary vascular obstructive disease or coronary artery 
disease. 

A large left-to-right shunt can be demonstrated at atrial 
level by a higher oxygen saturation sampled from the RA 
compared with the blood in the inferior and superior vena 
cavae. Because of the anatomic position of the ASD, blood 
samples taken from the inflow portion of the RV may have 
elevated oxygen saturation. The calculated left-to-right shunt 
often exceeds 50%. In most patients, right ventricular pres- 
sure is <60% of systemic pressure. A significant increase in 


calculated pulmonary vascular resistance is unusual in infants. 
Left ventricular angiography will demonstrate the elongate 
gooseneck deformation of the LVOT (Fig. 29.12). 

Special Forms of Partial Atrioventricular 
Septal Defect 

Malaligned Atrial Septum or Double-Outlet Right Atrium 

Deviation of the atrial septum to the left of the AV junc- 
tion has been reported rarely (27,28). When this occurs, 
both the right and left AV valves are visualized from the 
RA, which is connected to both ventricles through a large 
primum ASD. If deviation of the atrial septum to the 
left is extreme, the pulmonary veins may be isolated and 
obstructed, simulating cor triatriatum. Although the term 
“double-outlet” RA has been applied to this lesion (29), it is 
truly a form of AVSD. 

Common Atrium 

Common atrium is characterized by near absence of the atrial 
septum. In the presence of two ventricles, it always is associ- 
ated with an AVSD (30). Cases of common atrium typically 
are syndromic. The most common syndromes are asplenia, 
polysplenia, and Ellis-van Creveld (9-11). The pathologic 
spectrum of this lesion ranges from patients with coexistent 
primum and secundum ASDs to others who lack the entire 
septum except for a small muscular cord. Patients with syn- 
dromes and common atrium frequently have concomitant 
complex congenital heart disease. In these cases, transposi- 
tion of the great arteries, double-outlet RV, uni ventricular 
AV connection, and anomalous pulmonary venous connec- 
tions often are encountered. Patients with common atrium 
frequently have anomalies of cardiac and abdominal situs as 
well as asplenia. 

Clinical Manifestations. Most patients with common 
atrium present in infancy with symptoms of excess pulmo- 
nary blood flow, fatigue, tachypnea, and failure to thrive. 
However, if increased pulmonary vascular resistance devel- 
ops, the left-to-right shunt decreases and somatic growth 
improves. In general, these patients are symptomatic earlier 
in life than patients with only a primum ASD. The radio- 
graphic and electrocardiographic characteristics of patients 
with common atrium are indistinguishable from those with 
other forms of AVSD. 

Echocardiography. The subcostal four-chamber imaging 
plane is most suitable for accurate diagnosis. A muscle bundle 
or band coursing through the atrium should not be misinter- 
preted as an atrial septum. 

Cardiac Catheterization and Angiography. The hemo- 
dynamic diagnosis of common atrium depends on the dem- 
onstration of complete mixing of systemic and pulmonary 
venous blood. The oxygen saturations of pulmonary and 
systemic arterial blood are nearly identical. Pulmonary blood 
flow exceeds systemic flow, except in patients with severe pul- 
monary vascular obstructive disease. Right ventricular pres- 
sure is increased more often than in secundum ASD or partial 
AVSD. If definitive repair is delayed, significant pulmonary 
vascular obstructive disease may develop at an earlier age than 
in patients with isolated secundum ASD or partial AVSD. 

Treatment. Prior to surgical repair, medical therapy usually 
is instituted when signs and symptoms of excess pulmonary 
blood flow and failure to thrive are present. Digoxin and diu- 
retic therapy are traditional forms of therapy. Common atrium 
requires surgical repair, which should be performed early in 
life because patients usually have symptoms and there is a 
risk for early development of pulmonary vascular obstructive 
disease. 
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COMPLETE ATRIOVENTRICULAR SEPTAL DEFECT 
Pathology 

The complete form of AVSD is characterized by a large sep- 
tal defect with interatrial and interventricular components and 
a common AV valve that spans the entire septal defect (30) 
(Fig. 29.14). The septal defect extends to the level of the mem- 
branous ventricular septum, which is usually deficient or absent. 

The common AV valve has five leaflets. The posterior bridg- 
ing leaflet drapes over the inlet ventricular septum and concep- 
tually represents fusion of the septal tricuspid leaflet and the 
inferior half of the anterior mitral leaflet. Two lateral leaflets 
correspond to the posterior tricuspid and posterior mitral 
leaflets in a normal heart. The right-sided anterior leaflet, in 
essence, represents the normal anterior tricuspid leaflet, and the 
so-called anterior bridging leaflet corresponds to the superior 
half of the anterior mitral leaflet. The extent to which the ante- 
rior bridging leaflet actually straddles into the RV varies con- 
siderably and has formed the basis for a classification system of 
complete AVSD into types A, B, and C (see below). The com- 
mon AV valve may be divided into distinct right and left orifices 
by a tongue of tissue that connects the two bridging leaflets, 
representing the rare intermediate form of complete AVSD. 

Beneath the five commissures are five papillary muscles. The 
two left-sided papillary muscles are oriented closer together 
than in a normal heart, such that the lateral leaflet is smaller 
than a normal posterior mitral leaflet. In addition, the two 
papillary muscles often are rotated counterclockwise, such 
that the posterior muscle is farther from the septum than nor- 
mal and the anterior muscle is closer to the septum. This papil- 
lary muscle arrangement, in conjunction with prominence of 
an anterolateral muscle bundle, may contribute to progressive 
LVOT obstruction. Moreover, the leaflets are prone to develop 
progressive regurgitation and, with time, they become thick- 
ened and exhibit hemodynamic and structural changes similar 
to that associated with mitral valve prolapse (31). 

The potential for interventricular shunting exists along 
the septal surface between the two bridging leaflets and at the 
interchordal spaces beneath the leaflets. The posterior bridg- 
ing leaflet characteristically overhangs the ventricular septum 
and has extensive septal chordal attachments. Occasionally, 
chordal fusion obliterates the interchordal spaces beneath this 
leaflet. The anatomic relationship between the anterior bridg- 
ing leaflet and the ventricular septum is variable and forms 
the basis for a classification described by Rastelli et al. (32) 
(Fig. 29.15). 

Rastelli Classification for Complete Atrioventricular 
Septal Defect 

Giancarlo Rastelli died in 1970 at 36 years of age (33). Dur- 
ing his abbreviated life and brilliant but short career, he made 
many landmark contributions to the field of congenital heart 
disease. In the 1960s, he devoted much of his time to obtain- 
ing a better understanding of the morphology of the common 
AV valve in patients with AVSD. The classification scheme that 
now bears his name was based on the morphology of the ante- 
rior bridging leaflet. The improved understanding of the AV 
valve diversity aided surgeons and improved operative mor- 
tality for these patients. Prior to 1964, hospital mortality for 
patients with AVSD was 60%. Rastelli et al. (34) from the 
Mayo Clinic published their work in 1968 and operative mor- 
tality between 1964 and 1967 decreased to 20%. The clas- 
sification scheme that Rastelli described is listed below and 
summarized in Table 29.2. 

In type A (most common), the anterior bridging leaflet 
inserts entirely along the anterosuperior rim of the ventricular 


septum. It forms a true commissure with the right-sided 
anterior leaflet. Beneath this commissure is either a distinct 
medial papillary muscle or, more commonly, multiple direct 
chordal insertions along the septum. Interventricular commu- 
nication beneath the anterior bridging leaflet may be minimal 
or absent in some cases owing to extensive interchordal fusion. 

In type B (least common), the anterior bridging leaflet is 
larger and the right-sided anterior leaflet is smaller than in 
type A. As a result, the bridging leaflet straddles the septum 
and is associated with papillary muscle attachment along the 
septal or moderator band in the RV. Because chordal anchors 
are not present between the anterior bridging leaflet and the 
underlying ventricular septum, free interventricular commu- 
nication exists. 

In type C, the anterior bridging leaflet is larger than in type 
B, and its medial papillary muscle attachments fuse to the 
right-sided anterior papillary muscle. As a result, this leaflet 
is generally very small. Because the anterior bridging leaflet is 
not attached to the ventricular septum, free interventricular 
communication is possible, and the leaflet has been described 
as “free floating.” 

The subtype of complete AVSD has some bearing on the 
likelihood of associated lesions. Type A usually is an isolated 
defect and is frequent in patients with Down syndrome. In 
contrast, type C is encountered with other complex anoma- 
lies, such as tetralogy of Fallot, double-outlet RV, complete 
transposition of the great arteries, and heterotaxy syndromes 
(35,36). Coronary artery anomalies, when they occur, tend 
to be associated with coexistent conotruncal malformations 
rather than the AVSD. The combination of type C complete 
AVSD with tetralogy of Fallot is observed in patients with 
Down syndrome, whereas double-outlet RV is a feature of 
patients with asplenia. 

Clinical Manifestations 

Tachypnea and failure to thrive invariably occur early in 
infancy as a result of excessive pulmonary blood flow. Virtu- 
ally all patients with complete AVSD have symptoms by 1 year 
of age. If these symptoms do not develop early on, the clinician 
should suspect premature development of pulmonary vascular 
obstructive disease. AV valve regurgitation compounds these 
problems. After surgical repair, left AV valve regurgitation is 
the most common reason for reoperation. A recent study dem- 
onstrated that 22% of patients who had undergone repair of 
complete AVSD had more than moderate left AV valve regurgi- 
tation at 6 month follow-up (2). Although single-center reports 
have identified preoperative AV valve regurgitation as an 
important risk factor for reoperation (37), it failed to predict 
greater than moderate postoperative AV regurgitation in the 
PHN study (2). Greater than moderate AV valve regurgitation 
within 1 month of surgery was a strong predictor of persistent 
AV regurgitation at 6 month follow-up. Regression of post- 
operative left AV valve regurgitation was not demonstrated in 
that study (2) in contrast to anecdotes that this occurs. 

If severe pulmonary vascular obstructive disease is absent, 
there may be no systemic arterial oxygen desaturation. The 
physical examination demonstrates a hyperactive precor- 
dium and an accentuated first sound, and the second sound 
may move with respiration but it is quite variable. Because 
of elevated pulmonary artery pressures, the pulmonary clo- 
sure sound is accentuated. A loud Sl-coincident holosystolic 
murmur can be heard along the lower left sternal border and 
at the cardiac apex if left AV valve regurgitation is present. 
A separate crescendo-decrescendo systolic ejection murmur is 
heard over the upper left sternal border as a result of increased 
pulmonary blood flow. A middiastolic murmur can be heard 
along the lower left sternal border and frequently at the apex 
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Figure 29.14. Complete AVSD. A: Right anterior oblique view with right atrial and right ventricular free walls 
removed, demonstrating a large septal defect. B: Left posterior oblique view (same specimens as in A) with left 
atrial and left ventricular free walls removed, showing the same septal defect. C: Short-axis view, illustrating a 
type A common AV valve with five leaflets. D: Four-chamber view, showing secondary right ventricular hypertro- 
phy and right atrial dilation. E: Short-axis view of a biventricular specimen removed during cardiac transplanta- 
tion, showing an unbalanced form of AVSD with dilation of a common inlet RV, leftward septal bowing, and a 
hypoplastic LV. F: Four-chamber view of a complete AVSD associated with right atrial isomerism, mirror-image 
ventricles (L-loop ventricular inversion), and asplenia. Ao, aorta; CS, coronary sinus; LA, left atrium; LV, left 
ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle. 
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Figure 29.15, Anatomic and echocardiographic features of complete AVSD based on the Rastelli Classification. 
A: Type A complete AVSD. The defect is characterized by insertion of the anterior bridging leaflet to the crest of 
the ventricular septum (VS). B: Type B complete AVSD. The defect is characterized by dominant insertion of the 
anterior leaflets into papillary muscles in the RV. In this example, the anterior bridging leaflet inserts onto the 
crest of the ventricular septum, as well as onto a large ventricular papillary muscle (P) (arrow in echocardiogram). 
C: Type C AVSD. The anterior leaflet is unattached (arrow) and overrides the crest of the ventricular septum. 
The free anterior leaflet does not insert onto the crest of the ventricular septum. A, anterior; P, posterior; L, left; 
LA, left atrium; LV, left ventricle; R, right; RA, right atrium; S, superior. (Modified from Seward JB, Tajik AJ, 
Edwards WD, et al. Two-Dimensional Echocardiographic Atlas . Vol. 1. Congenital Heart Disease . New York, 
NY: Springer-Verlag, 1987:270-292, with permission.) 


as a result of increased blood flow across the common AV 
valve. However, the physical examination findings of complete 
AVSD may be indistinguishable from those of an uncompli- 
cated large VSD or partial AVSD. 


Echocardiography 

Two-dimensional echocardiography is the primary diagnostic 
tool for evaluation of complete AVSD (19,20,38). As described 
earlier, assessment of the internal cardiac crux from the api- 
cal and subcostal four-chamber projections provides excellent 
detail of the size and locations of defects in both the atrial and 
ventricular septa (Fig. 29.16). Additional secundum ASD, a 
fairly common associated finding, can be detected from the 
subcostal four-chamber coronal view and with clockwise rota- 


TABLE 29.2 


Rastelli Classification for 
Complete AVSD 


Rastelli 

Type 

Anterior Bridging Leaflet and Chordae 

A 

Divided and attached to crest of ventricular 
septum. Multiple chordae. 

B 

Partly divided , not attached to crest of the 
septum. Chordae attach to papillary muscle in 

RV usually on septal surface 

C 

Not divided and not attached to the crest of 
the septum ("free floating"). Chordae attach 
to papillary muscle on RV free wall 


tion of the transducer from the subcostal sagittal imaging 
plane (21). The VSD is located posteriorly in the inlet sep- 
tum. Both right- and left-sided components of the common 
AV valve are displaced toward the ventricles and are associ- 
ated with variable deficiency of the inflow ventricular septum. 
A PDA is a common associated finding. In the PHN report, 
44% of patients had PDA ligation at the time of AVSD repair. 
Suprasternal notch and high left parasternal imaging should 
be performed to evaluate the PDA. However, in the setting of 
massive pulmonary blood flow from a complete AVSD, aliased 
color Doppler signals in the branch pulmonary arteries may 
make small PDAs difficult to appreciate. Fortunately, surgeons 
routinely check for ductal patency at the time of AVSD repair. 
Spectral and color Doppler serve as adjuncts to assess the sites 
of shunting, severity of AV valve regurgitation, and connec- 
tions of the pulmonary veins. Fetal echocardiography read- 
ily detects complete AVSD in standard four-chamber views 
(Fig. 29.17). 

When communicating with a surgeon, the echocardiogra- 
pher must describe the morphology of the AV valve in pre- 
cise detail. The surgeon needs to know the competence and 
ventricular commitment of the AV valve orifices and whether 
a tongue of tissue connects the superior and inferior bridg- 
ing leaflets to form two distinct orifices. The subcostal en face 
view is essential for this determination. This view is obtained 
with counterclockwise rotation from the four-chamber coro- 
nal view until the AV valve leaflets appear en face (Fig. 29.18). 
Deliberate superior and inferior angulation of the probe will 
permit inspection of the cross section of all five valve leaflets. 
The valve is inspected from the inferior margin of the atrial 
septum to the superior margin of the ventricular septum (38). 
In the operating room, the TEE transgastric short-axis view 
will aid in this assessment. 

A single left ventricular papillary muscle may occur in 
complete AVSD. Similar to the double-orifice valve, a sin- 
gle papillary muscle will reduce the effective valve area and 
complicate the surgical repair. Left AV valve repair may be 
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Figure 29.16. Complete AVSD: Apical four- 
chamber images in systole (left) and diastole 
(right) demonstrating a complete AVSD with 
large primum ASD ( asterisk ), large inlet VSD 
(arrow), and common single-orifice AV valve. 
The right panel demonstrates the valve opening 
as a single unit with only lateral “hinge points” 
visible in this image. Biventricular volume over- 
load and a small secundum ASD are present in 
this patient. 


compromised further by relative leaflet hypoplasia. Echocar- 
diographic imaging techniques for this abnormality are similar 
to those for double-orifice left AV valve. 

The Concept of "Balance" 

’Two-dimensional echocardiography is essential for determin- 
ing the relative sizes of the ventricles. In AVSD, the AV valves 
(regardless of number of orifices) may be more committed 
to one ventricle at the expense of flow into the other. This 
will lead to relative hypoplasia of the underperfused ventri- 
cle. Both partial and complete AVSDs can be “balanced” or 
“unbalanced” based on how the AV junction is shared by the 
ventricles. If the AV inlet is equally shared by both ventricles, 
then this is consistent with a “balanced” AVSD. 

In unbalanced AVSD, one ventricle is typically hypoplastic, 
although the common AV valve is its usual size (Fig. 29.19). 
The larger ventricle is termed the “dominant” ventricle. Unbal- 
anced AVSD occurs in approximately 10% of all AVSDs. Two- 
thirds of unbalanced AVSDs are right ventricular dominant. 
When the RV is dominant, the LV is hypoplastic, and more 
than half of the AV junction is committed to the RV. These 
patients frequently have severe coarctation of the aorta and 
aortic arch anomalies. Conversely, unbalanced AVSD with 
a dominant LV has a hypoplastic RV and is associated with 


pulmonary valve stenosis or atresia. Interestingly, in children 
with Down syndrome and unbalanced AVSD, left ventricular 
dominance is common. 

With standard 2-D echocardiographic imaging, both ven- 
tricles are appreciated from the apical four-chamber view. 
This imaging plane allows visualization of malalignment 
between the atrial and ventricular septa. This can be a clue 
to an unbalanced AVSD. The subcostal sagittal view gives an 
estimate of the proportion of the AV valve committed to each 
ventricle. Determining “balance” with echocardiographic 
imaging is important as it forms the basis for deciding single- 
ventricle versus biventricular surgical repair. Modest degrees 
of right ventricular hypoplasia also may be addressed with a 
“1.5 -ventricle repair.” In this situation, intracardiac shunts are 
repaired and the RV is unloaded by performing a bidirectional 
cavopulmonary connection. 

Cohen et al. (39) (Fig. 29.20) proposed a quantitative 
approach using the subcostal sagittal view to delineate cases 
with significant left ventricular hypoplasia that may be bet- 
ter treated with a single-ventricle approach. They measured 
the area of the AV valve apportioned over each ventricle and 
calculated an AV valve index (AWI). This serves as an LV/RV 
area ratio. The AWI may be used as the basis for an algorithm 
to stratify patients into a single-ventricle versus a two-ventricle 
surgical pathway. Those with an AWI <0.67 who have a large 
VSD would be considered for the single-ventricle pathway. 



Figure 29.17. A 31 -week gestation fetal echocardiogram with severe common AV valve regurgitation: four- 
chamber images in diastole (left), systole (center), and systole with color Doppler (right) demonstrating a com- 
mon atrium, common AV valve, and common ventricle. After delivery, this child was found to also have asplenia. 
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Figure 29.18. Subcostal sagittal imaging of common AV valve: Subcostal sagittal images in systole (left) and dias- 
tole (right) in a patient with complete AVSD. The right panel demonstrates the anterior bridging leaflet (arrow) 
of the common AV valve. This leaflet crosses (bridges) the VSD anteriorly and is shared by both ventricles. It is 
not divided into right and left components and has no attachments to the ventricular septum. This morphology 
is also called free floating or Rastelli type C. During repair, unlike the naturally divided anterior bridging leaflet 
(type A), this leaflet must be incised into right and left components before attachment to the VSD patch. 


The clinician must be aware of several caveats that may 
make interpretation of “ventricular balance” less straight- 
forward. For example, the severity of valve malalignment 
may not necessarily correlate with the degree of ventricular 
hypoplasia. Moreover, pulmonary venous blood preferen- 
tially crosses the ASD causing underfilling of the LV. Finally, 


the presence of a large left-to-right shunt may cause severe 
right ventricular enlargement with bowing of the septum to 
the left. This will lend an appearance of “hypoplasia” to the 
LV. van Son et al. (40) attempted to estimate the “poten- 
tial volume” of the LV preoperatively by using a theoreti- 
cal model that calculates the relative areas of the LV and 


Figure 29.19. Right versus left ventricular dominance, 
based on a classification scheme from Bharati and Lev: 
Left ventricular dominance (left panels) and right ven- 
tricular dominance (right panels) are demonstrated. In 
the LV-dominant case, the common AV valve opens 
predominantly into the LV. Conversely, in the RV- 
dominant case, the common AV valve opens predomi- 
nantly into the RV. LA, left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle. 





LV Dominant 


RV Dominant 
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RV dominant 



Figure 29.20. Echocardiographic assessment of ventricular dominance: Assessing unbalanced AVSDs using AV 
valve area measurements. Left panel: Diastolic frame from the subcostal sagittal plane demonstrating an en face 
view of the common AV valve. The planimetry demonstrates relative balance between the right and left portions 
of the common valve. Center panel: Diastolic frame demonstrating an RV-dominant unbalanced AVSD with 
relative dominance of the right portion of the common AV valve. Right panel: Companion systolic frame of an 
RV-dominant AVSD. (From Cohen M, Jacobs ML, Weinberg PM, et al. Morphometric analysis of unbalanced 
common atrioventricular canal using two-dimensional echocardiography. ] Am Coll Cardiol 1996;28:1017, with 
permission.) 


RV in short axis after assuming normal septal configuration 
(Fig. 29.21). 

All of these methods should be employed when assessing a 
patient with an unbalanced AVSD. One must realize that none of 
these methods factor in patient/cardiac growth. It also is impor- 
tant to know if the LV is apex forming. Generally patients with 



Figure 29.21. Short-axis assessment of septal flattening in 
unbalanced AVSD. Due to right ventricular volume overload, 
the septum bows toward the LV. This may provide the misper- 
ception that the LV is hypoplastic. However, if one assumes 
normalization of septal position, the potential volume of the 
LV after repair may be predicted. (From van Son JAM, Phoon 
CK, Silverman NH, et al. Predicting feasibility of biventricular 
repair of right-dominant unbalanced atrioventricular canal. 
Ann Thorac Surg 1997;63:1657, with permission.) 


unbalanced AVSD may present many challenges both from the 
echocardiographic imaging and clinical management perspectives. 

Radiography 

The heart usually is enlarged in patients with complete AVSD. 
Enlargement of the RA is suggested by increased convexity of 
the right heart border, and left atrial enlargement may pro- 
duce a characteristic flattening of the left heart border. The 
pulmonary artery is prominent, and the pulmonary vascular 
markings are increased. 

Electrocardiography 

Prolongation of the P-R interval is observed in approximately 
25% of patients with AVSD (25). Intracardiac studies have 
revealed increased intra-atrial or AV node conduction times 
as the cause of P-R prolongation. More than 50% of patients 
meet voltage criteria for atrial enlargement. A superior or 
northwest QRS axis is common (Fig. 29.22). The QRS axis in 
the frontal plane lies between -60 degrees and -135 degrees, 
with most patients having an axis between -90 degrees 
and -120 degrees. Most patients have an rsR, RSR', or Rr' in 
lead VI, and others have a qR or R pattern in the same chest 
lead, all indicating right ventricular hypertrophy. Left ventric- 
ular hypertrophy may also be present. 


Cardiac Catheterization and Angiography 

Cardiac catheterization and angiography rarely are needed for 
management of infants with complete AVSD. In an older child, 
when pulmonary vascular obstructive disease is suspected, 
there is a role for determining pulmonary vascular resistance. 
Severe pulmonary vascular obstructive disease (pulmonary 
vascular resistance of >10 U*m 2 ) is rare but has been reported 
in infants <1 year of age. 
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Figure 29.22. A 12-lead ECG from a 3-month-old with complete AVSD. Left axis deviation and right ventricular 
hypertrophy are present. 


Cardiac catheterization demonstrates increased oxygen 
saturation at both the right atrial and the right ventricular 
levels. In complete AVSD, pulmonary artery systolic pressure 
invariably is at or near systemic level. However, in partial 
AVSD, pulmonary artery systolic pressure usually is <60% 
of systemic pressure. Pulmonary blood flow is increased as a 
result of left-to-right shunting at both atrial and ventricular 
sites, and the degree of shunting depends upon the relation- 
ship of pulmonary to systemic vascular resistance. The hemo- 
dynamic abnormality in complete AVSD may be complicated 
by severe common AV valve regurgitation, allowing blood 
to shunt freely among all cardiac chambers. Left ventricular 
angiography rarely is required but reveals the typical LVOT 
gooseneck deformity and varying severity of left AV valve 
regurgitation. 

Clinical Course 

Infants with complete AVSD typically will require medical 
therapy with diuretics, sometimes augmented with digoxin or 
angiotensin-converting-enzyme inhibitors depending on the 
specific clinical situation. The timing of surgical intervention 
must take into account the propensity of pulmonary vascular 
disease to develop in these patients at an early age. The deci- 
sion for operation is usually made in the first 6 months of life. 
Children with complete AVSD frequently have surgical repair 
between 3 and 6 months of age. But, children with Down syn- 
drome may require surgical intervention at an earlier age due 
to their propensity to develop pulmonary vascular obstructive 
changes. 

Special Forms of Complete Atrioventricular 
Septal Defect 

Intermediate Defect 

A rare subtype of complete AVSD occurs when the anterior 
and posterior bridging leaflets are fused atop the ventricu- 
lar septum and the common AV valve is divided into dis- 
tinct right and left orifices. This defect usually has a large 
primum ASD and a large inlet VSD. Patients present in the 
same manner as with other forms of complete AVSD. Surgi- 
cal repair does not have to include division of separate right 


and left AV valve components (this has occurred naturally). 
The cleft in the left AV valve is closed, but the bridging leaf- 
lets often have insufficient tissue to reconstruct a competent 
anterior leaflet. 

Down Syndrome and Atrioventricular Septal Defect 

Down syndrome occurs in more than half of patients with 
complete AVSD. Children with Down syndrome and complete 
AVSD also are more likely to have associated tetralogy of Fal- 
lot (41,42). In contrast, sidedness (situs) and splenic anomalies 
are rare in patients with Down syndrome. Patients with Down 
syndrome usually do not have associated LVOT obstruc- 
tion, left ventricular hypoplasia, coarctation of the aorta, or 
additional muscular VSDs (43,44). In cases with unbalanced 
AVSD, patients with Down syndrome have LV dominant mor- 
phology more frequently than RV dominance. 

The extent and progression of pulmonary vascular 
changes in children with Down syndrome and complete 
AVSD remain controversial. Histologic studies (45) have 
failed to show any differences in the extent of pulmonary 
vascular changes when patients with Down syndrome were 
compared with normal children who also had AVSD. Other 
studies (46,47) have suggested that children with Down syn- 
drome have relative pulmonary parenchyma hypoplasia and 
develop pulmonary vascular obstructive disease appreciably 
earlier than patients with normal chromosomes and com- 
plete AVSD. 

The hemodynamic assessment of children with Down syn- 
drome must take into account that these patients may have 
chronic nasopharyngeal obstruction, relative hypoventilation, 
and sleep apnea. These factors contribute to carbon dioxide 
retention, relative hypoxia, and elevated pulmonary vascular 
resistance. 

Patients with Down syndrome have a higher ratio of pul- 
monary to systemic resistance than patients without Down 
syndrome (48). This difference resolves with administration of 
100% oxygen, suggesting that apparent hypoxia and hypoven- 
tilation are factors that can be corrected during hemodynamic 
study. Fixed and elevated pulmonary vascular resistance 
has been demonstrated in 11% of Down syndrome patients 
<1 year of age (48). In the current era, timing of repair and 
surgical outcome for patients with Down syndrome are similar 
to those of the general population (2,49). 
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INITIAL SURGICAL TREATMENT OF AVSD 
Partial Atrioventricular Septal Defect 

The objectives of surgical repair include closure of the intera- 
trial communication and restoration and preservation of left 
AV valve competence. These objectives can be accomplished 
by careful approximation of the edges of the valve cleft with 
interrupted nonabsorbable sutures. On occasion, it is neces- 
sary to add eccentric annuloplasty sutures, typically in the 
area of the commissures to correct persistent central leaks. 
The repair is completed by closure of the interatrial commu- 
nication (usually with an autologous or bovine pericardial 
patch), avoiding injury to the conduction tissue (50). This 
repair results in a two-leaflet valve. Rarely, if the left AV valve 
is considered a trileaflet valve, with the cleft viewed as a com- 
missure, the commissure may be left unsutured and annu- 
loplasty sutures can be placed to promote coaptation of the 
three leaflets. In the recent PHN study, the cleft was closed in 
98% of cases (1). 

However, the morphologic concepts and surgical methods 
favored by Carpentier (51) and Piccoli et al. (52) continue to 
be debated. The PHN investigators could not demonstrate 
that annuloplasty decreased the prevalence of left AV valve 
regurgitation 6 months after surgery. In that study, 18 of 
59 patients (31%) who had 6 month postoperative echocardi- 
ography data available demonstrated moderate or greater left 
AV valve regurgitation (1). Because the details of annuloplasty 
were not available in all operative reports, the PHN study 
loosely defined “annuloplasty” as any additional intervention 
on the left AV valve beyond cleft closure. This limits the ability 
to assess specific surgical techniques. At Mayo Clinic, the left 
AV valve cleft is usually closed and, if needed, limited annu- 
loplasty sutures are placed near the commissures to improve 
valve competence. 

The risk of hospital death after surgical repair of partial 
AVSD is approximately 1% (1). The timing of repair for par- 
tial AVSD trended to an earlier age in the PHN study. The 
median age of repair for patients with partial AVSD was 
1.8 years. Long-term survival after repair of partial AVSD is 
good. In a series of 334 patients from Mayo Clinic, 20- and 
40-year survivals after repair of partial AVSD were 87% and 
76%, respectively (53). Closure of the left AV valve cleft 
and age <20 years at time of operation were associated with 
improved survival. Reoperation was performed for 11% of 
these patients. Repair of residual/recurrent left AV valve regur- 
gitation or stenosis was the most common reason for reop- 
eration (53). In the PHN study, residual ASD shunts (<1%) 
and left AV valve stenosis (1%) were rare (1). Residual left 
AV regurgitation remains the major reason for reoperation. In 
that study, 31% of patients had at least moderate regurgita- 
tion 6 months after surgery for partial AVSD repair. Repair 
after age 4 years was a risk factor for residual moderate-severe 
left AV valve regurgitation (1). 

A low frequency of postoperative arrhythmias has been 
noted. The finding of surgical complete heart block has been 
uncommon and would require permanent pacemaker implan- 
tation. Late onset of atrial flutter has been rarely encountered. 

Complete Atrioventricular Septal Defect 

Surgical repair of complete forms of AVSD is indicated early in 
life. The median age at time of repair in the recent multicenter 
report was 3.6 months (2). Repair of complete AVSD must be 
performed prior to the development of irreversible pulmonary 
vascular obstructive disease. Repair typically is performed 
between 3 and 6 months of age. Earlier repair should be con- 
sidered for infants with failure to thrive. 


For the symptomatic infant, surgical options include palliative 
pulmonary artery banding or complete repair of the anomaly. 
Silverman et al. (54) reported excellent results of pulmonary 
banding in 21 infants with complete AVSD who were <1 year 
of age. In that series, there was one surgical death (5%), and the 
remaining patients had excellent palliation. Williams et al. (55) 
recommended pulmonary artery banding for infants weighing 
<5 kg who were unresponsive to medical treatment or had sig- 
nificant associated anomalies. In the modern era, most centers 
perform complete repair in small infants who fail to thrive. This 
approach has largely obviated the need for pulmonary artery 
band placement. Investigators in the PHN study found that age 
at repair <2.5 months frequently was associated with concur- 
rent procedures that likely drove the early timing of surgery. In 
that study, infants who required early repair had similar out- 
comes in respect to residual shunts and severity of left AV valve 
regurgitation, but they were more likely to require circulatory 
arrest, prolonged intensive care unit stays, and increased dura- 
tion of hospitalization due to their comorbidities (2). 

The objectives of surgical repair include closure of intera- 
trial and interventricular communications, construction of 
two separate and competent AV valves from available leaflet 
tissue, and repair of associated defects. Techniques for the sur- 
gical repair of complete AVSD have been standardized and are 
based on the use of a single patch or double patch (separate 
atrial and ventricular patches) to close the ASD and VSD and 
then reconstruction of the left AV valve as a bileaflet valve. 
(Figs. 29.23, 29.24) Puga and McGoon (56) have described 
these techniques in detail. Piccoli et al. (52) and Studer et al. 
(57) consider the cleft of the left AV valve to be a true commis- 
sure and envisioned this valve as a trileaflet valve. On the basis 
of these concepts, Carpentier (51) preferred the two-patch 
technique and the left AV valve remained a trileaflet structure 
(Fig. 29.25). More recently, the “Australian” single-patch 
technique with primary suture closure of the VSD and peri- 
cardial patch closure of the ASD has been described (58,59). 

Investigators in the PHN study evaluated the various surgi- 
cal techniques utilized to repair complete AVSD (2). In that 
study, the cleft was closed in 93% of cases. The two-patch 
technique was used in 72% of cases, the single-patch tech- 
nique in 18%, and the Australian repair in 10%. Choice of 
repair depended on surgeon/center preference. The Australian 
technique was used in younger patients and required return 
to cardiopulmonary bypass (CPB) more frequently than the 
single- or two-patch techniques. The single-patch technique 
had longer CPB and aortic cross-clamp times but no patients 
repaired with this technique needed to return to CPB. Opera- 
tive mortality, hospital stay, residual shunt, and significant left 
AV valve regurgitation were similar with all techniques (2). 

In the modern era, hospital mortality was 2.5% (2). Left 
AV valve regurgitation was the most common reason for reop- 
eration and occurred in 4% of cases within 6 months of ini- 
tial repair. Similar to previous reports, approximately 25% of 
patients had at least moderate residual left AV valve regurgita- 
tion. Residual shunts were rare and usually closed spontane- 
ously within 6 months. 

At most centers, the current approach is to offer repair for 
complete AVSD at age 3 to 6 months. If a child is failing to thrive 
or has excessive pulmonary blood flow or heart failure, repair 
is offered at an earlier age. Surgeons at many North American 
centers prefer to utilize a two-patch technique thereby avoiding 
division of the bridging leaflets (60) (Figs. 29.23 and 29.24). If 
the VSD is shallow, a single-patch technique is considered with 
primary VSD closure (Australian technique) (Fig. 29.25). The 
left AV valve cleft typically is closed and eccentric annuloplasty 
sutures are utilized to gain valve competence. Intraoperative 
TEE is utilized in all AVSD cases. If TEE demonstrates more 
than mild left AV valve regurgitation, then CPB is resumed and 
aggressive attempts are made to improve valve competency (61). 
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Figure 29.23. The traditional single-patch repair of complete 
AVSD (surgical view from the RA). Note that one patch is 
utilized to close both the VSD and ASD. The ventricular 
component of the single patch is seen deep to the AV valves. 
This patch is positioned by dividing the bridging leaflets. 
Once the patch is sutured into place, the bridging leaflets are 
resuspended to the patch. The cleft in the left AV valve has 
been closed. 



Figure 29.25. The modified single-patch or Australian tech- 
nique (surgical view from the RA). The bridging leaflets are 
sutured down directly to the VSD crest. Note that the AV 
valve leaflets appeared “tucked” to the crest of the septum. 
Once this is performed, a single patch is utilized to repair the 
remaining ASD. 



Figure 29.24. The two-patch technique for complete AVSD 
(surgical view from the RA). The first patch is utilized to close 
the VSD and is demonstrated deep to the AV valves. The bridg- 
ing leaflets are not divided. Once the VSD patch is placed and 
the cleft is repaired, a second patch is utilized for ASD repair. 


Special Problems in Complete AVSD Surgery 

Parachute Deformity of the Left AV Valve. This problem has 
been addressed by David et al. (62). With such a deform- 
ity, closure of the cleft at the time of repair may result in an 
obstructed orifice. If the patient has significant left AV valve 
regurgitation with a parachute deformity, then valve replace- 
ment may be the only suitable option. 

Double-Orifice Left AV Valve. The surgeon must resist the 
temptation to join the two orifices by incising the intervening 
leaflet tissue. The combined opening of both orifices is satis- 
factory for adequate left AV valve function (63). 

Right or Left Ventricular Hypoplasia. These anomalies may 
be severe enough to preclude septation. The only option for 
definitive surgical treatment is the modified Fontan procedure 
preceded by adequate pulmonary artery banding in infancy (64). 

Tetralogy of Fallot. In patients with this anomaly, all of 
whom have complete AVSD, the infundibular septum is dis- 
placed anteriorly, so that the inlet VSD extends anteriorly and 
superiorly toward the perimembranous area. In tetralogy of 
Fallot, there is obstruction of the right ventricular outflow 
tract. These cyanotic infants often initially are treated with a 
systemic-to-pulmonary artery shunt and then with “complete 
repair” at 2 to 4 years of age. The intracardiac repair of these 
hearts is best accomplished through a combined right atrial 
and right ventricular approach (42). 

Subaortic Stenosis. If discovered at the time of initial 
preoperative evaluation, subaortic stenosis tends to be of the 
fibromuscular membrane type and should be treated by appro- 
priate resection during surgical repair. However, subaortic 
stenosis may appear late after surgical repair of AVSD. The 
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stenosis may be related to the uncorrected deficiency in the 
inlet septum. The obstruction usually is due to the formation 
of endocardial fibrous tags and fibromuscular ridges. Usually 
it can be treated by local resection, although in some patients, 
a modified Konno procedure may be necessary (65-68). 


REOPERATION AFTER REPAIR OF 
ATRIOVENTRICULAR SEPTAL DEFECT 


Partial Atrioventricular Septal Defect 

Late reoperation following repair of partial AVSD may be 
required for regurgitation or stenosis of the left AV valve, sub- 
aortic stenosis, regurgitation of the right AV valve, or residual 
ASD. Reoperation for left AV valve regurgitation occurs in 
10% to 15% of survivors of primary repair of partial AVSD. 
Risk factors for reoperation include significant residual left AV 
valve regurgitation as assessed intraoperatively at the time of 
initial repair, the presence of a severely dysplastic valve, and 
failure to close the cleft in the anterior (septal) leaflet. Repeat 
valve repair is possible if the dysplasia is not severe or when 
the mechanism of regurgitation is through a residual cleft. 
Eccentric commissural annuloplastic sutures often are needed 
to correct central regurgitation. Replacement of the valve may 
be required in the presence of a severe dysplasia. 

Reoperation for left AV valve stenosis may be necessary 
if the valve orifice is hypoplastic, or if the orifice is restricted 
owing to a parachute deformity of the subvalvular apparatus. 
Patient-prosthetic mismatch in patients who required valve 
replacement during infancy or early childhood will merit valve 
re-replacement. Relief of prosthetic left AV valve stenosis result- 
ing from a small annulus is technically challenging. The small 
valve requires replacement with a larger prosthesis, and there 
are no reliable techniques for annular enlargement. Thorough 
debridement and excision of fibrous scar and old prosthetic 
material is necessary. In rare circumstances, the new larger 
prosthesis is sewn into the LA in a supra-annular position. 

Late LVOT obstruction owing to subaortic stenosis occurs 
more frequently after correction of partial AVSD than with 
complete AVSD. This is likely due to the fact that during the 
conventional repair, the deficient portion of the inlet ventricu- 
lar septum is not reconstructed so that the anterior (septal) 
leaflet of the left AV valve hinges on the line of fibrous fusion 
to the crest of the ventricular septum. Thus, the standard sur- 
gical repair does not modify the elongated and potentially nar- 
rowed LVOT. This is in contrast to complete AVSD in which 
the deficient inlet septum is reconstructed with the subvalvular 
patch that effectively widens the outflow tract. Relief of LVOT 
obstruction can be accomplished in several ways, including 
transaortic resection of the fibrous or fibromuscular membrane 


and patch enlargement of the LVOT with a transaortic and 
right ventricular approach (modified Konno procedure). Oth- 
ers have described alternative approaches, including recon- 
struction of the deficient inlet septum, septal myectomy, and 
apicoaortic conduits (65-68). Reoperation for an isolated 
residual or recurrent ASD is rare after repair of partial AVSD. 

Stulak et al. (69) recently reported the Mayo Clinic experience 
with 93 patients who had reoperation after initial repair of par- 
tial AVSD. Average time to reoperation was 10 years. The most 
common indications for reoperation were left AV valve regurgi- 
tation (67%), subaortic stenosis (25%), right AV valve regurgita- 
tion (22%), and residual ASD (11%). Reoperations included left 
AV valve repair or replacement, subaortic resection, and right AV 
valve repair. There was no difference in survival when comparing 
left AV valve repair (38 patients) with replacement (35 patients). 

Complete Atrioventricular Septal Defect 

Late reoperation following repair of complete AVSD occurs in 
approximately 20% of patients during the first 20 years after 
surgical repair. Lesions requiring reoperation include left and 
right AV valve regurgitation, left AV valve stenosis (native and 
prosthetic), and residual ASDs or VSDs. 

Residual left AV valve regurgitation may result from inad- 
equate surgical reconstruction. Intraoperative TEE helps guide 
the surgical repair thereby preventing patients from leaving the 
operating room with significant residual left AV valve regur- 
gitation. Right AV valve regurgitation requiring reoperation is 
rare after repair of complete AVSD. It occurs in the presence 
of pulmonary hypertension or in association with tetralogy of 
Fallot with right ventricular dysfunction and pulmonary valve 
regurgitation or stenosis. Residual shunts are rare causes for 
late reoperation after initial repair of complete AVSD. 

Investigators at the Mayo Clinic recently assessed reopera- 
tion in 50 patients after repair of complete AVSD (70). The most 
common indication for reoperation was left AV valve regurgi- 
tation (41 patients). Similar to the PHN data, left AV valve 
stenosis was rare (1 patient). Half of this cohort underwent left 
AV valve re-repair and the other half had valve replacement. 
Long-term survival was 86% at 15 years after the reoperation. 

POSTOPERATIVE ECHOCARDIOGRAPHIC 
ASSESSMENT 

Echocardiographic assessment of the patient after repair of an 
AVSD includes evaluation of the morphology of the AV valves 
(Fig. 29.26) and determination of right and left AV valve ste- 
nosis or regurgitation (71). A search for residual shunts should 
be performed. Doppler evaluation of the velocity profiles across 
a ventricular level shunt and right AV valve regurgitation can 




Figure 29.26. Left: Four-chamber ana- 
tomic specimen of a patient with partial 
AVSD after patch closure of a primum 
ASD and repair of a cleft mitral valve. The 
patch (arrow) is attached to the right side 
of the atrial septum and the right AV valve 
to avoid damage to the conduction tissue 
and left AV valve. Right: corresponding 
apical four-chamber echocardiograph. 
L, left; LA, left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle; S, 
superior. 
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provide accurate determination of right ventricular systolic pres- 
sure. However, in the setting of a residual VSD, the VSD jet may 
contaminate the right AV valve regurgitation signal and preclude 
accurate quantification of right ventricular systolic pressure. In 
that setting, the echocardiographer should use indirect techniques 
such as assessment of ventricular septal flattening or bowing, right 
ventricular size and function, and Doppler interrogation of the 
pulmonary regurgitation velocity waveforms to assess pulmonary 
artery diastolic pressure. Meticulous assessment of progressive 
left AV valve regurgitation and progression of LVOT obstruction 
must be performed during serial postoperative evaluations. 

THE ADULT WITH ATRIOVENTRICULAR SEPTAL 
DEFECT 


Previously Undiagnosed Adults with Atrioventricular 
Septal Defect 

When discovered in adulthood, patients with partial AVSD 
will present with symptoms of exercise intolerance, dyspnea on 
exertion, or palpitations from a new atrial arrhythmia. These 
patients may exhibit the typical physical exam findings of an 
ASD (systolic ejection murmur at the left upper sternal border, 
widely split and fixed second heart sound, and a diastolic rum- 
ble along the left sternal border due to increased flow across 
the right AV valve). Adults with previously undiagnosed partial 
AVSD may come to diagnosis when a chest x-ray or electrocar- 
diogram is performed for other reasons. The chest x-ray may 
demonstrate cardiomegaly, and the electrocardiogram often 
shows left axis deviation. A regurgitant SI -coincident holosys- 
tolic murmur (due to the cleft in the anterior leaflet of the left AV 
valve) may also prompt echocardiographic evaluation. Left AV 
valve stenosis is a rare finding in adults with unrepaired partial 
AVSD. If left AV stenosis is present, these patients usually have 
a single papillary muscle and morphology of a parachute valve. 
Surgical repair of partial AVSD is recommended if discovered in 
adulthood in the absence of significant pulmonary hypertension. 

Echocardiography of adults with AVSD should be per- 
formed in an imaging laboratory with extensive congenital 
heart disease experience. The role of cardiac catheterization 
for some patients is to evaluate coronary artery anatomy or for 
calculation of pulmonary vascular resistance. One would pre- 
fer the pulmonary arteriolar resistance (rPa) to be <7 units-m 2 
to safely consider repair of a partial AVSD in adulthood. If the 
rPa is elevated above this level, then provocative testing in the 
catheterization laboratory with the use of pulmonary vasoac- 
tive agents such as nitric oxide is indicated. That said, patients 
with rPa as high as 15 units-m 2 have undergone successful sur- 
gery for isolated ASD (72). In this select group of patients, one 
would consider pre- and postoperative treatment with pulmo- 
nary vasoactive agents such as bosentan, sildenafil, or Flolan 
and documentation via hemodynamic catheterization of a sub- 
stantial improvement in rPa during this therapy. In patients 
older than age 40 years, regardless of symptoms, noninvasive 
assessment of coronary artery disease typically is performed 
prior to surgery. Selective coronary angiography or CT angi- 
ography may be indicated if noninvasive coronary assessment 
is abnormal. Primum ASDs are not amenable to closure with 
commercially available transcatheter devices. Minimally inva- 
sive robotic techniques have been used to repair isolated mitral 
valve clefts but, thus far, not in the setting of AVSD. 

Adults with Previously Repaired Atrioventricular 
Septal Defect 

Surgery for the repair of partial AVSD should be performed 
by surgeons with training and expertise in congenital heart 


disease (73). Surgical reoperation is recommended in adults 
with previously repaired AVSD for the following reasons: 

1. Need for left AV valve repair or replacement due to 
symptomatic regurgitation or stenosis, arrhythmia, increase 
in LV dimensions, or LV dysfunction 

2. LVOT obstruction with a mean gradient >50 mm Hg 
or a Doppler-derived maximum instantaneous gradient 
>70 mm Hg. LVOT obstruction with a mean gradient <50 
mm Hg but associated with significant mitral or aortic 
valve regurgitation 

3. Residual or recurrent ASD or VSD with a significant left- 
to-right shunt 

Reoperation on the left AV valve does not necessarily 
dictate that valve replacement will be needed. In the recent 
study from the Mayo Clinic, only half of the patients required 
left AV valve replacement at the time of the second operation 
(70). Interestingly, left AV valve replacement did not preclude 
further reoperation in these patients. 

Recommendations for Pregnancy 

All women with a history of AVSD should be evaluated when 
first contemplating pregnancy to ensure that there are no sig- 
nificant residual hemodynamic problems that may complicate 
their management. Pregnancy usually is well tolerated by 
women who have had successful repair of AVSD. In addition, 
for women with unrepaired partial AVSD, the left-to-right 
shunt and the left AV valve regurgitation usually are well tol- 
erated during pregnancy. The data from the CARPREG study 
(74) and a more recent follow-up to that database (75) demon- 
strated that women with repaired and unrepaired left-to-right 
shunt lesions generally tolerated pregnancy well, except for a 
few cases of arrhythmia. 

However, for women with pulmonary vascular obstruc- 
tive disease and severe pulmonary artery hypertension (pul- 
monary artery systolic pressure >60 mm Hg), pregnancy is 
not advised. Adult patients with unrepaired complete AVSD 
typically have Eisenmenger physiology. Fortunately with the 
advances in surgical techniques and improved outcomes over 
the last four decades, presentation in adulthood with unre- 
paired AVSD and Eisenmenger physiology is rare. 

Patients who had repair of partial or complete AVSD 
require lifelong cardiology follow-up. Preferably, this should 
be at centers that specialize in the care of adults with con- 
genital heart disease. At least 15% to 20% of these patients 
will come to reoperation because of progressive left AV valve 
regurgitation or LVOT obstruction. LVOT obstruction may 
occur de novo even if the patient had undergone primary 
repair of partial AVSD as an adult (24). 

Endocarditis prophylaxis is not generally advised based on 
the 2007 AHA guidelines for uncomplicated vaginal delivery 
in woman with unrepaired partial AVSD. For women who 
had repair of AVSD, one would expect to utilize endocar- 
ditis prophylaxis only in those who had valve replacement. 
Fetal echocardiography is recommended at approximately 
20 weeks’ gestation due to the 3% to 5 % recurrence risk of 
congenital heart disease in offspring when either parent had 
AVSD. 


CONCLUSIONS 


The repair of AVSD has been one of the success stories in the 
field of congential heart surgery over the last four decades. The 
pioneering work performed by Giancarlo Rastelli in the 1960s 
is but one of these accomplishments. In the modern era, adult 
survival with excellent quality of life is expected for children 
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born with AVSD. However, 15% to 20% of these patients may 
face reoperation in their lifetime. All of these patients require 
lifelong surveillance for development of LVOT obstruction 
and left AV valve regurgitation. 
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E xcept for bicuspid aortic valve, ventricular septal defects 
(VSDs) are the most common congenital heart lesions in 
infancy, childhood, and adolescence. 


PREVALENCE 

Historically, VSDs constituted 20% to 30% of congeni- 
tal heart defects. They occur in 1.35 to 3.5/1,000 live births 
(1,2). The incidence of spontaneous closure of isolated VSDs 
approximated 45% during the first 12 months of life and 22% 
during childhood. A study of neonates followed for 15 years 
showed a spontaneous closure rate of 31% uniformly over the 
first 10 years of follow-up (3). This explains why the diagnosis 
of VSDs in adulthood is distinctly rare (4). 

With the advent of echocardiography, the recognition 
of VSDs has increased to 5 to 50/1,000 live births (5,6). A 
recent review of the incidence of congenital heart disease in 
metropolitan Atlanta between 1998 and 2005 demonstrated 
a prevalence of muscular VSDs as detected by physical exami- 
nation and confirmed by echocardiography to be 2.75/1,000 
live births for infants (7). VSD is the most common cardiovas- 
cular manifestation associated with aneuploidies (trisomy 21, 
trisomy 18, and trisomy 13). Although there has not been a 
clear genetic link put forth, it is theorized that multifactorial 
causality is present (8). 


PATHOLOGY 

Multiple classification systems have been proposed for the 
description of VSDs. The classification system described in the 
subsequent sections utilizes the description of the ventricular 
anatomy as per Soto et al. and Anderson et al. (9,10). The ven- 
tricular septum is separated into three separate components — 
an inlet septum, an apical trabecular septum, and an outlet or 
infundibular septum. 

The inlet septum separates the mitral and the tricuspid 
valves. The trabecular portion extends from the chordal 
attachments of the tricuspid valve into the apex and superiorly 
to the crista supra ventricularis. The outlet or infundibular seg- 
ment is the smooth-walled portion which is in continuity with 
the crista supraventricularis and the pulmonary valve. The 
membranous septum is small and often is divided by the septal 
leaflet of the tricuspid valve. 

The defects that extend into the membranous, inlet, or 
outlet septum have been termed perimembranous VSDs. This 
term also has been used to describe defects that lie in the out- 
flow tract of the left ventricle (LV) just under the aortic valve. 
A descriptive synonym used for this particular location is an 
infracristal or membranous VSD. Inspection from the right 


ventricle (RV) demonstrates that this defect is beneath the crista 
supraventricularis and posterior to the papillary muscle of the 
conus. Surgical and autopsy case series have shown that pos- 
sibly 80% of the VSDs noted were within this region (11,12). 
It is common for these defects to extend into portions of the 
inlet, outlet, or muscular aspects of the septum and be classi- 
fied as perimembranous. The perimembranous defect also may 
accompany abnormalities of the tricuspid valve, most often 
the septal leaflet. The abnormality of the tricuspid valve leaf- 
let may be secondary to damage from the left-to-right shunt. 
One of those anomalies is the presence of septal leaflet tissue 
that can partially or completely obstruct the defect, otherwise 
known as an aneurysm of the ventricular septum. Another 
important characteristic of the perimembranous defect is the 
potential for malalignment. Anterior malalignment of the 
infundibular septum and the anterior ventricular septum have 
been associated with the aortic valve overriding the septal 
defect (9). A less commonly observed phenomenon is a poste- 
rior malalignment of the ventricular septum that could cause 
left ventricular outflow tract obstruction, specifically subaor- 
tic narrowing. Posterior malalignment commonly is associated 
with the VSD associated with aortic arch interruption. In the 
presence of a deficient tricuspid valve septal leaflet, a LV-right 
atrial (RA) shunt can occur. This more commonly occurs with 
the presence of both an LV-RV and LV-RA shunt. If there is 
no LV-RV shunt, delineation of tricuspid valve abnormalities 
should be sought, some of which include septal perforation, a 
deficient leaflet, or a tricuspid valve cleft. Rarely, the absence 
of atrioventricular septal tissue will result in an isolated LV-RA 
shunt (Gerbode defect). 

Using surgical and autopsy case series, investigators have 
estimated that outlet-type VSDs constitute 5% to 7% of VSDs. 
These outlet type VSDs have been labeled supracristal, infun- 
dibular, conal, subpulmonary, or doubly committed subarte- 
rial defects. Population studies show that patients from Japan 
and other Far East nations have a much higher incidence of 
this type of VSD than Occidental populations. In Japan, outlet 
septal defects comprise 30% of all VSDs (9,11,13). 

One type of inlet VSD, located posterior and inferior to 
the perimembranous region, has been mislabeled as an atri- 
oventricular septal defect. The true atrioventricular septal 
defect is one in which there are abnormalities of the mitral 
and/or the tricuspid valve and the course of the conduction 
system is displaced. The inlet-type VSD has neither mitral nor 
tricuspid valve abnormalities and no evidence of displace- 
ment of the conduction system. From a surgical/autopsy case 
series review these VSDs comprised 3% to 8% of the total 
cases (11,12). 

The incidence of muscular VSDs ranges from 5% to 20% 
in surgical and autopsy case series. These defects effectively 
can be described as either apical or central. The apical defects, 
as seen from the RV, can have multiple orifices and therefore 
present with multiple jets. Often, when evaluated from the left 
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ventricular aspect, these have a single point of origin from the 
LV. This type of defect can be quite large. The central-type 
defect, located in the midportion of the septum and posterior 
to the septal band of the crista, often can be hidden from the 
right ventricular view and can have multiple jets. As with the 
apical VSD, the left ventricular view can demonstrate a single 
well-circumscribed VSD that is away from the anterior and 
posterior walls of the LV. Another muscular type of VSD is 
the marginal or anterior septal wall defect. This type of defect 
commonly is described as a “Swiss-cheese” type septum com- 
prised of multiple small, tortuous marginal defects. This type 
of VSD also can be associated with other muscular as well as 
perimembranous defects (10,14). 

Patients with either outlet-type or perimembranous 
defects are at risk of developing aortic valve insufficiency. 
It is hypothesized that the outlet-type defect involves a defi- 
ciency of the muscular or fibrinous support underneath the 
aortic valve that may contribute to prolapse of an aortic 
valve cusp. The right coronary cusp most commonly pro- 
lapses into this type of defect. In contrast, the perimem- 
branous defect more often is associated with prolapse of 
the right or noncoronary cusps. Generally, inlet-type and 
muscular-type defects are unassociated with prolapse of 
the aortic valve. According to a recent review, aortic insuf- 
ficiency, caused by VSD flow disturbances is due to a lack of 
the necessary support for the aortic valve causing prolapse 
of the aortic valve cusp (15). 

Identification of the nature of the defect also will allow 
an understanding of the course of the conduction system. In 
perimembranous defects, the bundle of His travels along the 
posterior and inferior rim of the defect as opposed to the inlet- 
type of defect in which it will be anterior and superior to the 
defect (10). Surgically induced atrioventricular block is less 
likely with an isolated muscular trabecular defect or an outlet- 
type defect because they are distant from the atrioventricular 
node and the bundle of His. 


PHYSIOLOGY 

The clinical manifestations of an interventriclar ventricular 
left-to-right shunt largely are dependent on the size of the 
defect and the pulmonary and systemic vascular resistances. 
With small defects, the volume of the left-to-right shunt is lim- 
ited by the resistance of the small defect. With larger defects, 
the volume of the left-to-right shunt depends upon the relative 
pulmonary and systemic vascular resistances. 

Transition from fetal to extrauterine existence is associated 
with changes in the pulmonary vascular resistance. The small 
highly muscularized medial layer of the pulmonary arteries 
undergoes physiologic changes that result in a larger lumen 
and thinner-walled pulmonary artery. These changes result in 
declining right ventricular systolic pressure. By 7 to 10 days 
of life, the right ventricular pressure should have declined to 
normal. Infants born with large VSDs have a delayed decline 
in pulmonary vascular resistance that serves as a protective 
mechanism to prevent massive pulmonary overcirculation. 
Thus, it mainly is the pulmonary vascular resistance that 
determines the magnitude of the left-to-right shunt associated 
with large VSDs (16-18). 

The size of the VSD can be compared to the aortic valve. 
This concept was proposed years ago by Dr. Nadas. Those 
defects that are less than one-third the diameter of the aortic 
valve are considered small and therefore restrict the amount 
of left-to-right shunting via the defect. For most of these 
restrictive defects, catheter-based data have demonstrated 
near-normal right ventricular pressure, pulmonary arterial 
pressure, and near-normal pulmonary vascular resistance 


(19). The high resistance at the VSD results in a large dif- 
ference of systolic pressure between the right and LVs. The 
peak gradient between the two occurs during systole. How- 
ever, due to the large pressure difference, a continuous left- 
to-right shunt can be appreciated by color-flow Doppler 
interrogation. 

Perimembranous and outlet defects often can have flow 
directed toward the right ventricular outflow tract and to 
the pulmonary artery. The moderate-sized defect (defined as 
>33% of the aortic valve annulus but <50% of the annulus) 
will offer some pressure restriction. Continuous-wave Doppler 
interrogation often will demonstrate a >20 mm Hg gradient 
through the defect. Most of these patients will have mildly 
elevated right ventricular pressure as well as mild elevation of 
the pulmonary arterial pressure. Typically, they have normal 
to near-normal pulmonary vascular resistance. Yet, there is a 
greater degree of volume overload, which explains, in part, the 
dilation of the left atrium and the LV. 

A large VSD (>50% of the aortic valve annulus and a 
Doppler flow interrogation predicting <20 mm Hg gradient 
between the left and RVs) results in nearly systemic systolic 
pulmonary arterial pressures. As the infant ages, the pulmo- 
nary vascular resistance will continue to decline and the degree 
of pulmonary overcirculation will increase. The further rise 
in pulmonary pressures will be transmitted to the pulmonary 
veins and the left atrium causing pulmonary venous hyperten- 
sion and left atrial hypertension and eventually an increase of 
LV muscle mass (20). As the pulmonary vascular resistance 
declines by 2 to 8 weeks of age, the pulmonary blood flow 
increases resulting in increased sympathetic tone and dilation 
of the left atrium and ventricle. The latter results in a shift 
in position along the Frank-Starling curve that can adversely 
affect ventricular mechanics. The ability of the infant to tol- 
erate a large shunt is dependent upon the interplay between 
these competing factors. 

As pulmonary vascular disease develops, the pulmo- 
nary vascular resistance increases and the left-to-right shunt 
reverses, and the presence of a right-to-left shunt will result in 
cyanosis (Eisenmenger complex or syndrome). Cyanosis will 
be accompanied by a right ventricular heave with a short or 
no systolic murmur. In this situation, other murmurs may be 
heard. A holosystolic murmur coincident with SI from tricus- 
pid valve insufficiency along with an early diastolic murmur 
of pulmonary valve insufficiency may be heard. The second 
heart sound will become loud, single or narrowly split. A third 
heart sound due to right ventricular filling may be appreciated 
(21,22). Wood described the clinical features of Eisenmenger 
syndrome including squatting and hemoptysis. Hemoptysis 
occurred in 33% of patients after 24 years of age and 100% 
of patients by 40 years of age. Early mortality was estimated 
to be 29%. 

Pathologic analysis of patients with nonrestrictive pul- 
monary blood flow demonstrates that excessive pulmonary 
blood flow is deleterious to the small branch pulmonary arter- 
ies. Recent investigations have shown that chronic exposure 
to increased blood flow and pressure in the distal pulmo- 
nary arteries result in thickened adventitia, muscular medial 
hypertrophy, and potential intimal injury that can lead to 
thrombosis, ultimately causing pulmonary vascular obstruc- 
tive disease (23,24). Patients with congenital heart disease 
and pulmonary vascular obstructive disease have plexiform 
lesions that express polyclonal endothelial cell proliferation 
as opposed to those with familial pulmonary artery hyperten- 
sion that expresses monoclonal proliferating endothelial cells 
(25,26). Furthermore, genetic and molecular mechanisms cur- 
rently are being elucidated to provide a better understanding 
of the changes that occur secondary to the abnormal flow and 
pressure patterns that occur in patients with large left-to-right 
shunts. 
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DIAGNOSTIC EVALUATION 
Physical Examination 

The physical findings for a patient with a VSD depend upon 
the size of the VSD, the magnitude of the left-to-right shunt, 
and the level of right ventricular and pulmonary artery hyper- 
tension and the balance of systemic and pulmonary resistances. 

A small VSD with a QpIQs < 1.5 and normal or only 
slightly elevated right ventricular and pulmonary artery pres- 
sure is characterized by normal precordial impulses and nor- 
mal first and second heart sounds. The murmur is S 1 coincident 
and holosystolic. In muscular VSDs, this murmur may be best 
heard over the lower sternal area. If the jet of blood through 
the VSD is directed toward the pulmonary artery, as is the 
case with many perimembranous and supracristal VSDs, the 
murmur radiates to the upper left sternal border. Frequently a 
precordial thrill is palpable. 

For moderate and large VSDs, the right ventricular impulse, 
felt at the lower left sternal border or the subxiphoid region, 
is prominent. In addition, the left ventricular impulse will be 
displaced laterally and have increased activity. The first heart 
sound will be normal. As the degree of pulmonary hyperten- 
sion increases, the intensity of the pulmonary component of S 2 
will increase. There will be an Sj -coincident holosystolic mid- 
frequency murmur. In patients with QpIQs > 2, in addition to 
the systolic murmur, there will be a middiastolic mitral flow 
murmur as a result of increased volume of blood flowing from 
the left atrium to the LV. A precordial thrill may be palpable 
and closure of the pulmonary and aortic valves may be palpa- 
ble. Infants with a large VSD will be tachypneic. In addition, 
infants with severe congestive heart failure may have pallor, 
poor feeding, and failure to gain weight. 

Electrocardiography 

Small VSDs will have little effect on the QRS axis but large 
defects can be associated with left- or right-axis deviation. 
This may make it difficult to differentiate between a large VSD 
and an atrioventricular septal defect. 

Moderate-sized defects are associated with chronic volume 
overload of the left atrium and ventricle resulting in left ven- 
tricular dilation and hypertrophy. Hypertrophy of both the 
right and the LVs is common (27). A moderate-sized VSD may 
or may not have electrocardiographic evidence of RVH. 

Large VSDs in infants are difficult to diagnose solely using 
the ECG. Infants with moderate-sized VSDs often will dem- 
onstrate a counterclockwise frontal plane QRS axis. Patients 
with a large VSD have equalization of the ventricular pres- 
sures and, thus, have right ventricular hypertrophy. Patients 
with excessive pulmonary blood flow often will develop left 
atrial dilation, manifested by biphasic P waves in leads I, AVR, 
and V6. Prominent negative deflection of the P wave also can 
be seen in VI. 

Patients with markedly elevated pulmonary vascular resist- 
ance in the setting of a large VSD rarely have evidence of left 
ventricular hypertrophy or left atrial dilation using ECG crite- 
ria. These patients will exhibit evidence of RVH. 

Chest Radiography 

Characteristic findings on chest radiographs vary depending 
upon the size of the VSD. Small defects with restrictive left-to- 
right shunting often will have a normal cardiac silhouette and 
normal pulmonary vascular markings. In contrast, patients 
with moderate to large VSDs will have cardiomegaly, increased 
pulmonary vascular markings centrally and peripherally, 


possibly a dilated main pulmonary arterial segment, and/or 
elongation of the cardiac silhouette in a downward and left- 
ward direction. Lateral projections may show upward devia- 
tion of the left main bronchus due to left atrial dilation. The 
standard posteroanterior projection also will demonstrate a 
change in the plane of the left main bronchus because of left 
atrial dilation. 

Children with large VSDs and marked elevation of pulmo- 
nary vascular resistance can have normal cardiac size. Due 
to the frequent presence of right ventricular hypertrophy the 
cardiac apex is slightly rotated upward, leftward, and poste- 
riorly. There often is marked dilation of the central branch 
pulmonary arteries as well as the main pulmonary artery seg- 
ment. There will be increased peripheral vascular markings. 
For patients with Eisenmenger complex, the heart may not be 
enlarged and the pulmonary vascular markings may not be 
increased. The main pulmonary artery is enlarged. 

Echocardiography 

Transthoracic echocardiography is the mainstay for the defini- 
tive diagnosis of VSDs. It allows delineation of the location of 
the defect, associated cardiac lesions, pulmonary artery pres- 
sure, and degree of cardiac heart dilation. 

In order to determine the anatomic site of the VSD, mul- 
tiple echocardiographic imaging planes must be used. From 
the parasternal long-axis view data can be obtained regard- 
ing perimembranous, malalignment (Fig. 30.1), and muscular 
VSDs. Additional information is obtained via the paraster- 
nal long- and short-axis plane including the relationship of 
the perimembranous VSD to the septal tricuspid valve leaflet, 
secondary to flow disturbance that might distort the aortic 
valve’s right coronary cusp (Fig. 30.2A,B), and the location 
and size of muscular defects (Fig. 30.3). The parasternal 
short-axis view also allows location of the position of the 
supracristal (subpulmonic) VSD (Fig. 30.4). The apical four- 
chamber view allows assessment of the isolated inlet VSD 
(Fig. 30.5), the muscular VSD, and the VSD associated with 
a complete atrioventricular septal defect. In addition, assess- 
ment of the left ventricular outflow tract allows evaluation of 
the perimembranous VSD. Aortic insufficiency can be quanti- 
fied and billowing of the tricuspid valve septal leaflet through 
the VSD can be appreciated (Fig. 30.6). The subcostal short- 
axis plane is well suited for assessment of the common atrio- 
ventricular valve. 

The subcostal as well as apical planes allow assessment of 
anterior deviation of the conal septum in the malalignment 
VSD associated with tetralogy of Fallot, the posterior mala- 



Figure 30.1. Parasternal long-axis view demonstrating a 
malalignment VSD associated with tetralogy of Fallot. There 
is anterior deviation of the interventricular septum resulting in 
aortic override of the VSD. 
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Figure 30.2. A: Parasternal long-axis imaging plane demonstrating aliased color Doppler left-to-right flow across 
a perimembranous VSD. B: Parasternal long-axis imaging plane color Doppler demonstration of aortic insuf- 
ficiency associated with distortion of the right coronary cusp caused by a perimembranous VSD. 




Figure 30.3. Parasternal short-axis imaging plane at the level 
of the papillary muscles demonstrating two-dimensional and 
color Doppler left-to-right flow across a midmuscular VSD. 


Figure 30.4. Parasternal short-axis imaging plane at the level 
of the aortic and pulmonic valves demonstrating color Doppler 
left-to-right flow across a supracristal VSD. 



Figure 30.5. Apical four-chamber view at the level of the 
tricuspid and mitral valves demonstrating a moderate-sized 
isolated inlet VSD. 



Figure 30.6. Apical long-axis view at the level of the aortic 
valve demonstrating a moderate-sized perimembranous VSD, 
which is partially occluded by a tricuspid valve septal leaflet 
aneurysm resulting in a “windsock” deformity. 
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Figure 30.7. Subcostal short-axis view at the level of the left 
ventricular outflow tract demonstrating posterior malalign- 
ment of the interventricular septum resulting in narrowing of 
the left ventricular outflow tract. 
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Figure 30.9. Subcostal short-axis view at the level of the 
midinterventricular septum demonstrating color Dop- 
pler interrogation of a moderate-sized as well as a smaller 
low-muscular VSD. 


lignment VSD associated with interrupted aortic arch and 
subaortic membrane (Figs. 30.7 and 30.8A,B), and further 
delineation of the size and number of multiple muscular VSDs 
(Fig. 30.9). 

Using the modified Bernoulli equation (pressure gradient 
in mm Hg = 4 x jet velocity 2 ) the gradient between LV and 
RV can be calculated. In some circumstances, right ventricular 
and pulmonary artery systolic pressure can be calculated. For 
example, with a systolic systemic blood pressure =100 mm Hg, 
and a velocity across the VSD = 2 m/s, the right ventricular/ 
pulmonary artery pressure can be calculated as 100-4(2) 2 = 
84 mm Hg. 

The presence of left atrial or left ventricular dilation sug- 
gests that the VSD is hemodynamically important. Left-sided 
cardiac dilation correlates with a Qp:Qs >2:1. The presence 
of significant chamber enlargement of or greater than one-half 
of systemic right ventricular pressure suggests the need for 
VSD closure. 

Intraoperative transesophageal echocardiography (TEE) is 
utilized to clarify anatomic and physiologic details (Fig. 30.10). 
For example, the surgeon may want additional details about 
the anterior mitral valve cleft associated with complete atrio- 
ventricular septal defect. With aortic insufficiency, additional 
data can be obtained regarding the anatomy of the aortic 
valve, which might allow prediction of the likelihood of valve 


repair. Postoperatively, one can ascertain the presence of resid- 
ual ventricular-level shunting and pulmonary artery pressures. 

TEE is useful to guide the implantation of an occlusion 
device during cardiac catheterization (Fig. 30.11). In addition, 
one can detect residual shunts, predict pulmonary artery pres- 
sure, and delineate problems such as distortion of the tricuspid 
valve as a result of device impingement upon the valve. 

Magnetic Resonance Imaging 

Didier et al. (28) demonstrated the use of MRI to determine 
the presence and location of VSD by voltage-gated imaging. 
Several investigators have quantitated pulmonary blood flow 
in the setting of left-to-right shunts (29). Most recently, inves- 
tigators have correlated Qp/Qs by phase-contrast MRI and 
oxygen saturation measurement (30) (see Chapter 10). 

Cardiac Catheterization 

The primary indication for cardiac catheterization is to deter- 
mine (a) the presence or absence of additional smaller defects 
and abnormalities, (b) quantitate the volume of shunting, (c) 
determine pulmonary vascular resistance, and (d) establish 
landmarks for possible transcatheter or surgical procedures. 



Figure 30.8. A: Apical long-axis view of a large posteriorly malaligned VSD. Note the resultant narrowing of 
the left ventricular outflow tract. The LV is dilated due to pulmonary overcirculation. B: Apical long-axis view 
demonstrating color Doppler flow through an unobstructed, but narrowed left ventricular outflow tract due to 
posterior deviation of the interventricular septum in the setting of a malalignment VSD. Note the presence of 
mitral regurgitation. 
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Figure 30.10. Transesophageal echo long-axis view of a peri- 
membranous VSD interrogation prior to surgical closure. The 
left image demonstrates the relationship of the VSD to the aor- 
tic and tricuspid valves. The right image demonstrates left-to- 
right color Doppler flow. 


Right ventricular angiography allows one to determine the 
size and presence of muscle hypertrophy of the RV, evaluate 
pulmonary venous return, and assess intra-atrial shunting. 
Left ventriculography will demonstrate the presence or 
absence of left ventricular outflow tract anomalies, and the 
size, location, and number of VSDs (Fig. 30.12). To deline- 
ate the interventricular septum, the AP camera should be ori- 
ented to obtain a right-axial oblique view at about 30 degrees 
angulation and the lateral camera should be oriented to obtain 
a 60-degree long-axial oblique view with cranial angulation 
(31,32) (Fig. 30.13). If this view fails to adequately define the 
VSD, the “hepatoclavicular” or “four-chamber view” could 
allow for better delineation of those defects. This view is use- 
ful to delineate the course of the left ventricular outflow tract 
and demonstrate left ventricular-RA shunts (Gerbode defect). 

Retrograde aortography can be used to determine the pres- 
ence and degree of semilunar valve insufficiency, the coronary 
artery anatomy, the presence or absence of the ductus arterio- 
sus, arch sidedness, and the presence or absence of a coarcta- 
tion of the aorta. 

If there is elevated pulmonary vascular resistance, one 
should perform a provocative test to evaluate pulmonary vas- 
cular reactivity. This is performed using 100% oxygen to pro- 
duce pulmonary vasodilation. In addition, inhaled nitric oxide 
can be used if there is little or no decline with 100% oxygen. 
Additional drugs such as epoprostenol sodium (PGI 2 ) have 



Figure 30.11. Transesophageal echo four-chamber view dem- 
onstrating successful Amplazer VSD occlusion device deploy- 
ment across a midmuscular VSD. 



Figure 30.12. Retrograde pigtail catheter in the LV with the 
cameras in left anterior oblique with cranial angulation. This 
view demonstrates the interventricular septum and left-to-right 
shunt through a perimembranous VSD with aneurismal tissue 
valve obstructing some of the left-to-right flow. Mild mitral 
valve insufficiency is also noted. 


been used to determine the degree of pulmonary vasoreactivity 
(33,34). Historically, patients who have irreversible elevation 
of PVR were considered to be poor candidates for surgical cor- 
rection. Although the level of pulmonary vascular resistance 
that is considered incompatible with successful cardiothoracic 
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Figure 30.13. Retrograde catheter coursing through the aortic 
valve and into the LV. Left anterior oblique view with cranial 
angulation demonstrating a midmuscular VSD prior to mus- 
cular device occlusion. 
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surgery has not been determined, a nonmodifiable pulmonary 
vascular resistance >6 to 8 Woods units x m 2 has been consid- 
ered predictive of reduced postoperative survival (35,36). 


DIFFERENTIAL DIAGNOSIS 


The differential diagnosis of a large left-to-right shunt and pul- 
monary overcirculation includes atrioventricular septal defect 
with unrestricted pulmonary blood flow, double outlet RV, 
LV-RA shunts (Gerbode), patent ductus arteriosus, aorticop- 
ulmonary window, truncus arteriosus, congenitally corrected 
transposition of the great arteries with a VSD, and functional 
single ventricle without pulmonary stenosis among others. 

Atrioventricular septal defects are differentiated from iso- 
lated VSDs using echocardiography and electrocardiography 
(see Chapter 29). Although atrioventricular septal defects typi- 
cally have a northwest axis on the surface ECG, this can also 
be seen in an isolated VSD. 

Patients with double outlet RV also may present with sig- 
nificant pulmonary overcirculation. One can differentiate an 
isolated malalignment VSD from double-outlet RV using echo- 
cardiography (see Chapter 51). 

VSDs typically present with an S r coincident holosystolic 
murmur that can sometimes be confused with the ejection 
murmur of pulmonary valve or subpulmonary or subaortic 
stenosis. Sometimes the ejection murmur of aortic stenosis in 
patients with high heart rates can be confused with that of a 
VSD. However, the murmur of aortic stenosis is ejection in 
timing, radiates into the neck, and usually is associated with 
an ejection click. The click is sometimes so prominent that the 
examiner thinks it is the first sound. It is important to listen 
“behind” the click to hear the softer S^ VSD can be associated 
with subaortic stenosis. Identification of associated anomalies 
is important when considering operation. 


TREATMENT 


Medical Therapy 

Small VSDs do not cause significant pulmonary overcircula- 
tion. The outcome of these patients is excellent and medical 
therapy, surgical, or percutaneous closure of these defects are 
unnecessary. 

Medical treatment of patients with large VSDs involves the 
use of diuretics, afterload reduction, and maximizing caloric 
intake. Diuretics are the first line of medical therapy. Furo- 
semide (1 mg/kg to 3 mg/kg per day) divided into two or three 
doses relieves some of the increased preload and will reduce 
tachycardia and tachypnea. The use of furosemide may be 
complicated by hypokalemia, hypercalcemia, hearing loss, and 
possible renal toxicity. Spironolactone can be used as adjunc- 
tive therapy to prevent hypokalemia. A third line of medical 
therapy is afterload reduction. The concept behind afterload 
reduction is to shift the Qp/Qs more toward the systemic 
circulation and therefore reduce pulmonary blood flow (37). 
The efficacy of this approach has been documented in case- 
control trials from the late 1980s and early 1990s (38-40). 
Because angiotensin-converting enzyme inhibitors may cause 
potassium retention, spironolactone must be used carefully in 
conjunction with them. 

The use of digoxin has gradually diminished over time. 
Hougen et al. (41) summarized the basic mechanisms of 
cardiac glycosides and their clinical use in heart failure in 
children. He noted that most pediatric patients with large left- 
to-right shunts have normal systolic ventricular function and 


that these patients benefit little from the addition of digoxin. 
Others have made similar observations (42,43). However, dig- 
italis continues to be used by some clinicians (44). 

Over time, with medical therapy one may observe reduction 
in the volume of the left-to-right shunt due to spontaneous clo- 
sure of the defect, increasing pulmonary vascular resistance, or 
hypertrophy of the right ventricular outflow tract portion of 
the right ventricle. 

Patients with Eisenmenger complex will exhibit increas- 
ing cyanosis, decreasing exercise tolerance, and polycythemia 
(or erythrocythemia). Polycythemia can cause headaches and 
extreme fatigue. Relative iron deficiency is common in these 
patients and should be avoided or treated if it occurs. Symp- 
tomatic headaches and exhaustion can be ameliorated with 
partial exchange transfusion. Heart-lung transplantation may 
be a consideration for some of these patients. However, in the 
Second Natural History Study of Congenital Heart Disease, 
the 25-year survival for patients with Eisenmenger complex 
was 40%, which is superior to the 25 -year survival after 
heart-lung transplantation. Often, these patients will need 
oxygen therapy and should be advised against living at high 
altitude due to the lower Fi0 2 . If air travel is unavoidable, 
supplemental oxygen therapy should be provided since com- 
mercial aircraft often pressurize the cabin at 5,000 to 7,000 ft, 
lowering the Fi0 2 accordingly. 


SURGICAL THERAPY 


Infants with a large shunt, congestive heart failure, and failure 
to thrive despite optimal medical therapy should have repair 
prior to 12 months of age both to eliminate congestive heart 
failure and to prevent the development of pulmonary vascu- 
lar disease. For older children and adolescents with normal 
or reversible pulmonary vascular resistance but with a Qp/Qs 
>2:1, closure of the defect is indicated. Progressive aortic valve 
insufficiency associated with a supracristal (outlet) VSD is an 
indication for VSD closure. The surgical mortality in children 
is <1% to 3% (45). 

Current practice guidelines suggest that adult patients with 
a Qp/Qs ratio >2 and echocardiographic evidence of volume 
overload of the left side of the heart or a history of infective 
endocarditis should have surgical closure (46,47). 

Most perimembranous and inlet-type defects are closed 
using a transatrial approach. In contrast, defects that are asso- 
ciated with the outlet septum are best visualized and closed 
through the pulmonary valve. The approach more commonly 
used in the 1960s and 1970s employed staged palliation with 
the initial placement of a pulmonary artery band and sub- 
sequent debanding with VSD closure. The complications of 
pulmonary artery banding include inadequate or poorly con- 
trolled pulmonary blood flow, distortion of the main pulmo- 
nary arterial segment, and encroachment of the band on the 
proximal branch pulmonary arteries as well as possible inter- 
ference of the band with pulmonary valve function including 
development of pulmonary valve stenosis. Because of these 
problems and because of improvements in infant surgery, pul- 
monary banding rarely is done in the modern era. Pulmonary 
artery banding may have a role in management of the prema- 
ture or smaller infant (<3 kg) and patients with multiple VSDs 
(so-called Swiss cheese septum). 

Another approach to patients with a “Swiss cheese” septum 
has incorporated the use of percutaneous or hybrid catheter 
(see Chapter 13) techniques to close one or more of the larger 
defects. Closure of large muscular defects from a left ventricular 
approach has been effective albeit with the potential for long- 
term adverse effect upon left ventricular function and the devel- 
opment of ventricular arrhythmias (48,49). Some investigators 
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Figure 30.14. Right anterior oblique orientation of anterior- 
posterior camera demonstrating the TEE probe and the 
prograde deployment of an Amplatzer muscular VSD device 
occluder. 


have described the feasibility of percutaneous device closure 
of perimembranous and muscular VSDs (Fig. 30.14) (48,49) 
(see Chapter 13). Percutaneous techniques have been used to 
close postmyocardial infarction VSDs. The attractiveness of 
percutaneous closure lies in the avoidance of cardiopulmonary 
bypass and sternotomy, a shorter hospital stay, and decreased 
cost. The major drawback has been creation of atrioventricular 
conduction block. Follow-up studies of patients who have had 
percutaneous VSD closure have been limited to <10 years in 
contrast to the follow-up of surgical closure of the VSDs, which 
is now reaching 57 years. Early and delayed atrioventricular 
block occurs in fewer than 1% of patients after surgical closure 
of an isolated VSD, whereas atrioventricular block ranges from 
3% to 20% after percutaneous closure (50,51,52). 

In summary, use of percutaneous device occlusion has an 
increasing role in interventional pediatric and adult cardiol- 
ogy. However, investigators have demonstrated that surgical 
closure has excellent outcomes with low early and late postop- 
erative complications as compared to patients who have had 
percutaneous occlusion. As techniques and materials improve, 
the outcomes of patients who have percutaneous occlusion 
undoubtedly will improve. 

Postoperative sequelae 

The presence of residual defects after surgical or percutane- 
ous closure have been well documented (53,54). Postopera- 
tive evaluation should include a surface electrocardiogram, 
an echocardiogram to determine presence or absence of resid- 
ual shunts, presence or absence of pericardial effusions, and 
a chest x-ray to evaluate heart size and presence or absence 
of pleural effusions. Common postoperative findings include 
right bundle branch block, especially if a right ventriculot- 
omy was performed. Although rare, delayed complete heart 
block can occur after surgical VSD closure. Patients who 
have had a left ventriculotomy for either surgical or percu- 
taneous access to muscular VSDs may exhibit abnormal left 


ventricular wall motion, elevated left ventricular end-diastolic 
pressure, and or left ventricular systolic dysfunction. Small 
residual VSDs can occur. Most often, these are small defects 
either around the device or around the surgical patch; they 
may close spontaneously during the first year after closure. 
Repeat surgical intervention rarely is needed for small resid- 
ual defects (<2 mm) (54). 


CLINICAL OUTCOMES AND PROGNOSIS 

The prognosis is good for most patients with small VSDs. 
They are at very low risk for the development of elevated 
pulmonary vascular resistance (27,55). Long-term studies 
have demonstrated that those patients have excellent out- 
comes and that mortality has been linked to the presence of 
associated semilunar valve problems (most commonly aortic 
valve insufficiency) or bacterial endocarditis (56). Kidd et al. 
concluded that the majority of patients fared well. Long-term 
survival at 25 years was approximately 87%. Despite this, 
there was a higher than normal 15-year prevalence of serious 
arrhythmia and sudden death among patients managed either 
medically or surgically (57). Similar findings were reported 
by Roos-Hesselink et al. in their review of 22- to 34-year 
postoperative outcomes of patients who had surgical repair 
of VSDs. A review of 176 consecutive patients between 1968 
and 1980 at a single institution showed a survival rate of 
92%. A 4% incidence of sinus node dysfunction requiring 
pacemaker implantation was noted. The incidence of pulmo- 
nary hypertension was 4% and the incidence of aortic valve 
insufficiency was 16%. The need for surgical reintervention 
was 6 % (58). 

Most (75% to 80%) small perimembranous-type defects 
and small muscular-type VSDs will close spontaneously within 
the first 2 years of life. However, untreated patients with large 
VSDs in infancy can die from congestive heart failure during 
the first 6 weeks to 6 months of life. With proper medical and 
surgical management, however, these patients should have an 
excellent outcome (59-65). 
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PATENT DUCTUS ARTERIOSUS 


Anatomy 

The ductus arteriosus, a large channel normally found in all 
mammalian fetuses, develops from the distal portion of the 
left sixth aortic arch and connects the main pulmonary trunk 
with the descending aorta, 5 to 10 mm distal to the origin of 
the left subclavian artery in a full-term infant. With a right 
aortic arch, the ductus arteriosus may be on the right, joining 
the right pulmonary artery and the right aortic arch just distal 
to the right subclavian artery; more commonly, it is on the left, 
joining the left pulmonary artery and the proximal portion of 
the left subclavian artery. Rarely, the ductus arteriosus may be 
bilateral. It varies in length and in the term fetus has a diame- 
ter of approximately 10 mm, similar to that of the descending 
aorta (1). The ductus is a tube with a relatively uniform diam- 
eter prior to closure; however when it remains patent post- 
natally it changes shape dramatically. Closure usually begins 
at the pulmonary artery end, so most often a patent duct is 
conical in shape, large at the aortic ampulla and narrowing 
toward the pulmonary artery entrance; however, there is great 
variability in the anatomical shape of the persistent ductus. 

The microscopic structure of the ductus arteriosus differs 
from that of the adjacent pulmonary trunk or aorta. Although 
wall thicknesses are similar, the media of the latter are com- 
posed mainly of circumferentially arranged layers of elastic fib- 
ers, whereas the media of the ductus arteriosus consist largely 
of layers of smooth muscle arranged spirally in both leftward 
and rightward directions together with increased amounts of 
hyaluronic acid. The intimal layer of the ductus arteriosus 
is thicker than that of the adjoining arteries and contains an 
increased amount of mucoid substance. There are also small, 
thin-walled vessels in its subendothelial region (2,3). 

Important associated structures to the ductus arteriosus 
include the recurrent laryngeal nerve, the phrenic nerve, and the 
thoracic duct. The recurrent laryngeal nerve arises from the vagus 
nerve anteriorly and caudally, coursing around the duct to ascend 
posteriorly to the larynx. It can be injured during surgical ligation 
as well as interventional treatment with devices and stents (4,5). 

Physiology 

Role in the Fetus 

By 6 weeks of gestation, the ductus arteriosus is developed suffi- 
ciently to carry most of the right ventricular output. The relative 
sizes of the great arteries and the ductus arteriosus reflect the 


proportions of cardiac output (combined ventricular output) 
carried by them (1). The right ventricle ejects about two-thirds 
of combined ventricular output, and because lung flow is only 
6 % to 8%, the ductus arteriosus carries 55 % to 60% of com- 
bined ventricular output (6). The ductus arteriosus permits flow 
to be diverted away from the high-resistance pulmonary circu- 
lation to the descending aorta and the low-resistance placen- 
tal circulation. A large pulmonary blood flow during fetal life 
would represent wasted circulation, and the ductus arteriosus 
therefore reduces the total workload of the fetal ventricles (6). 

Whether the ductus arteriosus plays an active physiologic 
role during fetal life is unknown. It had been considered a rela- 
tively passive structure until it was shown that prostaglandin 
E 2 (PGE 2 ) and prostacyclin (PGI 2 ) produce and maintain active 
relaxation (7-11). 

Normal Postnatal Closure 

Postnatal closure of the ductus arteriosus is effected in two 
phases. Immediately after birth, contraction and cellular 
migration of the medial smooth muscle in the wall of the duc- 
tus arteriosus produce shortening, increased wall thickness, 
and protrusion into the lumen of the thickened intima (inti- 
mal cushions or mounds), resulting in functional closure (3). 
This commonly occurs within 12 hours after birth in full-term 
human infants (12). The second stage usually is completed by 
2 to 3 weeks in human infants, produced by infolding of the 
endothelium, disruption and fragmentation of the internal 
elastic lamina, proliferation of the subintimal layers, and hem- 
orrhage and necrosis in the subintimal region. The mounds 
enlarge progressively, and there is connective tissue formation 
and replacement of muscle fibers with fibrosis and permanent 
sealing of the lumen to produce the ligamentum arteriosum (2). 

The exact mechanisms responsible for the initial postnatal 
closure of the ductus arteriosus are not fully understood. Dur- 
ing fetal life, the partial pressure of oxygen (p0 2 ) to which 
the ductus arteriosus is normally exposed is 18 to 28 mm 
Hg (6). An increase in p0 2 , as it occurs with ventilation after 
birth, constricts the ductus arteriosus in mature fetal animals 
(6,7,9,10,13); however, at about 0.6 gestation (term = 150 
days), although capable of contracting, the ductus arteriosus 
is not constricted by increased oxygen even at high concentra- 
tions. With advancing gestation, the amount of constriction 
in response to increasing p0 2 is greater and the level of p0 2 
required to initiate a response decreases (11,13). Other fac- 
tors, such as the release of vasoactive substances (e.g., ace- 
tylcholine, bradykinin, or endogenous catecholamines), may 
contribute to postnatal closure of the ductus arteriosus under 
physiologic conditions (6,13). 
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Of greater importance is the role of prostaglandins, the 
cyclooxygenase-mediated products of arachidonic acid metab- 
olism, in the ontogenic and overall physiology of the ductus 
arteriosus. Exogenous PGEj, PGE 2 , and PGI 2 dilate isolated 
ductus arteriosus strips or rings from term fetal lambs (7,8,10). 
Inhibitors of prostaglandin synthesis, either in vitro or when 
administered in vivo to pregnant animals near term, produce 
constriction of the ductus arteriosus (7,8,10), reversible by 
PGEj infusion (8), indicating that prostaglandins play an active 
role in maintaining the ductus arteriosus in a dilated state dur- 
ing normal fetal life. The exact sites of production of these 
prostaglandins in vivo are unclear. PGE 2 and PGI 2 are formed 
intramurally in the ductus arteriosus and may exert their action 
locally on muscle cells (7-9). Endogenous PGI 2 production is 
about tenfold that of PGE 2 ; however, PGE 2 is three orders of 
magnitude more potent than PGI 2 as a relaxer of the ductus 
arteriosus (7,9). Prostaglandins are detectable only in very low 
concentrations in adult plasma, and most are not thought to 
act as circulating hormones because of their rapid catabolism 
in the lung (9). The fetus, however, has high circulating concen- 
trations of prostaglandins, particularly PGE 2 , probably owing 
to low fetal pulmonary blood flow and therefore decreased 
prostaglandin catabolism in the lungs, as well as to the fact 
that the placenta produces prostaglandins (7-9). 

The effects of prostaglandins, as well as of inhibitors of 
prostaglandin synthesis, vary at different gestational ages 
(7,9,11). Indomethacin constricts rings of ductus arteriosus 
from immature fetal lambs more than it does rings from close- 
to-term lambs. Both PGE 2 and PGI 2 relax the ductus arteriosus 
from immature lambs more than that from mature animals, 
reflecting the significantly greater sensitivity to PGE 2 and PGI 2 
of the immature ductus arteriosus. This change in sensitivity 
is influenced by the increase in endogenous cortisol toward 
term. Thus, patency or closure of the ductus arteriosus repre- 
sents a balance between the constricting effects of oxygen, and 
perhaps certain vasoconstrictive substances, and the relaxing 
effects of several prostaglandins (9,10). At birth, the placen- 
tal source is removed, and the marked increase in pulmonary 
blood flow allows effective removal of circulating PGE 2 tip- 
ping the balance in favor of ductal closure. 

Physiology of Patency 

Ontogenic differences in physiologic factors almost certainly 
account for the higher incidence of persistent patency of the 
ductus arteriosus (PDA) in preterm infants (11). Sensitivity of 
ductus arteriosus smooth muscle to PGE 2 is highest in imma- 
ture animals and decreases with advancing gestation. In term 
infants, responsiveness is lost shortly after birth; this does 
not occur in the immature ductus. Pulmonary metabolism 
is important in reducing circulating concentrations of PGE 2 ; 
because this function is significantly reduced in immature 
lungs, increased circulating concentrations of PGE 2 as well as 
increased sensitivity are important contributors to persistent 
patency in preterm infants. 

Physiology of the Left-to-Right Shunt 

As with all left-to-right shunts, with PDA three major, interre- 
lated factors control the magnitude of shunting: the diameter 
and length of the ductus arteriosus, which governs the resist- 
ance offered to flow; the pressure difference between the aorta 
and the pulmonary artery; and the systemic and pulmonary 
vascular resistances. 

Normally after birth, systemic vascular resistance (after- 
load) is high, whereas pulmonary vascular resistance decreases 
when ventilation begins. As a result, systemic arterial blood 
pressure becomes higher than that in the pulmonary artery. 
With a small PDA, a high resistance to flow is offered by the 
small cross-sectional opening of the ductus arteriosus, so that 


the left-to-right shunt will be small despite the large pressure 
difference. However, with a large communication, pressures 
tend to become equal, and the magnitude of shunting is then 
determined by the relationship of the systemic and pulmo- 
nary vascular resistances. For this reason left-to-right shunt- 
ing through a PDA has been defined as dependent shunting 
(14). Because systemic vascular resistance does not change 
significantly after birth, changes in pulmonary vascular resist- 
ance are the major determinants in regulating the left-to-right 
shunting through a PDA. This is particularly important in the 
first 2 months after birth, when pulmonary vascular resistance 
normally is decreasing. 

The physiologic features associated with left-to-right 
shunting through a PDA depend on the magnitude of the left- 
to-right shunt and the ability of the infant to handle the extra 
volume load (15). The volume shunted left to right through 
the PDA increases left ventricular output (16) that normally 
is high in the immediate newborn period (17). The resultant 
increase of pulmonary venous return to the left atrium and left 
ventricle (LV) increases ventricular diastolic volume (preload) 
and thereby LV stroke volume (Frank-Starling mechanism). 
LV dilation will result in an increased LV end-diastolic pres- 
sure with secondary increase in left atrial (LA) pressure. This 
may lead to signs of overt left heart failure with LA dilation 
and pulmonary edema. Right ventricular failure may occur if 
there is a large PDA with pulmonary hypertension or pulmo- 
nary edema and an elevated LA pressure, in which case pul- 
monary vascular resistance may be increased. The net result of 
both these situations is an increased pressure load for the right 
ventricle. Left-to-right shunting through a stretched, incompe- 
tent foramen ovale secondary to LA dilation is a fairly com- 
mon association (15). 

Several compensatory physiologic mechanisms help to 
improve myocardial performance and thereby maintain a nor- 
mal systemic output. In addition to the Frank-Starling mecha- 
nism, the sympathetic adrenal system is stimulated, as is the 
development of myocardial hypertrophy. Increased sympathetic 
stimulation leads to direct stimulation of nerve fibers within the 
myocardium, with local norepinephrine release as well as an 
increase in circulating catecholamines released from the adre- 
nal glands. As a result, both the force of contraction and the 
heart rate are increased. These mechanisms are responsible for 
the rapid heart rate and the sweating often seen in infants with 
heart failure. If the increased volume load persists, hypertro- 
phy of the ventricular myocardium will develop. Because of the 
diastolic runoff through the PDA, the overall resistance to the 
LV is low facilitating increased total LV output. 

These compensatory mechanisms are ordinarily well devel- 
oped in older children or adults; however, they are not as well 
developed in newborn infants and are even less so in prema- 
turely born infants. It is most important, therefore, to consider 
the state of maturity (i.e., gestational age at time of birth) of 
an infant who has a PDA with left-to-right shunting. Many 
physiologic functions that are present in older children reach 
full maturation at different rates and periods of gestation. For 
example, sympathetic nervous innervation of the LV myocar- 
dium may be completed only at term, or even after term (18), 
so that in an infant born prematurely, sympathetic stimula- 
tion of the LV myocardium likely would be incomplete. Like- 
wise, the myocardium in an immature animal responds less to 
stretch (Frank-Starling mechanism) than does that in a more 
mature animal (19). The structure of the immature myocar- 
dium, too, is quite different from that at term in that there 
are far fewer contractile elements (19). Premature infants often 
have lower than normal serum Ca 2+ concentrations, and this 
too may affect myocardial performance (20). Probably for one 
or all of these reasons, premature infants with left-to-right 
shunts through a PDA develop LV failure earlier than their 
full-term counterparts and, in addition, with a smaller volume 
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load. Of considerable importance as well is maintenance of 
myocardial perfusion. Because coronary arterial blood flow to 
the LV occurs mainly during diastole and depends on the sys- 
temic arterial-intramyocardial diastolic pressure differences as 
well as the duration of diastole, alterations in either can affect 
coronary blood flow (21). A reduction in aortic diastolic pres- 
sure occurs in a large PDA, and with a significant shunt, LV 
end-diastolic pressure may be increased and cause an increase 
in subendocardial intramyocardial pressure. The development 
of tachycardia will reduce the diastolic period. All three fac- 
tors may result in decreased myocardial perfusion in the pres- 
ence of a large PDA. 

Delivery of oxygen to the myocardium depends on not only 
the coronary blood flow, but also the oxygen content of arte- 
rial blood and the ability of arterial blood to deliver oxygen 
at the tissue sites. A low hemoglobin concentration caused 
by physiologic anemia in the newborn period, particularly in 
premature infants, or by repeated blood sampling as it occurs 
with intensive neonatal care, jeopardizes oxygen delivery to 
the myocardium as well as to other organs. A further impor- 
tant factor, particularly in premature infants, is the amount of 
fetal hemoglobin present. Because fetal hemoglobin has a low 
affinity for the organic phosphates such as 2,3-diphosphoglyc- 
erate, the facilitation of oxygen delivery to peripheral tissues 
is reduced. This effect is greater with higher amounts of fetal 
hemoglobin (22). 

Effects on the Pulmonary Circulation and Lungs 

A small communication has little or no effect on the pulmo- 
nary arterial circulation. However, with a large communica- 
tion, systemic and pulmonary arterial pressures will equalize, 
and because of the high flow and pressure, the small pulmo- 
nary arteries may not undergo their normal postnatal matu- 
rational changes. The medial smooth muscle does not regress 
as rapidly as normal or to the same extent, so that pulmonary 
vascular resistance falls more slowly and less completely than 
usual. 

Initially the increase in pulmonary vascular resistance is 
associated only with an increased amount of medial smooth 
muscle. However, true pulmonary vascular disease (23) may 
occur subsequently, manifested by intimal damage with cel- 
lular proliferation, hyalinization, and finally thrombosis and 
fibrosis of the small pulmonary arteries. As more small pulmo- 
nary arteries become involved in this process, the pulmonary 
vascular resistance increases, the left-to-right shunt dimin- 
ishes, and eventually a right- to-left shunt occurs. In severe 
pulmonary vascular obstructive disease, arteriovenous malfor- 
mations may form with resultant hemoptysis. 

Pulmonary edema occurs commonly in premature infants 
with only a moderate shunt and without severe heart failure. 
Capillary permeability in newborn animals is greater than 
in adults, and may be even more pronounced in premature 
infants. A small elevation in pulmonary venous pressure there- 
fore can produce significant pulmonary edema. 

Physiology of Delayed Closure in Term Infants 

Although functional closure of the ductus arteriosus typi- 
cally is completed on the first day after birth, it may be 
delayed for several days. Because pulmonary vascular resist- 
ance decreases normally, flow will occur from the aorta into 
the pulmonary artery throughout this period of functional 
patency. On careful auscultation, therefore, a murmur may 
be heard in the first few hours of life in many infants (24). 
Two particular murmurs have been described: a crescendo 
systolic murmur and a continuous murmur with a crescendo 
systolic and diminuendo diastolic component. Neither mur- 
mur is very loud (grade 1 to 2 on a scale of 1 to 6), and 


both may be accentuated, or possibly only heard, during 
inspiration; the murmurs are heard best in the second to 
third left intercostal space and do not radiate widely. Because 
pulmonary arterial pressure is normal, the pulmonic com- 
ponent of the second sound is of normal intensity and the 
second sound is often well split (24). As the ductus arteriosus 
constricts, the diastolic component becomes inaudible and 
leaves only a crescendo systolic murmur that usually disap- 
pears by the 2nd to 3rd day of life. The electrocardiogram 
(ECG) and chest roentgenogram in these infants are normal. 
Real-time two-dimensional echocardiography shows normal 
intracardiac structures, and the ductus arteriosus generally 
is visualized directly. Doppler and color Doppler evaluation 
invariably detect and delineate the flow patterns of the shunt 
across the ductus arteriosus into the main pulmonary artery 
(25-27). Retrograde aortic flow is not seen in these infants 
with a small ductus. Hemodynamic studies performed in 
these infants have shown small left-to-right shunts with nor- 
mal arterial pressures. 

During the initial hours of constriction, any condition 
that lowers arterial blood pO z or increases circulating blood 
PGE 2 concentrations may delay normal closure (28). Likewise, 
before true anatomic closure occurs, the functionally closed 
ductus arteriosus may dilate with a reduced arterial blood 
p0 2 (29) or increased PGE 2 concentration. This may occur 
in asphyxial states and in the presence of any one of many 
different pulmonary diseases (e.g., meconium aspiration). 
Residing at a high-altitude location, a nonpulmonary cause of 
arterial hypoxemia, has been shown to produce delayed clo- 
sure of the ductus arteriosus. The incidence of PDA is about 
30 times greater at high altitude (4,500 to 5,000 m) than at 
sea level (30). With severe pulmonary disease or persistent pul- 
monary hypertension syndrome of the newborn, when there 
is an increase in pulmonary vascular resistance, no shunt or 
even a right-to-left shunt through the PDA may occur. This 
leads to a lower p0 2 in the lower extremities than in the upper. 
This difference in p0 2 may persist for many days, and with 
pulmonary disease the ductus arteriosus may remain patent 
for several weeks. 

The initial constriction of the ductus arteriosus is most 
prominent at its pulmonary arterial end and extends progres- 
sively toward the aorta, thus accounting for the predominant 
cone shape of the small PDA in which the diameter at the 
aortic end is considerably larger than at the pulmonary end. 
Even after the pulmonary arterial end has closed completely, 
the dilated aortic end of the ductus arteriosus may persist. 
This ductus ampulla, or ductus bump, may be evident on the 
chest roentgenogram (Fig. 31.1A,B) for several weeks (31). 


Pathologic States 

Premature Closure in Utero 

In utero closure of the duct is well described. It can occur 
spontaneously, but is also associated with maternal use of 
nonsteroidal anti-inflammatory agents (NSAIDs) (32-34). 
Indomethzcm appears to have the greatest effect, with the risk 
15-fold higher than that of other NSAIDs (34). Interestingly 
aspirin does not appear to be associated with a significant risk 
for ductal closure (35), and no information exists about the 
risk of closure after ibuprofen exposure. 

Premature closure of the duct in utero results in increased 
afterload on the right ventricle and increase pulmonary blood 
flow. This can lead to right ventricular failure, hydrops, and 
postnatal pulmonary hypertension (36). These can lead to 
increased risk for premature delivery, need for postnatal ven- 
tilation or extracorporeal support, and death. Fortunately, in 
the setting of NSAID usage, the effect on the duct is generally 
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Figure 31.1. A: Posterior-anterior chest roentgenogram of a 2-day-old infant demonstrating the ductus bump 
(arrow). B: Angiogram in the lateral position of a 5-day-old infant demonstrating the ampulla of the ductus 
arteriosus (arrow). Ao, aorta. 


short lived and reversible when the medication is discontinued 
(37). The finding is easily seen using fetal echocardiography, 
which shows an increased diastolic velocity through the duct 
(38,39) (Fig. 31.2A,B). 

Persistent Patency in Premature Infants 

Delayed closure of the ductus arteriosus in preterm infants 
is well recognized (12,40-44). With the advent of techniques 
for maintenance of ventilation in premature infants, survival, 
particularly of small premature infants, has improved dramati- 
cally. Improvement of lung function with surfactant replace- 
ment therapy, by decreasing pulmonary vascular resistance, 
has led to the clinical emergence of PDA earlier and more 
frequently in preterm infants (45). Because the constrictor 
response of the ductus arteriosus to oxygen and the dilator 
effect of PGE 2 are closely related to gestational age (7,9,13), 
it is not surprising that there is an extremely high incidence 
of PDA in low-birth-weight preterm infants, particularly the 
very low-birth-weight infant (<1,000 g) and those with pul- 
monary disease. Approximately 45% of infants <1,750 g birth 
weight have clinical evidence of PDA, and infants <1,200 g 
birth weight have a prevalence closer to 80%. Overall, the 
incidence of PDA in preterm infants is about 8 per 1,000 of 
all live births. 


The presence of a significant PDA in premature infants is 
associated with lower regional cerebral oxygen saturation (46) 
that implies reduced cerebral blood flow. In addition, studies 
have shown an elevated cardiac troponin T that normalizes 
after closure (47). These elevations are associated with increased 
morbidity and mortality (47) and worse 2-year neurodevelop- 
mental outcome (48). These findings imply an inability of the 
immature myocardial and vascular systems to accommodate 
the increased volume load produced by the left-to-right shunt. 

The clinical features depend on the magnitude of left-to- 
right shunt through the PDA and the ability of the infant to 
initiate compensatory mechanisms to handle the extra volume 
load. Because many premature infants have respiratory dis- 
tress syndrome, the stage of development of this disease and 
the use of surfactant replacement therapy will determine the 
pulmonary vascular resistance and therefore the shunt. The 
maturity of the infant and the stage of myocardial develop- 
ment determine the ability to handle the shunt. 

Three fairly distinct patterns of clinical presentation are 
recognized in these infants. 

Patent Ductus Arteriosus with Little or No Lung Disease. In 
the first group, there is little or no underlying pulmonary disease 
(usually infants whose birth weight exceeds 1,500 g). However, 
smaller infants are encountered, and in many instances, their 
mothers have received steroid or other therapy prior to delivery, 



Figure 31.2. A: Fetal echocardiogram with color-flow mapping showing constriction of the ductus. 
B: Spectral Doppler image of a fetal ductus showing continuous right-to-left flow with abnormally high 
diastolic velocities. 
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or the infants have received surfactant replacement therapy. 
A systolic murmur is first heard 24 to 72 hours after birth, and as 
the left-to-right shunt increases, this murmur becomes louder and 
more prolonged, extending to and often beyond the second heart 
sound into early diastole. The murmur commonly is heard best at 
the left sternal border in the second and third intercostal spaces. 
The classic continuous machinery murmur, described for older 
children with PDA, is not usual in premature infants, in whom the 
murmur generally has a high-frequency “rocky” quality. The pul- 
monic component of the second sound may become moderately 
accentuated. In the most mature infants in this group, a middias- 
tolic flow rumble owing to increased diastolic flow across the nor- 
mal mitral valve may be heard at the apex. If the shunt becomes 
large enough, a third heart sound due to rapid ventricular fill- 
ing during diastole may be heard at the apex. The precordium 
becomes increasingly more hyperactive, the pulse pressure widens, 
and the peripheral pulses become more prominent and bounding 
as the left-to-right shunt increases. Increased peripheral pulses are 
best appreciated by the presence of palmar or forearm pulses. 

If the shunt is allowed to become sufficiently large, clinical 
evidence of LV failure may appear. This includes tachycardia, 
tachypnea, and rales on auscultation of the lung fields. Associ- 
ated with the development of pulmonary edema, there may be 
a decrease in arterial blood p0 2 . If LV failure were allowed to 
progress, a significant number of these infants might develop 
episodes of apnea, often associated with severe bradycardia. 
Enlargement of the liver will occur, but usually quite late. 

The ECG is not helpful early in the disease, but if a mod- 
erately large shunt persists for several weeks, LV hypertrophy 



and LA enlargement may become evident. The chest roentgen- 
ogram may show enlargement of both the left atrium and LV 
if there is a moderately large shunt, but heart size commonly 
is normal. Pulmonary vascularity is often increased. Dilation 
of the ascending aorta usually is not seen in premature infants, 
but may occur with a protracted moderately severe shunt. 

A full echocardiographic and Doppler evaluation has become 
essential in the clinical management of PDA and in assessing the 
magnitude of the shunt (25,26,49,50). This also will exclude con- 
genital heart lesions with similar clinical findings as well as LV 
failure owing to poor intrinsic myocardial function. LA diameter 
varies with the size of the infant, so the ratio of the LA diameter 
to the aortic root (Ao) diameter, as measured from the paraster- 
nal long-axis echocardiographic view of the heart, can be used to 
determine LA enlargement. The normal LA:Ao ratio in infants is 
between 0.8 and 1. A ratio >1.2 suggests LA enlargement, which, 
in the absence of LV failure due to some other cause (such as 
aortic or mitral valve abnormalities or volume overload), most 
often indicates a significant left-to-right shunt. In the premature 
infant this is likely to be through a PDA. Two-dimensional echo- 
cardiography is now used to accurately assess LA and ventricular 
size directly. The dynamics of both LV and descending aortic wall 
motion also indicate the magnitude of shunt. Direct visualization 
of the ductus arteriosus (Fig. 3 1.3 A) confirms the diagnosis. Dop- 
pler techniques (pulsed, continuous wave, and color) are applied 
to the evaluation of flow patterns in infants with PDA and are 
most helpful (26) (Fig. 31.3B). Flow from the aorta into the pul- 
monary artery can be detected, and velocity profiles of flow in the 
main pulmonary artery, ductus arteriosus, and descending aorta 



Figure 31 .3. A: Echocardiogram in parasternal short axis demonstrating a patent ductus arteriosus with color-flow 
mapping indicating reversed flow. B: Continuous wave Doppler echocardiogram positioned through the PDA, 
showing retrograde flow throughout the cardiac cycle. C: Pulsed-Doppler echocardiogram shows increased dia- 
stolic flow in the branch pulmonary artery. D: Parasternal long axis showing LA and left ventricular enlargement. 
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in infants with PDA have been characterized. Doppler color-flow 
mapping (27) also allows visualization of the extent of flow dis- 
turbance in the main pulmonary artery and the direction of the 
flow jet. Estimates of pulmonary arterial pressure also can be 
made if systemic arterial blood pressure is known (51). 

Cardiac catheterization and angiography in these infants 
now is unnecessary because of the complete diagnostic infor- 
mation obtained by echocardiography. If performed, cath- 
eterization reveals moderate elevation of pulmonary arterial 
pressures and left-to-right shunting through the ductus arte- 
riosus (40). 

The use of biomarkers in the presence of PDA has been 
evaluated. As early as 1987, it was known that natriuretic 
peptide levels were abnormally elevated in the presence of a 
PDA (52). More recently, B-type natriuretic peptide (BNP) has 
been studied in the presence of a PDA in premature infants. 
BNP has been shown in adults to correlate with LV volume 
overload and LV failure (53). Small studies have shown that 
BNP levels are elevated in the presence of a large ductal shunt 
in premature infants (54,55). BNP levels decrease in both term 
and preterm infants rapidly after birth (56,57). In patients 
with a significant ductal shunt and elevated BNP levels, clo- 
sure of the PDA results in a fall in BNP levels (58,59). BNP 
therefore, may be helpful in the screening and evaluation of 
newborn premature infants with a suspected ductal shunt, but 
its role in older infants (>2 weeks) or in asymptomatic patients 
has yet to be investigated. 

Many infants in this group do not develop severe LV failure 
and ordinarily are easily managed with specific medical ther- 
apy to constrict the ductus arteriosus or conventional medical 
therapy of mild heart failure in preterm infants, fluid intake 
restriction, diuretics, and maintenance of hematocrit above 
45%. Very rarely, intractable heart failure develops, necessi- 
tating urgent surgical closure. More often existing premature 
lung disease, active or resolving, adds to respiratory and feed- 
ing difficulties, which prompt treatment. If left alone, the duc- 
tus arteriosus closes spontaneously in most of these infants, 
commonly within 2 to 3 months after birth. 

Patent Ductus Arteriosus in Infants Recovering from Lung 
Disease. The second and most common group of infants 
develops left-to-right shunting while recovering from severe or 
moderately severe respiratory distress syndrome. These infants 
usually weigh 1,000 to 1,500 g at birth. The idiopathic respir- 
atory distress syndrome usually is evident within a few hours 
after birth, and if it follows the usual course, starts to improve 
after 3 to 4 days. As this improvement continues, early clini- 
cal evidence of a left-to-right shunt through a PDA appears. 
In addition, at about this age, fluid administration generally 
is increased to deliver adequate calories; this often aggra- 
vates the volume-loading effects of the left-to-right shunt on 
LV function. Probably the ductus arteriosus has been patent 
since birth and the pulmonary disease with a resultant increase 
in pulmonary vascular resistance has prevented a detectable 
left-to-right shunt. As the pulmonary disease improves, oxy- 
genation increases and the ductus arteriosus should constrict. 
However, most of these infants are quite immature, so a good 
constrictor response may not occur. Many of these infants 
are still maintained on mechanical ventilators or continuous 
positive airway pressure (CPAP), so that careful clinical assess- 
ment is required to establish the presence of a shunt through 
the ductus arteriosus. In many instances the murmurs are not 
audible until the infant is briefly detached from the ventila- 
tor or CPAP system. Because recovery from the respiratory 
distress syndrome often is not continuously progressive but is 
interspersed with periods of deteriorating lung function, left- 
to-right shunting (and therefore the murmur) may be inter- 
mittent for several days. The murmur commonly disappears 
and reappears several times within short periods of time. Ini- 
tially a systolic murmur alone is heard; however, as the shunt 


increases, the murmur extends into diastole. The murmur is 
similar in distribution and quality to that in the first group of 
premature infants with PDA. Because infants in the second 
group are usually more immature than those in the first, LV 
failure may occur in them when clinically there seems to be less 
left-to-right shunting. A third sound often is heard, but a mid- 
diastolic flow rumble is uncommon. The pulmonic component 
of the second sound ordinarily is already accentuated because 
of the pulmonary disease but may become louder as the shunt 
increases. Increasing precordial activity is a good clinical 
indication of the magnitude of shunting in these infants, and 
increased heart rate, pulse pressure, and bounding pulses with 
a rapid upstroke are often detectable early. Palmar or forearm 
pulses are often palpable. Because most of these infants have 
indwelling umbilical arterial catheters, careful monitoring of 
the umbilical arterial blood pressure often shows a widening 
pulse pressure and a decrease in diastolic pressure as left-to- 
right shunting develops. 

Rales are unreliable as an index of pulmonary edema and 
LV failure because they may be suppressed by positive pressure 
ventilation used in these infants. However, in those extubated 
who have recovered sufficiently from their respiratory distress 
syndrome, rales may be heard. Apneic episodes are also com- 
mon in this group and may be associated with short periods 
of bradycardia. 

Deterioration in the ventilatory status of an infant recov- 
ering from respiratory distress syndrome is often a strong 
indication of a significant left-to-right shunt through a PDA. 
However, other causes, such as recurring lung disease and 
pneumothorax or sepsis, should be actively excluded. Deterio- 
ration of the ventilatory status is manifested by the requirement 
for an increasing concentration of inspired oxygen, alterations 
in ventilator rate or pressure settings, increased requirements 
of CPAP, and assisted ventilation and increasing arterial blood 
pC0 2 . The ECG often shows increased right ventricular forces 
owing to the underlying pulmonary disease but generally is 
of little help. A chest roentgenogram will show the parenchy- 
mal changes of respiratory distress syndrome, and increased 
pulmonary vascularity therefore may be extremely difficult to 
assess. Cardiomegaly is variable, particularly if the infant is 
being artificially ventilated; however, increasing cardiomegaly 
may indicate an increasing shunt. 

Because many of the changes described may be due to dete- 
rioration resulting from underlying pulmonary disease, it is 
important to be able to assess the contribution to the clinical 
picture of a PDA. For this purpose, the echocardiogram usu- 
ally is very helpful. An increasing LA:Ao ratio will be pro- 
duced by increasing left-to-right shunting, whereas a ratio that 
remains constant and within normal limits may indicate non- 
cardiac causes of deterioration. Changes in the LV, left atrium, 
and PDA size assessed reliably by two-dimensional Doppler 
echocardiography will determine the role of shunting through 
the PDA. It should be emphasized that very early diagnosis 
is possible with two-dimensional Doppler echocardiography, 
which is completely noninvasive and safe. In addition, BNP 
can be quite useful in these patients to indicate significant 
overcirculation. This, coupled with current, more aggressive 
management approaches, has altered the natural history of 
PDA so that infants rarely are allowed to develop many of the 
signs described above. 

Patent Ductus Arteriosus Associated with Lung Disease. 
The third group consists of infants who have severe respiratory 
distress syndrome from birth. Because many of these are very 
low-birth-weight infants (<1,000 g), the likelihood of a PDA 
being present is very high (>80%). A few show no clinical signs 
even when carefully evaluated — the “silent” ductus arteriosus 
(60). Many do show clinical evidence of a left-to-right shunt 
through the PDA, or fail to show improved respiratory status 
at an age when they should start to recover from the primary 
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pulmonary disease. They too are extremely sensitive to small 
increases in Na + and fluid administration. They require ven- 
tilatory assistance by mechanical respirators or CPAP. Dete- 
rioration commonly is manifested by the need for increasing 
ventilator pressure, rate, or oxygen, or CPAP support. Failure 
to improve is manifested by the inability to wean the infant 
from ventilatory support. An increase in arterial blood pC0 2 
is common. Murmurs may be difficult to hear, and in some of 
these infants, the ductus arteriosus may be so widely patent 
that a murmur is not produced (61). Changes in the ventilatory 
status may be due to progression of the primary pulmonary 
disease, and it is often even more difficult to separate LV fail- 
ure from increasing pulmonary problems than in the previous 
group. Increasing precordial activity, bounding pulses, and a 
widening arterial pulse pressure suggest the development of 
left-to-right shunting. When present, the murmur is usually 
only systolic, the pulmonic component of the second sound is 
accentuated, and a gallop rhythm is often heard. The ECG and 
chest radiograph usually are not helpful, but as outlined above, 
the two-dimensional Doppler echocardiographic evaluation is 
diagnostic even before clinical signs are apparent. 

Persistent Patency in Term Infants, Children, and Adults 

The incidence of isolated PDA in full-term infants is about 
1 in 2,000 live births (62), accounting for about 5% to 10% 
of all types of congenital heart disease. Unlike the ductus arte- 
riosus in premature infants, in whom failure of closure is due 
to physiologic developmental retardation, the ductus arterio- 
sus in full-term infants is abnormal, and failure to constrict is 
probably related to a significant structural abnormality. 

PDA may occur in more than one member of a family, sug- 
gesting possible genetic factors in certain instances. PDAs have 
been produced by genetic inbreeding in poodles (63). Gene 
linkage and chromosome analysis studies in humans have 
shown abnormalities on chromosome 12 in isolated PDA 
patients in Iran (64) and on chromosome 16 in association 
with aortic aneurysm (65). 

In mature infants, older children, and adults, the factors 
determining the clinical features are the same as in premature 
infants, namely, the size of the communication, the relationship 


between pulmonary and systemic vascular resistances, and the 
ability of the myocardium to handle the extra volume load. 

Small Ductus Arteriosus. With a small communication, 
pulmonary vascular resistance and therefore pulmonary arte- 
rial pressure normally decrease after birth. However, because 
the resistance to flow across the ductus arteriosus is high, only 
a small left-to-right shunt develops. Pulmonary blood flow 
is increased only minimally, and LV failure does not occur. 
Therefore, few patients are symptomatic, and attention is 
often brought to this condition only by the murmur detected 
at a routine physical examination. 

Physical growth is normal except in those children who are 
otherwise predisposed to poor growth, such as those in whom 
maternal rubella was present. The peripheral pulses may be 
full, and the arterial pulse pressure is slightly increased unless 
the shunt is very small. Precordial activity usually is normal 
with no increased apical impulse. First and second heart 
sounds are normal, and the only significant abnormal aus- 
cultatory finding may be the presence of a murmur. In early 
infancy, before pulmonary vascular resistance has decreased 
completely, there may be a short period in which no mur- 
mur is heard. A short systolic murmur may then be heard, 
which may progress to the typical, continuous murmur heard 
in older children. This murmur is heard best in the second left 
intercostal space and often is accentuated when the patient is 
recumbent or during inspiration. Administration of a vaso- 
pressor agent such as phenylephrine raises systemic vascular 
resistance and increases left-to-right shunt, and the mur- 
mur will become longer and louder. The important features 
of the characteristic continuous murmur first described by 
Gibson (66) are the late systolic accentuation and continu- 
ation through the second sound into diastole. The murmur 
ordinarily starts shortly after the first sound, peaks at the sec- 
ond heart sound, and fades away, ending in the last third of 
diastole. 

The ECG and chest roentgenogram are usually normal in 
these children; however, slight prominence of the main and 
peripheral pulmonary arteries may be seen on the roentgen- 
ogram (Fig. 31.4A). The two-dimensional echocardiogram 
Doppler study will delineate the PDA size and flow patterns 
as described before. 



Figure 31.4. Posterior-anterior chest roentgenograms in two children each with a patent ductus arteriosus. A: A 
4-year-old child with a small left-to-right shunt. Slight cardiomegaly and prominence of the pulmonary vascular- 
ity are present. B: A 4-year-old child with a very large left-to-right shunt. A double density and elevation of the 
left mainstem bronchus are present owing to LA enlargement. The LV, main and peripheral pulmonary arteries, 
and ascending aorta are prominent. Pulmonary venous congestion is also present. 


CHAPTER 31 ■ Patent Ductus Arteriosus and Aortopulmonary Window 


Moderate Ductus Arteriosus. In infants, a moderate left- 
to-right shunt may produce symptomatology related to LV 
failure. Poor feeding, irritability, and tachypnea may be pre- 
sent, and weight gain is often slow. The symptoms ordinarily 
increase until about the 2nd to 3rd month of age. If the LV 
failure does not produce severe disease at this stage, compen- 
satory myocardial hypertrophy occurs, and in many instances 
these infants improve considerably. Some, in fact, are detected 
only on subsequent routine physical examination, but close 
questioning will yield the previous abnormal history. General 
physical development can be slightly retarded, and easy fati- 
gability may be present in the older child. The pulse rate is 
often increased, with the peripheral pulses full and bounding. 
The systemic arterial pressure is widened with a low diastolic 
pressure. The precordium is hyperdynamic, and LV enlarge- 
ment produces a thrusting apical impulse. A systolic thrill may 
be palpable at the upper left sternal border. Both the first and 
second sounds may be difficult to hear, because they often are 
masked by a loud murmur. A third heart sound is often heard 
at the apex. The progression from a systolic murmur to a con- 
tinuous murmur is considerably more rapid in these infants 
than in those with a small shunt. The continuous murmur 
is more intense, has more extensive radiation, and generally 
is well heard posteriorly. It has a much harsher quality with 
low-frequency components, and because of the large flow and 
great turbulence, eddy sounds that vary from beat to beat give 
the murmur a machinery quality. 

If heart failure occurs, the murmur may lose its continu- 
ous character and occupy only systole. A middiastolic, low- 
frequency, rumbling murmur is ordinarily heard at the apex. 
Early pulmonic or aortic ejection sounds may occur. The 
increased LV stroke may produce a functional systolic pres- 
sure difference across the aortic valve that may be manifested 
by a soft ejection systolic murmur. In early infancy, LV fail- 
ure with increased LA size and pressure often induces a left- 
to-right shunt through a stretched and incompetent foramen 
ovale (15). Depending on the magnitude of left-to-right atrial 
shunting, right ventricular hyperactivity may become evident 
and the right ventricular outflow murmur typical of atrial left- 
to-right shunting may be heard. In addition, a middiastolic 
flow rumble owing to the increased flow across the tricuspid 
valve may be audible at the lower left sternal border. 

The ECG may be relatively normal during infancy, but LV 
hypertrophy is usual in older infants and children. The mean 
frontal plane axis usually is normal. LV hypertrophy is mani- 
fested by a deep Q wave and a tall R wave in leads II, III, aVF, 
and the left precordial leads V5 and V6. The T waves in these 
leads ordinarily are upright and show increased amplitude. 
A pattern compatible with left bundle branch block also has 
been described in some children. A widened P wave indicating 
LA enlargement may be present. If there is a left-to-right atrial 
shunt as well as mild pulmonary hypertension, right ventricu- 
lar hypertrophy may increase the amplitude of the R waves 
in the right precordial leads. Right atrial enlargement may 
increase the height of the P wave. 

The chest roentgenogram shows an enlarged heart with 
prominence of the LV and the typical signs of LA enlargement 
(Fig. 31.4B). The main pulmonary artery segment is promi- 
nent, and the pulmonary vascular markings in the peripheral 
lung fields are increased. The ascending aorta is often very 
prominent. The two-dimensional echocardiogram demon- 
strates increased LA and ventricular diameters, hypertrophy 
if present, and the PDA itself. Doppler evaluation will demon- 
strate flow and velocity patterns and will allow for an estimate 
of pulmonary arterial pressure (51). 

Large Ductus Arteriosus. Infants with a large PDA are 
invariably symptomatic. They are irritable, feed poorly, fail to 
gain weight normally, tire easily — particularly while feeding — 
and sweat excessively. They have increased respiratory effort 


and respiratory rates, also aggravated by feeding, and are 
prone to develop recurrent upper respiratory infections and 
pneumonia. These symptoms indicative of severe LV failure 
with pulmonary edema may occur early in infancy. 

Many of the typical physical signs may be absent when 
there is severe LV failure. Flowever, tachycardia and tachyp- 
nea are present, and if there is pulmonary edema, rales will be 
heard throughout the lung fields. The respiratory signs may 
be suggestive of pneumonia. The peripheral pulses are bound- 
ing with a rapid upstroke and a wide pulse pressure unless 
there is severe LV failure when the pulse volume decreases. The 
precordium is markedly hyperdynamic, and clinical evidence 
of cardiac enlargement is present. The LV apical impulse is 
thrusting and, if right ventricular enlargement occurs, may be 
accompanied by a left parasternal impulse. A systolic thrill is 
often palpable. The first and second heart sounds are accentu- 
ated, and a third sound ordinarily is heard at the apex. Occa- 
sionally no murmur is heard, especially with severe failure. 
When LV failure is controlled, a moderately loud systolic mur- 
mur is heard best in the pulmonary area or occasionally in 
the third or fourth intercostal space. The murmur peaks late 
in systole, and the prolongation into diastole is variable; the 
murmur commonly ends within the first third of diastole. The 
typical continuous murmur heard with a small or moderate- 
sized PDA may be heard but is less usual. A prominent mid- 
diastolic mitral flow rumble commonly is audible at the apex. 

The ECG shows more prominent LV hypertrophy, with 
deep Q and taller R waves than in the previous group. The 
T waves may be diphasic or even inverted. Right ventricu- 
lar hypertrophy may be evident, with upright T waves in the 
right precordial leads and increased R-wave amplitude in the 
right precordial leads. LA enlargement, as demonstrated by a 
widened P wave, also will be seen. The chest roentgenogram 
shows striking enlargement of the heart with predominant 
LA and LV enlargement. The main pulmonary artery segment 
usually is markedly enlarged, and the peripheral pulmonary 
vascular markings are markedly accentuated. Evidence of LV 
failure with increased pulmonary venous markings and inter- 
stitial fluid also may be seen. With an enlarged left atrium 
or pulmonary arteries, lobar collapse or emphysema owing 
to bronchial compression may occur. The two-dimensional 
echocardiogram/Doppler study is as described for the previ- 
ous group. 

Infants with large left-to-right shunts through a PDA may 
not survive the resultant heart failure without treatment. 
However a certain proportion of those capable of compen- 
sating adequately survive the initial period. A moderate or 
large left-to-right shunt either undetected in infancy or treated 
but allowed to persist eventually leads to the development of 
obstructive pulmonary vascular disease. As pulmonary vas- 
cular resistance increases, pulmonary hypertension increases 
until systemic levels are reached. The left-to-right shunting 
decreases and this leads to improvement in the infant’s symp- 
tomatology and signs, usually 8 to 15 months after birth. 
Feeding problems, poor weight gain, and the increased sweat- 
ing previously present disappear, with far fewer episodes of 
respiratory infection. The murmur becomes shorter, and the 
diastolic component may be completely lost. The middiastolic 
rumble decreases and disappears, and the first heart sound 
becomes softer. The second heart sound remains markedly 
accentuated, but the third heart sound disappears. Precordial 
hyperactivity diminishes, and the pulses become less bound- 
ing. The chest roentgenogram shows decreasing pulmonary 
vascularity, and a decrease in heart size also may be noted. 
The period of time over which these changes occur varies and 
may last several years, but irreversible changes are common 
after 15 to 18 months of age. 

As the increased pulmonary vascular resistance progresses 
to irreversible pulmonary vascular disease, the symptoms and 
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Figure 31.5. A: Angiogram in the lateral position in a newborn infant with pulmonary atresia. The typical 
anatomy associated with right ventricular outflow obstruction is demonstrated. The aorta is widely dilated, 
and the aortic isthmus is wider than the descending aorta. The typical tortuous ductus arteriosus with an acute 
rather than the normal obtuse inferior angle with the aorta is present. This orientation is consistent with aortic- 
to-pulmonary arterial blood flow in fetal life. Ao, aorta; DA, ductus arteriosus; MPA, main pulmonary artery. 
B: Lateral distal transverse angiogram in an infant with pulmonary atresia after placement of a ductal stent to 
maintain patency. 


clinical features change even further. The murmur continues 
to shorten until eventually it disappears. The second sound 
becomes single and progressively louder, an ejection systolic 
click occurs, and a faint blowing early-diastolic regurgitant 
murmur owing to pulmonary incompetence may be heard at 
the upper left sternal edge. LV hyperactivity disappears, and 
the right ventricular parasternal impulse increases. The ECG 
shows increasing right ventricular hypertrophy with domi- 
nant R waves in the right precordial leads. Peaked P waves 
indicative of right atrial enlargement also may occur. The chest 
roentgenogram shows increasing right ventricular enlargement 
with decreasing LV size, a large main pulmonary artery, and 
progressive decrease in peripheral vascular markings. 

Cyanosis, often more pronounced in the lower than in the 
upper limbs, begins to appear, initially only with exertion, 
but eventually becoming continuous as persistent right-to-left 
shunting across the ductus arteriosus occurs. The final picture, 
if allowed to progress, is one of irreversible pulmonary vascu- 
lar disease with marked right-to-left shunting. The precordial 
activity is now dominantly right ventricular, and the pulses 
are either of normal or small volume. The second heart sound 
typically is palpable in the pulmonic area, and a diastolic thrill 
also may be felt. The first heart sound is slightly accentuated, 
and the pulmonic component of the second heart sound is 
markedly accentuated. A harsher and longer early diastolic 
blowing murmur caused by pulmonary incompetence is heard 
at the left sternal border. A blowing systolic murmur owing to 
secondary tricuspid insufficiency may be heard at the lower 
left sternal border. The ECG shows right-axis deviation in the 
frontal plane with marked right ventricular hypertrophy and 
eventually T wave inversion in older patients. The chest roent- 
genogram shows moderate cardiomegaly with predominant 
enlargement of the right ventricle and a markedly enlarged 
main pulmonary artery with prominence of the central vessels 
but no peripheral plethora. Right atrial enlargement may be 
evident. 


Role of the Ductus Arteriosus in Complex Congenital 
Cardiac Malformations 

In right ventricular outflow obstruction lesions such as pulmo- 
nary atresia, the normal flow patterns in fetal life are altered, 
and development of the ductus arteriosus is probably abnormal 
(1,67). The diameter is large and orientation is vertical from the 
underside of the aortic arch (Fig. 31. 5A). Because patency of 
a PDA is essential for maintenance of pulmonary blood flow, 
the constrictor response to an increase in p0 2 is undesirable. 
Despite the hypoxemia in these infants, the ductus arteriosus 
closes, resulting in cessation of pulmonary blood flow, pro- 
gressive hypoxia, acidosis, and death. PGEj is currently used 
as pharmacologic prevention of this closure before the creation 
of a surgical aortopulmonary communication. PGEj produces 
dilation of the ductus arteriosus with a significant increase in 
systemic arterial p0 2 (68). Systemic oxygenation is markedly 
improved, acidemia reversed, and the infants ordinarily can be 
stabilized for days to weeks before palliative surgery. Mainte- 
nance of patency for a more prolonged period has been pro- 
duced by placement of a metal intravascular stent in the PDA 
(69-73) (Fig. 31.5B). Early results are encouraging with excel- 
lent pulmonary artery growth (74) but technical issues may 
favor use in less tortuous ducts found most commonly in lesions 
such as pulmonary atresia with intact ventricular septum. 

Maintenance of systemic blood flow in hypoplastic left heart 
lesions such as aortic or mitral atresia or in interrupted aortic 
arch depends on PDA. PGEj has proved extremely valuable in 
improving lower body perfusion in these infants. Acidemia is 
often reversed and renal function markedly improved so that the 
infants can be stabilized and returned to electrolyte and hemo- 
dynamic balance before corrective surgery is undertaken (68). 
More recent developments in the initial palliative treatment of 
hypoplastic left heart syndrome have included the placement of a 
metal stent in the ductus arteriosus and banding of the pulmonary 
arteries (hybrid approach) to stabilize systemic and pulmonary 
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blood flow until infants reach the age of 4 to 6 months at which 
time surgical Glenn shunt with arch reconstruction is performed. 
It has yet to be shown whether this new approach will have signif- 
icant advantages, but early results show a potential for decreased 
early mortality in high-risk patients with comparable late mortal- 
ity in experienced centers (75-77). There is a significant incidence 
of transverse aortic arch obstruction after PDA stenting (>25%) 
that may require additional intervention (78). 

It has been shown that the ductus arteriosus plays an important 
role in the presentation of infants with juxtaductal aortic coarc- 
tation. Localized coarctation ordinarily is produced by a well- 
circumscribed posterior shelf protruding into the aortic lumen at 
a point opposite the insertion of the ductus arteriosus (1). If the 
ductus arteriosus remains patent or if there is a well-formed duc- 
tus ampulla even when the ductus arteriosus is closed, obstruc- 
tion by the juxtaductal coarctation may not occur. However, as 
the ductus arteriosus closes and the ampulla retracts, progressive 
interference with flow occurs, and clinical symptoms and signs 
will develop. The sudden occurrence of acute LV failure in infants 
with juxtaductal coarctation of the aorta may be produced by 
rapid constriction of the ductus arteriosus in the postnatal period. 
PGEj has been of great benefit in the management of these infants 
as well (75). In the rare child or adult with a persistent PDA in 
the setting of coarctation, covered stent repair has been shown to 
be an effective nonsurgical treatment alternative (Fig. 31.6A,B). 

Clinical Differential Diagnosis 

Venous Hum 

The continuous bruit produced by flow through the large veins 
in the neck is often confused with the continuous murmur of a 
PDA. The venous hum varies in intensity with head and neck 
position as well as the phase of respiration and is usually oblit- 
erated by firm pressure over the neck, by turning the head to 
one side, or by lying flat. 

Total Anomalous Pulmonary Venous Connection 

Unobstructed total anomalous pulmonary venous connection 
to the innominate vein occasionally produces a continuous 



murmur very much like a venous hum. The other features of 
this lesion serve to differentiate it from a PDA. 

Ruptured Sinus of Valsalva 

Rupture of one of the sinuses of Valsalva into either the right 
atrium or right ventricle is accompanied by a continuous mur- 
mur. However, onset of symptoms and signs in this condition 
is usually abrupt and often follows trauma to the chest. The 
murmur is usually heard lower in the precordium. 

Arteriovenous Communications 

Arteriovenous fistulas involving one of the coronary arteries, 
an intercostal artery, or an internal mammary artery may be 
associated with continuous murmurs similar to those occur- 
ring in PDA. The murmurs typically are more superficial and 
sound extracardiac in origin. Origin of one of the pulmonary 
arteries from the aorta (hemitruncus arteriosus) also may pro- 
duce a continuous murmur, as may lobar sequestration, in 
which an anomalous artery arising from the aorta supplies one 
or more pulmonary lobes. Pulmonary arteriovenous fistulas 
may produce a continuous murmur, but when large enough to 
do so are usually associated with cyanosis and classical radio- 
graphic findings. 

Anomalous Origin of the Left Coronary Artery from 
the Pulmonary Artery 

In this lesion, retrograde flow occurs from the right coronary 
artery into the pulmonary artery. If this retrograde flow is suf- 
ficiently large, a continuous murmur may be heard, but this is 
rare. The clinical presentation and ECG are diagnostic of this 
condition. 

Absent Pulmonary Valve 

This lesion is associated invariably with massive dilation of the 
pulmonary arteries and almost always with a ventricular sep- 
tal defect. The murmur has been described as “sawing wood” 
in character and is not really continuous, but has more of a 
to-and-fro character. The massively dilated pulmonary artery 



Figure 31.6. A: Lateral angiogram of a patient confirming a large ductal aneurysm (DAn) associated with a 
coarctation (Coarc). B: Lateral transverse aortic angiogram immediately after placement of covered stent for 
treatment of PDA aneurysm with associated coarctation. 
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evident on chest roentgenogram ordinarily allows for accurate 
differentiation. 

Aortic Insufficiency Associated with a Ventricular Septal 
Defect 

Prolapse of one aortic sinus complicates ventricular septal 
defects, particularly supracristal defects. The murmur is not 
strictly continuous, and the systolic murmur produced by the 
ventricular septal defect and the blowing regurgitant diastolic 
murmur produced by the incompetence are usually separated. 
However, accurate clinical differentiation may be difficult. 

Peripheral Pulmonary Stenosis 

Although commonly associated with a PDA, peripheral pul- 
monary stenosis may occur as an isolated defect and give rise 
to a soft, continuous murmur heard best in the infraclavicular 
areas and conducted to the axillae. Stenosis may occur in only 
one pulmonary artery, producing a unilateral murmur. This 
lesion may be difficult to distinguish clinically from a PDA. 

Truncus Arteriosus 

Truncus arteriosus may not be accompanied by cyanosis in 
early infancy, and with a low pulmonary vascular resistance 
and increased pulmonary blood flow, there may be a continu- 
ous murmur. Absence of the pulmonary artery segment on the 
posterior-anterior chest roentgenogram suggests this diagno- 
sis; furthermore, the relatively common occurrence of right 
aortic arch with truncus arteriosus excludes the diagnosis of 
isolated PDA. 

Aortopulmonary Window 

This defect may be extremely difficult to differentiate from a 
PDA. The murmur commonly is heard best lower down the 
left sternal border and is often mistaken for the murmur of a 
high ventricular septal defect. 

Pulmonary Atresia 

When pulmonary atresia is accompanied by markedly enlarged 
bronchial arteries supplying pulmonary blood flow, a continuous 
murmur may be heard. However, cyanosis is present, and the 
peripheral pulses are not bounding as in PDA. The chest roent- 
genogram also shows absence of the pulmonary artery segment. 

Complications 

Endarteritis 

Bacterial endarteritis has become extremely uncommon in devel- 
oped countries, although it remains a serious complication of 
PDA. Because of the advent of surgical correction of many con- 
genital heart defects, the prevalence of endocarditis, particularly 
in defects associated with left-to-right shunts, has declined dra- 
matically (79). In one survey of major congenital heart defects, 
PDA had the lowest frequency, which was attributed to early 
surgical closure (80). In undeveloped countries PDA accounts 
for <15% of all endocarditis cases and for 4.8 of 1,000 hospi- 
tal admissions at a tertiary cardiac referral center (81). Organ- 
isms are typical with Streptococcus viridans and Staphylococcus 
aureus being the most common. Vegetations occur in >80% and 
are always seen on the pulmonary artery end of the duct. 

Aneurysm/Calcification Formation 

Marked dilation of a PDA or of the ampulla of the closed 
ductus arteriosus has been described (Fig. 31.7). The massive 
dilation that occurs may be diagnosed as a mediastinal mass. 



Figure 31.7. CT scan of a young adult showing a large ductal 
aneurysm. 


It also has been found as an incidental finding at autopsy. It 
occurs in <1.5% of normal births (82). In adults calcification 
of the PDA is frequent and may increase the surgical risk (83). 

Diagnostic Testing 

Echocardiography 

Two-dimensional echocardiography, combined with Doppler 
echocardiography and color-flow mapping is the primary imag- 
ing technique for evaluating the patient with a suspected PDA. 
A complete echocardiogram is particularly important prior to 
initiation of treatment to exclude any ductal-dependent con- 
genital heart lesions. 

In addition to directly demonstrating the presence of a PDA, 
echocardiography is used to evaluate the physiology. Features 
that are associated with an increased shunt through the PDA 
include the presence of LA dilation as demonstrated by an 
increased LA:Ao ratio as previously described. In addition, the 
presence of holodiastolic flow reversal in the abdominal aorta 
indicates a significant runoff through the PDA. This runoff is 
also demonstrated by increased diastolic flow in the branch pul- 
monary arteries. Finally, pulmonary artery pressure can be deter- 
mined by the systolic and diastolic gradients through the PDA. 

The parasternal short- and long-axis views and the 
suprasternal notch views are of particular use in evaluating 
the patient with a suspected PDA. The parasternal views dem- 
onstrate the size and anatomy of the PDA, the anatomy of the 
branch pulmonary arteries, and evaluate the LA and LV size 
(Fig. 31.3A-D). Doppler echocardiography can show the flow 
through the PDA as well as the increased flow in the branches. 
The suprasternal notch view shows a second view of the PDA, 
determines the patency of the aortic arch to exclude coarc- 
tation, and demonstrates the increased diastolic flow in the 
arch (Fig. 31.8A,B). Finally, the subcostal sagittal views dem- 
onstrate the abdominal aorta and show the diastolic runoff 
present due to ductal shunting. 

Echocardiography can both predict and demonstrate the 
presence of low cardiac output in the premature infant who 
has undergone ductal ligation. PDA size prior to ligation 
directly correlates with the likelihood of postoperative low 
cardiac output (39). 
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Figure 31.8. A: Echocardiogram in suprasternal view showing patent distal aortic arch and reversed ductal flow 
(red) from the ductal ampulla into the main pulmonary artery. B: Subcostal sagittal view showing holodiastolic 
flow reversal in the abdominal aorta. 


Cardiac Catheterization with Angiography 

Based on careful clinical evaluation — principally the char- 
acteristic continuous murmur, together with the ECG, 
chest roentgenogram, and two-dimensional echocardio- 
gram Doppler study — diagnosis of PDA (and any associated 
defects) does not require catheterization. Color Doppler 
flow mapping is as sensitive as cardiac catheterization for 
detecting even a small PDA. In children with pulmonary 
hypertension, determining the exact location of the shunt 
can be more difficult. Contrast echocardiography can assist 
in the localization, but patients will require catheterization 
to determine the severity of pulmonary hypertension, reac- 
tivity to pulmonary vasodilators, and determine if closure 
is indicated. 

Right heart catheterization alone usually suffices to confirm 
the diagnosis. However, if an additional lesion such as ven- 
tricular septal defect is suspected, retrograde catheterization 
may be required if the interatrial septum is intact and the LV 
cannot be entered prograde. The venous catheter usually can 
be passed from the main pulmonary artery through the PDA 
into the descending aorta. If the venous catheter cannot be 
passed through the PDA, retrograde aortic catheterization is 
indicated to define the anatomy with an aortic angiogram. 

An increase of pulmonary arterial blood oxygen content 
of >0.5 mL/dL or a saturation increase of >4% to 5% from 
that in right ventricular blood indicates a significant left-to- 
right shunt at the pulmonary arterial level. Occasionally, an 
increase in oxygen saturation is noted in blood just below 
the pulmonary valve owing to pulmonary regurgitation. 
Because preferential streaming of oxygenated blood from the 
PDA into one or another of the branch pulmonary arteries 
is common, a sample from either one does not reflect mixed 
pulmonary arterial blood oxygen saturation (15). Measur- 
ing pulmonary blood flow accurately from the blood oxygen 
data is therefore difficult, making an accurate calculation 
of the true magnitude of left-to-right shunting impossible. 
In the presence of LV failure with pulmonary edema, pul- 
monary venous blood oxygen saturation may be reduced. If 
the foramen ovale is incompetent, a left-to-right atrial shunt 
may be detected by an increase in oxygen saturation in the 
right atrial blood. A large increase in oxygen saturation at 
the right atrial level may mask a smaller rise of saturation 
in the pulmonary artery, even though the increase represents 
a significant shunt at the pulmonary arterial level. With sig- 
nificant pulmonary hypertension and right-to-left shunting 


through the PDA, oxygen saturation of blood in the descend- 
ing aorta will be lower than that obtained in the ascending 
aorta. Bidirectional shunting may be present until pulmo- 
nary vascular disease is severe, when right-to-left shunting 
alone occurs. 

A small left-to-right shunt may not be detected by blood 
oxygen saturation data alone. An increase in oxygen satura- 
tion in pulmonary arterial blood is not diagnostic of a PDA, 
but may be present in lesions such as aortopulmonary win- 
dow or a high ventricular septal defect (supracristal), in which 
streaming may direct the highly saturated blood into the pul- 
monary artery. 

With a small communication, pulmonary arterial blood 
pressures are normal, but systemic arterial pulse pressure may 
be slightly widened owing to a low diastolic pressure. With a 
moderate-sized defect, pulmonary arterial systolic, diastolic, 
and mean blood pressures may be slightly elevated. Systemic 
arterial diastolic blood pressure falls, whereas systemic arterial 
pulse pressure increases. Both left and right atrial mean pres- 
sures are moderately elevated in the presence of a moderate 
shunt. With a large shunt, pulmonary and systemic arterial 
pressures are equal (Fig. 31.9A,B), LA mean pressure may be 
increased substantially, and a prominent V wave is seen. LV 
end-diastolic pressure may be elevated, and with a large flow, 
a diastolic pressure gradient between the left atrium and LV is 
demonstrated. A small systolic pressure difference between the 
LV and aorta is also encountered occasionally when there is a 
large shunt. Because calculation of pulmonary blood flow in 
PDA is often inaccurate, the calculation of pulmonary vascu- 
lar resistance is also inaccurate (15). 

Angiography. Although angiography cannot accurately 
measure the magnitude of left-to-right shunting, it is the 
most effective test for defining the anatomy of the PDA. 
Contrast medium is injected into a catheter passed through 
the PDA into the aorta from the pulmonary artery or into 
the aorta retrogradely from the femoral artery. As shown in 
Figure 3 1.10 A, the aortic end of the PDA usually is widely 
dilated, and the ductus narrows down at the pulmonary arte- 
rial end. This is the usual shape in most children, but occa- 
sionally other shapes are observed, including tubular (long 
ductus arteriosus of similar diameter throughout), complex 
(narrowing at both the pulmonary artery and aortic end), 
and short (window-like PDA) (84) (Fig. 31.10 A-E). In most 
instances the lateral projection, or occasionally the left ante- 
rior oblique projection, demonstrates the anatomy most 
clearly. The AP camera can be positioned in the right anterior 
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Figure 31.9. A: Simultaneous descending aortic (Ao) (red) and main pulmonary artery (MPA) (blue) pressure 
tracings in an infant with a large patent ductus arteriosus. Notice the resting tachycardia, elevated PA pressures, 
and low Ao diastolic pressure. B: Immediately after ductal closure with a vascular plug, repeat measurements 
show a marked reduction in heart rate, PA pressures, and an elevation in Ao diastolic pressure. 


oblique caudal position to demonstrate the PDA. One should 
remember that in infants with severe heart failure associated 
with a ventricular septal defect or interatrial communica- 
tion, a PDA may coexist; selective descending aortography 
is essential in these infants to exclude a PDA if not defined 
clearly by echocardiography. 

Magnetic Resonance Imaging or Computed 
Tomography Scan 

Although simpler techniques such as two-dimensional echocar- 
diography Doppler evaluation accurately define the anatomy 
and flow patterns of the ductus arteriosus, nuclear magnetic 
resonance imaging (MRI) or computed tomography (CT) scan 
can clearly delineate the anatomy (85,86). These studies can be 
of use in adolescents or adults with poor echo windows where 
the diagnosis is suspected but not anatomically confirmed 
(Fig. 31.11), or in patients with associated aortic pathology 
such as a ductal aneurysm or coarctation. Velocity-encoded 
cine MRI imaging for estimation of left-to-right shunting may 
have additional clinical utility (87). 

Treatment 

Overview 

All symptomatic PDAs with left-to-right shunting and those 
that are asymptomatic but causing LA or LV enlargement 
should be closed regardless of age. Management strate- 
gies are different for the preterm infant compared to the 
term infant, older child, and adult as described below. Pro- 
phylactic closure of hemodynamically insignificant PDAs 
for prevention of late complications such as endocarditis, 
aneurysm, and rupture remains controversial although is 
rarely considered, if at all before late toddler or school age. 
Patients with significant pulmonary vascular disease and 
right-to-left ductal shunting at rest should not have their 
PDA closed. Closure in these patients can be considered if 
aggressive treatment of their pulmonary vascular disease 
reverses their shunt. 


Treatment of Preterm Infant with PDA 

Aggressive, urgent treatment of a significant PDA in a preterm 
infant is required if signs of progressive respiratory distress or 
evidence of low cardiac output develop. This is particularly 
true if signs of necrotizing enterocolitis develop, including per- 
sistent abdominal distention, increasing residuals before feed- 
ings, blood in the stools or gastric aspirate, decreasing bowel 
sounds, and, particularly, intramural air. Immediate support- 
ive medical management includes optimizing the hematocrit, 
limiting sodium and fluid intake, and the use of diuretics. If 
systemic output is quite poor, intravenous ionotropic support 
with dopamine has been used. Maintenance of an adequate 
hematocrit and hemoglobin is an important consideration 
in a preterm infant with a PDA. A reduction in hemoglobin 
requires an increased cardiac output to maintain peripheral 
oxygenation, and with a left-to-right shunt and an already 
compromised myocardium, anemia may further impair car- 
diac function. In addition, because myocardial oxygen delivery 
depends on blood oxygen content, low hemoglobin exacer- 
bates tissue ischemia, particularly in the abdomen and lower 
body where blood flow is reduced. Because arterial blood gas 
sampling is common, the hematocrit often decreases and care 
must be taken to maintain it >45%. Because peripheral tis- 
sue oxygen delivery is retarded by fetal hemoglobin, exchange 
transfusion replacing fetal hemoglobin with adult hemoglobin 
may help to facilitate peripheral oxygenation (22). Electrolyte, 
glucose, and nutritional requirements must be carefully main- 
tained. Caloric intake is often a major problem, and intra- 
venous hyperalimentation may be required. Because volume 
overload may precipitate LV failure, Na + and fluid adminis- 
tration commonly are restricted to low maintenance amounts. 
Increased interstitial lung water related to pulmonary overcir- 
culation results in tachypnea and increased work of breathing 
that should be acutely treated with diuretics, most commonly 
furosemide. All of the above are aimed at supportive treatment 
of a left-to-right shunt in anticipation of directly removing the 
shunt and its effects by closing the PDA. Options for closure 
include medical treatment, surgical division and ligation, and 
more recently catheter device closure. 
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Figure 31.10. Common angiographic ductal morphologies. A: Conical with narrowing at the pulmonary artery 
end, by far the most common. B: Window. C: Tubular. D: Complex. E: Elongated. 
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Figure 31.11. Serial sagittal MRI 
images in a young adult showing 
a large patent ductus arteriosus 
(PDA). Ao, aorta, MPA, main 
pulmonary artery. 



Medical Closure. The use of oral or, preferably, intrave- 
nous (lyophilized) indomethacin to constrict the PDA has 
led to successful nonsurgical closure in a large proportion of 
treated infants (88-90); the effects of indomethacin apparently 
are best when it is administered before 10 days of age and 
in less mature infants. Originally, indomethacin was adminis- 
tered only to infants in whom standard medical management 
had failed and surgery was contemplated (88); however, it is 
now considered first line of therapy unless renal dysfunction 
or necrotizing enterocolitis is present. Dose schedules vary, 
but commonly a first dose of 0.2 mg/kg is given by nasogas- 
tric tube or intravenously. For intravenous indomethacin, 
subsequent doses depend on the age at initial treatment — if 
<48 hours, the subsequent two doses are 0.10 mg/kg; if 2 to 7 
days, 0.20 mg/kg; and if >7 days, 0.25 mg/kg. A total of three 
doses usually are given 12 to 24 hours apart depending on uri- 
nary output; if urine flow decreases, fewer doses may be used 
or the time between doses may be extended. If clinical signs 
reappear after an initially successful course of therapy, a second 
course may be considered. Because signs of a shunt reappear in 
some infants, a more prolonged initial course of therapy has 
been suggested Indomethacin should not be administered to 
infants with renal dysfunction (serum creatinine >1.6 mg/ dL 
or blood urea nitrogen > 20 mg/dL), overt bleeding, shock, 
necrotizing enterocolitis, or any suspicion thereof, or if there 
is ECG evidence of myocardial ischemia (91). The renal side 
effects of oliguria and hyponatremia do not always occur, and 
when they do they usually are transient; no obvious long-term 
adverse effects have been experienced (92). These renal side 
effects are more common, and often more severe, when sig- 
nificant fluid restriction precedes therapy. Administration to 
infants with PDA before they show obvious major hemody- 
namic complications has been used with good success, particu- 
larly in infants with birth weight <1,000 g (89). In this group 
of infants, the initiation of therapy is suggested immediately 
on diagnosis, which ordinarily is before 72 hours of age. True 
prophylactic therapy on the first day after birth appears to 
have no advantage, and because not all infants develop a PDA, 
a certain number would receive indomethacin unnecessarily. 

Some studies have investigated combined treatment with 
indomethacin and inhibition of the nitric oxide pathway for 
very premature infants refractory to indomethacin alone (93). 
The combination of l-NMMA and indomethacin improved 
the closure rate, but the use adversely affected the creatinine 
and produced systemic hypertension, limiting its usefulness. 

More recently, ibuprofen has also been evaluated as a pos- 
sible alternative to indomethacin in preterm infants (94-99). 
In addition, meta-analysis of the available studies has shown 
a comparable rate of ductal closure after ibuprofen treatment 
(100-102). Some evidence exists that there may be less effect 


of ibuprofen on renal function and urine output (94,95). In 
addition, ibuprofen has less effect on cerebral vasculature and 
cerebral blood flow but has not shown a decreased risk for 
intraventricular hemorrhage (96,98,99). However, in trials 
using ibuprofen for prophylaxis, there has been an increased 
incidence of pulmonary hypertension (103) such that this trial 
was ended prematurely. More recently, there is evidence that 
oral paracetamol may be an alternative to intravenous therapy 
(104). 

In premature baboons, PDA ligation results in improved 
lung mechanics and ventilation at 14 days; however, there is no 
effect on histologic progression of chronic lung injury (105). 
Improved lung mechanics have been confirmed in premature 
infants at 26 to 29 weeks of gestation after ligation showing 
an increase in dynamic compliance, tidal volume, and minute 
ventilation (106). The benefit of treatment in premature 
infants with lung disease has been confirmed in a retrospective 
study showing a fourfold mortality risk for infants <28 weeks 
with persistent PDA after medical treatment as compared with 
those without PDA or those successfully closed (107). How- 
ever, the timing of treatment remains controversial, because 
there is no demonstrated long-term benefit to early treatment 
(108). 

Surgical Closure. If medical treatment is unsuccessful or not 
possible, surgical or catheter device closure can be performed. 
Surgical closure before 10 days of age reduces the duration 
of ventilatory support and hospital stay and lowers morbid- 
ity (109). Despite the small risk of recanalization, ligation 
rather than division of the ductus arteriosus has been recom- 
mended, although many surgeons still clip ligate to minimize 
the need for dissection and associated injury. Surgery now can 
be performed with minimal morbidity and mortality (110). 
Thoracoscopic surgery is used at some centers to minimize the 
effect on chest wall mechanics (111). A recent comparative 
study confirms both excellent safety, with 0% mortality, and 
success, with 100% complete closure, with both techniques 
although it suggests a potential advantage for the thoraco- 
scopic approach with less morbidity and cost (112). However, 
some infants do develop acute low cardiac output after ductal 
ligation thought to be due to the acute increase in afterload 
with a concomitant decrease in LV preload, more pronounced 
with a larger PDA (39). 

Catheter Device Closure. Technological advances have 
reduced the size of catheter PDA closure devices to allow 
delivery through 4 French catheters, outer diameter <1.3 mm, 
making device closure a possibility for even small preterm 
infants (Fig. 31.12 A,B). Although not common practice, there 
is increasing use of these devices, with reports of successful 
implants in infants < 1.5 kg (113,114). The devices are deliv- 
ered antegrade from the femoral vein. Ongoing concerns with 
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Figure 31.12. A: Lateral fluoroscopy image of delivery of a vascular plug into the tubular PDA of a 2.3 kg infant 
through a 4 French (1.3-mm-diameter) long sheath. B: Right anterior oblique aortic angiogram after release of 
the vascular plug showing complete closure of the PDA. 


this technique include late femoral vein thrombosis and risk 
of device embolization with potential severe sequelae. Experi- 
ence is too small at this time to quantify these risks accurately, 
so at present time, this has been used in patients at increased 
risk for either medical or surgical closure. As experience and 
improvements continue, this may become appropriate therapy 
for many preterm infants. 

Prophylactic Closure. Despite the efficacy of treatment of the 
PDA in preterm infants, significant morbidity remains. There- 
fore it would seem that early closure before the development 
of clinical symptoms may reduce associated morbidity. Indeed, 
prophylactic administration of indomethacin in preterm 
infants prior to 28 weeks of gestation decreases the incidence 
of serious pulmonary hypertension, grade III/IV intraventricu- 
lar hemorrhage, and need for surgical closure, but has not been 
shown to alter mortality (115). Prophylactic ibuprofen also 
decreases the need for symptomatic treatment but has not yet 
been shown to alter the incidence of intraventricular hemor- 
rhage (116). In addition, one trial reported an incidence of sig- 
nificant pulmonary hypertension after prophylactic ibuprofen 
administration (103). Although the issue has not been put to 
rest, current practice is not to prophylactically close PDAs in 
preterm infants, even extremely low-birth-weight ones. 

Treatment of Term Infants, Children, and Adults with PDA 

In term infants or children, the complications resulting from 
isolated PDA, including failure to grow, recurrent respiratory 
infections, cardiac enlargement and failure, lobar emphysema 
or collapse, bacterial endarteritis, and the development of pul- 
monary hypertension are all indications for early correction. 
In adults, indications are more typically left heart enlargement, 
exercise intolerance, or bacterial endarteritis. Because treatment 
of an uncomplicated PDA is accompanied by minimal risk, clo- 
sure should be recommended soon after the diagnosis is made. 
There is a small chance of spontaneous closure during the first 
6 months of life so most pediatric cardiologists wait until about 
9 months of age in asymptomatic infants. Treatment options 


currently include catheter coil or device closure or surgery, with 
catheter closure having become the treatment of choice in most 
patients due to equal efficacy, fewer complications, and shorter 
recovery times (117). Indomethacin is ineffective in term infants 
and older children and therefore should not be used. If severe 
heart failure is present, medical management with intravenous 
diuretics, inotropes, and mechanical ventilation may be benefi- 
cial (118) prior to immediate catheter or surgical closure. 

Catheter Coil/Device Closure. Catheter closure with occlud- 
ing coils has become the treatment of choice for a small PDA 
(<2.5 mm in diameter). This 2- to 3-hour outpatient procedure 
is performed in the catheterization laboratory using conscious 
sedation, allowing discharge the same day with return to full 
activity the next day. A catheter is advanced from the femo- 
ral artery or vein across the PDA. An occluding coil is placed 
in the PDA with a single coil loop on the pulmonary artery 
side and the remaining three to four loops in the aortic ductal 
ampulla (Fig. 31.13A,B). Occasionally, immediate placement 
of a second or third coil is needed to achieve complete clo- 
sure. This procedure is >97% successful with no mortality and 
minimal significant morbidity (119,120). Catheter technology 
has advanced so that coils currently used are made of platinum 
or a metal composite that is MRI compatible, resolving the 
previous issue of chest MRI artifact due to stainless steel PDA 
coils. For PDAs larger than a few mm but <12 mm in diam- 
eter, specialized devices, such as the Amplatzer duct occluder 
or the PFM Duct-Occlud coil (Fig. 31.14A-D) are available 
for catheter-based repair. The procedure is similar in dura- 
tion, risk, and recovery time to the coil closure procedure. The 
devices are implanted antegrade from the femoral vein or ret- 
rograde from the femoral artery using long catheters through 
sheaths sized 4 to 8 French (1.3 to 2.5 mm outer diameter) 
(Fig. 31.15A-C). There is a >98% complete closure rate at 
6 months with minimal complications and no reported mor- 
tality (121-123). PDAs larger than 12 mm have been closed 
using septal closure devices (AGA septal occluder, AGA VSD 
device, NMT CardioSEAL device) (Fig. 31.16A,B) or covered 
stents in select cases (124). 
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Figure 31.13. A: Lateral descending aortic angiogram showing a typical small (1.5 mm) patent ductus arteriosus 
(PDA) in a child. MPA, main pulmonary artery, Ao, aorta. R: Lateral descending aortogram after placement 
of a single 0.038" coil with a single loop of coil in the pulmonary artery (PA), and the remaining loops in the 
aorta (Ao). 




Figure 31.14. PDA occlusion devices. A: PFM Duct-Occlud coil. B: Cook MREYE coil. C: Amplatzer ADO I. 
D: Amplatzer ADO II. 
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Figure 31.15. A: Lateral descending aortic angiogram 
showing a moderate PDA with a large left-to-right shunt 
densely opacifying the main pulmonary artery (MPA). 
B: Antegrade delivery of an 8 to 6 Amplatzer ADO I 
device through a 6 French sheath. C: Lateral transverse 
arch angiogram showing the device closing the PDA 
completely. 


Surgical Closure. Surgery remains the treatment of choice 
for PDAs too large for catheter closure. The traditional surgical 
approach to closure of the PDA involves division or transec- 
tion of the PDA through a lateral thoracotomy. Suture ligation 
without division has the potential for recanalization, particu- 
larly following single-suture ligation. Surgery is extremely safe 
with minimal mortality and morbidity. Hospital stays can be 
as short as 3 days, with return to full activity within 3 weeks. 
A recent surgical advance is thoracoscopic surgical closure. In 
this technique, three small 1.5-in incisions are made in the lat- 
eral thorax through which a thoracoscope and several surgical 
tools are inserted. Several surgical clips are placed on the PDA 
under direct visualization through the scope. Obvious advan- 
tages of this technique include less operative lung manipula- 
tion, less chest wall pain, faster recovery, and a smaller scar. 
Some critics of this new technique have raised concerns regard- 
ing the potential for tearing and hemorrhage with clipping of 
large PDAs, particularly in adults in whom the PDA may be 
calcified. This technique is increasing in use; early results show 
similar efficacy, shorter hospital stay, and lower cost but in at 
least one study a higher rate of laryngeal nerve injury com- 
pared with standard thoracotomy (112,125,126). 


Treatment of Children and Adults with PDA and 
Pulmonary Hypertension 

The decision to recommend closure of a PDA in a child or 
young adult with significantly elevated pulmonary vascu- 
lar resistance is not simple. Catheterization is recommended 
in these patients to evaluate the pulmonary vascular bed's 
response to test occlusion with a balloon catheter and pul- 
monary vasodilators, such as oxygen and nitric oxide. If there 
is a good response, whereby a significant decrease in pulmo- 
nary artery diastolic pressure and decrease in calculated pul- 
monary vascular resistance occurs, closure is advised. Device 
closure should be considered in this setting if the surgical risk 
is increased because of significant pulmonary hypertension 
(127). However, if the response to test occlusion with pulmo- 
nary vasodilators is equivocal, the decision is considerably 
more difficult. Aggressive treatment with pulmonary vaso- 
dilators including home oxygen, sildenafil, bosentan, and/or 
inhaled iloprost should be considered with repeat catheteriza- 
tion in 4 to 9 months with repeat evaluation and considera- 
tion for device closure (128). Some patients respond extremely 
well and show significant improvement after PDA closure, 
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Figure 31.16. A: Lateral proximal descending aortic angiogram in an elderly patient showing a large window- 
type patent ductus arteriosus with marked dilation of both the main pulmonary artery (MPA) and descending 
aorta (Dao). B: Lateral proximal descending aortic angiogram after closure with a 28 mm CardioSEAL device 
showing an immediate small residual shunt. 


whereas others show a progressive increase in pulmonary vas- 
cular resistance after closure. Therefore, careful monitoring 
and use of pulmonary vasodilators after closure is needed. The 
only contraindication to closure of an isolated PDA is severe 
pulmonary hypertension with irreversible pulmonary vascular 
disease and baseline right-to-left ductal shunting despite maxi- 
mal medical pulmonary vasodilation. If the PDA is closed in 
these patients, they are incapable of maintaining an adequate 
systemic output in response to stress, and rapid deterioration 
and death frequently occur. 


AORTOPULMONARY WINDOW 

Aortopulmonary window, or aortopulmonary septal defect, is 
a relatively rare cardiac malformation. Since first described by 
Elliotson (129) nearly two centuries ago, just over 300 cases 
have been reported (129-143). It accounts for 0.2% to 0.6% 
of all cases of congenital heart disease (139). Nearly half of 
all patients have associated cardiac lesions, including aortic 
origin of the right pulmonary artery (131,134,141,144), type 
A interruption of the aortic arch (132,134,139,142), tetral- 
ogy of Fallot (130,133,139), and anomalous origin of the right 
or left coronary artery from the pulmonary artery and right 
aortic arch (135,139,145). More rarely, it is associated with 
ventricular septal defect (131,143), pulmonary (143) or aortic 
atresia (142), D-transposition of the great arteries (146,147), 
and tricuspid atresia (136). 

The aortopulmonary septum is formed by the two oppos- 
ing truncal cushions, which appear at the 9-mm stage, then 
rapidly enlarge and fuse, dividing the truncus arteriosus into 
separate aortic and pulmonary channels (148). Cells that 
migrate from the neural crest influence this division. Removal 
of neural crest tissue results in various arterial abnormalities 
including truncus arteriosus, transposition of the great arter- 
ies, and aortic interruption. However, aortopulmonary win- 
dow is not seen when neural crest tissue is removed (149). In 
addition, unlike truncus arteriosus, aortopulmonary window 
has not been reported in association with DiGeorge syndrome 


(150). In contrast to other conotruncal abnormalities, there 
is no known association with 22Q11 deletion (147,151,152). 
Finally, whereas type B aortic interruption is associated with 
truncus arteriosus, type A is seen more frequently with aor- 
topulmonary window (134,139). Thus, although these anom- 
alies involve the same region of the heart, they appear to be 
unrelated embryologically, not variants of the same disease. 

In most cases, there is a defect in the proximal portion of 
the aortopulmonary septum, midway between the semilunar 
valves and the pulmonary bifurcation. The defect is variable 
in size, but most defects result in a large, generally continu- 
ous left-to-right shunt when the pulmonary vascular resist- 
ance falls, similar to other interarterial communications such 
as PDA or truncus arteriosus. Without corrective surgery, 
irreversible obstructive changes in the pulmonary vascular 
bed develop early, followed by death in the second decade, 
although patients surviving into the fourth decade have been 
reported (133). 


Pathology 

Following the immediate perinatal period, once hemody- 
namic changes have occurred, the heart is large, owing pri- 
marily to an enlarged, volume-loaded left atrium and LV. The 
branch pulmonary arteries are usually enlarged because of 
the increased pulmonary flow. The ascending aorta is often 
small, particularly in cases with a very proximal defect or with 
associated aortic arch anomalies. The aortopulmonary defect 
is a discrete area, variable in size, usually positioned midway 
between the semilunar valves and the pulmonary bifurcation. 
It has a regular edge and is usually circular, although a form 
has been described with a border that is not continuous but 
describes slightly more than one turn of a spiral (139). 

Although several classifications have been presented, the 
one proposed by Mori et al. (141) is most commonly used 
(Fig. 31.17). It describes three types of aortopulmonary con- 
nection. Type I is the most common type described earlier: a 
small defect midway between the semilunar valves and the pul- 
monary bifurcation. Type II is a more distal defect, the distal 
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Type I 


Type II Type III 



Radiologic Features 

The chest roentgenogram is indicative of a large left-to-right 
shunt. A moderately enlarged heart with prominent pulmo- 
nary vascular markings is usually present. The main pulmo- 
nary artery segment is usually pronounced, as are the LA and 
LV borders. The aortic knuckle usually is not prominent. The 
lung fields frequently show hyperinflation, and pulmonary 
edema may be present. 


Figure 31.17. Classification of aortopulmonary window. 
A: Type I, proximal defect, midway between the semilunar 
valves and pulmonary bifurcation. B: Type II, distal defect, 
with posterior border absent and aortic origin of right pul- 
monary artery. C: Type III, total defect, incorporating defects 
present in both types I and II. (From Mori K, Ando M, Takao 
A, et al. Distal type of aortopulmonary window. Report of 4 
cases. Br Heart J 1978;40:681-689, with permission.) 


border of which is formed by the pulmonary bifurcation. This 
type is more commonly associated with aortic origin of the 
right pulmonary artery (131,134,141). Type III, a large, con- 
fluent defect involving essentially the entire aortopulmonary 
septum, is the most rare. 

Manifestations 

Clinical Features 

The clinical features of aortopulmonary window are not spe- 
cific but are those of a large left-to-right shunt, and clinically 
this lesion often mimics either a ventricular septal defect or a 
PDA or both. Signs of congestive heart failure (tachypnea, dia- 
phoresis, failure to thrive, and recurrent respiratory difficulty) 
usually begin in the first weeks of life (133,135,141). Cyano- 
sis usually is not present, although large defects can produce 
desaturation owing to bidirectional shunting and mixing at the 
arterial level. When aortic arch anomalies are present, the pre- 
senting symptoms may be those of metabolic acidosis when the 
PDA closes, and the aortopulmonary window may be masked. 

Physical examination shows tachypnea, abdominal breath- 
ing, and overexpansion of the lungs with intercostal retrac- 
tions. There may be a prominent right ventricular impulse at 
the left sternal border. The pulses may be bounding, indicat- 
ing arterial runoff into the lungs. On auscultation, the second 
heart sound generally is accentuated and narrowly split, sug- 
gesting pulmonary hypertension. In some patients a prominent 
ejection click is heard in the pulmonic area (133,141). There is 
either a loud systolic ejection murmur at the left upper sternal 
border or a machinery-type murmur similar to that found with 
a PDA (141). Often a middiastolic rumbling murmur is present 
at the apex, indicating increased flow across the mitral valve. 

Patients with very small defects may be asymptomatic. In 
these patients, the second heart sound may be normal, with 
only a systolic ejection murmur and possibly a middiastolic 
murmur audible at the apex. The defect in these patients may be 
mistaken clinically for a small ventricular septal defect and may 
be diagnosed accurately only during routine echocardiography. 


Echocardiographic Features 

Two-dimensional echocardiography can accurately diagnose 
aortopulmonary window and generally describe any associ- 
ated anomalies (Fig. 31.18). In addition, the lesion is readily 
diagnosed in utero using fetal echocardiography (153). The 
left atrium and LV are dilated owing to the large left-to-right 
shunt. The right ventricle may be hypertrophied, although 
not always. The semilunar valves usually are normal in both 
position and motion. The pulmonary arteries are significantly 
enlarged. The aortopulmonary window can usually be seen 
directly, but dropout is often seen in the aortopulmonary sep- 
tal area of normal patients. Balaji et al. (130) described a “T” 
artifact at the edges of the defect to help distinguish it from 
normal dropout. In addition, color Doppler flow mapping 
demonstrates flow through the defect. 

Doppler echocardiography is helpful in the diagnosis of 
aortopulmonary window, with findings similar to that seen in 
a PDA. Abnormal, continuous forward flow in the pulmonary 
arteries indicates the presence of an aortopulmonary commu- 
nication (130) (Fig. 31. 3C). Significant retrograde descending 
aortic diastolic flow is found in both the proximal aortic arch 
and the abdominal aorta (Fig. 31.8B); this is also in contrast 
to a PDA where the proximal arch has diastolic prograde flow. 
Doppler echocardiography also demonstrates the presence of 
pulmonary hypertension when pulmonary or tricuspid insuf- 
ficiency is present. 

Cardiac Catheterization 

With current echocardiographic techniques, cardiac catheteri- 
zation usually is not required. The right ventricular and pulmo- 
nary arterial pressures usually are at systemic levels (135,141). 
The LA pressure may be elevated from the left-to-right shunt 
and increased pulmonary venous return, whereas the LV pres- 
sure is usually normal. Aortic pressure usually is normal, but 
in the presence of large defects may have a decreased dias- 
tolic and widened pulse pressure owing to runoff into the pul- 
monary vascular bed. The catheter often can be manipulated 
directly from the main pulmonary artery through the defect 
into the ascending aorta. 

Either an ascending aorta or main pulmonary angiogram 
will demonstrate the defect. An ascending aorta angiogram 
shows filling of the pulmonary arteries, including the pulmo- 
nary valve sinuses, and main and branch pulmonary arteries 
(141). It also will demonstrate associated aortic arch anoma- 
lies. A main pulmonary arterial angiogram shows filling of 
the ascending aorta, and when present, also can demonstrate 
anomalous origin of a coronary artery from the pulmonary 
artery (135). 


Electrocardiographic Features 

There are no characteristic ECG findings in patients with aor- 
topulmonary window. Evidence of right ventricular hyper- 
trophy usually is present, although biventricular hypertrophy 
may be present when the defect is large or has been present for 
some time (135,141). Rarely, the ECG is normal or shows only 
a mild degree of right ventricular hypertrophy suggested by an 
rsR’ pattern in the right precordial leads. 


Differential Diagnosis 

Because aortopulmonary window is an extremely rare defect, 
the clinical features are often ascribed to a large ventricular 
septal defect, a large PDA, or persistent truncus arteriosus. 
The bounding pulses, wide pulse pressure, and continuous 
murmur, if present, indicate the presence of an arterial commu- 
nication (133). Distinguishing aortopulmonary window from 
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Figure 31.18. A: Parasternal short axis showing a small type A 
defect (arrow) immediately adjacent to the aortic and pulmo- 
nary valve. B: Parasternal short axis of larger type A defect, 
again with normal origin of the right pulmonary artery. 
C: Parasternal short axis showing a type B/C defect with sepa- 
rate origin of the right pulmonary artery adjacent to the win- 
dows. D: Suprasternal view demonstrating an associated type A 
aortic arch interruption. E: Parasternal short-axis echocardio- 
gram showing anomalous origin of the right coronary artery 
from the pulmonary artery. 
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either a large PDA or from persistent truncus arteriosus often 
is extremely difficult by physical examination alone. A systolic 
ejection or continuous murmur is also present in patients with 
PDA; however, significant clinical symptoms in the first weeks 
of life are very unusual. Patients with persistent truncus arte- 
riosus usually have more arterial desaturation than patients 
with aortopulmonary window and the same degree of con- 
gestive heart failure, as the common ventricular outlet results 
in complete mixing. They often also have a diastolic murmur 
indicative of regurgitation of the truncal valve. The murmur of 
a ventricular septal defect usually is heard toward the base of 
the sternum, and the pulses are not bounding. 

Treatment 

Closure of the defect is indicated in essentially all patients with 
aortopulmonary window. The classical treatment is surgical clo- 
sure of the defect. Since the first reported correction by Gross 
(137), several types of surgical correction have been attempted. 
Simple ligation (135) and division with suture closure of the 
defect (133) both have met with poor results. Although exposure 
and patch closure of the defect from the pulmonary artery is pos- 
sible (135,137), most authors recommend a transaortic approach 
using a median sternotomy and cardiopulmonary bypass 
(135,141,154). This approach provides optimal exposure of the 
defect and also allows access for correction of associated defects, 
particularly arch anomalies and anomalous origin of either the 
right pulmonary artery or right coronary artery. In patients with 
aortic origin of the right pulmonary artery, the patch closure can 
be tunneled to include the right pulmonary artery in the repair 
(134). Some revisions have used a pulmonary artery flap to close 
the defect (155-157). This technique avoids the use of prosthetic 
material. More recently, several patients have undergone closure 
using various catheter-delivered devices (158-161), although this 
approach is likely not applicable for larger defects or those with 
anomalous right pulmonary artery origin. 

The prognosis of patients with aortopulmonary window 
is excellent if surgical correction is performed early in life, 
before irreversible pulmonary vascular changes occur (154). 
Although long-term follow-up is limited, late complications 
of the defect in patients adequately repaired are unlikely to be 
significant. Patients with associated anomalies will likely be 
limited more by the associated anomaly than by the repaired 
aortopulmonary window. 
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Vessels and the Aortic Root 
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C oronary and aortic root anomalies represent a small but 
interesting group of malformations that may occur alone 
or in association with structural heart disease (1-3). Recogniz- 
ing and identifying these anomalies has become an important 
part of the evaluation of complex congenital heart disease. In 
the absence of structural heart disease, coronary anomalies 
are also important in certain clinical situations such as di- 
lated cardiomyopathy (4), hypertrophic cardiomyopathy (5), 
and sudden cardiac events in older children (6). This chapter 
reviews coronary artery development and anatomy, coronary 
anomalies in the absence of structural heart disease, coronary 
anomalies in the presence of structural heart disease, and aor- 
tic root anomalies. Coronary arteriovenous malformations are 
covered in Chapter 37. 

CORONARY VASCULAR ANOMALIES 
Embryology 

The cells of the developing myocardium initially receive nour- 
ishment directly from circulating blood in the ventricular 
cavity. As the myocardium thickens and develops, the pres- 
ence of multiple trabeculations allows close proximity of the 
myocardial cells to the ventricular cavity. These trabeculations 
then develop into a sinusoidal system that continues to mini- 
mize diffusion distance between myocytes and the circulation. 
It was previously thought that these sinusoids were the fore- 
runners of the coronary vascular system, but new data have 
provided evidence for an epicardial origin of the coronary 
vascular system (7). 

The new model of coronary vascular development (7) 
begins with formation of a proepicardial protrusion by cells 
of the primordial liver. These cells establish the proepicardium 
and epicardial cells and then migrate over the surface of the 
heart. The epicardial cells invade the forming subepicardial 
matrix and form the coronary vascular plexus. The epicardial 
cells then undergo epithelial mesenchymal transformation by 
an as yet undefined mechanism that probably involves mul- 
tiple growth factors. Nascent capillaries then are associated 
with subepicardial mesenchymal cells to form mature vessels. 
It has now been shown that small vessels on the surface of 
the heart fuse and grow inward to penetrate the aorta rather 
than coronary buds from the aortic sinuses fusing with the 
coronary vessels (8). 

New experimental data on the development of the coronary 
system implicate multiple growth factors as well as adhesion 
molecules and chemotactic factors in this complicated coordi- 
nated migration and transformation of cells to form coronary 
vessels. The presence of congenital anomalies of coronary arter- 
ies suggests abnormalities in these signaling pathways or altera- 
tions in local factors that direct coronary vessel development. 


Anatomy 

Coronary Arteries 

Normal coronary artery anatomy is briefly reviewed, but for 
a complete discussion on this subject the reader is referred to 
Dr. Frank Netter’s diagrams in the CIBA Collection of Medi- 
cal Illustrations (9). The entire blood flow to the myocardium 
is derived from two main coronary arteries arising from the 
right and left aortic sinuses of Valsalva (Fig. 32.1). The left 
main coronary artery is about 13 mm long in adults (range 2 to 
40 mm) and gives rise to the circumflex branch, which courses 
posteriorly in the atrioventricular groove; the left main coro- 
nary then continues as a left anterior descending branch. The 
right coronary artery gives rise to a small conal branch and 
then courses posteriorly in the opposite direction along the 
atrioventricular groove. There is no separate septal branch, 
the septum being supplied by perforating branches that 
enter the septum from the anterior and posterior descend- 
ing coronary arteries. In 69% of the population, the right 
coronary artery is dominant (10), giving rise to the posterior 
descending coronary artery, which extends to the apex and 
supplies the posterior part of the ventricular septum, the infe- 
rior wall of the left ventricle, and the atrioventricular node 
(11). In 11%, the left coronary artery is dominant, thereby 
giving rise to the posterior descending coronary artery, and 
in 20% there is codominance (10). The left coronary artery 
supplies the free wall of the left ventricle. Interestingly, many 
patients with bicuspid aortic valves or aortic stenosis (20% to 
57%) have left-dominant systems and a short left main coro- 
nary artery (10,12,13). 

Within the myocardium, small arteries branch repeatedly 
until they reach the endocardium. Normally, there are connec- 
tions between coronary arterial branches that are 25 to 200 mm 
in diameter and are known as collaterals. They may be super- 
ficial or subendocardial, and they are capable of enlarging if 
pressure gradients develop between branches. These collateral 
arteries become significant in cases of primary arterial occlu- 
sion, in which cases they may allow reperfusion of affected 
myocardium. 

Cardiac Veins 

The coronary sinus arises from the proximal portion of the left 
sinus horn and the common cardinal vein. The great cardiac 
vein begins at the apex and runs up the anterior interventricu- 
lar groove to enter the coronary sinus just below the left lower 
pulmonary vein. The coronary sinus then courses around the 
left edge of the heart in the posterior atrioventricular groove 
until it enters the right atrium near the atrioventricular node. 
The middle cardiac vein runs up in the posterior atrioven- 
tricular groove to enter the coronary sinus. The posterior 
ventricular vein drains the free wall of the left ventricle up to 
the coronary sinus. The small cardiac vein runs with the right 
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Figure 32.1. Normal anatomy of the coronary arteries. 
A, aortic valve; CB, conus branch of the right coronary artery; 
Diagonals, first and second diagonal branches of the left 
anterior descending coronary artery; LAD, anterior descend- 
ing branch of left coronary artery; LCX, circumflex branch 
of the left coronary artery; LMCA, left main coronary artery; 
Ml/2, first and second marginal branches of the right coronary 
artery; OM1/2, first and second obtuse marginal branches of 
the left coronary artery; P, pulmonic valve; RCA, right coro- 
nary artery. 


coronary artery in the right posterior part of the atrioventricular 
groove; it drains into the coronary sinus or directly into the 
right atrium, as do the small veins draining the right ventricular 
free wall (14,15). 


ANOMALIES OF CORONARY ARTERIES IN THE 
ABSENCE OF STRUCTURAL HEART DISEASE 


Normal Variations 

The right and left coronary arteries arise from the right and 
left aortic sinuses of Valsalva (Fig. 32.1). Usually they come 
from the middle of the sinuses, but they may arise from the 
sinotubular junction or even above it. The position of the 
ostium does not appear to affect the flow through it. The ostia 
may be round, oval, or elliptical. The arteries are usually per- 
pendicular to the aortic wall; that is, they are radially arranged 
relative to the center of the aorta. 

Separate origin of the conus branch of the right coronary 
artery commonly occurs (11). The corresponding anomaly on 
the left side — separate origins of the left anterior descending 
and left circumflex coronary arteries — occurs in about 1% 
of the population and is more frequent with bicuspid aortic 
valves (11). Neither of these anomalies appears to have any 
clinical consequence. 

Abnormal Origin of Right or Left Coronary Artery 
from Inappropriate Sinus 

Anomalous Origin of Left Coronary Arterial Branches 
from Right Sinus of Valsalva 

The most common anomaly, accounting for about one-third 
of all major coronary arterial anomalies, is origin of the left 
circumflex coronary artery from the right main coronary 
artery (Fig. 32. 2A) (2,3,16,17). The left circumflex coronary 
artery passes behind the aorta to reach its normal territory of 
supply. This anomaly has no general clinical significance, 
but the artery may be compressed if both mitral and aortic 


prosthetic fixation rings are implanted. These anomalous 
arteries may have an unusually high incidence of coronary 
atheroma (2). 

Much less common, accounting for 1% to 3% of major 
coronary arterial anomalies (2,16), but of greater clinical sig- 
nificance is origin of the left main coronary artery from the 
right sinus of Valsalva (1,16,18). There are four pathways 
that the left main coronary artery can take after leaving the 
sinus: posterior to the aorta (Fig. 32. 2B), anterior to the right 
ventricular outflow tract (RVOT) (Fig. 32. 2C), within the ven- 
tricular septum beneath the right ventricular infundibulum 
(Fig. 32. 2D, the most common variant), and between the aorta 
and the RVOT (Fig. 32. 2E). With rare exceptions, the first three 
courses have not been associated with sudden death or pre- 
mature myocardial ischemia. The course that passes between 
the two great arteries, however, has often been associated with 
sudden death in people during or just after vigorous exercise. 
Several of these patients had had episodes of syncope or chest 
pain during previous exercise. In most of these patients, the 
ostium of the left main coronary artery was slit-like, with an 
intramural course within the aortic root and adherent to it for 
about 1.5 cm (18). 

In some patients, the left anterior descending coronary 
artery originates in the right sinus of Valsalva or from the right 
main coronary artery (Fig. 32. 2F). This anomaly is rare in the 
absence of congenital heart disease (2,18) but is common in 
tetralogy of Fallot. The artery usually passes in front of the 
RVOT or through the interventricular septum but has rarely 
been seen to pass between the aorta and RVOT Should there 
be atheroma near the ostium of the common arterial trunk, 
most of the heart will become ischemic, so that the lesion is the 
equivalent of a left main coronary stenosis. 

Anomalous Origin of Right Coronary Arterial Branches 
from the Left Sinus of Valsalva 

Origin of the right main coronary artery from the left sinus of 
Valsalva, first described by White and Edwards (19) in 1948, 
is relatively common, making up about 30% of all major cor- 
onary arterial anomalies (2,18), and has a significantly higher 
incidence in Asians and Hispanics (20). The right coronary 
artery then courses between the aorta and the RVOT to reach 
the right side of the atrioventricular groove, after which it is 
distributed normally (Figs. 32.3 and 32.4). This anomaly was 
once thought to be benign, but there are now many reports 
of myocardial ischemia, infarction, or sudden death (21-23). 
In many of the autopsies, the origin of the right main coro- 
nary artery was angulated and the ostium was described as 
slit-like. 

Single Coronary Artery 

In 5% to 20% of major coronary arterial anomalies, a sin- 
gle coronary artery arises from the aorta and then branches 
(17,24). Sometimes an atretic cord connects part of the artery 
to a sinus of Valsalva that has no ostium. About 40% of these 
anomalies are associated with other cardiac malformations, 
including transposition of the great vessels, tetralogy of Fal- 
lot, truncus arteriosus, coronary-cameral fistulas, and bicuspid 
aortic valves. The single artery can arise from either the right 
(Fig. 32.5A-C) or the left sinus of Valsalva (Fig. 32.5D-F) with 
many variations (24). The single coronary artery on either side 
can follow its usual course and then continue on to supply the 
other side of the heart, or separate branches can arise from 
a main coronary artery and course posteriorly or anteriorly 
to supply the other side of the heart. Branches also can pass 
between the great vessels. 

For the single coronary arteries arising from the right side, 
the right coronary can follow the course of the normal right 
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Figure 32.2. Anomalous origin of the left main coronary artery 
from the right sinus of Valsalva. A: Left circumflex coronary 
artery arising from the right coronary artery. B: Left main 
coronary artery arising from the right sinus of Valsalva (pos- 
terior course). C: Left main coronary artery arising from the 
right sinus of Valsalva (anterior course). D: Left main coronary 
artery arising from the right sinus of Valsalva (interventricular 
septal course). E: Left main coronary artery arising from the 
right sinus of Valsalva, and with a course between the two 
great arteries. Note the oblique origin of left main coronary 
artery (LMCA). F: Separate origin of the left anterior descend- 
ing coronary artery from the right sinus of Valsalva. A, aorta; 
LAD, left anterior descending coronary artery; LCX, left cir- 
cumflex coronary artery; LMCA, left main coronary artery; 
P, pulmonary outflow; RCA, right coronary artery. 


coronary artery and continue as the left circumflex artery, 
which then gives off the left anterior descending coronary artery 
(Fig. 32.5A). Alternatively, after the right coronary artery arises, 
a separate branch to the left side can arise that passes posterior 
to the aorta and gives rise to a circumflex vessel and a left ante- 
rior descending coronary artery (Fig. 32. 5B), or the separate 
branch can follow a course anterior to the right ventricular 
infundibulum, giving rise to the anterior descending coronary 
artery before continuing on as the circumflex (Fig. 32. 5C). 

A single left coronary artery can display branching patterns 
similar to those on the right. A single left coronary artery can 
branch into the left anterior descending and left circumflex coro- 
nary arteries with the circumflex continuing across the crux to 
form the right coronary artery (Fig. 32. 5D). A separate right 
coronary vessel also can arise from the single left coronary artery 



Figure 32.3. Anomalous origin of the right coronary artery 
from the left sinus of Valsalva, with oblique origin and course 
between the great arteries. A, aorta; CB, conal branch of the right 
coronary artery; LAD, left anterior descending coronary artery; 
LCX, left circumflex coronary artery; LMCA, left main coronary 
artery; P, pulmonary outflow, RCA, right coronary artery. 

and pass posterior to the aorta (Fig. 32.5E) to reach the opposite 
side of the heart or the vessel can pass anterior to the right ven- 
tricular infundibulum (Fig. 32. 5F). Most single coronary arteries 
produce no symptoms in the absence of severe atheroma (which 
is clearly more serious when there is only one main artery sup- 
plying the whole heart), but a few premature deaths have been 
reported with this anomaly (24). It is usually those variants in 
which a major branch passes between the aorta and the right 
ventricular infundibulum that are at greatest risk for sudden 
death (24), but other patterns can cause myocardial ischemia. 

Left or Right Coronary Arterial Branches Arising 
from the Posterior Sinus of Valsalva 

These are very rare (18) and have not been associated with 
premature or sudden death. 

Pathology and Clinical Features of Abnormal 
Origin of Right or Left Coronary Artery from 
Inappropriate Sinus 

Pathology 

In about 20% of autopsies there are subendocardial scars, and 
occasionally a major myocardial territory infarction is reported. 
However, the suddenness of death in most of these patients 
prevents large scar from occurring. Occasionally, severe ath- 
erosclerosis has been seen in a segment of the abnormal vessels, 
even in children (25). In some of the anomalies, the initial few 
millimeters of artery may run within the aortic wall. Finally, 
the anomalous artery may arise tangentially from the aorta, 
and its ostium may be slit-like and partly covered by a valve- 
like flap. 

Mechanisms of Death 

Death is almost certainly due to myocardial ischemia, but the 
exact mechanism is unknown. The left ventricular myocar- 
dium has a huge demand for oxygen during strenuous exer- 
cise. Systolic pressure increases during strenuous exercise, and 
there is activation of the sympathetic nervous system. The root 
of the aorta therefore distends in systole. If part of the anoma- 
lous artery runs within the wall, it may be compressed, and if 
the artery runs adjacent to the wall, it may be stretched, com- 
pressed, or both. Presumably, the severe myocardial ischemia 
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Figure 32.4. Three-dimensional reconstruction from computed 
tomographic imaging of the coronary arteries demonstrating 
anomalous origin of the right coronary artery from the left 
sinus of Valsalva, with oblique origin and course between 
the great arteries. Note the oblique origin of the right coro- 
nary artery, which then runs between the two great arteries. 
A, aorta; LCA, left coronary artery; RCA, right coronary 
artery; RVOT, right ventricular outflow tract. 

that occurs from any of these mechanisms produces either 
ventricular fibrillation or electromechanical dissociation. In 
those with previous syncope, the severe ischemia might have 
produced transient ventricular tachycardia or fibrillation 
or else suddenly impaired ventricular function might have 
decreased cardiac output catastrophically. Why some patients 
with apparently identical anomalies survive without ischemia 
until their 70s and 80s is unknown. 

Clinical Features 

Most of these anomalous arteries do not cause myocardial 
ischemia, particularly if the anomalous branch does not pass 
between the aorta and the right ventricular infundibulum. Even 
those that do run between these structures do not always lead 
to sudden or premature death. However, this is the group that 
accounts for symptoms and sudden death in children, adoles- 
cents, and young adults. Although the first sign of the anomaly 
is sometimes sudden death or a fatal myocardial infarction, in 
many of these patients, there may be a history of syncope or 
prolonged chest pain before the fatal event. These symptoms 
almost invariably come on during or just after strenuous exer- 
cise, and many of the victims have been athletes. 

Diagnosis 

Any episode of syncope or of severe chest pain during or 
after exercise calls for intensive investigation. The standard 
clinical examination usually shows no abnormalities. A rest- 
ing electrocardiogram should be performed to evaluate 
ventricular hypertrophy, evidence of prior infarction, and per- 
sistent arrhythmia. An echocardiogram should be performed 
to exclude persisting ventricular dysfunction, hypertrophic 
cardiomyopathy, and proximal coronary anatomy. Careful 


attention should be directed to the origins of the coronary 
arteries because most of the anomalies affect the origins of 
the major arteries or their major branches and therefore may 
be detectable by echocardiography. Following the course of 
the coronary vessels is also important because the lesions with 
the highest risk of sudden death are associated with a major 
branch passing between the great vessels. Proving that a coro- 
nary artery passes between the great vessels can be difficult by 
angiography and may be easier by echocardiography. Because 
most patients are older children or adults, the resolution of the 
transthoracic echocardiogram may be inadequate to show the 
anomalies, and transesophageal echocardiography (26), mag- 
netic resonance imaging (27), or computed tomographic scans 
(28) (Fig. 32.4) may be more sensitive. 

Evaluating blood pressure and the electrocardiogram or 
injecting thallium at near-maximal exercise can be useful. 
However, a normal near-maximal stress test result has been 
reported in patients who subsequently died suddenly and had 
an anomalous left main coronary artery (29). Because of this, 
exertional syncope or severe exertional chest pain in a child or 
young adult warrants further investigation if the echocardio- 
gram is inconclusive. 

Anomalous Left Coronary Artery from the 
Pulmonary Artery 

In this anomaly, the left coronary artery arises from the pul- 
monary artery, usually from the left posterior facing sinus 
(Fig. 32.6). This anomaly was first described by pathologists 
in 1866 (30), and by 1962 Fontana and Edwards (31) had col- 
lected descriptions of 58 necropsies with this anomaly. Most 
of these patients died at <13 months of age. The first report 
relating clinical and autopsy findings in a 3-month-old boy 
was by Bland et al. (32). The anomaly has thus been called the 
Bland-White-Garland syndrome. 

Pathophysiology 

In fetal life, this anomaly probably has no harmful effect: Pres- 
sures and oxygen saturations are similar in the aorta and pul- 
monary artery. Myocardial perfusion is presumably normal, and 
there is no stimulus to collateral formation (Fig. 32. 6A). After 
birth, however, the pulmonary artery contains desaturated blood 
at pressures that rapidly fall below systemic pressures. Therefore, 
the left ventricle, with its huge demand for oxygen, is perfused 
with desaturated blood at low pressures. Collateral flow is ini- 
tially low. The left ventricular myocardial vessels dilate to reduce 
their resistance and increase flow, but soon coronary vascular 
reserve becomes exhausted and myocardial ischemia ensues. At 
first, ischemia is transient and occurs only with exertion such 
as during feeding or crying, but further increases in myocar- 
dial oxygen demand lead to infarction of the anterolateral left 
ventricular free wall (Fig. 32. 6B), with resultant compromise of 
left ventricular function. This causes congestive heart failure, 
which is often made worse by mitral regurgitation secondary 
to a dilated mitral valve annulus or infarction and dysfunction 
of the anterolateral papillary muscle. Collateral vessels between 
the normal right and abnormal left coronary artery enlarge, and 
with the increased flow, so does the right coronary artery itself 
(Fig. 32. 6C). However, because the left coronary artery is con- 
nected to the low-pressure pulmonary artery, the collateral flow 
tends to pass into the pulmonary artery rather than into the 
high-resistance myocardial blood vessels. There is a pulmonary- 
coronary steal with a left-to-right shunt. The shunt is usually 
relatively small in terms of cardiac output but relatively large in 
terms of coronary flow. In about 15% of these patients, myocar- 
dial blood flow can sustain myocardial function at rest or even 
during exercise. These are the patients who reach adult life (33). 
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Figure 32.5. Single coronary artery variants. A to C: Single 
coronary artery originating from right sinus of Valsalva. 
A: Right coronary continuation to the left circumflex coro- 
nary artery (LCX) and left anterior descending coronary artery 
(LAD). B: Posterior course of separate LCX giving off the 
LAD. C: Anterior course of a separate LAD branch feeding 
back to the LCX. D to F: Single coronary artery originating 
from the left sinus of Valsalva. D: Left coronary artery giving 
rise to the LAD and the LCX, which then continues as the right 
coronary artery. E: Posterior course of separate right coronary 
branch off the left main coronary artery. F: Anterior course of 
separate right coronary artery coming off of the LAD. Variants 
passing between great vessels are not illustrated. A, aorta; P, 
pulmonary artery; RCA, right coronary artery. 

Pathology 

This anomaly is usually isolated but has been associated with 
patent ductus arteriosus (17,33), ventricular septal defect, 
tetralogy of Fallot, or coarctation of the aorta (33). If there 
is pulmonary hypertension, as with a large ventricular septal 
defect, left ventricular perfusion may be adequate to prevent 
ischemia. Under these circumstances, closure of the defect with 
a decrease in pulmonary arterial pressure is catastrophic. 

The right coronary artery is greatly dilated, and large col- 
laterals may be visible on the surface of the heart. The left 
coronary artery is seen entering the main pulmonary artery, 
usually into the left pulmonary sinus, but rarely enters a branch 
pulmonary artery. It is usually only 2 to 5 mm long before it 
branches. 

In infancy, the heart is large, with the left ventricle and 
atrium in particular being dilated and hypertrophied. The 
anterolateral papillary muscle may be atrophic and scarred, 
and the chordae attached to it may be shortened. In some 
studies, the posterior papillary muscle has been similarly 
affected (33). There may be diffuse endocardial fibroelasto- 
sis of the left ventricle, and the anterior mitral valve leaflet is 


often thickened. Thinning and scarring of the anterolateral left 
ventricular wall and apex owing to infarction are noted, and 
there are often mural thrombi. 

In adults, the left coronary artery is thin-walled, resem- 
bling a vein. The heart is usually enlarged, but relatively not as 
much as in infants, and there is usually no endocardial fibroe- 
lastosis. However, there is usually scarring and calcification of 
the anterolateral papillary muscle and occasionally even of the 
adjacent left ventricle (18,34). 

Clinical Features 

For infants, the description by Bland et al. (32) still applies: 

Nothing remarkable was noted about the patient until 
the tenth week; while nursing from the bottle, the onset 
of an unusual group of symptoms occurred which con- 
sisted of paroxysmal attacks of acute discomfort precip- 
itated by the exertion of nursing. The infant appeared 
at first to be in obvious distress, as indicated by short 
expiratory grunts, followed immediately by marked pal- 
lor and cold sweat with a general appearance of severe 
shock. Occasionally, with unusually severe attacks, 
there appeared to be a transient loss of consciousness. 
The eructation of gas at times seemed to relieve the dis- 
comfort and to shorten the duration of the attack which 
usually lasted from 5 to 10 minutes, and following 
which the infant might proceed to nurse without diffi- 
culty and remain free of symptoms for several days.... It 
seems probable that in this infant, the curious attacks of 
paroxysmal discomfort... were those of angina pectoris. 

If this is true, it represents the earliest age at which this 
condition has been recorded. 

These patients with angina can be misdiagnosed as having 
either colic or reflux. Not all infants present in this way. Many 
present with the signs and symptoms of congestive heart fail- 
ure. A few children have severe difficulties in infancy and then 
gradually improve until they are asymptomatic. Older children 
and adults may be asymptomatic or may have dyspnea, syn- 
cope, or angina pectoris on effort. Sudden death after exertion 
has been common (35). However, typical myocardial infarc- 
tions or congestive heart failure are rare in adults. 

On physical examination, there may be signs of congestive 
heart failure. In infants, the heart is usually enlarged, the left 
ventricle being the predominant ventricle affected. However, 
there may be right ventricular enlargement and a loud pulmo- 
nary component of the second heart sound if left ventricular 
failure has caused considerable pulmonary hypertension. The 
first heart sound may be soft or absent (if there is mitral regur- 
gitation), and apical gallop rhythms are common. There may 
be no murmurs or they may have a murmur of mitral regurgita- 
tion. At times, there is a soft continuous murmur at the upper 
left sternal border that is similar to the murmur of a small pat- 
ent ductus arteriosus, which is due to the continuous flow from 
the anomalous coronary artery into the pulmonary artery. 

Electrocardiography 

Classically, because there is an anterolateral infarct by the time 
the infant presents for diagnosis, there will be abnormal Q 
waves in leads I, aVL, and precordial leads V4 to V6. There 
also may be abnormal R waves or R-wave progression in the 
left precordial leads. Although this pattern is not pathog- 
nomonic for this anomaly (it is seen in myocardial infarcts 
from other causes or occasionally in cardiomyopathies), if it is 
found, the diagnosis of this anomaly should be considered and 
evaluated by other means. Even in asymptomatic adults, the 
resting electrocardiogram is abnormal, and abnormal ischemic 
responses occur with exercise (34). 
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Figure 32.6. Anomalous origin of the left main coronary artery from the pulmonary artery. A: In the fetus, both 
right and left coronary arteries receive forward flow from the great arteries. B: Early after birth, before collaterals 
are well developed, there may be an anterolateral infarct and slight retrograde flow from the left coronary artery 
to the pulmonary artery. C: After collaterals have enlarged, there is high flow in the enlarged right coronary 
artery and the collaterals and significant retrograde flow into the pulmonary artery. Arrows indicate direction 
and approximate magnitude of flow in the right and left coronary arteries and the collaterals between them. 
A, aorta; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; P, pulmonary 
artery; RCA, right coronary artery. 


Noninvasive Imaging 

On the chest film in affected infants, there is marked cardio- 
megaly, predominantly of the left atrium and ventricle, and 
evidence of pulmonary edema. These features are similar to 
those of many forms of cardiomyopathy, with which this 
anomaly is often confused. 

Nuclear myocardial perfusion imaging is quite sensitive, 
showing reduced uptake in the anterolateral ischemic region. 
However, this finding is not specific because it has been seen in 
cardiomyopathies as well. 

Echocardiography with Doppler color flow mapping has 
replaced cardiac catheterization as the standard method of 
diagnosis (36). The improved resolution of current echocar- 
diographic equipment often allows the abnormal attachment 
of the origin of the left coronary artery to be seen. Color Dop- 
pler interrogation shows that flow passes from the coronary 
artery into the pulmonary artery. Therefore, even if the attach- 
ment of the coronary artery to the great artery is uncertain by 
2-D imaging, the presence of diastolic flow into the pulmonary 
artery will be informative. An enlarged right coronary artery 
should also raise suspicion of the diagnosis. The study also will 
show the size and function of the cardiac chambers, particu- 
larly the left ventricle as well as regional left ventricular wall 
motion abnormalities and mitral regurgitation. There may be 
increased echogenicity of the papillary muscle and adjacent 
endocardium due to fibrosis and fibroelastosis. 

Computed tomography scans have shown high resolution 
for defining coronary artery anatomy and origination in most 
older patients. The main advantage of this technique is rapid 
acquisition times and, particularly with the 32- and 64-detector 
scanners, high resolution. However, ECG gating of the scans 
requires heart rates to be slow or, in the younger child, phar- 
macologically slowed. There remains a significant radiation 
exposure with this technique, but its ability to define coronary 
artery abnormalities is excellent (Fig. 32.4) (see Chapter 11). 

Cardiac Catheterization and Angiography 

Although previously, cardiac catheterization and angiography 
were commonly used in the diagnosis of congenital coronary 
abnormalities, currently they are used only if the results of 
noninvasive imaging are uncertain. In symptomatic infants, 
diagnostic cardiac catheterization demonstrates a low cardiac 


output and high filling pressures and usually some degree of 
pulmonary hypertension. In asymptomatic older patients, 
output and pressures are usually normal, except for a slight 
increase in left ventricular end-diastolic pressure. There may 
be a left-to-right shunt at the pulmonary arterial level, but 
because the shunt may be small, its absence does not rule out 
the diagnosis. Ventriculography demonstrates the dilated left 
ventricle and atrium with dysfunction of the anterolateral left 
ventricular free wall and the presence and severity of mitral 
regurgitation. Aortic root angiography will show the dilated 
right coronary artery and, if there are large collaterals, will 
show filling of the left coronary artery and passage of con- 
trast material from the left coronary to the main pulmonary 
artery. Although main pulmonary arterial angiography may 
show reflux of contrast medium into the origin of the left coro- 
nary artery, neither this nor left ventriculography can reliably 
exclude the diagnosis. 

Natural History 

Of all children born with this rare anomaly, approximately 
87% present in infancy (33), and of these, 65% to 85% die 
before 1 year of age from intractable congestive heart failure 
(37), usually after 2 months of age. A few children improve 
spontaneously (38). Others never have symptoms, perhaps 
because of extensive collaterals and even a restrictive opening 
between the origin of the left coronary artery and the pulmo- 
nary trunk. Nevertheless, even these people are at high risk of 
sudden death (35), especially during exercise. Some present as 
adults with exercise-induced angina (34) or with congestive 
heart failure owing to mitral regurgitation (18). 

Treatment 

The first effective surgical treatment was ligation of the left 
coronary artery at its origin from the pulmonary artery to pre- 
vent the steal. Most older children benefit from this procedure, 
especially if they have extensive coronary-to-pulmonary arte- 
rial shunting, but late sudden death can still occur (34,39). 

Ligation of the origin of the left coronary artery and recon- 
stitution of flow through it with an internal mammary arte- 
rial or saphenous venous graft has been successful (40,41), 
although graft thrombosis and stenosis has occurred, particu- 
larly with vein grafts. Late obliterative changes in saphenous 
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vein grafts have been seen (41), which can seriously complicate 
the patient’s course because by approximately 3 years after 
successful revascularization, there is usually marked reduction 
of collaterals from the right coronary artery (16). Grafts using 
the internal mammary artery have a longer survival and are 
preferred when coronary reimplantation cannot be done. 

Direct reimplantation of the origin of the left coronary 
artery into the aorta (with a button of pulmonary artery around 
the origin) has been proven successful and is considered the 
standard approach in many centers (42-45). An alternative 
approach is the Takeuchi et al. (46) procedure, in which an 
aortopulmonary window is created and a tunnel is fashioned 
that directs blood from the aorta to the left coronary ostium. 

In the past, it was recommended that, because surgi- 
cal mortality is high in the sickest infants, surgery should be 
delayed until after 18 to 24 months of age (47). More recently, 
as surgical experience has accrued, early surgical intervention 
to establish a two-coronary system has been found to have 
significantly improved outcomes (45,48). However, because of 
papillary muscle infarction and dysfunction, significant preop- 
erative mitral insufficiency has been found to be a risk factor 
for both mortality and need for late mitral valve surgery. Addi- 
tionally, it has been reported that a two-vessel repair is feasible 
even in the sickest infants if postoperative support with a left 
ventricular assist device is used (49). 

RARE CORONARY ANOMALIES 
Coronary Atresia 

Total absence of the extramural coronary arteries is rare and 
occurs most often with pulmonary atresia and aortic atresia. 
In both these anomalies, pressure in the small but hypertro- 
phied right or left ventricle is at or above aortic pressure and 
enlarged sinusoids carry blood from the ventricle to be distrib- 
uted in the distal coronary arterial branches. 

Stenosis or Atresia of a Coronary Ostium 

Stenosis or atresia of the ostium or first few millimeters of the 
left main coronary artery is one of the rarest of the congenital 
coronary anomalies. The more distal branches are normal and 
develop multiple collaterals from the right coronary artery. 
Patients may present from 3 months to 60 years of age with 
sudden death, angina pectoris, myocardial infarction, or con- 
gestive heart failure. 

All Coronary Arteries from Pulmonary Artery 

Rarely, both right and left coronary arteries, or a single coro- 
nary artery, comes from the pulmonary trunk. Unless there is a 
cardiac lesion causing pulmonary hypertension, these children 
do not survive infancy without surgical intervention. More 
recently, these rare patients who have had dual coronary sur- 
gical reimplantation have survived (50). 

Left Anterior Descending Coronary Artery 
from the Pulmonary Artery 

This is a very rare anomaly (18), with few patients having 
been described. Apart from a 7-month-old child who died 
with an anterior myocardial infarct, all the others have been 
18 to 55 years of age. Five had angina pectoris, one an ante- 
rior myocardial infarct, and one had mitral regurgitation 
from papillary muscle dysfunction. Precordial murmurs were 


common. Most had electrocardiographic evidence of ischemia. 
Chest radiographs were normal in three and showed cardio- 
megaly in three. Angiography was diagnostic. Echocardio- 
graphic findings have not been reported. Surgical treatment by 
ligation of the anomalous artery or connecting it to the aorta 
has been recommended (18). 

Left Circumflex Coronary Artery from the 
Pulmonary Artery or Branches 

A few of these anomalies have been reported (18), and in 
many patients, the circumflex coronary artery was attached to 
a branch pulmonary artery rather than to the main pulmonary 
trunk. All have been in children, and all but one had other 
congenital cardiac lesions. 

Right Coronary Artery from the Pulmonary Artery 

This anomaly is rare, only about one-tenth as common as the 
left main coronary artery coming from the pulmonary artery 
(17,31,33). The anomaly was initially known only as an inci- 
dental finding at autopsy (18), but recently, it has been asso- 
ciated with ischemia, syncope, cardiomyopathy, and sudden 
death (51,52). 

Diagnosis 

There may be a continuous murmur at the left sternal border. 
The electrocardiogram and chest radiograph are usually nor- 
mal. Echocardiography with Doppler examination or cinean- 
giography demonstrates the abnormal attachment of the right 
coronary artery to the pulmonary trunk and the retrograde 
flow from the right coronary artery to pulmonary artery. If 
echocardiography is nondiagnostic, definitive imaging of the 
anomalous right coronary artery origin can be obtained by 
computed tomography scan (28) or from angiography using 
the left coronary artery to fill the right by collaterals. 

Treatment 

Because most patients are asymptomatic and remain so, there 
is no way to determine which patients are at risk of dying 
without surgical correction of this defect. Nevertheless, 
because sudden death is a risk, many cardiologists recommend 
surgical correction, which has been done by reimplanting the 
right coronary artery into the aortic root (51). 

MISCELLANEOUS ANOMALIES 
Myocardial Bridges 

The large epicardial coronary arteries run on the surface of 
the heart, with only their terminal branches penetrating the 
muscle, but it is very common for part of the epicardial artery 
to dip beneath the epicardial muscle for several millimeters so 
that there is a muscle bridge over the large artery (53). Most 
of these bridges are not functionally important, particularly if 
they are superficial. There are, however, documented examples 
of myocardial ischemia (54) or infarction associated with these 
bridges, including relief of ischemia after myotomy. During 
coronary angiography, a portion of the coronary artery appears 
to be narrowed in systole but widely patent in diastole, distin- 
guishing it from a partially occlusive lesion of the artery (53). 

Because myocardial bridges are so common and do not 
necessarily indicate present or future coronary arterial disease, 
the decision about myotomy to relieve anginal symptoms must 
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carefully be made. Not only should there be a well-defined 
muscle bridge, but there should be ischemia, based on electro- 
cardiography or documented by nuclear scan or stress echo- 
cardiography, in the region supplied by the artery with the 
bridge. Ischemia may be due to long, thick bridges that com- 
press the artery and relax unusually slowly, so that diastolic 
filling of the coronary artery beyond the bridge is impaired. 
Under these circumstances, disappearance of symptoms and of 
signs of ischemia may follow myotomy (54). 

Although myocardial bridges causing ischemia are rare 
in children with normal hearts, they may represent a signifi- 
cant cause of morbidity and mortality in children with hyper- 
trophic cardiomyopathy (see Chapter 54) (55), although this 
is also debated. Myocardial bridges with hypertrophic car- 
diomyopathy have been associated with chest pain, exercise 
intolerance, ventricular arrhythmias, and cardiac arrest in 
some, but debated in other studies (5,56). Unroofing the myo- 
cardial bridge has been reported to reduce the incidence of 
sudden death and arrhythmias in these patients (55). Children 
with hypertrophic cardiomyopathy and the above symptoms 
should be evaluated for bridges by stress perfusion imag- 
ing and selective coronary arteriography, and consideration 
should be given for unroofing the bridges if detected and felt 
to be causative. 


CORONARY ARTERY PATTERNS 
WITH CONGENITAL HEART DEFECTS 


Complete Transposition of the Great Arteries 

Anomalies of the coronary arteries in transposition of the 
great arteries are important to identify because some patterns 
have been more difficult to transfer with the arterial switch 
operation. Anomalies occur in both the origin and distribu- 
tion, with further anomalies secondary to intramural coursing 
of some vessels. This topic is briefly reviewed in this chapter, 
and a more complete review can be found in Chapter 49. 

Terminology of the anomalies has been controversial 
because the aorta and main pulmonary artery are abnormally 
related in complete transposition of the great arteries and the 
aortic sinuses do not have their normal positions. The two 
sinuses adjacent to the pulmonary artery are termed facing 
sinuses (57). The nomenclature of the facing sinuses depends 
on the relationship of the great vessels. If the vessels are side 
by side, then the sinuses are termed anterior or posterior. If the 
great vessels are oblique, the sinuses are left anterior or right 
posterior. If the vessels are anterior-posterior, the sinuses are 
right or left (57). 

The presence of a ventricular septal defect or of side-by-side 
great vessels should alert the cardiologist to an increased likeli- 
hood of coronary anomalies. In almost all patients, the coro- 
nary arteries arise from the facing sinuses (57,58). In 60%, 
the coronary arteries come from their appropriate sinuses and 
branch normally, a pattern seen most often with the aorta 
anterior and to the right of the pulmonary artery. The coro- 
nary arteries usually take the shortest course to reach their 
distribution, and because the aorta is anterior, the left main 
and circumflex coronary arteries pass anterior and leftward 
to the RVOT (Fig. 32. 7A). The next most common variation 
is the left circumflex arising from the right coronary artery 
and coursing posterior to the pulmonary artery, which is seen 
in about 20% of patients, usually with side-by-side great ves- 
sels (Fig. 32. 7B). The coronary arteries also may be completely 
inverted, with the right coronary artery arising from a left 
anterior sinus and the left coronary artery arising from the 
right posterior sinus (Fig. 32. 7C). The coronary vessels also 
may be partially inverted, with the left circumflex arising from 




Figure 32.7. Coronary arteries in complete transposition of 
the great arteries. A: Most common variant (60%). B: Next 
most common variant, with left circumflex coronary artery 
(LCX) coming from the right coronary artery (RCA) (20%), 
which is seen most often with side-by-side great arteries. 
C: Inverted arteries coming from the inappropriate sinuses 
(4%). D: Inverted arteries with the left anterior descending 
coronary artery (LAD) coming from the right coronary artery 
(4%). Variants with single (8%) and intramural (5%) coro- 
nary arteries are not illustrated. A, aorta; LMCA, left main 
coronary artery P, pulmonary artery. 


the right posterior sinus and the left anterior descending aris- 
ing with the right coronary artery from the left anterior sinus 
(Fig. 32.7D). 

Finally, various single coronary anomalies may occur, and 
intramural coursing of any of the variants may occur, usually 
with branches passing between the great vessels. These vari- 
ations affect the planning and conduct of the arterial switch 
operation because it may be difficult to move the coronary 
arterial origins to the neoaortic root without creating exces- 
sive tension. 

Tetralogy of Fallot 

About 40% of tetralogy patients have an abnormally long, 
large conus artery that supplies a significant mass of myo- 
cardium. In 4% to 5%, the left anterior descending coro- 
nary artery arises from the right coronary artery and passes 
across the RVOT (Fig. 32. 2F) (59). Occasionally, a single 
coronary artery comes from either the right or left sinus 
and the major branch that crosses the heart may pass across 
the RVOT (Fig. 32.4C,F) or pass behind the aorta and so 
avoid the outflow tract (Fig. 32.4B,E). Rarer variations also 
occur (33,59). 

If major arteries cross the RVOT, it makes surgery with 
the traditional transannular incision more difficult. To 
avoid cutting the artery and infarcting part of the myocar- 
dium supplied by it (60), the surgeon may make incisions 
parallel to the artery, make incisions above and below the 
artery, tunnel underneath the artery, or bypass the stenotic 
region with a conduit (59). All these approaches interfere 
with the effectiveness of the surgery and in the small infant 
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may lead to the decision to palliate rather than perform a 
total repair. 

These anomalies may be detected by echocardiography 
and if the anatomy is uncertain, aortic root angiography or 
selective coronary angiography is necessary (59). Although the 
surgeon can usually see the anomalies, there are advantages in 
knowing about them in advance to plan the procedure more 
effectively. Furthermore, the anomalous arteries may not be 
visible if they are obscured by epicardial adhesions from previ- 
ous surgery or if they run deep in the myocardium. 

Congenitally Corrected Transposition of the Great 
Arteries (L-Transposition) 

The aorta is anterior and to the left of the pulmonary artery, 
and the two main coronary arteries come from the facing 
sinuses as seen with D-transposition of the great arteries. The 
anterior sinus is usually the noncoronary sinus. Because of 
this anatomy, there is some confusion about naming coronary 
arteries that appear to arise from incorrect sinuses (58,61). 
Some describe the vessels as right or left sided, based on their 
sinus of origin (61), whereas others (62) describe the arter- 
ies based on their territory of supply, and that terminology is 
used here. The left coronary artery supplies the left ventricle 
but arises in the right facing sinus. It passes in front of the 
pulmonary annulus and divides into left anterior descending 
and circumflex branches, the latter passing in front of the right 
atrial appendage in the atrioventricular groove. The right cor- 
onary artery supplies the systemic right ventricle. It arises from 
the left facing sinus and runs in the atrioventricular groove in 
front of the left atrial appendage to terminate as the posterior 
descending artery. The most common variant is a single coro- 
nary artery coming from the right facing sinus. 

Double-Inlet Left Ventricle (Univentricular Heart) 

Because there is no true ventricular septum and there is no 
typical interventricular groove, the arterial branches that 
run along the borders of the rudimentary outlet chamber are 
referred to as delimiting arteries (33,63) rather than as ante- 
rior descending arteries. 

When the outlet chamber is anterior and to the right, the 
aorta and pulmonary artery are related as in complete trans- 
position. The right coronary artery arises from the right facing 
aortic sinus and runs along the right atrioventricular sulcus. 
The left main coronary artery comes from the left facing sinus 
and continues around the left atrioventricular groove as the 
circumflex artery. The left and right coronary arteries give off 
the left and right delimiting arteries, respectively. When the 
outlet chamber is anterior and to the left, the great vessels are 
related like those in congenitally corrected transposition of 
the great arteries (CCTGV) (L-transposition). The right and 
left main coronary arteries arise from their respective facing 
sinuses, and the “anterior descending” coronary artery may 
come from the left or the right coronary arteries or there may 
be two delimiting arteries that border the rudimentary outlet 
chamber (63). With any of these variants, there may be sev- 
eral large diagonal arterial branches that run parallel to the 
delimiting branches and cross the outflow tract of the right 
ventricle, making septation difficult. 

Double-Outlet Right Ventricle 

The coronary artery origins are usually normal in most forms 
of this group of anomalies, but because the aortic sinuses are 
rotated clockwise, the right coronary artery arises anteriorly 
and the left coronary artery arises posteriorly (58). When the 


aorta is anterior and to the right, the coronary pattern is simi- 
lar to that in CCTGV, with the right coronary artery arising 
from the right facing sinus. In 15%, there may be a single 
coronary artery arising anteriorly or posteriorly (64). Occa- 
sionally, the left anterior descending coronary artery comes 
from the right coronary artery and crosses the RVOT, as in 
tetralogy of Fallot (64). When the aorta is to the left, the right 
coronary artery passes to the right from the anterior sinus of 
the leftward aorta in front of the pulmonary artery to reach 
the atrioventricular groove. 

Truncus Arteriosus 

The right and left coronary arteries usually arise normally 
from their appropriate sinuses (65). If, however, the valve 
has more than three cusps, conventional descriptions must 
be abandoned. What is most consistent is that the left main 
coronary artery arises from the posterior sinus. Major variants 
include unusually high ostia, closely approximated ostia, or a 
single ostium (65). Large diagonal branches of the right coro- 
nary artery may cross over the anterior surface of the right 
ventricle and contribute to flow to the ventricular septum and 
even part of the left ventricular free wall (65). 

CONGENITAL ANOMALIES OF THE AORTIC ROOT 
Aortic-Left Ventricular Defect (Tunnel) 

This rare lesion is a vascular connection between the aorta 
and the left ventricle (Fig. 32.8). Some describe it as a tunnel 
that begins above the right coronary ostium, usually separated 
from it by a ridge, and passes behind the right ventricular 
infundibulum and through the anterior upper part of the ven- 
tricular septum to enter the left ventricle just below the right 
and left aortic cusps (66). It is usually short and direct but 
may be aneurysmal. Levy et al. (66) attributed the tunnel to a 
congenital endothelialized connection between the aorta and 



Figure 32.8. Aortic-left ventricular tunnel. Sagittal section 
showing the tunnel burrowing through the septal wall to enter 
the left ventricle. The proximal opening of the tunnel is supe- 
rior to the right coronary ostium. LV, left ventricle; RCA, right 
coronary artery; RV, right ventricle. 
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the left ventricle. Others (67) have considered the lesion to be 
a congenital defect associated with the thinned-out anterior 
wall of the left ventricular outflow tract where the right aortic 
sinus meets the membranous septum. 

Many of these patients present in infancy with congestive 
heart failure. They have signs resembling marked aortic valve 
regurgitation: a wide pulse pressure with a low diastolic blood 
pressure, a hyperactive dilated left ventricle and enlarged left 
atrium, and a loud to-and-fro murmur at the base. The elec- 
trocardiogram shows varying degrees of left ventricular and 
atrial hypertrophy. The chest radiograph shows variable car- 
diomegaly, possibly signs of congestive heart failure, but in all 
patients there is a dilated ascending aorta and in some a bulge 
of the enlarged right aortic sinus. Echocardiography with Dop- 
pler color flow mapping and aortography serve to separate this 
lesion from aortic valve regurgitation by the absence of retro- 
grade flow through the aortic valve, from a coronary artery- 
left ventricular fistula by the finding of normal right and left 
main coronary arteries, from an associated ventricular septal 
defect by the absence of a left-to-right shunt through the defect, 
and from a ruptured sinus of Valsalva by the anterior position 
of the tunnel and the absence of a dilated sinus of Valsalva 
(68). Treatment has been surgical, but there is a high incidence 
of aortic incompetence after surgery. Alternative treatment 
options include transcatheter occlusion in selected patients. 

Aneurysms of the Sinus of Valsalva 

A localized weakness of the wall of a sinus of Valsalva, a rela- 
tively rare lesion reported in the 19th century (69), leads to 
aneurysmal bulging and even rupture. It is to be distinguished 
from diffuse dilation of all the sinuses as is seen in Marfan 
syndrome. The localized aneurysms are usually congenital, 
with thinning just above the annulus at the leaflet hinge owing 
to absence of normal elastic and muscular tissue (70). These 
aneurysms can follow infective endocarditis. At times, decid- 
ing if the endocarditis is the cause or the consequence of the 
aneurysm is impossible. 

Pathologic Anatomy and Physiology 

About 75% of the patients are male. Two-thirds of the aneu- 
rysms are located in the right aortic sinus, one-fourth in the 
noncoronary sinus, and the rest in the left aortic sinus (71). 
The aneurysms may be isolated or in 30% to 50% may be 
associated with ventricular septal defects, especially defects of 
the outlet septum. The proportion of patients with ventric- 
ular septal defects is higher when the aneurysm arises from 
the right sinus. With an associated ventricular septal defect, 
particularly if subpulmonic, there is often prolapse of the aor- 
tic valve cusp and aortic incompetence. The aortic incompe- 
tence tends to be progressive as the valve prolapses farther 
and becomes fibrous and stiff. Coarctation of the aorta, atrial 
septal defect, tetralogy of Fallot, and patent ductus arteriosus 
also may be associated with these aneurysms. Because the aor- 
tic root is central, the aneurysms can rupture into any cardiac 
chamber, and virtually all combinations of sinus and chamber 
fistulas have been described. Rupture is most often of the right 
sinus aneurysm into the right ventricle, particularly if there is 
an outlet ventricular septal defect. The next most frequent site 
of rupture is into the right atrium from an aneurysm in the 
noncoronary sinus. Rupture into the pericardium is rare. At 
surgery, most fistulas resemble wind socks projecting from the 
sinus into the chamber of entry, with one or more openings 
near the end of the wind sock. 

These aneurysms do not always rupture but may cause 
symptoms by obstructing the RVOT, distorting the aortic 
valve and causing aortic incompetence, compressing the left 


coronary artery and causing myocardial ischemia, or causing 
conduction disturbances or even complete heart block by com- 
pressing the conduction system. Because all complications of 
these aneurysms are functions of their size, and because they 
grow slowly, they seldom present in infancy and early child- 
hood. The mean age for the onset of symptoms owing to sud- 
den rupture of the aneurysms was 31 years (71). Rupture can 
follow acute chest trauma or severe exertion. 

If the aneurysm ruptures, the size of the fistula determines 
the amount of shunting and its site of entry into the heart often 
determines its specific features. Thus, aneurysmal rupture into 
the left heart does not produce signs of a left-to-right shunt, 
whereas rupture into the right heart produces a left-to-right 
shunt of variable size. 

Infective endocarditis is an important complication of the 
smaller fistulas. It may occur in 5% to 10% of patients with 
these congenital aneurysms (71). 

Clinical and Laboratory Features 

Before rupture, these aneurysms are diagnosed only inciden- 
tally during imaging for other lesions (72). Rupture may be 
accompanied by a tearing pain in the chest or upper abdomen. 
If a huge shunt develops rapidly, the symptoms of congestive 
heart failure appear almost immediately, but with smaller fis- 
tulas, it may take several months for heart failure to develop 
(71). About 20% of patients are asymptomatic. 

With a small fistula, there may be only a continuous mur- 
mur like that of a ductus arteriosus, but with its maximal 
intensity in the third or fourth intercostal space near the ster- 
nal edge. If the fistula enters the right atrium, the murmur may 
be maximal to the right of the sternum. With larger fistulas, 
there will be a wide pulse pressure, a collapsing pulse, and 
left ventricular hyperactivity. If the fistula enters the right side, 
there will be right ventricular hyperactivity as well. A large 
fistula entering the left ventricle may display a to-and-fro mur- 
mur and simulate aortic incompetence. Occasionally, there is 
only a diastolic murmur in fistulas entering the left ventricle 
(71) or the high-pressure right ventricle in a neonate. If a ven- 
tricular septal defect is present, especially with infundibular 
obstruction, the combined murmurs can be confusing. 

With a large chronic fistula, the electrocardiogram will 
show hypertrophy of the appropriate chambers. Occasion- 
ally, signs of myocardial ischemia or conduction defects occur 
because of compression of the coronary artery or the conduc- 
tion system. 

The chest roentgenogram will show enlargement of the 
appropriate chambers as well as pulmonary overcirculation if 
there is a large left-to-right shunt. Evidence of congestive heart 
failure may be seen. The aortic root is not enlarged, although 
in the rare aneurysms of the left sinus of Valsalva there may be 
a bulge on the left aortic root border. 

Two-dimensional echocardiography with Doppler color 
flow mapping shows the aneurysmal dilation, even before 
rupture (73), but transesophageal echocardiography may give 
information not obtainable by routine transthoracic echocar- 
diography (74), including information on degree and mecha- 
nism of associated aortic insufficiency. Further noninvasive 
imaging with computed tomography or magnetic resonance 
scans has been shown to provide excellent definition of the 
aneurysm and the tissue planes involved (75). 

Cardiac Catheterization and Angiography 

Previously, cardiac catheterization was used for diagnostic 
purposes in this entity, to define the magnitude of any left- 
to-right shunt, ventricular systolic and diastolic pressures, 
pulmonary hypertension, and any infundibular obstruction. 
However, its diagnostic use has been largely supplanted by 
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noninvasive imaging with CT or MRI. More recently, in highly 
selected cases, percutaneously delivered devices have been 
used to occlude the ruptured aneurysm (76), but caution must 
be advised so as to not cause future aortic valvar insufficiency 
by the device. 

Management 

While previously, some authors have advocated treatment of 
congestive heart failure, with emphasis on afterload reduction 
to minimize runoff through the fistula, current definitive ther- 
apy is surgical anatomic correction. 
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Aortic Arch and Vascular Anomalies 
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C ongenital abnormalities of the aortic arch have been 
known at least since the anatomical reports of anomalous 
right subclavian artery by Hunauld (1) in 1735, double aortic 
arch by Hommel (2) in 1737, right aortic arch by Fioratti and 
Aglietti (3) in 1763, and interrupted aortic arch by Steidele (4) 
in 1788. While the clinicopathologic correlation of swallowing 
difficulty with anomalous right subclavian artery was made by 
Bayford (5) in 1789, it was not until the 1930s and the use of 
barium esophagography that some arch anomalies were diag- 
nosed during life. Since that time, clinical interest has generally 
paralleled surgical capability. The first division of a vascular 
ring was performed by Gross (6) in 1945, and the first suc- 
cessful repair of interrupted aortic arch was accomplished by 
Merrill et al. (7) in 1957. In the current era with the advent of 
minimally invasive surgery (8,9) and robotically assisted sur- 
gery (10), precise definition of aortic arch anatomy, preferably 
by noninvasive means, is essential. 


ANATOMICAL CLASSIFICATION 

Aortic arch anomalies can be thought of as falling into one or 
a combination of the following anatomical categories: abnor- 
malities of branching, abnormalities of arch position includ- 
ing right aortic arch and cervical aortic arch, supernumerary 
arches including double aortic arch and persistent fifth aortic 
arch, interrupted aortic arch, and anomalous origin of a pul- 
monary artery branch from the ascending aorta or from the 
contralateral pulmonary artery branch. 


LEFT AND RIGHT ARCH DEFINITION 

Left and right aortic arch refer to which bronchus is crossed 
by the arch, not to which side of the midline the aortic root 
ascends. This is particularly important to remember when 
looking at projection images from angiography where it may 
be difficult to make the determination directly without signifi- 
cant cranial angulation. Practically, the sidedness of the aortic 
arch is usually determined indirectly with echocardiography or 
angiography by the branching pattern of the brachiocephalic 
vessels. As a rule, the first arch vessel contains the carotid 
artery opposite the side of the arch. However, caution must be 
exercised in using this indirect method, particularly when sur- 
gical decisions, such as the approach to repair of esophageal 
atresia, hinge on this determination. Three very rare anomalies 
are categorical exceptions to this rule: retroesophageal innomi- 
nate artery, isolated innominate artery, and congenital absence 
of the carotid artery contralateral to the arch. But by far the 
most common source of error in the use of this rule is when it 
is difficult to decide which of two carotid arteries is the first. 
A more reliable rule, but one that may be difficult to apply 
with ultrasound imaging, is that retroesophageal vessels and 


isolated vessels, that is, arising only from a ductus or ligamen- 
tum (without connection to the aorta), are always opposite the 
side of the aortic arch. Magnetic resonance imaging (MRI) or 
computed tomography (CT) shows the relationship of the arch 
to the trachea and bronchi directly , thus eliminating ambiguity 
when atypical branching patterns are encountered. 

Embryology 

The specific anomalies can better be understood through an 
appreciation of their embryologic origins. Development of 
the aortic arch system can best be described as a sequential 
appearance and persistence or dissolution of six paired vessels 
connecting the truncoaortic sac of the embryonic heart tube 
with the paired dorsal aortae, which fuse to form the defini- 
tive descending aorta. Each arch corresponds to a branchial 
pouch derived from embryonic foregut. While the mechanism 
for determining persistence or dissolution of aortic arch com- 
ponents is not completely known, migration of neural crest 
cells into the pharyngeal arches (11) may play a significant 
role. In addition, the association of various arch anomalies 
such as right aortic arch, cervical aortic arch, aberrant and iso- 
lated subclavian or innominate arteries, and certain vascular 
rings, with microdeletions of chromosome 22qll (12) implies 
a genetic component to the derivation of at least some arch 
anomalies. The fact that neural crest cells are also involved in 
development of the conotruncus and that conotruncal anoma- 
lies also occur in chromosome 22qll-deleted patients pro- 
vides a further etiologic link to aortic arch anomalies. 

The normal left aortic arch as shown by Congdon (13) 
is derived from the aortic portion of the embryonic truncus 
arteriosus, the left branch of the truncoaortic sac, the left 
fourth arterial arch, the left dorsal aorta between the fourth 
and sixth embryonic arches, and the left dorsal aorta distal to 
the sixth arch. The three brachiocephalic branches of the arch 
are derived from the following: the innominate artery from 
the right branch of the truncoaortic sac with the right com- 
mon carotid artery from right third embryonic arch and right 
subclavian from right fourth arch and (proximal) right dorsal 
aorta proximally and right seventh intersegmental artery dis- 
tally; left carotid artery from left third aortic arch; and left sub- 
clavian artery from left seventh intersegmental artery. While 
the appearance and loss of vessels as arches or portions of the 
brachiocephalic vasculature is sequential, Edwards (14) pro- 
posed the concept of a “hypothetical double aortic arch” that 
is, in essence, the potential contribution of nearly all embry- 
onic arches to components of the definitive arch system. These 
diagrams are used extensively in the excellent monograph by 
Stewart etal. (15). They are invaluable not only to demonstrate 
possible embryologic explanations for each arch anomaly but 
also to help the diagnostician determine possible and probable 
arch anomalies and their corresponding sequences of arch ves- 
sels. We have adopted a simplified schematic version of the 
Edwards diagrams, which is feasible for those who are less 
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Figure 33.1. Totipotential aortic arch from embryonic contri- 
butions. D Ao, descending aorta; Dors Ao, dorsal aorta(e); E, 
esophagus; LPA, left pulmonary artery; RPA, right pulmonary 
artery; T, trachea; TA Sac, truncoaortic sac aortic and pul- 
monary artery components; III, IV, VI refer to third, fourth, 
sixth embryonic arches, respectively, 7 IS, seventh interseg- 
mental artery. (Modified from hypothetical double aortic arch 
diagrams of Edwards JE. Anomalies of the derivatives of the 
aortic arch system. Med Clin North Am 1948;32:925-949, as 
if viewed from overhead.) 


artistically inclined, to provide similar information (Fig. 33.1). 
This can easily be drawn at the bedside or in the patient chart 
to diagram almost any arch anomaly and is used throughout 
this chapter to illustrate many of the abnormalities. 


Diagnostic Methods 

Beginning in the 1930s, barium esophagography was the pri- 
mary method for diagnosing arch anomalies. In the 1960s and 
1970s, angiography became the gold standard and remained 
so even in the face of echocardiography. While the branching 
pattern may be determined by careful examination of arch ves- 
sels in the suprasternal short- and long-axis views (16), arch 
sidedness is often inferred from the branching pattern and 
in some cases may be inconclusive or even lead to erroneous 
deduction. However, in the last 20 years, MRI and CT, where 
available, have supplanted angiography as the gold standard 
for definitive diagnosis of arch anomalies. Both modalities 
have the advantages of large fields of view and simultaneous 
visualization of vessels and airways, and both are minimally 
invasive. While CT usually has shorter scan times, that advan- 
tage is disappearing as MRI sequences become faster. MRI 
has the advantage of no ionizing radiation — still a significant 
problem with CT even with the reduced dosage strategies 
employed in some centers. Furthermore, MRI has capabilities 
for physiologic measurements, which are particularly helpful 
in patients with associated intracardiac disease. 

There is still a role for ultrasonography in the diagnosis of 
arch anomalies, and, in particular, vascular rings. That is in the 
fetus where the fluid-filled trachea does not hamper visualization 
the way the air-filled trachea does after birth. Furthermore, the 
ductus arteriosus is virtually always patent, so that nearly all 
rings can be seen completely encircling the trachea with blood- 
filled vessels. Specific strategies for recognizing vascular rings 
in the fetus have been reported by several authors (17-19). 


However, one study (20) found a different distribution of rings 
in fetuses (predominantly diverticulum of Kommerell) from 
what has been observed by others postnatally (predominantly 
double aortic arch), and with most of the fetal-diagnosed cases 
being asymptomatic through infancy. 


CLINICAL CLASSIFICATION 


In addition to the anatomic categorization of aortic arch 
anomalies discussed above, one can subdivide arch anoma- 
lies according to clinical features as follows: vascular rings; 
nonring vascular compression of the trachea, bronchi, or 
esophagus; noncompressive arch malformations; and ductal- 
dependent arch anomalies including interrupted aortic arches 
and isolated subclavian, carotid, or innominate arteries. In 
addition, genetic syndromes represent an important group of 
patients from the standpoint of diagnostic criteria and associ- 
ated abnormalities. 


Chromosome 22q11.2 Deletion Syndromes 

Chromosome 22qll.2 microdeletions are seen in more 
than 80% of patients with DiGeorge, velocardiofacial, and 
conotruncal anomaly face syndromes. The combination has 
been referred to collectively with the acronym CATCH 22 
(Cardiac defects. Abnormal facies, Thymic hypoplasia. Cleft 
palate, and Hypocalcemia together with microdeletion of 
chromosome 22) (21). Most of these patients have conotrun- 
cal anomalies: either subaortic stenosis with posterior mala- 
lignment of the infundibular septum, often associated with 
interrupted aortic arch, type B; truncus arteriosus communis; 
or tetralogy of Fallot, with or without pulmonary atresia. 
More than two-thirds of these have aortic arch anomalies (22). 
What is more, nearly one-fourth of patients with arch anoma- 
lies but without intracardiac defects have 22qll deletion (23). 
While a wide variety of arch anomalies has been noted in these 
patients, there is a predilection for anomalies involving absence 
of one or both embryonic fourth aortic arches, as seen most 
notably in abnormalities of the subclavian arteries: aberrant, 
isolated, or cervical origin (22,24,25). When all three types of 
subclavian artery anomaly are included, more than 80% of 
patients with both conotruncal and arch anomalies involving 
the subclavian artery have 22qll deletion compared to only 
17% of patients with conotruncal anomaly and normal sub- 
clavians (24). Other fourth arch anomalies occurring in chro- 
mosome 22qll deletion syndromes include type B interrupted 
aortic arch, cervical aortic arch with separate origins of inter- 
nal and external carotid arteries from the arch (26), and pos- 
sibly “stenosis” in the middle of the right aortic arch between 
right carotid and subclavian arteries along with a diverticu- 
lum of Kommerell (27). The pathogenesis of these fourth arch 
anomalies may be mediated by transforming growth factor-/32 
(TGF-/22) as demonstrated in TGF-/32 knockout mice (28,29). 


Vascular Rings 

A vascular ring is an aortic arch anomaly in which the trachea 
and esophagus are completely surrounded by vascular structures. 
The vascular structures need not be patent, for example, a liga- 
mentum arteriosum or atretic segment of aortic arch may com- 
plete a ring. The clinical picture typically includes stridor, though 
pneumonia, bronchitis, or cough may characterize the presenta- 
tion. Infants may demonstrate a posture of hyperextension of 
the neck. Less commonly, patients exhibit reflex apnea associated 
with eating. A common history is that of a 1- to 3-month-old 
with “noisy breathing since birth” who develops more signifi- 
cant respiratory distress in association with an intercurrent upper 
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respiratory infection. Less commonly and usually in toddlers or 
older children, the presentation will be swallowing difficulty or 
choking on food. These patients tend to have looser rings, but 
careful questioning of parents will sometimes reveal the history 
of stridor in infancy, which was passed off as “recurrent bron- 
chitis.” Some infants will have wheezing and may be mistaken 
for having asthma or bronchiolitis. In general, such patients will 
have normal oxygen saturations and in severe cases, elevated 
pC0 2 , whereas patients with bronchiolar obstruction will tend 
to have hypoxemia with normal pC0 2 (30). Some asymptomatic 
patients will be discovered incidentally while imaging for another 
reason (31). Occasionally, in patients with associated intracar- 
diac abnormalities, respiratory symptoms may mistakenly be 
attributed to the cardiac disease when, in fact, they are in part 
or completely due to the vascular ring. Older children and adults 
are occasionally followed for many years with a diagnosis of 
“asthma” only to have a vascular ring diagnosed and surgically 
treated with resolution of symptoms (32,33). However, respira- 
tory symptoms may persist for months or years after surgical 
relief of the ring due to the presence of tracheomalacia. Fetal 
echocardiography is one such source of discovery of vascular 
rings. Many cases found by this modality may be asymptomatic 
after birth (20) but knowledge of the ring can lead to prompt 
treatment if symptoms do occur later (34). In general, asympto- 
matic patients do not require surgery, but if associated with con- 
genital heart disease that requires surgery, it should be addressed 
at the time of the cardiac surgery. The diagnosis may be suspected 
from the combination of history and plain chest film; however, if 
symptomatic, the patient should have definitive study. 

When all elements of the ring are patent, visualization, espe- 
cially by tomographic imaging, is straightforward. In cases where 
the ring is completed by an atretic segment of aorta or ligamen- 
tum arteriosum, those segments cannot be visualized with current 
imaging technologies. However, these rings are recognizable by 
the presence of one of three “D”s opposite the side of the aortic 
arch: Diverticulum, Dimple, or Descending aorta (Table 33.1). A 
diverticulum is a large vessel arising from the descending aorta 
that gives rise to a smaller-caliber vessel or vessels with a sudden 
taper beyond the trachea and esophagus. A dimple is a small 
tapered, blindly ending outpouching from the aorta. Descending 
aorta opposite the side of the aortic arch refers to the location of 
the descending aorta in the upper thorax with a dramatic angula- 
tion between the transverse arch and descending aorta. (This is 
distinct from the typical right aortic arch that begins its descent 
on the right but in most cases gradually moves to the left by the 
point where it reaches the diaphragm.) These three “D”s only 
occur when connected by a ligamentum arteriosum or an atretic 
segment of aortic arch and always indicate a vascular ring. 


NORMAL LEFT AORTIC ARCH AND VARIANTS 

The normal left aortic arch crosses the left mainstem bron- 
chus at the level of thoracic vertebra T5 and descends left 
of the midline to the diaphragm and beyond in cases of vis- 
ceral situs solitus. The normal branching pattern has the right 


innominate artery first, which, in turn, branches into right 
common carotid and right subclavian arteries, the left carotid 
artery second, and the left subclavian artery third. Typically, 
the ductus arteriosus or the ligamentum arteriosum joins the 
aorta distal to the takeoff of the left subclavian artery but can 
insert more proximally, as in some cases of tetralogy of Fallot. 

There are two frequent variants of the left aortic arch. One 
is common brachiocephalic trunk, in which the right innomi- 
nate and left carotid arteries arise from a single origin. This 
is present in 10% of otherwise normal left arches (35) and 
usually is of no consequence, although some have suggested 
that innominate artery compression of the trachea (discussed 
below) is more frequent when common brachiocephalic trunk 
is present. The other variant is separate origin of the left verte- 
bral artery from the aortic arch proximal to the takeoff of the 
left subclavian artery rather than from the subclavian artery 
(Fig. 33. 2A). This too is seen in 10% of normal left arches (35) 
and is important only in the fact that it should not be confused 
angiographically or echocardiographically with anomalous 
right subclavian artery in which there are also four brachio- 
cephalic vessels (see below). The distinguishing feature here is 
the normal appearance of the first arch vessel (right innominate 
artery), being larger than the second (left carotid), and the third 
(left vertebral) being smaller than the fourth (left subclavian). 
Again, no functional significance attends this common variant. 

Embryology 

Using the totipotential aortic arch diagram (Fig. 33.1), one 
envisions the normal left arch resulting from dissolution of 
the right sixth aortic arch (ductus) and the right dorsal aorta 
distal to the origin of the seventh intersegmental artery (dis- 
tal subclavian artery precursor). Thus the right fourth arch, 
rather than remaining an arch (connecting truncoaortic sac 
to descending aorta), becomes the proximal right subclavian 
artery as it arises from the innominate artery. The left fourth 
arch becomes the definitive aortic arch. 


ABNORMAL LEFT AORTIC ARCH 

Left Aortic Arch with Retroesophageal Right 
Subclavian Artery 

This anomaly was first described anatomically by Hunauld (1) in 
1735. Bayford (5) linked the postmortem discovery of such a case 
with the history of swallowing difficulty during life and coined 
the term “dysphagia lusoria” (from the Latin, lusus naturae, trick 
of nature). This is the most common arch anomaly, occurring in 
0.5% of the general population (demonstrated in a large adult 
autopsy series [36]). The incidence in Down syndrome patients 
with congenital heart disease is very high at 38% (37). 

This is the most common form of anomalous or aberrant 
right subclavian artery (another is described below under left 
arch, right descending aorta) with the following branching pat- 
tern being usual: the first branch is the right carotid artery, the 
second the left carotid, third the left subclavian, and fourth a ret- 
roesophageal right subclavian artery arising from the posterome- 
dial aspect of the distal aortic arch (Fig. 33.1). Of note is the fact 
that 20% of cases have a bicarotid trunk (i.e., common origin of 
both carotid arteries) and 14% have right vertebral origin from 
the right carotid so that the carotid artery bifurcates even though 
there is no innominate artery (38). Most cases of left aortic arch 
with retroesophageal right subclavian artery are asymptomatic, 
with the diagnosis made while imaging for another condition 
or at autopsy. In a large pediatric echocardiographic series (16), 
nearly one-third of patients with aberrant right subclavian artery 


TABLE 33.1 
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Figure 33.2. Normal left arch. A: Right posterior oblique view of 3-D shaded surface display from MRI of 
normal left aortic arch variant with separate origin of left vertebral artery (L Vert) from aortic arch. It shows 
origin of right innominate artery (R Innom), which gives rise to right carotid (RCA) and right subclavian (RSCA) 
arteries, left carotid (LCA), L Vert, and left subclavian (LSCA). Note the relatively short length of R innom and 
the relatively distant division of RCA into internal and external carotid arteries ( above arrow). B: Presumptive 
embryonic arch diagram of normal left arch. Dotted lines indicate dissolution or disappearance of portions of 
embryonic arch system — right sixth arch and right dorsal aorta distal to right subclavian artery. 



had no intracardiac abnormality, while 18% had conotruncal 
anomalies — especially tetralogy of Fallot and interrupted aortic 
arch, 11% had left-sided obstructive lesions such as hypoplas- 
tic left heart syndrome and coarctation, and 10% had common 
atrioventricular septal defect. In that study, the highest incidence 
of aberrant right subclavian artery amongst the various lesions 
was interrupted aortic arch at 28%, followed by hypoplastic left 



Figure 33.3. Left arch, retroesophageal right subclavian 
from MRI. Note that RCA is superimposed on RSCA in 
anterior oblique view showing sequence of arch vessels: 


heart syndrome at 10%, common atrioventricular septal defect 
at 8%, and tetralogy of Fallot with pulmonary atresia at 7%. 

Embryology 

This can be envisioned as a disappearance of the right fourth 
aortic arch (Fig. 33. 3F). The distal right dorsal aorta (rather 



artery. A: Anterior view of 3-D shaded surface display 
this view. B: RCA and RSCA separated in slightly right 
RCA, LCA, LSCA, and RSCA. 
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Figure 33.3. (Continued) C: Posterior view. Note virtually uniform caliber of RSCA from origin to peripheral 
extent. D: Overhead view showing proximity of RCA and RSCA. A Ao, ascending aorta; D Ao, descending aorta; 
RCA, right carotid artery; RSCA, right subclavian artery; LCA, left carotid artery; LSCA, left subclavian artery. 
E: Barium esophagram showing small posterior indentation by retroesophageal subclavian artery. F: Presumptive 
embryonic arch diagram showing dissolution of right fourth and sixth aortic arches. 


than the right fourth arch) becomes the proximal right 
subclavian artery forming its retroesophageal portion. The 
right sixth arch (ductus) also involutes. 

Diagnosis and Management 

Since there is no innominate artery, the first and second branches 
from the aortic arch, the right and left carotid arteries respectively, 


tend to be similar in size as are the last two branches, the left 
and right subclavian arteries. Barium esophagography is usu- 
ally specific for the diagnosis with a fixed filling defect usually 
slanting upward to the right and best appreciated with fluoros- 
copy. The defect is relatively small (Fig. 33. 3E) compared to that 
seen in other anomalies where an aortic arch, or diverticulum, 
impinges on the esophagus (see Fig. 33.11). With angiography, 
the diagnosis may sometimes be missed in the anteroposterior 
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(AP) projection since the right subclavian may be superimposed 
on the right carotid artery in the usual position (Fig. 33. 3 A). 
However, careful single-frame analysis will demonstrate the 
earlier filling of the right carotid on an aortic root injection or 
the earlier filling of the right subclavian on a descending aortic 
injection. This arch anomaly is usually recognized with echocar- 
diography by the branching pattern discussed above, namely, a 
nonbifurcating first branch that ascends toward the right, fol- 
lowed by two successive left-sided vessels (left carotid and left 
subclavian arteries), followed by a fourth branch that heads 
toward the right but may disappear behind the trachea. The ret- 
roesophageal course of the subclavian artery is shown by MRI 
on transverse (axial) cuts, and the largest expanse from aortic 
origin to the thoracic apex is usually seen on coronal sections. 

Left Aortic Arch with Right-Sided Retroesophageal 
Diverticulum of Kommerell 

This very rare arch anomaly was actually the first vascular 
ring to be diagnosed in life with barium esophagography by 


Kommerell (39) whose name is associated with this diver- 
ticulum. Although, the name is usually used in reference to 
the much more common mirror image of this anomaly, viz., 
a left-sided diverticulum associated with a right aortic arch 
(discussed below). The branching pattern in left arch with 
retroesophageal diverticulum is identical to that of the more 
common left arch with retroesophageal right subclavian artery 
discussed above, which is not a vascular ring. The difference 
is in the caliber of the proximal subclavian artery (Fig. 33.1). 
The significance of this is that the abrupt change of vessel size 
always indicates the presence of a ligamentum arteriosum, 
which completes a vascular ring. 

Embryology 

This anomaly exhibits embryology similar to that of left 
arch, retroesophageal right subclavian artery described 
above, that is, involution of the right fourth aortic arch. 
The difference is that unlike the aforementioned anomaly, 
the right sixth (ductal) arch persists and completes the ring 
(Fig. 33.4C). 



Dors Ao 



Figure 33.4. Left aortic arch, retroesopha- 
geal diverticulum of Kommerell. A: Anterior 
view of 3-D shaded surface display from MRI 
showing sequence of arch vessels arising from 
aorta; RCA, LCA, LSCA, and RSCA. Note 
that RSCA comes from diverticulum (Div) 
seen better in B. B: Right posterior oblique 
view. Note tapering of Div from aortic end to 
RSCA origin. Also note dimple (open arrow) 
at site of ligamentum arteriosum. C: Embry- 
onic arch diagram. Note similarity to Figure 
33. 3F, but with addition of persistent arch VI 
(ligamentum arteriosum). 
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Left Aortic Arch with Right Descending Aorta 
and Right Ductus (or Ligamentum) 

This is a rare arch anomaly, also known as circumflex aortic 
arch, with branching pattern similar to left arch with retroe- 
sophageal right subclavian artery. However the arch itself is 
retroesophageal; hence the right subclavian artery, while it 
may arise as the last arch vessel, that is, aberrant subclavian, 
is not retroesophageal (Fig. 33.1). The descending aorta is 
connected by a ductus or ligamentum to the right pulmonary 
artery (RPA) forming a vascular ring. 

Embryology 

The embryology of this anomaly, also similar to left arch 
with retroesophageal subclavian artery, can be thought of as 


a disappearance of the right fourth aortic arch but with the 
distal left dorsal aorta forming the definitive distal aortic arch 
and passing retroesophageally to a descending aorta beginning 
to the right of the vertebral column (Fig. 33. 5D). Thus the 
right seventh intersegmental artery arises from the right-sided 
descending aorta. There is also persistence of the right sixth 
(ductal) arch connecting the RPA portion of the truncoaortic 
sac with the distal right dorsal aorta similar to the also rare left 
arch diverticulum of Kommerell (above). 

Diagnosis and Management 

This diagnosis can be suspected if a patient who presents 
with symptoms suggestive of a vascular ring has findings 
of a left aortic arch without evidence of a right aortic arch. 
Plain chest roentgenogram can show the left-sided arch and 




Figure 33.5. Cervical left arch, right descending aorta. A: Right lateral view with slight cranial angulation of 3-D 
shaded surface display from MRI. Trachea {green) trapped by ligamentum arteriosum (not visualized) between 
D Ao and RPA (blue). B: AP view of same reconstruction showing arch extending above level of clavicles (grey). 
Hairpin appearance of cervical arch is seen through translucent rendering of left clavicle. C: Posterior view of 
same 3-D reconstruction. Circumflex aortic arch (open arrow) passes behind trachea and esophagus (not shown) 
to D Ao, from which arises a diverticulum (Div) that gives rise to RSCA and ligamentum arteriosum. D: Embry- 
onic arch diagram showing dissolution of right fourth arch and left sixth arch and persistence of right sixth arch 
remnant, namely, right ligamentum (R Lig [VI]). Note similarity to Figure 33. 4C but with right descending aorta 
instead of left. In both cases, the retroesophageal portion is derived from embryonic dorsal aorta. 
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the right-sided upper descending aorta, particularly in adults. 
The addition of barium esophagography can demonstrate the 
large posterior indentation from the retroesophageal aorta; 
however, the course of this vessel, upward to the left, is indis- 
tinguishable from the much more frequently occurring right 
aortic arch with retroesophageal diverticulum (see below). 
In both cases the upper descending aorta is right sided. 
While the aortic knob on chest roentgenogram would be left 
sided, this is not always evident, especially in infants with 
a prominent thymus. Angiography will show the course of 
the aorta from left arch to retroesophageal segment to right 
upper descending. The subclavian artery can be seen arising 
from the descending aorta as it turns from its transverse to 
more nearly vertical course. This pattern can also be dem- 
onstrated by MRI with the addition of direct imaging of the 
aortic position relative to the trachea. While most vascular 


rings can be divided through a left thoracotomy, this type and 
the rare diverticulum of Kommerell noted above are usually 
approached by a right thoracotomy (40), so that the ligamen- 
tum can be reached, although a midline approach may also 
be employed. 

Left Aortic Arch with isolated Right Subclavian Artery 

Another rare anomaly, isolated subclavian artery means that 
the subclavian artery arises only from the ductus arteriosus. 
As with the previous two anomalies, the left arch version is 
much less common than the right arch form. The branching 
pattern is right carotid artery, left carotid artery or bicarotid 
trunk, and left subclavian artery (Fig. 33.6). According to a 
recent case report and review of the literature (41), five of 




Figure 33.6. Left aortic arch with isolated right subclavian artery. Shaded surface display from gadolinium- 
enhanced 3-D MRI dataset. A: Straight AP view showing left aortic arch. In this view, the right carotid (RCA) and 
right subclavian (RSCA) arteries are superimposed giving the false impression of a normal right innominate artery 
(compare with Fig. 33.3 with retroesophageal right subclavian). Aao, ascending aorta; Dao, descending aorta; 
LCA, left carotid artery; LSCA, left subclavian artery. B: Steep right anterior oblique view shows the separation 
between the RSCA and the RCA. Arrowhead shows dimple where right ligamentum arteriosum is attached. C: 
Steep left posterior oblique view better demonstrates the isolated right subclavian artery (RSCA) and right ver- 
tebral artery (R Vert) through which blood flows to the subclavian from the circle of Willis. D: Embryonic arch 
diagram showing ipsilateral loss of right fourth arch and dorsal aorta with persistence of ipsilateral sixth arch. 
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14 cases had D-transposition of the great arteries (15,42-45) 
(Fig. 33.1), five had no intracardiac anomaly (in two of those 
(42,46) the ductus remained patent) (15,47,48), two (includ- 
ing their own case with a patent ductus) had tetralogy of Fallot 
(49), and one each had ventricular septal defect (VSD) (50) 
and interrupted aortic arch (51). 

Embryology 

This occurs with dissolution of the right fourth arch and right 
dorsal aorta but persistence of the right sixth arch. 

Diagnosis and Management 

If the ductus remains patent with high pulmonary resistance, 
the subclavian and vertebral arteries are supplied from the pul- 
monary artery resulting in decreased oxygen saturation in the 
right arm compared with the head (earlobe) except in trans- 
position when the arm saturation would be higher than the 
head. Assuming bilateral ductus, the left arm and lower body 
would be expected to have saturations similar to the right arm, 
whereas the head, receiving blood from the ascending aorta 
would be different. When the ductus closes, the subclavian is 
typically supplied by retrograde flow from the vertebral artery 
via the circle of Willis. When this occurs in the absence of 
other anomalies it may go unrecognized or may cause verte- 
brobasilar insufficiency with so-called congenital subclavian 
steal. In many cases, there may be no symptoms or simply 
absence of the right arm pulse. This may be recognized with 
angiography by delayed filling of the subclavian artery after 
aortic root injection. With phase-encoded velocity mapping, 
retrograde flow in the vertebral artery can be detected on MRI. 
Symptomatic patients are treated by implantation of the sub- 
clavian artery into the ipsilateral carotid artery or the aorta. 

Left Aortic Arch with Cervical Origin 
of the Right Subclavian Artery 

This rare anomaly was first reported by Kutsche and Van 
Mierop (52) in association with type B interrupted aortic arch. 
It was subsequently found in patients with tetralogy of Fallot, 
with or without pulmonary atresia, and has only been seen 
in patients with 22qll deletion (25). This is an abnormality 
whose clinical significance appears to be that it is a marker for 
CATCH 22. Normally, the right innominate artery bifurcates 
into a common carotid and subclavian artery near its origin 
from the aorta (see Fig. 33.2A). However, in this anomaly, the 
innominate trifurcates in the neck, giving rise to external and 
internal carotids and the subclavian artery, which then travels 
caudally back to the thorax before heading out to the arm 
(Fig. 33.1). 

Embryology 

The presumptive embryology has been elegantly described by 
Kutsche and Van Mierop (52). This together with the obser- 
vation of Rauch et al. (25) that abnormalities of subclavian 
artery origin are frequently associated with 22qll deletion 
sheds light on an important pathway in the pathogenesis of 
arch anomalies in CATCH 22 patients. There appears to be a 
predilection for unilateral or bilateral absence or atresia of the 
embryonic fourth arch. When this occurs on the side opposite 
the definitive arch, there are three main variations in the fate 
of the subclavian artery: (a) origin from the descending aorta, 
that is, from the dorsal aorta distal to the seventh interseg- 
mental artery— retroesophageal subclavian artery or circum- 
flex aortic arch as described above (b) origin from the sixth 
arch — isolated subclavian artery, also described above, and (c) 
origin from the third arch, which, being more cephalad than 


the fourth, gives origin to the subclavian artery in the neck 
rather than in the thorax. 

When the fourth arch is absent or atretic ipsilateral to the 
definitive aortic arch, there are also three possibilities, which 
are elaborated upon below: (a) interrupted aortic arch, in 
which the sixth arch replaces the fourth, (b) persistent fifth 
aortic arch with atresia of the distal fourth, and (c) cervical 
aortic arch, in which the third arch replaces the fourth, anal- 
ogous to cervical origin of the subclavian artery on the side 
opposite the arch. Of note is the fact that all of these have been 
seen in association with 22qll deletion, and collectively are 
more common than cases with normal origin of the subclavian 
arteries and well developed fourth arches (22,24). 


RIGHT AORTIC ARCH 


Right aortic arches have in common (by definition) a single aor- 
tic arch that crosses over the right mainstem bronchus, passing 
to the right of the trachea. There are four major types of right 
arch: (a) with mirror-image branching and right descending 
aorta, (b) with retroesophageal left subclavian artery, (c) with 
retroesophageal diverticulum of Kommerell, and (d) with left 
descending aorta. There are also several infrequently occur- 
ring variations. 

The incidence of right aortic arch among patients with 
tetralogy of Fallot has been reported to be anywhere from 
13% to 34% (53); however studies vary as to the source of 
the material (chest roentgenogram, angiography, surgery, or 
postmortem examination) and frequently do not distinguish 
between specific types of right arch. The incidence in trun- 
cus arteriosus is generally higher than in tetralogy. An overall 
incidence of 8% in patients with D-transposition of the great 
arteries, compared to 16% in those with transposition, VSD, 
and pulmonary stenosis has been reported (54). 

A relatively rare but important subset of right aortic arch is 
that with coarctation of the aorta. Pooling the results of two 
large series, one from our institution (55) and one from Shang- 
hai Children’s Medical Center (56), coarctation in right aortic 
arch represented only 1.7% of all coarctations and 2.9% of 
right aortic arches. Of interest is the high incidence of aberrant 
left subclavian artery — 65% compared with only 25% of all 
right arches (16), and the similarly high incidence of vascular 
rings — 70%. Most of these were long-segment coarctations. 

Right Aortic Arch with Mirror-Image Branching 

Mirror-image right arch has the first branch as a left innomi- 
nate artery which, in turn, divides into left carotid and left 
subclavian arteries, the second as the right carotid, and the 
third as a right subclavian (Fig. 33.1). This is the left-right 
mirror of a normal left aortic arch. However, frequently that 
is the end of the symmetry, since the ductus arteriosus (or 
ligamentum arteriosum) is usually the left-sided one, arising 
from the base of the innominate artery rather than from 
the aortic arch. Therefore, typical mirror-image right aortic 
arch with left ductus or ligamentum does not form a vas- 
cular ring. This arch anomaly is almost always associated 
with congenital intracardiac disease. The most common 
association is with tetralogy of Fallot (48% in a series of 74 
postmortem cases [57]), but truncus arteriosus communis, 
other conotruncal anomalies including transposition of the 
great arteries, double-outlet right ventricle, right ventricular 
aorta with pulmonary atresia, and anatomically corrected 
malposition were also seen. In addition, lesions not usu- 
ally considered conotruncal anomalies such as pulmonary 
atresia with intact ventricular septum, conoventricular VSD 
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with anomalous muscle bundle of the right ventricle, and 
isolated VSD are occasionally found to have mirror-image 
right arch. 

A rare variation of mirror-image right aortic arch has a left 
ductus or ligamentum arising from a retroesophageal dimple 
pointing toward the left from the right-sided descending aorta. 
This does form a vascular ring (Fig. 33.1). This is different 
from right arch with diverticulum of Kommerell in that no 
arch vessel arises from the dimple. Unlike other patients with 
mirror-image right aortic arch, the few reported cases with 
retroesophageal ductus dimple appear not to have associ- 
ated congenital heart disease (58). Because of the directly AP 
arrangement of the ascending and descending aorta in right 
arches, the right mainstem bronchus is subject to compression 
between the RPA and the descending aorta. In one case, this 
compression was exaggerated by a unique ligamentum arte- 
riosum passing beneath the right bronchus in a patient with 
discontinuous branch pulmonary arteries with a thrombosed 
left pulmonary artery arising exclusively from a left ductus off 
the left innominate artery (59). Watanabe et al. (60) demon- 
strated that a right aortic arch with L-transposed or malposed 
aorta can cause tracheal compression because of elongation of 
the aortic arch. 

Embryology 

The presumptive pattern of mirror-image right arch develop- 
ment includes dissolution of the left dorsal aorta distal to the 
origin of the seventh intersegmental artery (distal subclavian 
artery precursor) so that the left fourth arch becomes the prox- 
imal subclavian artery rather than remaining as an aortic arch 
(Fig. 33.7). Typically, the right sixth (ductal) arch involutes 



Figure 33.7. Cervical origin of the right subclavian artery. 
Slightly right anterior oblique view of 3-D shaded surface dis- 
play from MRI. Note the high (i.e., cervical) origin of the RSCA 
from the right innominate artery (R Innom a) and the down- 
ward course into the thorax. Compare with Figure 22. 2A. Dot- 
ted line shows expected location of absent embryonic fourth 
arch (IV). Note superior location of embryonic third arch (III) 
component of RSCA. L innom v, left innominate vein. 


while the left sixth persists. However, with disappearance of 
the left dorsal aorta distal to the left seventh intersegmental 
artery, the sixth arch usually connects to the proximal or sub- 
clavian artery side of the disruption. Thus, in the definitive 
arch the left ductus arises from the underside of the left innom- 
inate artery and passes to the left pulmonary artery appearing 
as a congenital modified left Blalock-Thomas-Taussig shunt. 
Alternatively, the left sixth arch will disappear and the right 
persist giving a true mirror image of normal, that is, a ductus 
connecting the underside of the right-sided arch with the RPA. 
Other cases, particularly when associated with tetralogy of 
Fallot, may have dissolution of both ductus. Finally, in those 
with retroesophageal ductus dimple the left sixth arch con- 
nects left pulmonary artery with the distal left dorsal aorta 
(Fig. 33.8). 

Diagnosis and Management 

Since this type of right arch usually produces no retroesopha- 
geal compression or vascular ring, there are, with rare excep- 
tions, no symptoms produced by the arch itself. Therefore, 
the diagnosis is usually made during imaging of the associ- 
ated congenital intracardiac disease. The distinctive branching 
pattern can be used for echocardiographic and angiographic 
diagnosis, while the appearance of a right-sided indentation 
of trachea and esophagus on plain radiograph and barium 
esophagography, respectively, but without posterior impres- 
sion on the esophagram, permits the diagnosis to be made 
with those modalities. The presence of a left innominate artery 
in a patient with symptoms suggestive of a vascular ring and in 
the absence of cyanotic congenital heart disease should suggest 
the differential diagnosis of the rare right arch, retroesopha- 
geal ductus or the more common right arch, or left descending 
aorta or double aortic arch with atretic left arch distal to the 
subclavian artery (discussed below) (differentiated by presence 
of a left upper descending aorta). 

No treatment of right aortic arch per se is required; how- 
ever, it may be helpful for surgeons to know the sidedness 
of the aortic arch in certain circumstances. For systemic-to- 
pulmonary shunts, the classical Blalock-Thomas-Taussig 
(subclavian artery to pulmonary artery, direct end-to-side) 
anastomosis or the modified form (polytetrafluoroethylene 
[Gore-Tex] tube graft interposition side-to-side anastomo- 
sis of subclavian artery to pulmonary artery) is best carried 
out using the side with an innominate artery. With the clas- 
sical form, the more nearly horizontal takeoff of the subcla- 
vian artery makes kinking of the vessel less likely when the 
cut end is brought down to the level of the pulmonary artery 
than with the subclavian artery arising directly from the arch. 
Even with Gore-Tex tube graft interposition, the innominate 
is a more favorable site of origin since the overall diameter of 
the innominate is greater, making the proximal anastomosis 
easier. Furthermore, the angle of takeoff is less acute, mak- 
ing kinking of the vessel of origin less likely even if there is 
some downward traction after completion of the anastomosis. 
Another situation in which knowledge of the side of the aortic 
arch may be useful is in the repair of esophageal atresia and 
tracheoesophageal fistula where it may be desirable to avoid 
having the arch obscure the view of the fistula (Fig. 33.9). 

Right Aortic Arch with Retroesophageal Left 
Subclavian Artery 

Right aortic arch with retroesophageal left subclavian artery 
(the nonvascular-ring form of anomalous or aberrant subcla- 
vian) consists of an arch passing to the right of the trachea 
with the following sequence of brachiocephalic arteries: left 
carotid, right carotid, right subclavian, and retroesophageal 
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Figure 33.8. Right aortic arch, mirror-image type. A: Anterior view of 3-D 
shaded surface display from MRI. Sequence of arch vessels is L Innom a, 
RCA, RSCA. B: Left posterior oblique view. Note incidental retroaortic L 
Innom v. There was no ductus arteriosus in this case. C: Embryonic arch 
diagram showing dissolution of left dorsal aorta after proximal migra- 
tion of left subclavian artery. Note that left fourth arch forms proximal 
left subclavian artery and left sixth (ductal) arch (if present) extends from 
underside of left innominate artery to left pulmonary artery. 



left subclavian arteries (Fig. 33.1). This differs from the arch 
anomaly described below in that the proximal left subclavian 
artery is not significantly larger in caliber than its more dis- 
tal portion (i.e., no aortic diverticulum). Therefore, there is 
no left-sided ductus arteriosus or ligamentum arteriosum and 
thus no vascular ring. Many of these patients have associated 
conotruncal anomalies. As has been noted previously, aber- 
rant subclavian artery has a higher incidence of 22qll dele- 
tion than does mirror- image right aortic arch (22). 

Embryology 

This is similar to the right arch with retroesophageal diverticu- 
lum with involution of the left fourth aortic arch, but with loss 
of the left sixth (ductal) arch as well (Fig. 33. IOC). In this way, 
the left dorsal aorta becomes only the proximal left subcla- 
vian artery and not the “beginning” of the descending aorta. 


A right sixth arch, if present, connects RPA with right dorsal 
aorta, which is part of the definitive right arch. 

Diagnosis and Management 

The diagnosis may be suspected from barium esophagography 
with a relatively small posterior indentation on the esopha- 
gus passing upward to the left. Since there is no vascular ring, 
the trachea is unaffected except for the slight leftward devia- 
tion seen with virtually all right aortic arches. As noted above, 
echocardiography may be expected to identify the first branch 
of the aorta as a left carotid artery (since it does not bifurcate 
proximally like an innominate artery and is similar in caliber 
to the second branch — right carotid artery), but appreciation 
of the size of the retroesophageal vessel itself may be difficult. 
Both MRI and angiography can demonstrate the size of the 
left subclavian artery that distinguishes this lesion from right 
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Figure 33.9. Right aortic arch with retroesophageal left ligamentum arteriosum. Shaded surface display from 
gadolinium-enhanced 3-D MRI dataset. A: Posterior view showing mirror-image branching pattern — first arch 
vessel being left innominate artery (L Innom a) giving rise to left subclavian (LSCA) and carotid (LCA) arteries, 
second is right carotid (RCA), then right subclavian (RSCA) — of right aortic arch (RAoA) but with ductus dimple 
(DD) pointing toward the left. B: Left posterior oblique view showing no posterior tethering of the left innomi- 
nate artery indicating that this is not a double aortic arch with atretic left arch (compare with Fig. 3 3. 18 A). Left 
carotid and subclavian arteries superimposed in this view. Left innominate vein (L Innom v) is seen anterior to 
Linnom a. C: Overhead view showing the right aortic arch (RAoA) and right descending aorta (Dao) with the 
DD pointing toward the left, indicating a vascular ring. D: Embryonic arch diagram shows mirror-image right 
arch branching pattern with LPA connected by left sixth arch (ligamentum) to dimple formed by remnant of left 
dorsal aorta. 


aortic arch with retroesophageal diverticulum. Since there is 
no vascular ring, there is usually no need for treatment other 
than that of associated anomalies. 

Right Aortic Arch with Retroesophageal 
Diverticulum of Kommerell 

Right arch with diverticulum of Kommerell is the second most 
common vascular ring after double aortic arch. It is far more 


common than its mirror image described above. It has as its first 
branch the left carotid artery, second the right carotid artery, 
third the right subclavian artery, and finally a retroesopha- 
geal vessel from which the left subclavian artery arises and 
the left ductus arteriosus or ligamentum arteriosum connects 
(Fig. 33.1). This combination of vessels produces a vascular 
ring. The true incidence of this lesion is more difficult to obtain 
than that of mirror-image right arch where virtually all patients 
have associated intracardiac disease. However, of 26 consecu- 
tive patients undergoing surgical division of vascular rings at 
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Figure 33.10. Right aortic arch with retroesophageal left 
subclavian artery. A: Slightly left anterior oblique view 
and (B) posterior view of 3-D shaded surface display from 
MRI. Note the constant caliber of the left subclavian artery 
emerging from the aorta behind the trachea, compared 
with the marked tapering of a diverticulum of Kommerell 
(Fig. 33.11B). Note incidental finding of left subclavian 
vein (LSCV) leading to retroaortic innominate vein (not 
labeled). C: Embryonic arch diagram showing dissolution 
of left fourth and sixth arches. In the absence of a left duc- 
tus, the retroesophageal left dorsal aorta does not form a 
diverticulum, and there is no vascular ring. 


Dors Ao 



our institution, five (19%) had right arch, retroesophageal 
diverticulum, and most of them had no other heart defect. What 
is more, many people with this arch anomaly are asymptomatic 
and therefore go unrecognized except for incidental discovery. 

If the ductus arteriosus is patent, it is easy to understand 
how one might visualize the complete ring formed by the aor- 
tic arch on the right, retroesophageal vessel supplying the left 
subclavian posteriorly, the ductus on the left, and the pulmo- 
nary artery anteriorly. However, if the ductus is closed, it is 
not intuitive that one could distinguish this from the more 
benign right arch with retroesophageal subclavian artery (non- 
ring) discussed above. The difference is the diverticulum of 


Kommerell, which is a much larger vessel than the subclavian 
artery itself. Typically, the origin of the diverticulum is equal in 
diameter to the descending aorta and tapers to the subclavian 
artery caliber at the site of juncture with the left ligamentum 
after passing behind the trachea and esophagus. 

Congenital absence of the left carotid artery is a rare asso- 
ciation with right arch, diverticulum of Kommerell (61). Its 
importance lies in the fact that it is one of three exceptions 
to the general rule that the first arch vessel contains a carotid 
artery opposite to the side of the arch. Furthermore, if resec- 
tion of the diverticulum is contemplated, the subclavian must 
be connected to the ascending aorta or to the right carotid. 
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Figure 33.11. Right aortic arch, retroesophageal diverticulum of Kommerell. A: Left anterior oblique view of 
3-D shaded surface display from MRI. Trachea (green) and esophagus (E) are compressed by diverticulum (Div) 
tethered by ligamentum arteriosum (not visualized) to pulmonary artery (blue). B: Posterior view shows tapered 
Div behind esophagus giving rise to LSCA. The tracheal deviation to the left is seen through the translucent D 
Ao. Compare with Figure 33. 9A. C: Cranial view shows trachea (green) and esophagus (E) compressed between 
Div and LCA and pulmonary artery (blue). D: Embryonic arch diagram showing dissolution of left fourth arch 
and formation of retroesophageal diverticulum from left dorsal aorta in the presence of a left sixth arch — left 
ligamentum (L Lig [VI]). 


Embryology 

Disappearance of the left fourth embryonic arch with persis- 
tence of the left sixth (ductal) arch between the truncoaor- 
tic sac (pulmonary artery precursor) and left dorsal aorta 
accounts for the findings in this arch anomaly (Fig. 33.1 ID). 
Note that the left dorsal aorta is not merely the proximal left 
subclavian artery but is also the continuation of the left sixth 
aortic arch leading to the fused dorsal aortae. Since the normal 
fetal ductus carries nearly the entire output of the right ven- 
tricle, the left dorsal aorta would also carry that amount and 
would become significantly larger than the subclavian artery. 
This size discrepancy persists after ductal closure, giving the 
diverticulum its characteristic appearance. In the rare variant 
with absence of the left carotid, there is absence of both the 


left fourth embryonic arch and the truncoaortic sac connec- 
tion to the left third. 

Diagnosis and Management 

The presentation in symptomatic patients is usually that of a 
vascular ring. With that history, the appearance of a right aortic 
arch on a plain chest roentgenogram should raise the question 
of this anomaly and prompt further, more specific evaluation. 
Barium esophagram reveals a large posterior indentation on the 
esophagus similar to that seen in Figure 33. HE, F (in contrast 
to the smaller defect seen with simple retroesophageal subcla- 
vian artery [Fig. 33.3E]). However, rare vascular rings such as 
left aortic arch with right descending aorta and right ligamen- 
tum can give similar findings on barium study, and since the 
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surgical approach is different, this form of imaging should not 
be considered definitive. While the ligamentum arteriosum is 
not visualized with any of the current imaging modalities, its 
presence is guaranteed by the characteristic appearance of the 
abruptly tapered diverticulum. Echocardiography will show 
the left carotid artery arising alone as the first arch vessel, but 
definitive diagnosis requires that the diverticulum be followed 
out to the point at which the caliber changes to that of the 
smaller subclavian artery. This is usually not possible since the 
trachea itself and nearby lung may thwart attempts to see this 
area. Angiography demonstrates the characteristic branch- 
ing pattern but more importantly shows the abrupt change in 
caliber from diverticulum to subclavian artery. As mentioned 
previously under left aortic arch with retroesophageal right 
subclavian artery, angiography in the straight AP view may 
produce superimposition of the posterior subclavian artery 
on the more anterior left carotid giving the appearance of a 
left innominate artery as in mirror-image right aortic arch and 
therefore not a ring. However, careful single-frame viewing of 
cineangiography will confirm the separate origins. Contrast 
injection in the more distal portion of the arch will better delin- 
eate the plump aortic diverticulum giving rise to the notice- 
ably smaller subclavian artery. Angiography while definitive, 
showing both the characteristic branching pattern and the 
typical appearance of the aortic diverticulum requires arterial 
catheterization, less desirable in the young infant. MRI is ideal 
for making this diagnosis, being noninvasive and having the 
ability to display both vascular and airway structures. Axial or 
transverse imaging demonstrates the aortic arch to the right of 
the trachea and the diverticulum posterior to it. Coronal imag- 
ing shows the V-shaped juncture of the aortic diverticulum and 
the more right-sided descending aorta. However, computer- 
generated shaded surface displays (3-D representations) permit 
viewing of the entire aortic arch at once and in relationship to 
trachea and pulmonary artery (Fig. 33.1 1A-C) and give the 
surgeon a clear anatomical image with which to proceed. 

The majority of people with this arch anomaly are asymp- 
tomatic. Treatment is surgical division of the ductus or lig- 
amentum in those patients who are symptomatic. This is 
usually performed through a left thoracotomy. Video-assisted 
thoracoscopic surgery, or VATS, has been shown to be effec- 
tive and comparable in procedure time and length of stay to 
open thoracotomy (62). Some surgeons prefer a median ster- 
notomy approach, particularly if an intracardiac defect will 
also be addressed in the same operation. Some surgeons advo- 
cate not only division of the ligamentum but also resection 
of the diverticulum and transfer of the left subclavian artery 
to the left carotid artery because of the recurrence of symp- 
toms in some patients due to compression from an aneurys- 
mal diverticulum and traction by the subclavian artery (63). 
In adult cases where the diverticulum has become aneurys- 
mal, there is a significant risk of dissection or rupture (64,65); 
the usual treatment is resection. A novel hybrid approach in 
which both subclavian arteries are connected by grafts to their 
respective carotid arteries by minimally invasive surgery fol- 
lowed by covered stent placement in the aortic arch to exclude 
the aneurysmal diverticulum has also been employed (66). 

In those patients undergoing surgery for another lesion 
such as an intracardiac abnormality or repair of tracheoesoph- 
ageal fistula, even an “asymptomatic” ligamentum should be 
divided. With esophageal atresia, a symptomatic ring may be 
avoided when repairing the esophagus outside the ring. 

Right Aortic Arch with Left Descending Aorta 
and Left Ductus (Ligamentum) Arteriosus(um) 

Right arch, left descending aorta, also known as right aortic 
arch with retroesophageal segment or circumflex right aortic 


arch, is similar in presentation to right arch with retroesopha- 
geal diverticulum (above), but it is less common. Unlike cases 
with retroesophageal diverticulum in which the aorta after 
passing over the right mainstem bronchus descends for some 
distance on the right, then gradually crosses to the left before 
reaching the level of the diaphragm, right arch left descend- 
ing (aorta) has the aortic arch itself cross the midline to the 
left at the level of the T4 or T5 vertebral body at which point 
it gives rise to the left ductus (ligamentum) arteriosus(um). 
Another difference is that some of these cases have a mirror- 
image branching pattern — left innominate, right carotid, right 
subclavian (Fig. 33.1) — and can therefore be erroneously 
misdiagnosed as a nonring, while others have left carotid, 
right carotid, right subclavian, and finally the left subclavian 
(Fig. 33.1). Yet another pattern has an aberrant left innomi- 
nate artery — right carotid, right subclavian, left innominate as 
the last vessel (67), sometimes with coarctation of the right 
arch (68). However, in all of these it is the aortic arch that is 
retroesophageal, not the subclavian artery, innominate artery, 
or an aortic diverticulum. 

Embryology 

Two forms exist with dissolution of either the left dorsal aorta 
distal to the takeoff of the left subclavian artery (Fig. 33.12G) 
or the left fourth arch (Fig. 33.13E). The distal portion of the 
definitive arch is comprised of the retroesophageal right-sided 
dorsal aorta. The persistent left sixth arch connects to the left- 
sided dorsal aorta completing a vascular ring. 

Diagnosis and Management 

The findings on chest roentgenogram and barium esophago- 
graphy (Fig. 33.12E) may be similar to those findings in right 
arch with retroesophageal diverticulum. Differences include 
a downward to the left instead of upward to the left orien- 
tation of the esophageal indentation (Fig. 33.12F). Further- 
more, in some cases the descending aorta itself can be seen 
on the left of the spine instead of the right, but this is not a 
consistent finding. When associated with a hypoplastic arch 
(69), this anomaly can be mistaken for interrupted aortic 
arch (70). 

With a projection image such as angiography it may not 
be clear whether the aorta passes anterior to the trachea as 
it courses from right ascending to left descending, as is seen 
with a normal left aortic arch, or posterior to the trachea, 
that is, a right aortic arch with left descending. A clue to 
which is the case (without attempting steep cranial angula- 
tion — usually more confusing than helpful because of over- 
lapping shoulder, head, liver) is the order of brachiocephalic 
artery branching. In the case of right aortic arch with left 
descending aorta the first vessel contains the left carotid 
artery, whereas in normal left arches, a vessel containing a 
right carotid is first. MRI can avoid some of the pitfalls seen 
with projection images and can delineate the entire aorta, not 
only in its normal rightward ascending and leftward descend- 
ing segments, but definitively in its relationship to the trachea 
(Fig. 33.12A,B). 

Division of the vascular ring is indicated when patients 
are symptomatic, although these are typically loose rings. 
However, an adult with dysphagia may require more than 
simple division of the ligamentum. Actual division of the 
aortic arch with mobilization of the retroesophageal por- 
tion and reanastomosis of ascending and descending aorta 
using a tube graft may be necessary to relieve the esopha- 
geal compression (71,72). Alternatively, resection of the ret- 
roesophageal portion, advancement of the aortic arch, and 
direct end-to-side anastomosis of the descending aorta to 
the ascending to the left of the trachea has also been used 
(73,74). 
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Figure 33.12. Right aortic arch, left descending aorta, left innominate artery. A: Cranial view of 3-D shaded 
surface display from MRI showing takeoff of brachiocephalic arteries: left innominate artery giving rise to LCA 
and LSCA, RCA, and RSCA. B: Same view as (A) but with trachea (green), esophagus (E), and pulmonary artery 
(blue) showing further crowding. Anterior (C) and posterior (D) of same reconstruction showing retroesopha- 
geal course of circumflex aortic arch with sharp turn inferiorly at point of attachment of ligamentum arteriosum 
(arrow) to descending aorta. Barium esophagram in lateral view (E) showing large posterior indentation, and AP 
view (F) showing bilateral indentations on the esophagus. Similar patterns are seen with double arch and right 
arch with diverticulum. G: Embryonic arch pattern similar to Figure 33. 9D above but with left descending aorta 
instead of right. 
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Figure 33.13. Right aortic arch with left descending aorta 
and aberrant left subclavian artery. 3-D shaded surface dis- 
plays from MRI. A: Anterior view showing right-sided A Ao 
and left-sided descending aorta (labeled in C and D). First 
arch vessel is left carotid artery; last vessel is left subcla- 
vian artery. Patent ductus arteriosus (PDA) connects MPA 
to descending aorta. B: Left lateral view. C: Posterior view 
showing marked angulation between circumflex aortic arch 
(Circ Ao) and D Ao. D: Overhead view shows complete ring 
of vessels surrounding space occupied by trachea and esoph- 
agus (not displayed). E: Embryonic arch diagram showing 
left-sided descending aorta and dissolution of left fourth 
arch with persistence of left sixth arch — ligamentum (L Lig 
[VI]). Compare with Figure 33.1 ID. 
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Right Aortic Arch with Retroesophageal 
Innominate Artery 

Right aortic arch with retroesophageal innominate artery 
is another rare abnormality of the aortic arch system. Con- 
trary to the general rule that the first arch vessel contains a 
carotid artery contralateral to the aortic arch, in these cases 
the sequence of brachiocephalic vessels is right carotid, right 



subclavian, retroesophageal left innominate artery (Fig. 33.1). 
The ductus (or ligamentum) arteriosus (um) completes a vascu- 
lar ring as it connects the left pulmonary artery with the base 
of the so-called innominate artery. 

Embryology 

The apparent site of arch dissolution is between the left branch 
of the truncoaortic sac and the third arch (Fig. 33.14D) with 




Figure 33.14. Right aortic arch with retroesophageal left innominate artery (L Innom). Shaded surface display 
from gadolinium-enhanced 3-D MRI dataset. A: Anterior view showing ascending aorta (Ao) superimposed on 
right aortic arch giving rise to right carotid (RCA) and right subclavian (RSCA) arteries. There is a retroesopha- 
geal diverticulum that acts as a left innominate artery (L Innom a) giving rise to left carotid (LCA) and left sub- 
clavian (LSCA) arteries. The very large caliber diverticulum is connected to the pulmonary artery (PA) by way 
of a left ligamentum arteriosum (Lig), which is not visualized. Dao, descending aorta. B: Posterior view showing 
same arch vessels as in (A). RPA forms anterior portion of vascular ring. Open arrow indicates left pulmonary 
artery end of ligamentum connecting pointed portion of left innominate artery (L Innom). C: Cranially angulated 
view showing vascular ring formed by right aortic arch (RAoA) on the right, left innominate artery (L Innom a) 
posteriorly, left ligamentum arteriosum (Lig) to the left, and pulmonary artery (PA) anteriorly. The location of the 
trachea and esophagus is indicated by asterisk . Ao, ascending aorta. D: Diagram of embryonic arch contributions. 
Dissolution of left limb of truncoaortic sac (L TA Sac) connection to third arch (III); persistence of left third arch 
(instead of fourth arch) connection to left dorsal aorta. R TA Sac, right limb of truncoaortic sac. 
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absence of the fourth arch. Thus the definitive aortic arch is 
formed by the right branch leading to the right fourth arch, 
which, in turn, connects to the right dorsal aorta. The left dor- 
sal aorta supplies the left seventh intersegmental artery (distal 
left subclavian) and the distal connection to the left third arch 
(common carotid artery). 

Diagnosis and Management 

With so few cases in the literature (75), it is difficult to draw 
conclusions about presentation and management. Tracheal 
compression seems to be the rule, though the degree of symp- 
tomatology varies considerably. The important anatomical clues 
to the diagnosis by any imaging modality are the presence of a 
single carotid artery arising from the proximal aorta. The other 
anomalies with that finding are also rare: interrupted aortic arch 
with interruption between the two carotid arteries and isolated 
left carotid or innominate artery, as well as congenital absence 
of the carotid artery contralateral to the side of the arch (see 
below). The differentiating feature is the presence of a normal- 
sized (right) aortic arch — missing in arch interruption — and the 
distal origin of the carotid artery from that arch — not present 
with isolated carotid or innominate or in congenital absence of 
the contralateral carotid. If symptomatic from the vascular ring, 
division of the ductus or ligamentum is in order. Conceivably in 
the adult, detachment of the innominate artery from the distal 
arch and reimplantation in the ascending aorta might be neces- 
sary based on similar arch anomalies mentioned above in which 
the retroesophageal vessel continued to cause dysphagia even 
after relief of the ring by division of the ligamentum. 

Right Aortic Arch with Isolation of 
Contralateral Arch Vessel 

Isolation of brachiocephalic vessels is relatively uncommon. 
The term isolation means that the particular vessel arises exclu- 
sively from the pulmonary artery via the ductus arteriosus (or 
ligamentum) but without connection to the aorta. Three dif- 
ferent forms have been noted: isolation of the left subclavian 


artery (Fig. 33.1), isolation of the left carotid, and isolation of 
the left innominate artery. Isolated left subclavian is by far the 
most common of the three. Luetmer and Miller (76) reviewed 
the literature to 1990 describing 39 cases demonstrated by 
angiography or at postmortem examination. Congenital heart 
disease was found in more than half the cases with two-thirds 
of those having tetralogy of Fallot. There are sporadic reports 
of isolated left innominate artery (77). A very rare example 
associated with single left ventricle with L-loop ventricular 
arrangement and aortic atresia is shown in Figure 33.1. A 
forme fruste is shown in Figure 33.16A with a small innomi- 
nate artery and larger subclavian and carotid, suggesting that 
during fetal life they had been fed by a left ductus that had 
since closed. A unique case of isolated subclavian artery in a 
patient with tetralogy of Fallot had a collateral vessel from the 
abdominal aorta fill the subclavian in addition to the usual 
retrograde flow from the vertebral artery (78). 

Embryology 

All cases of isolated arch vessels derive from two ipsilateral 
breaks in the aortic arch system (Fig. 33.15B). In isolated 
subclavian artery, the distal left dorsal aorta involutes after 
cephalad migration of the left seventh intersegmental (subcla- 
vian) artery to the level where left sixth (ductal) arch normally 
joins the proximal dorsal aorta. This together with involution 
of the left fourth arch leaves the subclavian isolated from the 
aortic arch but connected to the pulmonary artery via the duc- 
tus. In similar fashion one could imagine the disappearance of 
the left fourth arch and the left branch of the aortic sac with 
the sixth arch connecting the pulmonary artery portion of the 
truncoaortic sac to the third arch (common carotid artery pre- 
cursor). With disruption of the left fourth arch, the left seventh 
intersegmental artery remains connected to the descending 
aorta via the left dorsal aorta producing a retroesophageal 
left subclavian artery. It is postulated that isolated innominate 
artery (see Figs. 33.15B and 33.16D) derives from dissolution 
of the left branch of the truncoaortic sac connection to the 
third arch, loss of the fourth arch, and dissolution of the con- 
nection of distal left dorsal aorta with the left sixth (ductal) 




Figure 33.15. Right aortic arch with isolation of left subclavian artery. A: Anterior view of 3-D shaded surface 
display from MRI shows exclusive origin of LSCA from left PDA. Sequence of arch vessels arising from aorta is 
LCA, RCA, and RSCA. B: Embryonic arch diagram showing ipsilateral loss of left fourth arch and dorsal aorta 
with persistence of ipsilateral sixth arch. 
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Figure 33.16. Isolated left innominate artery. A: Forme fruste. Anterior view of 3-D shaded surface display from 
MRI. Note small left innominate artery (L Innom a) giving rise to larger caliber LSCA and LCA. These latter 
two appear to arise from a point consistent with a ligamentum arteriosum (open arrow) and apparently received 
more flow from that vessel than from the aorta during fetal development. B: Embryonic arch diagram showing 
hypoplasia of left limb of truncoaortic sac and left fourth arch with dissolution of connections to left Dors Ao 
and persistence of left sixth arch. C: Completely isolated left innominate artery (L Innom). Slightly left anterior 
oblique and slightly cranially angulated view of shaded surface display from CT scan of infant with single left 
ventricle and diminutive right ventricular outflow chamber with L-transposition of the great arteries and aortic 
atresia. The L Innom is fed by the left patent ductus arteriosus (PDAfL]) and possibly retrograde from circle of 
Willis via left vertebral and carotid arteries. There is a right aortic arch (RAoA) and markedly hypoplastic ascend- 
ing aorta (AAo) fed exclusively from the main pulmonary artery (MPA) via the right patent ductus (PDA[R]). 
Branch pulmonary arteries shown in blue , trachea in green , ascending aorta and coronary arteries in red. D: 
Embryonic arch diagram showing dissolution of left limb of truncoaortic sac and left fourth arch with dissolution 
of connections to left Dors Ao and persistence of left sixth arch supplying left carotid (distal third arch) and left 
subclavian (left seventh intersegmental artery). 



arch. Thus the pulmonary portion of the truncoaortic sac 
feeds the left seventh intersegmental (subclavian) artery via the 
sixth and the carotid artery in turn via the distal left third arch 
similar to retroesophageal innominate artery described above. 
The resulting confluence of carotid and subclavian arteries is 


analogous to an innominate artery. An alternative mechanism 
based on identification of a pulmonary-to-brachiocephalic 
artery connection proximal to or upstream from the ductus 
in chick embryos is explained by an abnormal partition of the 
truncoaortic sac (79). 
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Diagnosis and Management 

Cases of isolated brachiocephalic arteries may have diminished 
pulses or lower blood pressure in the affected artery. When the 
subclavian and vertebral arteries are involved, the possibility 
of subclavian steal syndrome exists in which blood flows down 
the vertebral artery into the subclavian, particularly when the 
arm is exercised. In 13% of cases reviewed by Luetmer and 
Miller (76), this produced cerebral insufficiency. Another 13% 
showed signs of left arm ischemia. If the ductus remains patent, 
pulmonary artery steal can occur with flow down the vertebral 
artery through the ductus into the low-resistance pulmonary 
artery (80). One case of underdevelopment of the left arm 
with isolated subclavian artery showed catch-up growth after 
reimplantation in the left carotid. Another case with left hemi- 
sphere atrophy associated with global developmental delay 
and bulbar dysfunction in the face of isolated left innominate 
artery with a patent ductus and retrograde left carotid flow 
was found (77). The diagnosis should be suspected in any 
patient with right aortic arch and diminished pulse amplitude 
or blood pressure in the left arm, although coarctation of a 
right arch with aberrant left subclavian artery could also pro- 
duce these findings. Contrast injection in the aortic arch shows 
delayed filling of the subclavian artery via the vertebral and 
various collateral arteries (81). Barium esophagography is not 
helpful in making this diagnosis other than demonstration of 
the right aortic arch. Doppler echocardiography may be able 
to demonstrate the reversal of flow in the vertebral artery that 
would corroborate this diagnosis, but phase-encoded velocity 
mapping on MRI can also be definitive. 

Surgical management in children consists of repair of the 
accompanying heart disease and ligation of the ductus, if pat- 
ent, to prevent pulmonary steal. Patients with central nerv- 
ous system symptoms or claudication of the left arm should 
have surgical reimplantation of the subclavian artery into 
the carotid or aorta. Some have advocated this approach in 
asymptomatic cases to avoid subclavian steal later in life (82). 


CERVICAL AORTIC ARCH 

Cervical aortic arch is a rare anomaly in which the arch is 
found above the level of the clavicle (as high as the C2 ver- 
tebral body). There are two main subcategories of cervical 
arch: those with anomalous subclavian artery and vascular 
ring, with either descending aorta contralateral to the arch 
(see Fig. 33.5) or retroesophageal diverticulum and those with 
a virtual normal branching pattern. The first and larger group 
usually has a right aortic arch This group is further subdivided 
into those with separate origins of the internal and external 
carotid arteries from the arch and those with a common carotid 
artery or a bicarotid trunk in which both common carotid 
arteries arise from a single vessel and the subclavian arteries 
both arise separately from the distal arch (83). Separate origin 
of the vertebral artery from the arch can be seen in each of the 
groups. While most of the patients with contralateral descend- 
ing aorta have an anatomical vascular ring from the aortic 
arch on the right, retroesophageal segment of aorta posteriorly, 
ligamentum arteriosum to the left, and pulmonary artery ante- 
riorly, only about half are symptomatic from the ring. When 
a bicarotid trunk accompanies the contralateral descending 
aorta form of cervical arch, tracheal or esophageal compres- 
sion between the “V” of the bicarotid trunk and the retroe- 
sophageal aorta may occur without a complete vascular ring. 

The second group (with ipsilateral descending aorta — nonring) 
typically has a left aortic arch. Aortic arch obstruction due to 
a long, tortuous, hypoplastic retroesophageal segment is an 
uncommon but well-documented association (84). More discrete 


coarctations have been reported in both the ring and nonring 
groups (85). For reasons that are not clear, stenosis or atresia of 
the origin of the left subclavian artery is sometimes seen in either 
group (86). 

Embryology 

It would appear that the embryologic explanations for the 
various subgroups mentioned above are different. The normal 
common carotid artery comes about from the dissolution of the 
segment of dorsal aorta between the third and fourth embry- 
onic arches, the so-called ductus caroticus. Both internal and 
external carotid arteries arise from the third arch. If the ductus 
caroticus were to persist while the embryonic fourth arch invo- 
lutes, the embryonic third arch would become the definitive 
arch with separate internal and external carotid arteries arising 
from it (as they had when the third arch was, in part, the com- 
mon carotid artery) (87). The third arch being one branchial 
pouch higher than the fourth arch would be expected to be 
more cephalad after completion of arch development. This 
type of cervical arch (i.e., with separate internal and external 
carotid arteries arising directly from the arch) due to persistent 
ductus caroticus and absent fourth arch has been described in 
chromosome 22qll deletion as previously mentioned (88). 

An alternative explanation for this subgroup and more 
plausible for the other groups that have normal common 
carotid arteries is a failure of the normal descent of the aortic 
arch system from its cephalic location at 3 weeks to its normal 
intrathoracic location by 7 weeks’ gestation (89). The etiology 
of this failure of caudal migration is not known. 

Diagnosis and Management 

Cervical arches may present as pulsatile masses in the supracla- 
vicular fossa or in the neck. In infants, prior to the appearance 
of a mass, the presenting signs may be those of a vascular ring, 
namely, stridor, dyspnea, or repeated lower respiratory infec- 
tions. In the adult, the most likely symptom from a vascular ring 
is dysphagia. In those patients with stenosis or atresia of the left 
subclavian artery and origin of the ipsilateral vertebral artery dis- 
tal to the obstruction, a subclavian steal may exist with central 
nervous system symptomatology. In the presence of a pulsatile 
neck mass, a presumptive diagnosis can be made by notation of 
loss of femoral pulses during brief compression of the mass (86). 

The diagnosis of cervical arch may be suspected on plain 
chest roentgenogram by the presence of a widened upper medi- 
astinum and the absence of the aortic knob. Evidence of anterior 
deviation of the trachea is in favor of the diagnosis. In the past, 
angiography has been the standard diagnostic imaging tool, and 
in those cases with intracardiac anomalies, probably remains so. 
However, in those without congenital heart disease, the diag- 
nosis of cervical aortic arch can be made by echocardiography. 
Treatment is necessary if the cervical arch is complicated by arch 
hypoplasia, symptomatic vascular ring, or rarely aneurysm of 
the cervical arch itself (90). In these cases, the surgical approach 
is dictated by the specific complicating feature. In some cases 
with cervical right aortic arch and a tortuous, hypoplastic ret- 
roesophageal segment, repair is accomplished by left-sided 
ascending-to-descending aorta anastomosis or tube graft inter- 
position (91). Separate origin of external and internal carotid 
arteries from the arch warrants screening for 22qll deletion. 


DOUBLE AORTIC ARCH 


Double aortic arch, as the name implies, is an anomaly in 
which both right and left aortic arches are present. Several 
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variations on this basic theme occur: both arches of similar 
size (Fig. 33.1), hypoplasia of one arch (Fig. 33.16) (usually 
the left), and atresia of one arch (Fig. 33.1) (usually the left). 
In addition, a ductus arteriosus or ligamentum may be present. 
Typically, the right arch is the more superiorly located. 

While all double aortic arches technically form complete 
vascular rings around the trachea and esophagus, the branching 
pattern evident from various imaging modalities is determined 
by the patency of the various arch components and the side of 
the descending aorta. For example, while a double arch with 
both arches patent will show relatively symmetrical origins 
of each of the four major brachiocephalic arteries from their 
respective arches (Fig. 33.17K,L), double arch with atretic left 
arch distal to the origin of the left subclavian artery (Fig. 33.18) 
will have a branching pattern similar to a mirror-image 
right aortic arch, that is, an apparent left innominate artery, 


followed by a right carotid and right subclavian, but with a left 
descending aorta. In fact, this pattern in conjunction with signs 
of tracheal compression, may be indistinguishable (except at 
surgery) from the rare anomaly right aortic arch with left 
descending aorta, unless, as in Figure 33. 18 A, a distal left arch 
stump is present. Similarly, double arch with atretic left arch 
between left carotid and left subclavian can mimic right aortic 
arch with retroesophageal diverticulum of Kommerell. Atretic 
right arch is quite rare (92) but can simulate left arch vari- 
ants. Of 17 patients at one institution undergoing division of 
the vascular ring, 1 1 had a left descending aorta, six, a right 
(93). A review of 26 patients undergoing surgical division of 
vascular rings over an 8-year period at The Children’s Hospital 
of Philadelphia showed 20 to have double aortic arches. Sev- 
enteen had both arches patent with the right arch larger in 16. 
The other three patients had an atretic left arch. 



Figure 33-17 Double aortic arch, both patent. A— D: Spin echo MRI (coronal cuts, anterior to posterior) show- 
ing ascending aorta (A Ao) dividing into equal-sized right (R) and left (L) aortic arches reuniting posteriorly as 
the descending aorta. Coronal images of patients having double arch with (E) dominant right and (F) rare case 
of dominant left. 




Figure 33-17 (Continued) G-J: transverse cuts, cranial to caudal, from same patient as (A-D). Note marked 
decrease in caliber of trachea (T) from (G-H), indicative of tracheal compression. K: Left posterior oblique with 
cranial angulation view of 3-D shaded surface display from MRI in same patient as (A-D) and (G-J). Note double 
aortic arch with nearly equal-sized right (R arch) and left (L arch) distal aortic arch components. L: Similar view 
of patient with rare dominant left arch. 
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Double aortic arch is rarely associated with congenital 
heart disease, but when present, tetralogy of Fallot is most 
common (94), with transposition of the great arteries a distant 
second (94,95), and a single reported case of congenitally cor- 
rected transposition (96). Infrequent associated arch abnor- 
malities including coarctation of the left (97) or both arches 
(98) and cervical left aortic arch (99) have been noted. 

Embryology 

Double aortic arch represents a persistence of both right and 
left embryonic fourth branchial arches joining the aortic por- 
tion of the truncoaortic sac to their respective dorsal aortae, 
both of which persist as well. Thus double aortic arch with 
both arches patent appears as persistence of the entire hypo- 
thetical double arch (Fig. 33.1) though usually with only one 
sixth (ductal) arch, whereas double arch with atretic left arch 
has patterns similar to either right arch with retroesophageal 
diverticulum or right arch, left descending aorta (compare Fig. 
33.18B with Fig. 33.13E or Fig. 33.18C with Fig. 33.12G). 


In keeping with the theme of absent or atretic fourth arches 
in 22qll deletions, double arch with atretic left arch is more 
commonly associated with those syndromes than double arch 
with both widely patent. 

Diagnosis and Management 

The clinical manifestations of double aortic arches, as with 
the other vascular rings, are related to the tightness of the 
ring. With both arches widely patent, the rings are typically 
tight, and patients present with stridor in the first weeks of 
life, whereas with double arch and atretic left arch, the rings 
are usually looser, with presentations at 3 to 6 months of age 
or later. Rarely, double aortic arches present in adulthood with 
swallowing or respiratory symptoms (100). Even rarer is the 
case of an 85-year-old woman with an asymptomatic dou- 
ble aortic arch — both patent — who presented with back pain 
from an aortic dissection of an aneurysmal left arch (101). 
At the other extreme of age is a 22-week fetus with echocar- 
diographic findings of congenital high airway obstruction 




Figure 33.18. Double aortic arch with atretic left arch. 
A: Left lateral view of 3-D shaded surface display from 
MRI with atretic left arch distal to left subclavian artery 
(LSCA) as in (C) (below). Patent proximal left aortic arch 
(Prox L Arch) connects LSCA with left carotid artery 
(LCA). Presence of a distal left arch (Dist L Arch) aimed 
at Prox L Arch and not at pulmonary artery (blue) assures 
atretic left arch. B: Diagram of embryonic arches showing 
vascular ring formed by atretic left fourth arch (IV [atr]). 
C: Diagram of embryonic arches corresponding to 3-D 
surface display in A (above) showing atretic distal portion 
of dorsal aorta (Dors Ao [atr]). 
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syndrome with fetal ascites and enlarged echogenic lungs sub- 
sequently found by fetal echocardiography to be due to a right 
dominant double aortic arch (102). 

The diagnosis of double arch with both arches patent can 
sometimes be made convincingly from the plain chest roent- 
genogram. The tracheal air column is indented by the more 
superior, right-sided arch and the more inferior left arch. In the 
lateral view, the right arch can be seen to indent the trachea 
posteriorly. These findings may be more obvious with barium 
esophagography. However, confirmation by echocardiography, 
angiography, or MRI is desirable because the two arches may 
be unequal in caliber and it is important to identify the hypo- 
plastic segment in order to divide it. In addition, a web-like 
coarctation of one arch may not be detectable by the surgeon 
from the external appearance of the vessel (103). Suprasternal 
imaging (104) permits the most extensive echocardiographic 
visualization of the two arches; whereas subcostal (105) and 
high parasternal imaging (106) rely more on deductive inter- 
pretation. While statistically the left arch is much more likely 
to be hypoplastic than the right, numerous exceptions to that 
rule necessitate detailed evaluation of each case. MRI provides 
information both noninvasively and together with the impor- 
tant spatial relationships of the vessels, trachea, and esoph- 
agus to better permit surgical planning (107). Furthermore, 
when both arches are widely patent, velocity mapping permits 
quantification of flow in the two distal arches to determine 
which arch should be divided. 

Surgical division of the vascular ring is indicated in any 
patient who is symptomatic with airway or esophageal com- 
pression or in a patient undergoing surgery for intracardiac 
disease. The ring should be divided in its smaller limb, usu- 
ally but not always the left. The decision to divide between 
left carotid and left subclavian or distal to the left subcla- 
vian is usually determined by accessibility and the length of 
the particular segment. In the absence of an accompanying 
conotruncal anomaly with a large VSD, a ductus arteriosus 
must have been present prenatally. While the presence of a 
ductus or ligamentum does not appear to contribute to the 


severity of tracheal compression by the vascular ring, its 
importance lies in the surgical management. If the arch is 
divided but the ligamentum remains intact, there may still be 
a vascular ring. Thus the surgeon must dissect down to the 
level of the trachea to be sure that all vascular contributors 
to a ring have been divided. 


PERSISTENT FIFTH AORTIC ARCH 


Persistent fifth aortic arch was first reported in man by Van 
Praagh and Van Praagh (108) in 1969 as a double-lumen aor- 
tic arch in which both arches appear on the same side of the 
trachea, as opposed to double aortic arch in which the two are 
on opposite sides of the trachea. Since the initial report at least 
one other variation has been noted resulting in the following 
subcategorization of this rare anomaly: 1) double-lumen aor- 
tic arch with both lumina patent (Figs. 33. 1C and 33.2) atre- 
sia or interruption of the superior arch with patent inferior 
(persistent fifth) arch — common origin of all brachiocephalic 
vessels from the ascending aorta (Fig. 33.19A). More recently, 
an intermediate form has been recognized with a hypoplas- 
tic but patent superior arch (109). Double-lumen aortic arch, 
in which a “subway” vessel occurs beneath the normal aor- 
tic (embryonic fourth) arch, appears to be the more common 
of the two types (110). This inferior arch extends from the 
innominate artery to a point opposite the takeoff of the left 
subclavian artery, just proximal to the ductus arteriosus or 
its remnant. While frequently associated with major cardiac 
anomalies, it can be an incidental finding without clinical sig- 
nificance (111,112). Cases of atresia or interruption of the 
superior arch, with a single arterial trunk giving rise to all four 
brachiocephalic arteries, have had coarctation of the aorta as 
the cause for presentation (110). Similarly, the intermediate 
type with superior arch hypoplasia also presented with coarc- 
tation of the inferior arch (109), although we have seen a case 
with a widely patent inferior arch. 




L Lig 


Dors Ao (atr) 


Figure 33.19. Persistent fifth aortic arch. A: Left lateral view of 3-D shaded surface display from MRI of atretic 
fourth arch type. Note coarctation of fifth arch distally. At surgery, an atretic strand attaching the inferior aspect 
of the left subclavian artery (LSCA) to descending aorta (D Ao) beyond the coarctation was found. B: Embryonic 
arch diagram of the case in (A). 
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Figure 33.19. (Continued) C: Left lateral view of 3-D shaded surface display from MRI of double-lumen-type 
persistent fifth aortic arch. Note the trachea (T) behind both the embryonic fourth (IV) and fifth (V) arches. Inci- 
dentally, there is separate origin of the left vertebral artery (L Vert) from the normal fourth arch. D: Embryonic 
arch diagram of case in (C). 


Embryology 

While some animals have been noted to have all six pairs of 
branchial arches during embryonic development, the fifth 
pair is often seen as only incomplete arches in man (13), 
implying a brief appearance with no remnant in the defini- 
tive arch system. In order to understand the contribution of a 
persistent fifth arch to the development of the definitive arch, 
a modification to the hypothetical double arch is necessary 
(Fig. 33.19B,D). In cases of double-lumen aortic arch, the 
fourth arch persists as the superior arch connecting truncoaor- 
tic sac to dorsal aorta, and the fifth (inferior) arch does the same 
(Fig. 33.19D). With atresia or interruption of the superior arch, 
the fourth arch serves as the connection between carotid and 
subclavian artery, similar to an innominate artery, but ipsilat- 
eral to the definitive arch, which is the fifth arch. The portion 
of the dorsal aorta between the entrance of the fourth and fifth 
arches is atretic or disappears completely (Fig. 33.19B). 

Diagnosis and Management 

Double-lumen aortic arch has been recognized by angiography, 
by echocardiography, or at postmortem examination, with the 
appearance of a subway vessel beneath the normal arch. This 
can be seen with MRI as well, in coronal or off-axis sagittal 
(candy cane) sections, since axial slices have to be thin enough 
to resolve the small gap between the two arches (112). In atre- 
sia or interruption of the superior arch, there is the appearance 
of a truly common brachiocephalic trunk in which all four 
arch vessels, including the left subclavian artery, arise from 
a single vessel (Fig. 33.19A). In this situation, the branching 
pattern alone is the indication of a persistent fifth arch since 
the atretic dorsal aortic extension of the fourth arch cannot 
be visualized. However, at surgery for repair of coarctation of 


the aorta (distal to the fifth arch), an atretic strand connect- 
ing the left subclavian artery to the descending aorta may be 
seen. There appears to be no other plausible explanation for 
such a branching pattern. Without additional coarctation of 
the existing aorta, these two arch anomalies alone have no 
physiologic significance. 


INTERRUPTED AORTIC ARCH 


Interrupted, or congenitally absent, aortic arch is defined as 
a complete separation of ascending and descending aorta. It 
comprises several different anomalies that generally relate 
to the pattern of branching of the brachiocephalic arteries. 
There are at least nine theoretically possible branching pat- 
terns. Celoria and Patton (113) classified these as type A if the 
interruption were distal to the left subclavian artery, type B if 
between carotid and subclavian arteries, and type C if between 
carotid arteries. However, these types may be further subcate- 
gorized (114) and definitions generalized to include both right 
and left arch patterns as follows: 

A. Interruption distal to that subclavian artery that is ipsilat- 
eral to second carotid artery (i.e., if first carotid right, inter- 
ruption distal to left subclavian artery) 

1. Without retroesophageal or isolated subclavian artery 

2. With retroesophageal subclavian artery 

3. With isolated subclavian artery 

B. Interruption between second carotid and ipsilateral subcla- 
vian artery. 

1. Without retroesophageal or isolated subclavian artery 

2. With retroesophageal subclavian artery (i.e., both carotid 
arteries proximal, both subclavians distal) (Fig. 33.1) 

3. With isolated subclavian artery 
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C. Interruption between carotid arteries 

1. Without retroesophageal or isolated subclavian artery 

2. With retroesophageal subclavian artery 

3. With isolated subclavian artery 

The order of brachiocephalic artery branching suggests 
a right or left aortic arch pattern following the conventions 
of noninterrupted arches: in general, the first branch of the 
aorta proximal to the interruption contains the carotid artery 
opposite the side of the presumptive arch; a retroesophageal 
or isolated subclavian artery is always opposite the side of 
the presumptive arch. The significance of sidedness of the 
presumptive arch in cases of interruption is the finding that 
interrupted “right” aortic arch is apparently seen only in asso- 
ciation with DiGeorge syndrome (115). 

Type A interruptions tend to occur with aorticopulmo- 
nary septal defect and intact ventricular septum (116); they 
are seen in a disproportionately large subgroup of patients 
with transposition of the great arteries and interrupted aortic 
arch (114). Type B interruptions are much more common than 
type A and usually have a conotruncal anomaly with normally 
aligned great arteries in which there is a large malalignment- 
type VSD associated with posterior displacement of the infun- 
dibular septum and subaortic obstruction. Those patients with 
DiGeorge syndrome and interruption have type B. Type C 
interruption is quite rare, permitting no general conclusions 
about associations. 


Embryology 

The etiology of interrupted aortic arches can be thought of in 
terms similar to those that describe the formation of the other 
arch anomalies discussed above. Type A interruptions show 
involution of both dorsal aortae distal to the fourth arches and 
proximal to the persistent sixth arch that supplies the descend- 
ing aorta in place of the fourth arch (Fig. 33.20C). Type B 
interruptions show involution of one fourth arch and one 
dorsal aorta between arches four and six (Fig. 33.20D), or, in 
the frequent variant with both subclavian arteries distal to the 
interruption, involution of both fourth arches and the sixth 
arch contralateral to the descending aorta (Fig. 33.20B). Type 
C interruption entails involution of one limb of the truncoaor- 
tic sac and its associated proximal third arch and entire fourth 
arch with persistence of the normally involuted dorsal aorta 
between arches three and four, the so-called ductus caroticus 
(Fig. 33.20E). 

Virtually all cases of interruption between carotid and 
subclavian arteries (type B) are associated with a conotruncal 
anomaly in which hypoplasia of the subaortic region causes 
subaortic obstruction and a conal septal malalignment type of 
VSD (117). The pathophysiology of the interruption is thought 
to be an absolute decrease in left ventricular output to the 
ascending aorta (due to the combination of outflow obstruc- 
tion and VSD) with maintenance of normal fetal cerebral per- 
fusion resulting in a relatively large decrease in flow through 
the aortic arches beyond the takeoff of one or both carotid 
arteries. The contributing factors that determine precisely 
which combination of arch involutions occur in each case are 
not understood. In a large series of cases with DiGeorge syn- 
drome (118), 43% were found to have type B interrupted aor- 
tic arch, and 68% of interrupted arch patients had DiGeorge 
syndrome. This contrasts with truncus arteriosus communis in 
which comparable figures were 34% and 33%, respectively. 
Again, we see the predisposition to fourth arch abnormality 
in 22qll patients. Cases in which subaortic obstruction is not 
present to explain arch involution are not well understood but 
may well relate to primary neural crest cells’ direct influence 
on the aortic arches themselves. 


Diagnosis and Management 

These patients typically present, like other ductal-dependent 
left heart obstructive lesions, with acute cardiovascular col- 
lapse or heart failure after spontaneous closure of the ductus 
arteriosus in the first days of life. Initial management entails 
fluid resuscitation, induction and maintenance of ductal 
patency with prostaglandin El, and establishment of stable 
hemodynamics, with inotropic support if necessary. Physical 
findings of pulse discrepancy, depending upon branching pat- 
tern, are only helpful after restoration of satisfactory cardiac 
output. Absence of all limb pulses suggests interruption type B 
with anomalous subclavian artery, that is, both carotid arteries 
proximal, both subclavians distal to the interruption. Strong 
carotid pulses help to differentiate interrupted arch from 
critical aortic stenosis in which all pulses are diminished. Dif- 
ferential cyanosis (pink upper body, blue lower body) while 
theoretically possible is uncommonly seen since pulmonary 
arterial blood (hence ductal blood) is relatively highly satu- 
rated due to the large left-to-right shunt through the VSD. 
Currently, 2-D echocardiography is the most important tool 
for diagnostic imaging of interrupted arch. The diagnosis 
should be suspected from the marked discrepancy in size 
between ascending aorta and main pulmonary artery (119) 
with subcostal frontal imaging, in the presence of the typical 
malalignment- type VSD with posterior deviation of the infun- 
dibular (conal) septum, best visualized in the parasternal long- 
axis view. Imaging of the arch entails determination of the 
branching pattern and notation of patency of the arch from 
suprasternal or high parasternal imaging (120). The smooth 
superior course of the carotid artery origins, especially in type 
B interruptions, in contrast to the usual posterior course of 
an intact aortic arch, is a further clue to the presence of inter- 
ruption. Angiography is still used in many centers to confirm 
the diagnosis of interrupted aortic arch; however, torrential 
flow through a VSD makes it difficult to obtain high-quality 
imaging of the ascending aorta in order to distinguish between 
interruption and severe arch hypoplasia. Interruption can be 
diagnosed consistently by angiography when both carotid 
arteries arise proximal to and both subclavian arteries distal to 
the interruption (and ductus). The wide separation of carotid 
arteries from descending aorta unequivocally demonstrates 
interruption. Three-dimensional reconstruction from MRI can 
demonstrate the branching pattern and the separation between 
proximal and distal aorta (Fig. 33.20A). 

The surgical approach to treatment depends on the degree 
of subaortic obstruction. Subaortic diameters of 5 to 6 mm 
or greater seem to be compatible with primary intracardiac 
repair, namely patch closure of the VSD and plus aortic arch 
reconstruction. Subaortic regions of 3 mm or less are inad- 
equate to support normal cardiac output in a full-term infant. 
In the case of normally aligned great arteries the subaortic 
obstruction must be bypassed. The preferred method is to 
associate the proximal main pulmonary artery with ascending 
aorta using homograft augmentation to complete the aortic 
reconstruction, similar to that employed for hypoplastic left 
heart syndrome (Norwood operation) (121,122). Pulmonary 
blood flow is provided by a Gore-Tex tube graft from the 
reconstructed aorta if the VSD is left open, or by a right ven- 
tricle-to-pulmonary artery confluence conduit if the ventricles 
are separated by a baffle from left ventricle to pulmonary valve 
via the VSD. When interrupted aortic arch is associated with 
transposition of the great arteries, arterial switch operation is 
combined with transannular patch across the neopulmonary 
outflow. Pulmonary artery banding is not a satisfactory pallia- 
tion of VSD with interrupted aortic arch, because it frequently 
results in biventricular hypertrophy with progressive subaortic 
stenosis thus complicating definitive repair by any method at 
a later date. 
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Figure 33.20. Interrupted aortic arch. A: Left anterior 
oblique view with slight cranial angulation of 3-D 
shaded surface display from MRI of type B interrup- 
tion of the aorta with retroesophageal right subclavian 
artery. A Ao gives rise to RCA and LCA. PDA connects 
pulmonary artery {blue) with D Ao, which gives rise 
to RSCA and LSCA. Translucency of pulmonary artery 
and PDA renderings permits appreciation of separation 
of proximal and distal aortic components. B: Embry- 
onic arch diagram of subtype shown in (A) with absence 
of both fourth arches and one sixth arch. C-E: Embry- 
onic arch diagrams of types A, B, and C interruption, 
respectively, without retroesophageal or isolated sub- 
clavian arteries. 
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The aortic arch itself can almost always be reconstructed 
by liberal dissection around the two arch components with 
direct anastomosis of the two ends (123) plus homograft aug- 
mentation of the reconstructed arch when necessary to achieve 
adequate arch size. Artificial tube grafts connecting proximal 
and distal aorta should be avoided in the initial operation in 
infancy, if possible, since they are rapidly outgrown, and with 
fibrous tissue encasement of the native aorta, complicate pri- 
mary end-to-end anastomosis at a later date. 


OTHER ANOMALIES OF THE AORTIC 
ARCH SYSTEM 

Anomalous Origin of the Pulmonary Artery from the 
Ascending Aorta 

Anomalous pulmonary artery branch arising from the ascend- 
ing aorta in the presence of a main pulmonary artery arising 
separately from the heart is a rare anomaly. While the term 
“hemitruncus” has been used, this lesion should be distin- 
guished from true truncus arteriosus communis with only one 
pulmonary artery branch arising in common with the ascend- 
ing aorta, and the other arising from a ductus or systemic col- 
lateral vessel from the descending aorta. 

By far the more common form is anomalous origin of 
the RPA, seen in 82% of 108 cases of an excellent review by 
Kutsche and Van Mierop (124). All had left aortic arch; many 
had patent ductus arteriosus; few had tetralogy of Fallot. Inter- 
rupted aortic arch distal to the left subclavian artery or coarc- 
tation of the aorta was present in 14% of those where the 
pulmonary artery arose just above the aortic valve, and 8/11 
of those had an aorticopulmonary septal defect. In contrast, 
anomalous origin of the left pulmonary artery was associated 
with tetralogy of Fallot in 74%, and in all cases had either 
tetralogy or right aortic arch or both. No cases of aorticopul- 
monary septal defect or interrupted aortic arch were present. 

Embryology 

The rather dramatic difference in associations between anom- 
alous left and RPA origins suggests different embryologic 
mechanisms. Kutsche and Van Mierop (124) propose that in 
anomalous origin of the RPA, the embryonic branch pulmo- 
nary artery joins the truncoaortic sac (at its right side) but 
fails in leftward migration to reach the main pulmonary artery 
portion before septation occurs. They point out that this prob- 
ably accounts for the significant incidence of aorticopulmo- 
nary septal defect. The mechanism of anomalous origin of the 
left pulmonary artery may be failure of the embryonic branch 
pulmonary artery to join the truncoaortic sac (or subsequent 
separation from it) in association with absence of the left sixth 
(ductal) arch and perhaps persistence of the left fifth arch, 
whereby the left pulmonary artery becomes associated with 
the ascending aorta. 

Diagnosis and Management 

The clinical presentation of anomalous origin of a pulmo- 
nary artery branch from the ascending aorta is predominantly 
that of congestive heart failure (CHF) in infancy followed by 
the development of pulmonary vascular disease as early as 
6 months of age, if unrepaired. In some patients, there may be 
an abbreviated (or no) period of clinical heart failure, in which 
case they may go on to develop pulmonary vascular obstruc- 
tive disease without warning. While many have a significant 
systolic murmur from turbulent, increased pulmonary blood 
flow, some have little or no murmur and only a loud, narrowly 


split or single second heart sound to suggest the abnormality. 
The above findings may be tempered by the relatively infre- 
quent association with other major anomalies such as tetral- 
ogy of Fallot or interrupted aortic arch. 

The chest roentgenogram may show differential pulmonary 
blood flow, especially when superimposed on decreased flow 
in association with tetralogy of Fallot. Echocardiography is 
diagnostic, but one must be aware of the potential for mistak- 
ing RPA merging posteriorly with aorta for normal confluence 
with main pulmonary artery when using a subcostal frontal 
sweep. Imaging in multiple views including parasternal short 
axis permits differentiation of the pulmonary artery bifurca- 
tion from the juncture of RPA with ascending aorta. In the 
case of the very uncommon origin of left pulmonary artery, the 
rule of thumb is to carefully search for all possible origins of 
both pulmonary artery branches in the face of tetralogy of Fal- 
lot. The more lateral origin of the left pulmonary artery from 
the ascending aorta also makes imaging of this abnormal- 
ity easier. Cardiac catheterization usually shows pulmonary 
hypertension in both pulmonary arteries, though only one can 
be entered from the right ventricle via the main pulmonary 
artery. Angiographic demonstration is possible with a left ven- 
triculogram but requires an ascending aortagram if there is a 
VSD. In patients with unexplained pulmonary hypertension, 
aortic root injection to rule out origin of a pulmonary artery 
branch from the ascending aorta or the physiologically similar 
aorticopulmonary septal defect should be considered. While 
MRI can be diagnostic, at present it cannot be used to quan- 
tify pulmonary vascular resistance. Treatment consists of sur- 
gical division of the anomalously connected pulmonary artery 
branch and anastomosis directly, or with a graft, to the main 
pulmonary artery. This should be carried out as early as pos- 
sible to avoid the development of pulmonary vascular disease. 

Anomalous Origin of the Left Pulmonary Artery 
from the Right Pulmonary Artery 

Origin of the left pulmonary artery from the RPA, also known 
as anomalous left pulmonary artery, or pulmonary artery sling 
(125), is a rare anomaly in which the lower trachea is partially 
surrounded by vascular structures: the left pulmonary artery 
arising as a very proximal branch of the right loops around 
the trachea. It is the only situation in which a major vascular 
structure passes between the trachea and esophagus. Pulmo- 
nary sling is frequently associated with complete cartilaginous 
rings in the distal trachea (126) resulting in tracheal stenosis 
that may require direct surgical treatment in addition to relief 
from vascular compression. It usually appears as an isolated 
abnormality but can be associated with other congenital car- 
diac defects, including tetralogy of Fallot (127). 

Embryology 

The distal pulmonary arteries normally arise from their respec- 
tive lung buds and join the pulmonary artery portion of the 
truncoaortic sac separately. If the two distal arteries join each 
other by incorporation of potential vascular islets from the 
splanchnic bed before becoming incorporated into the trun- 
coaortic sac, one possibility is that the left pulmonary artery 
would pass behind the trachea before making this juncture. 
This would result in pulmonary artery sling. If it passed in 
front of the trachea, this would be indistinguishable from the 
normal situation. 

Diagnosis and Management 

These patients typically present with severe respiratory distress 
and stridor although milder forms do exist and may be iden- 
tified incidentally during imaging for another cardiovascular 
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anomaly. Sometimes, the respiratory distress can be exagger- 
ated by right lung emphysema (128). Barium swallow, when 
classical (Fig. 33.1), is diagnostic if one can rule out medi- 
astinal tumor. However, nondiagnostic barium swallows are 
common, and more definitive testing with echocardiography, 
angiocardiography, CT, or MRI (Fig. 33.21B-E) is usually nec- 
essary to ensure the accuracy of the diagnosis. Symptomatic 
patients should be evaluated by bronchoscopy at the time of 
surgical repair because of the frequent association of complete 
cartilaginous rings. The usual surgical approach is division of 
the left pulmonary artery from the right and reanastomosis 
in front of the trachea. Alternatively, Jonas et al. (129) have 
recommended leaving the pulmonary artery and its branches 
intact while transecting the trachea, mobilizing it behind the 
pulmonary artery bifurcation and reanastomosing it. If com- 
plete cartilaginous tracheal rings are present, tracheal recon- 
struction may also be necessary. The latter approach is more 
amenable in that case since the trachea is already opened. 


Innominate Artery Compression of the Trachea 

Innominate artery compression of the trachea or so-called 
anomalous innominate artery is a poorly understood abnor- 
mality in which there is anterior compression of the trachea 
at the point where it is crossed by the innominate artery 
(Fig. 33.22). Some have thought this to be due to a more 
distal, that is, leftward, takeoff of the innominate artery from 
the aortic arch; however, 3-D reconstructions from MRI have 
not demonstrated any consistent abnormality of the aorta 
or its branching pattern. The presumed abnormality is tra- 
cheomalacia, whether idiopathic or in association with tra- 
cheoesophageal fistula (130), with the innominate artery in 
the vicinity of the malasic segment of trachea. The diagnosis 
is suspected when signs of severe inspiratory and expiratory 
stridor, usually in a 2- to 6-month-old child, are associated 
with anterior indentation of the tracheal air column on lat- 
eral chest roentgenogram. However, vascular rings should 



Figure 33.21. Anomalous origin of left pulmonary artery from RPA (sling). A: Barium esophagram showing clas- 
sical anterior indentation. B,C: Consecutive images from CT scan of another patient, showing left pulmonary 
artery (LPA) looping around a small distal trachea (T) but anterior to the esophagus (E) with high signal from a 
nasogastric tube. (Continued) 
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Figure 33.21. (Continued) D: 3-D surface display from gadolinium-enhanced MRI of the right heart from a 
different patient than (A-C). Directl cranial view showing the right ventricle (RV) and main pulmonary artery 
(MPA) giving rise to the RPA. Note the left pulmonary artery (LPA) taking off from the RPA and looping back 
around the trachea in a tight hairpin turn. E: Posterior view of the same patient as in (D). Again it is clear that 
the LPA arises from the RPA. 


be ruled out with at least a barium esophagram. Simultane- 
ous visualization of the innominate artery and the trachea 
is afforded by MRI and is shown dramatically with 3-D 
reconstruction (Fig. 33.1). Treatment usually entails waiting 
for the tracheomalacia to resolve, typically by age 2 years; 
however, in cases associated with apnea or repeated lower 
respiratory infections, surgical sectioning of the innominate 
artery and reimplantation more proximally, that is, right- 
ward in the aorta may be helpful. In limited cases, suspension 
from the sternum has been used, but there is often little room 
behind the sternum to relieve pressure on the trachea because 
of decreased AP dimension of the chest. 



Figure 33.22. Innominate artery compression of the trachea. 
Right anterior oblique view of 3-D shaded surface display from 
MRI showing severely compressed midtrachea (arrow) adja- 
cent to right innominate artery (R Innom). 


VASCULAR ANOMALIES 


Descriptions of some vascular anomalies refer to Greek 
mythology as caput medusae , or a radial orientation of small 
blood vessels that resemble the hair of Medusa. Writings of 
Greek and Arab physicians dating back to the 6th century 
include surgical descriptions of arterial aneurysms in the set- 
ting of trauma (131). In 1761, Hunter described two cases of 
arteriovenous (AV) connections and the physical exam auscul- 
tation finding as “as if there was a blast of air through a small 
hole and interrupted, answering precisely and constantly to 
the stroke of the heart or diastole of the artery” (132). Fol- 
lowing these descriptions, numerous case reports and case 
series presented arteriovenous malformations (AVMs) in vari- 
ous organ systems, including the liver, brain, and lungs and 
their physiologic effects (133-136). Elaborate, often confus- 
ing nomenclature developed. More recently, detailed investi- 
gations into the genetics, physiology, and natural history of 
vascular anomalies have broadened our understanding of the 
wide array of defects and have led to clinically applicable clas- 
sification systems. 


EMBRYOLOGY AND PATHOGENESIS 

The vascular system is formed well before the heart starts 
beating in the embryo. Vasculogenesis begins with angioblast 
formation from mesoderm. These angioblasts differentiate 
into endothelial cells that then form blood vessels including 
the dorsal aorta (137). Thus, differences between arteries and 
veins exist early on in embryogenesis. Studies on tumor angio- 
genesis (formation of new vessels from existing vasculature) in 
the 1970s led to the discovery of critical proteins that stimu- 
late vascular development, including basic fibroblast growth 
factor (bFGF) and vascular endothelial growth factor (VEGF), 
among others (138). Members of the fibroblast growth factor 
family stimulate angioblast formation from mesoderm. Disrup- 
tion of receptors for VEGF and deficiency of VEGF appears 
to interfere with late stage of vascular development with 
abnormal vessel wall development and with differentiation of 
endothelial cells leading to impaired capillary vessel formation 
(139-141). Tyrosine kinases are believed to aid in the assembly 
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of nonendothelial components of the blood vessel wall (142). 
Interestingly, genetic mapping in two families with venous mal- 
formations revealed mutations in tyrosine receptors (143). 


CLASSIFICATION 


TABLE 33.3 


Clinical Staging of AV 
Malformations Schobinger 
Staging (151) 


Stage Description (Typical Age) 


There were several reports dating back to the 1800s (Virchow 
[1863] and Wegner [1877]) that described various features of 
vascular anomalies but many of them had inconsistent terminol- 
ogy (144). A distinct classification system was described in 1982 
based on the biologic behavior and histopathology (145). In this 
system, vascular malformations are differentiated from heman- 
giomas. Vascular malformations are usually recognized at birth, 
have a normal endothelial cell cycle, grow with the child, and 
show no signs of spontaneous regression. Within the classifica- 
tion of vascular malformations, there are fast flow lesions (arte- 
rial malformations, AVMs, and fistulas) and slow flow lesions 
(venous, capillary, lymphatic, and glomuvenous malformations) 
(Table 33.2) (146). Hemangiomas, in contrast, are vascular 
“tumors” with proliferating, involuting, and involuted phases. 
Only a certain percentage of hemangiomas are present at birth, 
but they do grow rapidly over the first 2 years of life. 

Although there are several types of vascular anomalies that 
can occur, this chapter emphasizes the abnormalities that typi- 
cally have cardiovascular manifestations: (a) systemic arterial 
malformations (b) pulmonary arterial malformations, (c) 
hemangiomas, and other vascular malformations. 


SYSTEMIC ARTERIAL MALFORMATIONS 


1 Asymptomatic (birth — adolescence) 

2 Expansion with invasion of deep structures 
(begins during adolescence) 

3 Deep destruction: necrosis, ulceration, pain, and 

hemorrhage (years after progressive worsening) 

4 High-output cardiac failure 

failure has been described include vein of Galen malformations, 
hepatic AVMs, thoracic AVMs, and lower extremity AVMs. 

Prevalence 

There are numerous types of systemic arterial malformations with 
varying prevalence, but in general these defects are rare. Vein of 
Galen malformations occur in <1 in 25,000 live births (152). In 
adults, the prevalence of brain AVMs vary between 15 and 18 
per 100,000 per person years (153,154). Most arterial malforma- 
tions are sporadic, but there are particular syndromes associated 
with certain types of AVMs. Hereditary hemorrhagic telangiec- 
tasia (HHT) and hereditary neurocutaneous angiomatous mal- 
formations, for example, are associated with brain AVMs (155). 


Systemic arterial malformations include AVMs and arterio- 
venous fistulas (AVFs). These malformations can develop in 
various organ systems including the brain, liver, skin, and 
extremities. Systemic arterial malformations are most often con- 
genital but acquired lesions can develop from trauma, infection, 
and surgery (147-150). Clinical presentation depends on the 
location and degree of shunting. The Schobinger staging system 
has been used to describe the four stages through which AVMs 
progress (Table 33.3) (151). In large, fast-flow lesions, signs and 
symptoms of heart failure can develop (Stage 4) and can mimic 
congenital heart disease. Specific malformations where heart 


E 


TABLE 33.2 


Types of Vascular Malformations 


Vascular Malformations 


Slow-Flow Fast-Flow 

Simple Capillary Arterial 

Lymphatic 
Venous 
Glomuvenous 

Combined Lymphatic venous AV 

Capillary-lymphatic-venous Capillary-AV 

Capillary-venous AVF 


Adapted from Huang JT, Liang MG. Vascular malformations. Pediatr Clin North Am 
201 0;57 1091 - 1110 . 


Pathology and Pathogenesis 

The formation of blood and lymphatic vessels involve vascu- 
logenesis, angiogenesis, and lymphangiogenesis. Although the 
exact mechanisms of AVM formation are largely unknown, 
studies of the gene defects of inherited diseases associated with 
AVMs have provided valuable insight into the pathogenesis 
of these malformations (156). See section on embryology and 
pathogenesis for further details. 

Pathologic findings in AVMs include a nidus of tortuous 
vessels that connect feeding arteries to veins without a cap- 
illary bed interface. These vessels appear to have chronic 
changes and are nonfunctioning. Both the connecting arteries 
and veins demonstrate muscularization of the walls (157). 

HHT is highly associated with AVMs in many organ sys- 
tems and provides insight into the molecular changes leading 
to AVM formation. Endoglin, a receptor for the TGF-/3 family 
of ligands, is found on endothelial cells. Patients with HHT-1 
have mutations in endoglin. Deficiency in endoglin along 
with angiogenic stimulus promotes an abnormal increase in 
endothelial cell proliferation and resultant AVM formation in 
a mouse model (158). This mechanism has also been impli- 
cated in sporadic cerebral AVMs (159). A high-flow state and 
resultant sheer forces also promote muscularization of the 
veins within the AVMs, contributing further to the starkly 
abnormal appearance of these blood vessels (160). 

AVMs can be found in the brain, head/neck, limbs, trunk, 
and viscera. These are fast-flow malformations and can lead to 
high-output heart failure, which is an indication for treatment. 

In infants and children, central nervous system AVMs include 
the vein of Galen malformation, now commonly referred to 
as vein of Galen aneurysmal malformations (VGAM). This 
malformation can cause significant morbidity and mortality 
related to the neurologic and cardiovascular effects. One of 
the highest-risk groups are neonates with VGAM that present 
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with high-output heart failure that can progress to multiorgan 
system failure and death. VGAM has been associated with con- 
genital heart defects. Published reports note sinus venosus atrial 
septal defects and coarctation of the aorta to be relatively more 
prevalent than other cardiac defects in patients with VGAM. 
The association of these defects to VGAM may be due to (a) 
the relatively increased blood flow returning from the superior 
vena cava (SVC) and possible interruption of the formation of 
the sinus venosus septum and (b) increased flow across the duc- 
tus arteriosus and decreased flow across the isthmus (161,162). 

Thoracic AVF/AVMs have only been described in the lit- 
erature as case reports. Connections between the subclavian 
artery and innominate vein, the internal carotid arteries, the 
aorta, and hemiazygos vein and between the subclavian artery 
and the SVC have all been reported (163-167). 

Arterial malformations of the lower extremity can be high- 
flow lesions, as is the case with Parkes Weber Syndrome. This 
syndrome is defined by overgrowth of the extremity with 
multiple AV fistulas along that extremity. The fistulas usually 
develop around puberty or after trauma and can be compli- 
cated by CHF (168). 

Physiology and Clinical Manifestations 

Clinical manifestations of AVMs are largely dependent on the 
size of the malformation and degree of left-to-right shunt- 
ing. The more extensive the AV connections, the greater the 
amount of shunting and the larger the hemodynamic burden 
on the cardiopulmonary system. For the purposes of this sec- 
tion, we focus on the diagnosis of patients with large systemic 
AV shunts who are experiencing high-output cardiac failure. 

The VGAM can produce significant morbidity and mortal- 
ity related to neurologic and cardiovascular manifestations. In 
utero, fetuses can experience a range of hemodynamic effects 
due to VGAM including mild cardiac insufficiency to fetal 
hydrops. While the placenta provides a low resistance circuit 
to redirect blood flow away from the AVM, after birth, elimi- 
nation of the placenta redistributes blood flow. Now, the oblig- 
atory (independent of pulmonary vascular resistance) VGAM 
shunt increases SVC flow and right atrial and right ventricular 
enlargement soon develop. There can be a right-to-left atrial 
shunt, a poorly contracting and dilated right ventricle, and 
antegrade systolic flow in the ductus arteriosus shortly after 
birth due to a high pulmonary vascular resistance (169,170). 

Neonates and young infants with these cardiovascular changes 
present with a history of respiratory distress, failure to thrive, and 
sometimes lethargy or seizure. In particular, cyanosis and pul- 
monary hypertension can complicate the heart failure symptoms 
and may mimic a significant congenital heart defect, potentially 
delaying the diagnosis of VGAM. Physical exam reveals tachyp- 
nea, tachycardia, and cardiac murmur, and auscultation over the 
anterior fontanelle sometimes reveals a continuous murmur due 
to the increased blood flow through the AVM (169,171). 

Older infants may present with macrocephaly, leading to 
hydrocephalus and seizures. Long-standing cerebral venous 
hypertension can lead to developmental delay. Older children and 
adults present with headaches or intracranial hemorrhage (172). 

Thoracic AVMs present either in childhood with a con- 
tinuous murmur or with symptoms and signs of high-output 
heart failure due to a significant left-to-right shunt. In addition 
to the murmur, a widened pulse pressure, bounding pulses, 
hyperdynamic precordium, and prominent S 2 can be found. 
There have been reports of fetal presentation of large thoracic 
AVMs with hydrops and high-output failure (173). 

Electrocardiogram and Radiography 

Electrocardiographic findings of infants with large AVMs are 
nonspecific and may show sinus tachycardia, right ventricular 


or biventricular hypertrophy. Occasionally signs of ischemia, 
with ST segment changes are present (152,174). In older chil- 
dren who present with systemic AVMs, the electrocardiogram 
(ECG) may be normal or demonstrate ventricular hypertro- 
phy. Infants with large systemic AVMs will have cardiomegaly 
on chest radiography, especially marked right atrial and right 
ventricular enlargement. 

Ultrasound 

Ultrasound is extremely helpful in the diagnosis of systemic 
AVMs. These malformations appear heterogeneous with large 
feeding vessels often seen by 2-D imaging. Color Doppler 
interrogation shows high vessel density with high-velocity sys- 
tolic flow and low resistance. Draining veins appear dilated 
and pulsatile (175). 

Echocardiography 

Echocardiographic findings include cardiomegaly with mark- 
edly enlarged right heart with leftward displacement of the 
interventricular and atrial septae. There is often tricuspid valve 
regurgitation with a high-velocity jet, consistent with elevated 
right-ventricular pressure. Flow across the patent foramen ovale 
is often right-to-left. In the cases of VGAM, the proximal aorta 
and its branches are dilated and retrograde diastolic flow can 
been seen in the descending thoracic aorta. High-velocity flow is 
observed in the SVC, main pulmonary artery, and ascending aorta 
secondary to the large volume of blood flow from the shunt (169). 

Cardiac Catheterization and Angiography 

Patients do not commonly undergo diagnostic cardiac cath- 
eterization in the presence of systemic AVMs. Those who do, 
have oximetry data that shows a high-cardiac output state 
(low arterial venous oxygen difference) and can have a dif- 
ference in saturation between the inferior vena cava (IVC) 
and SVC depending on the site of the AVM (176,177). Hemo- 
dynamic measurements can show elevated ventricular end- 
diastolic pressure in presence of CHF and elevated pulmonary 
arterial pressure in neonates with large AVMs. 

Angiography is important in definition and management of 
systemic AVM. Angiograms show enlarged arterial feeding ves- 
sels with rapid transit time across the AVM, followed by dilated 
venous drainage of the malformation (178). (Fig. 33.1) Selec- 
tive angiography at the site of the AVM can define size, number, 
and location of feeding vessels to plan for possible intervention. 

Other Imaging 

By CT, AVMs appear as enhancing lesions with several affer- 
ent and efferent vessels without persistent tissue staining. MRI 
shows low signal intensity secondary to a flow void phenom- 
enon of the rapid/turbulent flow (178). Magnetic resonance 
venograms are an accurate, noninvasive method of imaging 
systemic AVMs and can be a desirable alternative to angiogra- 
phy if immediate intervention is not needed (Fig. 33.23). 

Differential Diagnosis 

In the setting of heart failure symptoms with cardiac enlarge- 
ment on adjunct testing and without evidence of an intra- 
cardiac shunt, an AVM must be considered. The differential 
diagnosis of systemic AVM includes congenital heart defects, 
other vascular malformations, vascular tumors, and rarely 
other neoplasms. Auscultation and noninvasive imaging can 
aid in differentiating the above diagnoses (179). 
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Figure 33.23. Systemic arterial malformations. A: Lateral view of a left vertebral angiogram. There is a large 
tortuous vertebral artery supplying branches to fill the aneurysmal vein ( unfilled arrow). The enlarged VGAM 
(filled arrow) drains into a dilated straight sinus (asterisk). B: Three-Dimensional time-of- flight MR venogram 
without contrast demonstrating a similar image to (A). Large venous aneurysm is seen draining into dilated vein 
of Galen, which drains via the dilated venous sinuses to the jugular veins. C: Axial source image for 3-D time-of- 
flight MR. Mixed bright signal is seen within the aneurysm (thick arrow). A slice of the dilated vein of Galen is 
seen (thin arrow). Brain and fluid are deemphasized to display high-flow areas as bright signal intensity. D: Axial 
image at same level as (C). T1 weighted with high signal intensity within the brain parenchyma. Flow void seen 
with in the venous aneurysm and vein of Galen. The straight sinus (arrow) is also dilated secondary to increased 
venous return. (Images courtesy of Marc Keller, MD, Department of Interventional Radiology, The Children’s 
Hospital of Philadelphia.) 


Treatment/Natural history 

Initial management of neonates often includes minimizing the 
cardiovascular effects and damage to other end organs while 
awaiting more definitive treatment. Inotropic support with 


dopamine or dobutamine can worsen cardiac output, but low- 
dose dopamine has been shown to improve systemic perfu- 
sion (152). Administration of milrinone can also be considered 
as there is evidence that it promotes cerebral vasodilation as 
well as systemic vasodilation (180). However, there have been 
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no studies in VGAM. There is also some evidence that pros- 
taglandin administration improves systemic perfusion from 
systemic vasodilation (170). Failure of intensive care manage- 
ment to stabilize the neonate often leads to early embolization 
to attempt to reduce the shunt. Even with aggressive manage- 
ment, severe heart failure requiring intubation in the newborn 
period is usually associated with a poor outcome (172,181). 

Although prompt neonatal diagnosis and management of sig- 
nificant VGAM has reduced early mortality, the general progno- 
sis for infants with large cerebral arterial malformations is grave. 
These patients not only can suffer from heart failure due to a large 
shunt but also can have significant neurologic sequelae, including 
seizures, intracranial hemorrhage, and developmental delay. 

Surgical excision of systemic AVMs is only possible if the 
malformation is well circumscribed and accessible. For sig- 
nificant cerebral AVMs, neurosurgical techniques carry mor- 
tality between 30% and 90% depending on the age of the 
patient (182,183). Recently, surgical intervention is reserved 
for evacuation of intracranial hematomas, treatment of hydro- 
cephalus, and surgical ligation of vessels when transcatheter 
embolization is not possible. 

Transcatheter embolization is now the therapy of choice 
for significant systemic arterial malformations, including cer- 
ebral AVMs. There is a wide variety of agents to treat these 
malformations depending on the location. For VGAM, chemi- 
cal agents such as ethanol, N-Butyl-2-cyonoacry-late, and 
ethylene-vinyl alcohol have been most successful. This scle- 
rosant technique targets the high-flow, low-resistance nidus 
between the arterial and venous system (184). In a large study 
of 216 patients, utilizing a transfemoral arterial approach to 
deliver this glue in the fistulous zone, 23 died (10.6%), 20 of 
the surviving 193 patients (10.4%) were severely delayed, and 
143 (74%) were neurologically normal on follow-up (185). 
Other, smaller series reported similar data ( — 186-188). Inter- 
vention on the feeding arteries by surgical ligation or mechani- 
cal agents, such as coils, provides only temporary relief, as 
collateral vessels ultimately form to continue to feed the direct 
AV connection (175). Stereotactic radiotherapy also only has a 
limited role, especially in the neonate. 


PULMONARY ARTERIOVENOUS 
MALFORMATIONS 

Pulmonary arteriovenous malformations (PAVMs) are vascu- 
lar lesions defined by abnormal connections between pulmo- 
nary arteries and pulmonary veins (Fig. 33.24). Patients with 
PAVMs often have systemic AVMs as well. The most com- 
mon associated diagnosis is HHT, otherwise known as Osler- 
Weber-Rendu Syndrome. PAVMs can also be seen in patients 
with pulmonary hypertension, congenital heart defects with 
single-ventricle physiology and palliation, cystic fibrosis, and 
severe liver disease (189). 

Prevalence 

HTT affects about 1 in 5,000 people overall (190). About 15% 
to 33% of patients with HHT have PAVMs (191). Patients with 
congenital heart disease defined by single-ventricle physiology 
and palliated with superior cavopulmonary connection 
(bidirectional Glenn, BDG) can also develop PAVMs. The 
overall incidence of PAVM in this population is 15% to 25% 
and is seen more commonly in patients with heterotaxy and 
interrupted IVC with azygos continuation (192,193). In addi- 
tion, patients with complete cavopulmonary connections (Fon- 
tan palliation) who have preferential hepatic flow to one lung 
can manifest PAVMs in the opposite lung (194). 



Figure 33.24. Pulmonary AVM. Angiogram in the AP projec- 
tion in a patient with heterotaxy syndrome who is status post 
superior cavopulmonary connection. An antegrade catheter 
courses through the interrupted IVC with azygos continua- 
tion and is positioned in the main pulmonary artery (MPA). 
Injection of contrast into the MPA demonstrates a reticular 
appearance of the left lung. In addition, there is contrast seen 
in the left pulmonary veins, while the right lung contrast is still 
in the arterial phase, indicating decreased transit time in the 
left lung. Both angiographic findings are consistent with left 
lung PAVMs. 


Pathology and Pathogenesis 

The pathologic appearance of PAVMs is similar to AVMs seen 
elsewhere in the body. Pathology and pathogenesis of AVMs in 
HHT is outlined above. 

PAVMs in the setting of single-ventricle heart defects were 
initially reported as a late complication after SVC-RPA anas- 
tomosis (classic Glenn shunt) (195). In the current era, even 
with varied surgical approaches to the cavopulmonary anas- 
tomosis, some patients continue to develop PAVMs. There is 
growing evidence that a yet unidentified “hepatic factor” is the 
putative agent that, when absent in the pulmonary circulation, 
predisposes to the development of PAVMs (196). Hepatopul- 
monary syndrome is a condition associated with cirrhotic liver 
disease where PAVMs can develop. Once patients undergo liver 
transplantation to resolve their liver failure, the PAVMs have 
been shown to regress. Similarly, in single-ventricle heart dis- 
ease palliated by a cavopulmonary anastomosis, PAVMs tend 
to resolve once hepatic venous flow is directed to the affected 
lung segments, suggesting a pathophysiology similar to that 
of hepatopulmonary syndrome. Nonpulsatile flow and pref- 
erential blood flow to the lower lobes of the lung are thought 
to be additional contributors to the development of PAVMs in 
patients with superocavopulmonary connections (197). 

Physiology and Clinical Manifestations 

PAVMs promote varying degrees of shunting of deoxygen- 
ated blood to the systemic circulation. These abnormal vessels 
in the lungs bypass the pulmonary capillary bed and hence, 
oxygenation does not occur. Systemic arterial desaturation 
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and compensatory polycythemia develop depending on the 
extent of the PAVMs. 

Clinical manifestations of PAVMs include dyspnea, cyano- 
sis, and occasionally hemoptysis. The most common complaint 
in HHT patients is epistaxis, either spontaneous or with minor 
trauma (198). Patients with HHT also commonly present with 
dyspnea on exertion but a large number of patients with HHT 
may tolerate long-standing hypoxemia without dyspnea (191). 
Platypnea (improvement in dyspnea when lying supine) has been 
described and is thought to be secondary to redistribution of pul- 
monary flow to nondependent regions, away from the regions of 
the AVMs (198). On physical exam, patients are desaturated by 
pulse oximetry or can appear cyanotic. These patients can have 
an audible bruit over the lung fields, which is louder with inspi- 
ration and may have clubbing of the extremities. 

In the absence of congenital heart disease, the majority 
of patients with PAVMs can remain asymptomatic until the 
fourth decade of life. There have been some series that have 
shown a correlation between symptoms and lesion size (<2cm 
being asymptomatic) or number, with multiple PAVMs caus- 
ing more severe symptoms. However, reports have been incon- 
sistent, despite trends supporting that correlation (198). In 
addition, there have been rare reports of infants presenting 
with profound cyanosis who are found to have direct RPA to 
left atrial connections (199). In adults, severe cases can present 
with massive hemoptysis, hemothorax, or neurologic events 
(transient ischemic attack, stroke, or cerebral abscess) second- 
ary to right-to-left shunting of septic emboli (200). 

Patients with single-ventricle cardiac defects and cavopul- 
monary anastomosis are asymptomatic initially after their sur- 
gery and become progressively cyanotic with decreased arterial 
oxygen saturation as PAVMs develop. Their chest radiographs 
show no evidence of parenchymal disease. This constellation 
of findings should prompt screening for PAVMs in this group 
of patients (see below) (193,197). 

Electrocardiography 

ECGs are usually normal in patients with PAVMs. Occasion- 
ally, left atrial enlargement and left ventricular hypertrophy 
can occur, especially in the setting of a direct RPA to left-atrial 
connection (199). 

Radiography 

Chest radiographs show abnormalities in the majority of 
patients with PAVM. The malformations usually appear as dis- 
crete, 1- to 5 -cm, round or oval masses with uniform density. 
These masses can be lobulated but have well-defined borders 
and are more common in the lower lobes. Feeding vessels can 
also be seen on chest radiography and can range in size from 4 
to 7 mm, being as large as 20 mm in some cases (198). 

Echocardiography 

Based on adult data in patients with HHT, the current rec- 
ommendation for screening of PAVMs is transthoracic con- 
trast echocardiography with agitated saline (201). During 
echocardiography, agitated saline is injected in a peripheral vein 
while imaging the atria and ventricles on apical four-chamber 
view, for example. Normally, on imaging, acoustic signals (or 
bubbles) from the agitated saline appear in the right atrium 
and ventricle immediately after injection and do not appear on 
the left side of the heart in the absence of a right-to-left shunt 
because the bubbles dissolve in the pulmonary capillary bed. 
The appearance of bubbles in the left atrium after several beats 
indicates the passage of blood through the lungs and into the 
left atrium without interfacing with the pulmonary capillary 


bed and confirms the presence of pulmonary AVMs. This find- 
ing also differentiates pulmonary AVMs from an atrial shunt 
where saline contrast would appear in the left atrium immedi- 
ately after injection (202). If contrast echocardiography is posi- 
tive, the diagnosis can be confirmed by CT scan or angiography. 

Cardiac Catheterization and Angiography 

Although the diagnosis of PAVMs can be made by angiography, 
cardiac catheterization is usually not the initial diagnostic test 
of choice in this era of accurate nonin vasive diagnostic testing. 
However, in patients with congenital heart disease and new- 
onset cyanosis, hemodynamic catheterization and angiography 
provides important data and can afford a means of treatment. 

Hemodynamic assessment of patients with PAVMs reveals 
pulmonary vein desaturation in the affected lung. It is impor- 
tant to obtain oximetry data from all pulmonary veins to 
localize the PAVMs. Typically, pulmonary artery pressure, 
resistance, and output are normal, even in the setting of pro- 
found cyanosis and polycythemia (203). Angiographic appear- 
ance of PAVMs include rapid transit time from pulmonary 
arteries to pulmonary veins with a reticular appearance of the 
lung parenchyma (204) (Fig. 33.1). 

Other Imaging 

Helical multidetector CT scan of the chest is emerging as the 
preferred technique for diagnosis and characterization of 
PAVMs. Intravenous contrast enhances PAVMs and allows 
differentiation from other lung nodules and characterization 
of perfusion. Nuclear medicine scans can also be diagnostic. 
Intravenous injection of radiolabeled albumin particles collect 
in normal lung: areas not opacified after IV injection represent 
areas of lung with AV connection. This technique is no longer 
widely used (191). 

Differential Diagnosis 

The differential diagnosis of PAVMs includes many forms 
of cyanotic congenital heart disease, especially those hav- 
ing anomalous return to systemic veins to the left atrium. In 
single-ventricle heart disease after cavopulmonary connection, 
increased cyanosis can also occur with systemic venovenous 
connections that develop from the Glenn pathway and con- 
nect either to vessels that drain to the IVC or to the pulmonary 
veins. The formation of these connections is thought to occur 
in the setting of elevated pressure in the Glenn connection. 

Treatment/Natural History 

Growth rates are variable and appear faster in those with 
HHT than in those without that diagnosis (205). However, 
the morbidity of untreated AVMs is also significant and 
include incidence of stroke of 11%, 6.8% incidence of brain 
abscess, and total morbidity and mortality of 23% (205,206). 
Definitive indications for treatment of pulmonary arterial mal- 
formations include cyanosis, exertional dyspnea, or systemic 
emboli. Some experts advocate for prophylactic treatment of 
all PAVMs to prevent potential systemic embolization if the 
vessel is >3 mm in diameter (197,207). Treatment of PAVMs 
with smaller feeding vessels (1.5 to 2 mm) can be undertaken if 
a right-to-left shunt is present and vessels are easily accessible. 

Currently, the most widely used therapy is transcatheter 
embolization of the feeding arteries to the PAVM using coils 
or detachable balloons. Malformations with large feeing arter- 
ies may require device occlusion (191). Surgical treatment for 
PAVMs has become increasingly uncommon, as catheter-based 
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techniques have evolved. Surgical lobectomy, segmentectomy, 
or pneumonectomy is currently reserved for patients with 
extensive PAVMs that are not amendable to catheter embo- 
lization or as an emergent procedure for hemothorax (208). 

In patients with single-ventricle heart defects and supe- 
rior cavopulmonary connections, inclusion of hepatic venous 
blood to the pulmonary circulation will often cause regres- 
sion of PAVMs. This resolution occurs after completing the 
Fontan procedure, hepatic vein inclusion in patients with het- 
erotaxy syndrome and interrupted IVC with azygos continua- 
tion, correction of pulmonary artery discontinuity in a Fontan 
where IVC blood is directed to one lung and PAVMs develop 
in the other, creation of a brachial AVF, or cardiac transplan- 
tation (209-213). Patients with heterotaxy syndrome with 
interrupted IVC and azygos continuation have been shown 
to more commonly develop PAVMs after superior cavopul- 
monary connection (Kawashima) (214). In addition, there is 
some evidence that patients with interrupted IVC who have 
hepatic vein inclusions, with conduits on the contralateral side 
of SVC, are less likely to have resolution of PAVMs. This phe- 
nomenon is likely secondary to streaming of hepatic venous 
blood preferentially to one lung (212). There are efforts to 
derive computer models of all the possible types of Fontan 
connections to optimize surgical planning in these patients and 
reduce the likelihood of persistent PAVMs (215). 


HEMANGIOMAS AND OTHER VASCULAR 
MALFORMATIONS 


Historically, the field of vascular anomalies has grappled with 
classification and nomenclature of very disparate lesions (216). 
More recently, a biologic classification system has appropri- 
ately divided vascular anomalies into vascular tumors, lesions 
that arise from endothelial hyperplasia, and vascular malfor- 
mations, lesions that arise by dysmorphogenesis and normal 
endothelial cell turnover. This system appears to better guide 
diagnosis, prognosis, and treatment (216). Vascular tumors 
include hemangiomas, while vascular malformations encom- 
pass venous, capillary, and lymphatic malformations. 

Prevalence and Pathogenesis 

Hemangiomas are the most common vascular tumor, occur- 
ring in 4% to 10% of infants. It is a tumor of the endothelium 
and a model for angiogenesis. These tumors are more com- 
mon in Caucasians and more frequent in females (3:1). Sixty 
percent of tumors occur in the head and neck, 25% are found 
on the trunk, and 15% occur in the extremities. While 80% 
are single lesions, approximately 20% of hemangiomas are 
located in multiple cutaneous sites and in other organ systems, 
specifically the liver, gastrointestinal tract, and brain (144). 

Hemangiomas appear a few weeks after birth and grow 
rapidly. The proliferative phase is highlighted by plump 
endothelial cells with frequent mitosis and lasts until 1 year 
of life. bFGF and VEGF are angiogenic proteins that stimulate 
this endothelial proliferation. Spontaneous slow involution 
follows from approximately 1 to 7 years of life with normal- 
appearing endothelial cells in a matrix of “fibrous fatty tis- 
sue.” This phase involves endothelial apoptosis and down 
regulation of angiogenesis. The life cycle of this tumor ends 
with the involuted phase. Fifty percent of hemangiomas have 
complete regression by the age of 5 years and 90% by the age 
of 9 years (217). There are many classification systems based 
on location and color of hemangiomas (145,218). 

As discussed above, vascular malformations are classi- 
fied according to the type of blood vessel involved: arterial, 



Figure 33.25. Cutaneous hemangioma. Large cutaneous hem- 
angiomas on forehead of an infant with multiple cutaneous 
hemangiomas. The lesion is bright red, nodular , and well cir- 
cumscribed with normal surrounding skin. 

AV, capillary, venous, or lymphatic. These malformations are 
present at birth but may not be clinically evident until later 
in life depending on the type; they occur equally in males and 
females (144). In contrast to hemangiomas, vascular malforma- 
tions enlarge by hypertrophy. Histologic appearance includes 
normal-appearing endothelial cells and ecstatic vessels (145). 
These malformations can be classified by their hemodynamic 
characteristics on angiography (see Table 33.2) as high-flow 
lesions (arterial, AV) and low-flow lesions (capillary, venous, 
lymphatic) (144). Syndromes associated with slow-flow vascu- 
lar malformations include Sturge-Weber, Klippel-Trenaunay, 
Rubinstein-Taybi, thrombocytopenia-absent radius, Beckwith- 
Wiedemann, and others. Those associated with fast-flow 
lesions are Parkes Weber, capillary malformation-AVM, and 
Cobb syndrome (Fig. 33.25). 

Clinical Manifestations 

It is often difficult to distinguish hemangiomas from vascular 
malformations because it is not always apparent whether or 
not the lesion was present at birth. Vascular lesions, which are 
not present at birth and show signs of either proliferation or 
involution are typically hemangiomas. The typical superficial 
hemangiomas are red and raised (Fig. 33.1). Deeper heman- 
giomas can be confused with a vascular malformation or other 
rare tumors. There have been documented cases of hemangio- 
mas diagnosed prenatally and a few cases with hydrops feta- 
lis and heart failure (173). In addition, infants with multiple 
cutaneous hemangiomas (>5) are more likely to have hepatic 
hemangiomas (16%). Hepatic hemangiomas can have a vari- 
able course from asymptomatic to high-output cardiac failure 
in rare cases (219). Venous and lymphatic malformations are 
compressible but high-flow lesions such as arterial or AVMs 
are typically firm to the touch and do pulsate. 

Diagnosis and Treatment 

The diagnosis of hemangiomas and vascular malformations 
can generally be made on history and physical exam. How- 
ever, noninvasive imaging with ultrasound or MRI should be 
performed when deeper lesions are suspected to outline the 
extent of the lesion(s) and ensure there is no organ system 
involvement. 

In most cases, hemangiomas are followed closely and 
allowed to regress naturally without need for treatment. After 
regression, a minor blemish may be all that remains. Only 
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about 10% of hemangiomas are associated with significant 
symptoms and require treatment. These high-risk lesions tend 
to occur in the areas of head, neck, airway, eye, lumbosacrum, 
or liver (220). Treatment is indicated in children with compro- 
mised airways, neurologic changes, digestive tract obstruction, 
bleeding, or ulceration. Medical treatment options include 
oral corticosteroids, tapered over infancy with 80% to 90% 
response rate. Interferon-a is a second-line agent for life- 
threatening hemangiomas (216). 

Treatment of cutaneous hemangiomas with the beta- 
blocker, propranolol was first noted in 2008. An infant, 
being treated with propranolol for hypertrophic cardiomy- 
opathy, was noted to have coincidental improvement in a 


nasal hemangioma (221). This case prompted a study of 11 
patients, describing significant improvement in hemangioma 
appearance 24 hours after initiating propranolol treatment 
(221). Propranolol is a nonselective /3-receptor antagonist, 
having effect on both /3 a and /3 2 receptors. The proposed 
mechanism of action of propranolol in the setting of heman- 
giomas is threefold: (a) vasoconstriction, secondary to the 
blocking of vasodilatory properties of epinephrine, allow- 
ing unopposed a x stimulation, (b) inhibition of angiogen- 
esis, by blocking of angiogenic growth factors important 
to hemangioma proliferation, and (c) induction of apopto- 
sis, thought to be regulated through f3 x receptor pathways 
(217,222). 



C ■ D 


Figure 33.26. Hepatic hemangiomas. A: Chest radiograph of 5-month old with multiple hepatic hemangiomas 
and high cardiac output state. There is marked cardiomegaly with increased pulmonary vascular markings and 
hepatomegaly. B: Coronal section of T2-weighted abdominal MRI showing multiple homogenous, circular hem- 
angiomas throughout the liver. C: Selective angiography of the hepatic artery prior to intervention, demonstrating 
multiple hemangiomas throughout both lobes of the liver. D: Selective angiography of the hepatic artery after 
particle embolization of liver hemangiomas in the right lobe. There is significant improvement with little contrast 
seen outside of the normal liver vasculature of the right lobe. The left lobe hemangiomas remain prominent. 
(Images courtesy of Anne Marie Cahill, M.D. Department of Interventional Radiology, The Children’s Hospital 
of Philadelphia.) 
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More recent studies have shown propranolol to be effective 
treatment for complex infantile hemangiomas. These patients 
are often treated in conjunction with a pediatric cardiologist, 
given propranolol’s potential to cause bradycardia and hypoten- 
sion, although these side-effects are rare (222). Hypoglycemia is 
a more commonly observed side effect of propranolol therapy, 
especially in younger infants (223). Evidence on outcomes after 
propranolol treatment is lacking given the small studies and 
case reports available (22 1,222, (Starkey, 2011 #262}-. 

Other modalities for treatment of hemangiomas include 
cryotherapy, sclerotherapy, surgical resection, and laser therapy. 
Embolization therapy may be utilized to control heart failure 
symptoms. This therapy is most often used for hepatic heman- 
giomas as they have a higher incidence of CHF (216). (Fig. 33.1) 

In contrast to hemangiomas, vascular malformations do 
not generally resolve spontaneously and treatment is less con- 
troversial. Laser treatment, embolization therapy, and surgi- 
cal excision have all been used and the choice depends on the 
location and extent of the malformation. Low-flow capillary 
and venous malformations can be addressed with laser ther- 
apy, whereas surgery may be indicated in lymphatic malfor- 
mations. Transcatheter embolization therapy is indicated in 
high-flow, arterial or arteriovenous malformations. 


ACKNOWLEDGMENTS 


We would like to thank our colleagues Mark A. Fogel, M.D., 
Matthew Harris, M.D., and Kevin Whitehead, M.D., Ph.D. for 
their contribution of many of the 3-D shaded surface displays 
from MRI; Marc Keller, MD for angiogram and MR images in 
Figure 33.23; Anne Marie Cahill, M.D. for chest radiograph, 
MRI, and angiograms in Figure 33.26; and William M. Gottli- 
ebson, MD, MS, Division of Cardiology, Cincinnati Children’s 
Hospital Medical Center for the 3-D CT image in Figure 33.16C. 


REFERENCES 

1. Hunauld F. Examen de quelques parties d’un singe. Hist Acad roy d sc 
1735;2:516-523. 

2. Hommel W. Commercium literarium norimbergae. Hebdom 1737;21:162. 

3. Fioratti G, Aglietti F. Osservazione anatomica. Saggi scientif e litter ari 
delVacad di Padova 1763;1:69-72. 

4. Steidele RJ. Sammlg verschiedner in der chirurg prakt. Lehrschule Gemahlen 
Beob 1777;2:114-11 6. 

5. Bayford D. An account of a singular case of obstructed deglutition. Mem 
Med Soc London 1794;2:275-28 6. 

6. Gross RE. Surgical relief for tracheal obstruction from a vascular ring. N 
Engl J Med 1945;233:586-590. 

7. Merrill DL, Webster CA, Samson PC. Congential absence of the aortic isth- 
mus. J Thorac Surg 1957;33:311-320. 

8. Burke RP, Chang AC. Video-assisted thoracoscopic division of a vascu- 
lar ring in an infant: a new operative technique. } Cardiac Surg 1993;8: 
537-540. 

9. Koontz CS, Bhatia A, Forbess J, et al. Video-assisted thoracoscopic division 
of vascular rings in pediatric patients. Am Surg 2005;71;289-291. 

10. Mihaljevic T, Cannon JW, del Nido PJ. Robotically assisted division of a 
vascular ring in children. J Thorac Cardiovasc Surg 2003;125:1163— 1164. 

11. Kuratani S, Kirby ML. Initial migration and distribution of the cardiac neu- 
ral crest in the avian embryo: an introduction to the concept of the circum- 
pharyngeal crest. Am J Anat 1991;191:215-227. 

12. Momma K. Cardiovascular anomalies associated with chromosome 22ql 1 .2 
deletion syndrome. [Review] [97 refs]. Am J Cardiol 2010;105:1617-1624. 

13. Congdon ED. Transformation of the aortic-arch system during the develop- 
ment of the human embryo. Contrib Embryol 1922;14:47-110. 

14. Edwards JE. Anomalies of the derivatives of the aortic arch system. Med 
Clin North Am 1948;32:925-949. 

15. Stewart JR, Kincaid OW, Edwards JE. An Atlas of Vascular Rings and 
Related Malformations of the Aortic Arch System . Springfield, IL: Charles 
C. Thomas, 1964. 

16. Ramaswamy P, Lytrivi ID, Thanjan MT, et al. Frequency of aberrant subcla- 
vian artery, arch laterality, and associated intracardiac anomalies detected 
by echocardiography. Am J Cardiol 2008;101:677-682. 


17. Bronshtein M, Lorber A, Berant M, et al. Sonographic diagnosis of fetal 
vascular rings in early pregnancy. Am J Cardiol 1998;81:101-103. 

18. Achiron R, Rotstein Z, Heggesh J, et al. Anomalies of the fetal aortic arch: 
a novel sonographic approach to in-utero diagnosis. Ultrasound Obstet 
Gynecol 2002;20:553-557. 

19. Yoo SJ, Mm JY, Lee YH, et al. Fetal sonographic diagnosis of aortic arch 
anomalies. Ultrasound Obstet Gynecol 2003;22:535-546. 

20. Galindo A, Nieto O, Nieto MT, et al. Prenatal diagnosis of right aortic arch: 
associated findings, pregnancy outcome, and clinical significance of vascular 
rings. Prenat Diagn 2009;29:975-981. 

21. Wilson DI, Burn J, Scambler P, et al. DiGeorge syndrome: part of CATCH 

22. / Med Genet 1993;30:852-856. 

22. Goldmuntz E, Clark BJ, Mitchell LE, et al. Frequency of 22qll deletions in 
patients with conotruncal defects. / Am Coll Cardiol 1998;32:492-498. 

23. McElhinney DB, Clark BJ III, Weinberg PM, et al. Association of chromo- 
some 22qll deletion with isolated anomalies of aortic arch laterality and 
branching. J Am Coll Cardiol 2001;37:2114-2119. 

24. Rauch R, Rauch A, Koch A, et al. Laterality of the aortic arch and anoma- 
lies of the subclavian artery-reliable indicators for 22qll.2 deletion syn- 
dromes? Eur J Pediat 2004;163:642-645. 

25. Rauch R, Rauch A, Koch A, et al. Cervical origin of the subclavian artery as 
a specific marker for monosomy 22qll. Am J Cardiol 2002;89:481-484. 

26. Kazuma N, Murakami M, Suzuki Y, et al. Cervical aortic arch associated 
with 22qll.2 deletion. Pediatr Cardiol 1997;18:149-151. 

27. Momma K, Kondo C, Matsuoka R, et al. Cardiac anomalies associated 
with a chromosome 22qll deletion in patients with conotruncal anomaly 
face syndrome. Am J Cardiol 1996;78:591-594. 

28. Molin DG, DeRuiter MC, Wisse LJ, et al. Altered apoptosis pattern during 
phar) ngeal arch artery remodelling is associated with aortic arch malforma- 
tions in Tgfbeta2 knock-out mice. Cardiovasc Res 2002;56:312-322. 

29. Bergwerff M, DeRuiter MC, Hall S, et al. Unique vascular morphology of 
the fourth aortic arches: possible implications for pathogenesis of type-B 
aortic arch interruption and anomalous right subclavian artery. Cardiovasc 
Res 1999;44:185-196. 

30. Clark J. Wheezing child. Clin Pediatr 2008;47:191-198. 

31. Kindler H, Bagger JP, Tait P, et al. A vascular ring without compression: 
double aortic arch presenting as a coincidental finding during cardiac cath- 
eterisation. Heart 2005;91:773. 

32. Stoica SC, Lockowandt U, Coulden R, et al. Double aortic arch masquerad- 
ing as asthma for thirty years. Respiration 2002;69:92-9 5. 

33. Uchida DA. Late presentation of double aortic arch in school-age children 
presumed to have asthma: the benefits of spirometry and examination of the 
flow-volume curve. Respir Care 2009;54:1402-1404. 

34. Tuo G, Volpe P, Bava GL, et al. Prenatal diagnosis and outcome of isolated 
vascular rings. Am J Cardiol 2009;103:416-419. 

35. Edwards JE. An Atlas of Acquired Diseases of the Heart and Great Vessels. 
Philadelphia, PA: WB Saunders, 1961. 

36. Edwards JE. Malformations of the aortic arch system manifested as “vascu- 
lar rings.” Lab Invest 1953;2:56-75. 

37. Goldstein WB. Aberrant right subclavian artery in mongolism. AJR Am 
J Roentgenol 1965;95:131-134. 

38. Tsai IC, Tzeng WS, Lee T, et al. Vertebral and carotid artery anoma- 
lies in patients with aberrant right subclavian arteries. Pediatr Radiol 
2007;37:1007-1012. 

39. Kommerell B. Verlagerung der osophagus durch eine abnorm verlaufende 
arteria subclavia dextra {Arteria lusoria). Fortschr Geb Rontgenstr 
1936;54:590-595. 

40. Whitman G, Stephenson LW, Weinberg P. Vascular ring: left cervical aortic 
arch, right descending aorta, and right ligamentum arteriosum. J Thorac 
Cardiovasc Surg 1982;83:311-315. 

41. Turkvatan A, Pac A, Kiziltepe U, et al. MDCT angiography of isolated right 
subclavian artery. Turk J Pediatr 2010;52:668-672. 

42. Nath PH, Castaneda-Zuniga W, Zollikofer C, et al. Isolation of a subcla- 
vian artery. AJR Am J Roentgenol 1981;137:683— 688. 

43. Paquet M, Williams RL, Paquet M, et al. Origin of the right subclavian 
artery from the right pulmonary artery in a newborn with complete trans- 
position of the great arteries. Can J Cardiol 1994;10:932-934. 

44. Mosieri J, Chintala K, Delius RE, et al. Abnormal origin of the right sub- 
clavian artery from the RPA in a patient with D-transposition of the great 
vessels and left juxtaposition of the right atrial appendage: an unusual ana- 
tomical variant. J Cardiac Surg 2004;19:41-44. 

45. Marin C, Sanchez ML, Fernandez-VelilJa M, et al. MR imaging of isolated 
right subclavian artery. Pediatr Radiol 2008;38:216-219. 

46. Keagy KS, Schall SA, Herrington RT, et al. Selective cyanosis of the right 
arm. Isolation of right subclavian artery from aorta with bilateral ductus 
arteriosus and pulmonary hypertension. Pediatr Cardiol 1982;3:301-303. 

47. Garti IJ, Ay gen MM, Garti IJ, et al. Left aortic arch with congenital isola- 
tion of the right subclavian artery. Pediatr Radiol 1980;9:241-243. 

48. Baudet E, Roques XF, Guibaud JP, et al. Isolation of the right subclavian 
artery. Ann Thorac Surg 1992;53:501-503. 

49. Mathieson JR, Silver SF, Culham JA, et al. Isolation of the right subclavian 
artery. AJR Am J Roentgenol 1988;151:781-782. 

50. Brill CB, Peyster RG, Keller MS, et al. Isolation of the right subclavian 
artery with subclavian steal in a child with Klippel-Feil anomaly: an exam- 
ple of the subclavian artery supply disruption sequence. Am J Med Genet 
1987;26:933-940. 


CHAPTER 33 ■ Aortic Arch and Vascular Anomalies 797 


51. Barger JD, Creasman RW, Edwards JE, et al. Bilateral ductus arterio- 83. 

sus associated with interruption of the aortic arch. Am J Clinic Pathol 
1954;24:441-444. 84. 

52. Kutsche LM, Van Mierop LH. Cervical origin of the right subclavian artery 

in aortic arch interruption: pathogenesis and significance. Am J Cardiol 
1984;53:892-895. 85. 

53. Hastreiter AR, DCruz IA, Cantez T, et al. Right-sided aorta. I. Occurrence 

of right aortic arch in various types of congenital heart disease. II. Right 86. 

aortic arch, right descending aorta, and associated anomalies. Br Heart J 
1966;28:722-739. 87. 

54. Mathew R, Rosenthal A, Fellows K. The significance of right aortic arch in 
D-transposition of the great arteries. Am Heart J 1974;87:314-317. 

55. Ismat FA, Weinberg PM, Rychik J, et al. Right aortic arch and coarctation: 88. 

a rare association. Congenit Heart Dis 2006;1:217-223. 

56. Ming Z, Aimin S. Right aortic arch with coarctation in Chinese children. 89. 

Pediatr Radiol 2008;38:511-517. 

57. Knight L, Edwards JE. Right aortic arch: types and associated cardiac 90. 
anomalies. Circulation 1974;50:1047-1051. 

58. Garti IJ, Aygen MM, Vidne B, et al. Right aortic arch with mirror-image 

branching causing vascular ring: a new classification of the right aortic arch 91. 

patterns. Br J Radiol 1973;46:115-119. 

59. Bethuyne N, Proesmans M, Daenen W, et al. Vertical vascular ring around 

right mainstem bronchus. Eur J Cardiothorac Surg 2007;31:952-954. 92. 

60. Watanabe N, Hayabuchi Y, Inoue M, et al. Tracheal compression due to an 

elongated aortic arch in patients with congenital heart disease: evaluation 93. 

using multidetector-row CT. Pediatr Radiol 2009;39:1048-1053. 

61. Nakahira A, Hirai H, Sasaki Y, et al. Agenesis of the left carotid artery in 94. 

the right aortic arch with Kommerell diverticulum. J Thoracic Cardiovasc 

Surg 2010;140:e5-e7. 95. 

62. Kogon BE, Forbess JM, Wulkan ML, et al. Video-assisted thoracoscopic 

surgery: is it a superior technique for the division of vascular rings in chil- 96. 

dren? Congenit Heart Dis 2007;2:130-133. 

63. Backer CL, Hillman N, Mavroudis C, et al. Resection of Kommerell’s diver- 
ticulum and left subclavian artery transfer for recurrent symptoms after 97. 

vascular ring division. Eur J Cardiothorac Surg 2002;22:64-69. 

64. Austin EH, Wolfe WG, Austin EH, et al. Aneurysm of aberrant subcla- 98. 

vian artery with a review of the literature. [Review] [39 refs]. J Vase Surg 
1985;2:571-577. 99. 

65. Cina CS, Althani H, Pasenau J, et al. Kommerell’s diverticulum and right- 

sided aortic arch: a cohort study and review of the literature. [Review] [47 100. 

refs]. / Vase Surg 2004;39:131-139. 

66. Frigatti P, Grego F, Deriu GP, et al. Hybrid endovascular treatment of aneu- 
rysm degeneration in a rare right-aortic arch anomaly with Kommerell 101. 

diverticulum. / Vase Surg 2009;50:903-906. 

67. Barcudi S, Sanders SP, Di Donato RM, et al. Aberrant left innominate artery 102. 
from the left descending aorta in right aortic arch: echocardiographic diag- 
nosis. J Am Soc Echocardiogr 2010;23:e5-e7. 

68. Ahn KS, Yong HS, Lee JW, et al. Right circumflex retro-oesophageal aor- 103. 

tic arch with coarctation of a high-positioned right arch. Pediatr Radiol 
2007;37:584-586. 104. 

69. Stos B, Adler G, Lebret E, et al. Vascular ring and coarctation of the 

aorta associated with oesophageal atresia. Eur J Cardiothorac Surg 
2008;34:1110. 105. 

70. Knight WB. Hypoplastic right retro-oesophageal aortic arch: similarities to 
interrupted aortic arch. Br Heart J 1989;62:477-481. 

71. Drucker MH, Symbas PN. Right aortic arch with aberrant left subclavian 106. 
artery: symptomatic in adulthood. Am J Surg 1980;139:432-435. 

72. Konstantinov IE, Puga FJ, Konstantinov IE, et al. Surgical treatment of per- 
sistent esophageal compression by an unusual form of right aortic arch. Ann 1 07. 
Thorac Surg 2001;72:2121-2123. 

73. Bleakney CA, Zafar F, Fraser CD, Jr. Circumflex right aortic arch with asso- 
ciated hypoplasia and coarctation: repair by aortic arch advancement and 108. 

end-to-side anastomosis. Ann Thorac Surg 2011;91:624-626. 

74. Hilmes M, Hernandez R, Devaney E. Markedly hypoplastic circumflex 109. 
retroesophageal right aortic arch: MR imaging and surgical implications. 

Pediatr Radiol 2007;37:63-67. 110. 

75. Garti IJ, Aygen MM. Right aortic arch with aberrant left innominate artery. 

Pediatr Radiol 1979;8:48-50. 111. 

76. Luetmer PH, Miller GM. Right aortic arch with isolation of the left sub- 

clavian artery: case report and review of the literature. Mayo Clin Proc 
1990;65:407-113. 112. 

77. Reeves BM, Colen TM, Sheridan BJ, et al. Isolated innominate artery as a 

cause of subclavian steal and cerebral hemisphere atrophy. Pediatric Cardiol 113. 
2010;31:1083-1085. 

78. Ming Z, Qian W. An isolated left subclavian artery supplied by a collateral 114. 
artery from the abdominal aorta. Pediatr Radiol 2009;39:857-859. 

79. Manner J, Seidl W, Steding G, et al. The formal pathogenesis of isolated 

common carotid or innominate arteries: the concept of malseptation of the 115. 

aortic sac. Anat Embryol 1997;196:435— 145. 

80. Killen DA, Battersby EJ, Klatte EC. Subclavian steal syndrome due to anom- 116. 
alous isolation of the left subclavian artery. Arch Surg 1972;104:342-344. 

81. Shuford WH, Sybers RG, Schlant RC. Subclavian steal syndrome in 

right aortic arch with isolation of the left subclavian artery. Am Heart J 117. 
1971;82:98-104. 

82. Konstantinov IE, Saxena P, d’Udekem Y, et al. Isolated subclavian artery: 118. 

anatomical and surgical considerations. Ann Thorac Surg 2009;88: 
1685-1687. 


Haughton VM, Fellows KE, Rosenbaum AE. The cervical aortic arches. 
Radiology 1975;114:675-681. 

Kveselis DA, Snider AR, Dick M, et al. Echocardiographic diagnosis of 
right aortic arch with a retroesophageal segment and left descending aorta. 
Am J Cardiol 1986;57:1198-1199. 

Tiraboschi R, Crupi G, Locatelli G, et al. Cervical aortic arch with aortic 
obstruction: report of two cases. Thorax 1980;35:26-30. 

Mullins CE, Gillette PC, McNamara DG. The complex of cervical aortic 
arch. Pediatrics 1973;51:210-215. 

Harley HR. Development and anomalies of aortic arch and its branches 
with report of case of right cervical aortic arch and intrathoracic vascular 
ring. Br J Surg 1956;46:561-573. 

Kumar A, McCombs JL, Sapire DW, et al. Deletions in chromosome 
22qll region in cervical aortic arch. Am J Cardiol 1997;79:388-390. 
Beaven TED, Fatti L. Ligature of aortic arch in the neck. Br J Surg 
1947;34:414-116. 

Cooley DA, Mullins CE, Gooch JB. Aneurysm of right-sided cervical 
arch: surgical removal and graft replacement. / Thorac Cardiovasc Surg 
1976;72:106-108. 

Hellenbrand WE, Kelley MJ, Talner NS, et al. Cervical aortic arch with 
retroesophageal aortic obstruction: report of a case with successful surgi- 
cal intervention. Ann Thorac Surg 1978;26:86-92. 

Burrows PE, Moes CA, Freedom RM. Double aortic arch with atretic right 
dorsal segment. Pediatr Cardiol 1986;6:331-334. 

Han MT, Hall DG, Manche A et al. Double aortic arch causing tracheoe- 
sophageal compression. Am J Surg 1993;165:628-631. 

Higashino SM, Ruttenberg HD. Double aortic arch associated with com- 
plete transposition of the great vessels. Br Heart J 1968;30:579-581. 

Cui W, Patel D, Husayni TS, et al. Double aortic arch and d-transposition 
of the great arteries. [Review] [9 refs]. Echocardiography 2008;25:91-95. 
Goldberg DJ, Glatz J, Weinberg PM, et al. A novel case of L-transposition 
with a right-dominant double aortic arch. Congenit Heart Dis 2009;4: 
278-280. 

Ettedgui JA, Lorber A, Anderson D. Double aortic arch associated with 
coarctation. Int J Cardiol 1986;12:258-260. 

Singer SJ, Fellows KE, Jonas RA. Double aortic arch with bilateral coarc- 
tations. Am J Cardiol 1988;61:196-197. 

Cornali M, Reginato E, Azzolina G. Cervical aortic arch and a new type of 
double aortic arch: report of a case. Br Heart ] 1976;38:993-996. 

Kron IL, Mappin G, Nolan SP, et al. Symptomatic double aortic arch caus- 
ing tracheal and esophageal compression in the adult. Ann Thorac Surg 
1987;43:105-106. 

Higuchi S, Takahashi T, Yamasaki Y, et al. Complete vascular ring with 
aortic dissection in an octogenarian. Intern Med 2010;49:1043. 

Shum DJ, Clifton MS, Coakley FV, et al. Prenatal tracheal obstruction due 
to double aortic arch: a potential mimic of congenital high airway obstruc- 
tion syndrome. AJR Am J Roentgenol 2007;188:W82-W 85. 

Raju S, Ratliff J, Timmis H, et al. “Internal coarctation” associated with 
double aortic arch. J Thorac Cardiovasc Surg 1973;66:192-195. 

Enderlein MA, Silverman NH, Stanger P, et al. Usefulness of suprasternal 
notch echocardiography for diagnosis of double aortic arch. Am J Cardiol 
1986;57:359-361. 

Sahn DJ, Valdes Cruz LM, Ovitt TW, et al. Two dimensional echocardiog- 
raphy and intravenous digital video subtraction angiography for diagnosis 
and evaluation of double aortic arch. Am J Cardiol 1982;50:342-346. 
Kan MN, Nanda NC, Stopa AR. Diagnosis of double aortic arch by cross 
sectional echocardiography with Doppler colour flow mapping. Br Heart 
J 1987;58:284-286. 

Johnson TR, Goldmuntz E, McDonald-McGinn DM, et al. Cardiac mag- 
netic resonance imaging for accurate diagnosis of aortic arch anomalies in 
patients with 22qll.2 deletion. Am J Cardiol 2005;96:1726-1730. 

Van Praagh R, Van Praagh S. Persistent fifth arterial arch in man: congeni- 
tal double-lumen aortic arch. Am J Cardiol 1969;24:279— 282. 

Santoro G, Caianiello G, Palladino MT, et al. Aortic coarctation with per- 
sistent fifth left aortic arch. Int J Cardiol 2009;136:e33-e34. 

Gerlis LM, Dickinson DF, Wilson N, et al. Persistent fifth aortic arch: a report 
of two new cases and a review of the literature. Int J Cardiol 1987;16:185-192. 
Geva T, Ray RA, Santini F, et al. Asymptomatic persistent fifth aortic 
arch (congenital double- lumen aortic arch) in an adult. Am J Cardiol 
1990;65:1406-1407. 

Yang SG, Fogel MA, Stephens P Jr, et al. Noninvasive imaging of isolated 
persistent fifth aortic arch. Pediatr Cardiol 2003;24:179-181. 

Celoria GC, Patton RB. Congenital absence of the aortic arch. Am Heart J 
1959;58:407-113. 

Oppenheimer Dekker A, Gittenberger de Groot AC, Roozendaal H. The 
ductus arterious and associated cardiac anomalies in interruption of the 
aortic arch. Pediatr Cardiol 1982;2:185-193. 

Moerman P, Dumoulin M, Lauweryns J, et al. Interrupted right aortic arch 
in DiGeorge syndrome. Br Heart J 1987;58:274-278. 

Braunlin E, Peoples WM, Freedom RM, et al. Interruption of the aortic 
arch with aorticopulmonary septal defect: an anatomic review. Pediatr 
Cardiol 1982;3:329-335. 

Van Praagh R, Bernhard WF, Rosenthal A, et al. Interrupted aortic arch: 
surgical treatment. Am J Cardiol 1971;27:200-211. 

Van Mierop LH, Kutsche LM. Cardiovascular anomalies in DiGeorge syn- 
drome and importance of neural crest as a possible pathogenetic factor. 
Am J Cardiol 1986;58:133-137. 


798 SECTION VI ■ Congenital Cardiovascular Malformations 


119. Smallhorn JF, Anderson RH, Macartney FJ. Cross-sectional echocardio- 
graphic recognition of interruption of aortic arch between left carotid and 
subclavian arteries. Br Heart J 1982;48:229-235. 

120. Riggs TW, Berry TE, Aziz KU, et al. Two-dimensional echocardiographic fea- 
tures of interruption of the aortic arch. Am J Cardiol 1982;50:1385-1390. 

121. Yasui H, Kado H, Nakano E, et al. Primary repair of interrupted aor- 
tic arch and severe aortic stenosis in neonates. J Thorac Cardiovasc Surg 
1987;93:539-545. 

122. Rychik J, Murdison KA, Chin AJ, et al. Surgical management of severe 
aortic outflow obstruction in lesions other than the hypoplastic left heart 
syndrome: use of a pulmonary artery to aorta anastomosis. J Am Coll 
Cardiol 1991;18:809-816. 

123. Norwood WI, Lang P, Castaneda AR, et al. Reparative operations for 
interrupted aortic arch with ventricular septal defect. ] Thorac Cardiovasc 
Surg 1983;86:832-837. 

124. Kutsche LM, Van Mierop LH. Anomalous origin of a pulmonary artery 
from the ascending aorta: associated anomalies and pathogenesis. Am J 
Cardiol 1988;61:850-856. 


125. Contro S, Miller RA, White H, et al. Bronchial obstruction due to pulmo- 
nary artery anomalies. I. vascular sling. Circulation 1958;17:418-423. 

126. Berdon WE, Baker DH, Wung JT, et al. Complete cartilage-ring tracheal 
stenosis associated with anomalous left pulmonary artery: the ring-sling 
complex. Radiology 1984;152:57-64. 

127. Murdison KA, Weinberg PM. Tetralogy of Fallot with severe pulmonary 
valvar stenosis and pulmonary vascular sling (anomalous origin of left pul- 
monary artery from right pulmonary artery): a case report. Pediatr Cardiol 
1991;12:189-191. 

128. Oppido G, Pace NC, Gargiulo G. Neonatal right lung emphysema due to 
pulmonary artery sling. Pediatr Cardiol 2008;29:469-470. 

129. Jonas RA, Spevak PJ, McGill T, et al. Pulmonary artery sling: pri- 
mary repair by tracheal resection in infancy. J Thorac Cardiovasc Surg 
1989;97:548-550. 

130. Fearon B, Shortreed R. Tracheo-bronchial compression by congeni- 
tal cardiovascular anomalies in children. Ann Otol Rhinol Laryngol 
1963;72:949-969. 



INTRODUCTION 


Progressive aortic root dilation has been reported in a number 
of congenital heart defects, both repaired and unrepaired (1). 
Following extensive research in this field in the past decades, 
the thoracic aortic wall is no longer considered as a simple 
tube but rather a highly sophisticated structure responsive to 
local hemodynamic changes (2). Inherited connective tissue 
disorders, such as Marfan disease and bicuspid aortic valve 
(BAV), have served as aortopathy models, both in terms of 
pathogenesis and medical management. However, similar aor- 
tic wall abnormalities have been reported in a wider range 
of disparate congenital heart defects, including coarctation of 
the aorta, tetralogy of Fallot (TOF), and complete transposi- 
tion of the great arteries (TGA) (Table 34.1). Aortic dilation 
is usually silent but may produce symptoms of acute aortic 
dissection or rupture as aneurysm formation progresses. Thus, 
early identification of aortopathy is important for appropri- 
ate follow-up and timely intervention. As life expectancy of 
patients with congenital heart disease (CHD) increases, sev- 
eral cardiovascular risk factors superimpose on inherent wall 
abnormalities, and may increase the incidence of aortic com- 
plications. The following sections review the most prevalent 
CHD lesions associated with aortic root abnormalities and the 
underlying pathology, diagnostic evaluations, and treatment 
options. 


MARFAN SYNDROME 


Marfan syndrome (MFS) is a heritable connective tissue dis- 
order resulting from mutations in the fibrillin- 1 (FBN1) gene 
located on chromosome 15 (15q21.1). The estimated preva- 
lence of MFS is 1 in 5,000 to 10,000 live births, affecting both 
sexes equally (3). Up to 95% of individuals fulfilling the clini- 
cal criteria for MFS have a FBN1 mutation (4). Approximately 
a quarter of affected individuals have de novo mutations, with 
absence of family history of the disease. MFS has an autoso- 
mal dominant pattern of inheritance with a high penetrance, 
affecting almost all allele carriers, but marked phenotypic 
variability. The syndrome has several manifestations from the 
skin and the skeletal, cardiovascular, and ocular systems and is 
considered a prototype model for aortic pathology; practically 
all affected patients present with aortic dilation or dissection 
during their lifetime (5). Underlying histologic abnormalities 
of the aneurysmal aortic wall have been described applying 
the term “cystic medial necrosis,” characterized by elastic 
fiber fragmentation, noninflammatory loss of vascular smooth 
muscle cells (VSMCs), and accumulation of basophilic ground 
substance within cell-depleted areas in the aortic media (3). 
However, as described later, these changes are not unique to 
MFS but can be found in other causes of nonsyndromic tho- 
racic aortic aneurysms (TAA) (6). 


Despite the identified causative role of FBN1 mutations, the 
exact sequence of molecular changes leading to MFS continues 
to be under investigation. FBN1 is a main structural compo- 
nent of the extracellular microfibrillar network that connects 
VSMCs to the surrounding elastic fibers, facilitating tissue 
elasticity (7). At present, more than 1,000 mutations have 
been described in the FBN1 gene without a clear genotype- 
phenotype association (3). Mutations in exons 24-32 may be 
indicators of earlier onset of morbidity in MFS although the 
latter were not associated with a higher risk of aortic dissection 
in patients with aortic dilation (8). Due to the established weak- 
ness of connective tissue, early theories on the pathogenesis of 
MFS focused on the structural properties of FBN1. A dominant 
negative effect was initially suggested, where the mutant allele 
gives rise to abnormal FBN1 that in turn disrupts the assem- 
bly of normal fibrillin polymers (9,10). However, a different 
study in transgenic mice has exhibited that the mutated protein 
participates in productive microfibrillar formation (8). Moreo- 
ver, the addition of a normal allele in the same animal model 
rescued the aortic phenotype, highlighting the contribution of 
haploinsufficiency to the disease (11). This raises the possibility 
that the normal aortic wall lamellar structure can be restored. 

More recently, the importance of transforming growth 
factor beta (TGFp) in the pathogenesis of MFS has emerged. 
The TGFp family of cytokines plays a central role in vascu- 
lar remodeling and aneurysm formation (2). Mouse models 
of the disease have shed light on the regulatory functions of 
fibrillin 1, which controls the bioavailability of TGFp by bind- 
ing a latent form of the cytokine. Excessive TGFp signaling 
has been shown to play a causal role in aortic root enlarge- 
ment, mitral valve abnormalities, and emphysema associated 
with MFS (12-14). More importantly, the administration of 
TGFp-neutralizing antibody has led to reversal of the above 
manifestations (3). The general mechanistic hypothesis for the 
above findings is that fibrillin 1 deficiency makes sequestered 
TGFp more accessible to activation, although mutated forms 
of the protein can also stimulate TGFp release (15). The sig- 
nificance of the TGFp pathway was confirmed with the discov- 
ery of a second locus for MFS, termed as Marfan syndrome 
type II (MFS2), associated with mutations in the transforming 
growth factor-beta type II receptor (TGFBR2) (16). Overall, it 
is hypothesized that FBN1 deficiency results in altered homeo- 
stasis of the extracellular matrix and subsequent increase of 
TGFp activity. The exact sequence of succeeding mechanisms 
leading to aortic wall degeneration remains elusive. However, 
it has been established that increased elastolysis occurs, with 
activation of matrix metalloproteinases (MMP-2 and MMP-9), 
apoptosis of VSMC, and abnormal cell migration (17). 

Diagnosis 

The diagnosis of MFS is largely based on clinical grounds. Due 
to the wide range of clinical manifestations, a multidiscipli- 
nary approach is required. A definite diagnosis can be made 
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TABLE 34.1 


Commonest Congenital Heart Disease Lesions Associated with Aortic Root Abnormalities 


Recommendations for 

Heart Defect Location of AoD Incidence of AoD Incidence of Dissection Ao Replacement 


MFS 

Sinuses of Valsalva 
(typical location) 

■ 35% by 5 y (24) 

■ 68% by 19 y (24) 

■ 4.3% in childhood (26) 

■ 20% in adolescence (26) 

■ >50 mm 

■ accelerated aortic growth (>10 mm/y) 

■ Development of aortic regurgitation 

■ Need for mitral valve surgery 

BAV 

Ao root and 
ascending aorta 

<19 y, isolated BAV (64) 

■ 12% marked AoD 

■ 25% moderate AoD 

■ Case reports in 
adolescents (65) 

■ >50 mm 

■ accelerated aortic growth (>10 mm/y) 

■ Need for aortic valve surgery with 

AoD >45 mm 

TOF 

Ao root and 
ascending aorta 

<19 y, repaired TOF (89) 

■ 87% at sinus of 
Valsalva 

■ 63% at ascending 
aorta 

■ two case reports in 
adults with repaired TOF 
(84,85) 

■ > 55 mm, especially when there is 
an indication for pulmonary valve 
implantation 

■ Development of aortic regurgitation 
with AoD > 50 mm 

CoA 

Ascending aorta 
and site of previous 
surgical repair 

Pediatric and adult 
population (100) 

■ 9% after surgical 
repair 

Pediatric and adult 
population (100) 

■ <1% after surgical repair 

■ ~50 mm 

■ Accelerated aortic growth (>10 mm/y) 

■ Development of aortic regurgitation 

Arterial switch 

Neoaortic root 
dilation 

■ 33.4% after surgical 
repair (106) 

■ No reports 

■ Severe neoaortic root dilation (>55 mm) 


Ao, aortic; AoD, aortic dilation, BAV, bicuspid aortic valve; CoA, coarctation of the aorta; TOF, Tetralogy of Fallot. 




Revised Ghent Nosology for the Diagnosis of Marfan Syndrome 


Revised Ghent Criteria for the Diagnosis of Marfan Syndrome (19) 

In the Absence of Family History of MFS: In the Presence of Family History of MFS: 

(1) Ao (z> 2) and ectopia lentis (5) Ectopia lentis 

(2) Ao (z> 2) and FBN1 mutation (6) Systemic features (>7 points) * 1 2 3 4 

(3) Ao (z> 2) and systemic features (>7 points) 3 (7) Ao (z> 2 above 20 y old, > 3 below 20 y old) 

(4) Ectopia lentis and FBN1 mutation previously associated with 

aortic root aneurysm/dissection __ 

a New Scoring of Systemic Features (>7 Points Indicates Systemic Involvement): 

■ Wrist and thumb sign — 3 (wrist or thumb sign — 1 ) 

■ Pectus carinatum deformity — 2 (pectus excavatum or chest asymmetry — 1) 

■ Hindfoot deformity — 2 (plain pes planus — 1) 

■ Pneumothorax — 2 

■ Dural ectasia — 2 

■ Protrusio acetabuli — 2 

■ Reduced upper segment/lower segment ratio and increased arm/height and no severe scoliosis — 1 

■ Scoliosis or thoracolumbar kyphosis — 1 

■ Reduced elbow extension — 1 

■ Facial features (3/5) — 1 (dolichocephaly, enophthalmos, downslanting palpebral fissures, malar hypoplasia, retrognathia) 

■ Skin striae — 1 

■ Myopia >3 diopters — 1 

■ Mitral valve prolapse (all types) — 1 

Special Considerations for Young Individuals (<20 y old): 

(1) Use term "nonspecific connective tissue disorder" in sporadic cases with insufficient systemic features (<7 points) and/or borderline 
aortic root measurements (z < 3) without FBN1 mutation, until follow-up echocardiographic evaluation shows aortic root dilation (z> 3) 

(2) Use term "potential MFS" in sporadic or familial cases with a FBN1 mutation and Ao z< 3, until the aorta reaches threshold 

(3) Neonatal MFS is not considered as a separate category, but represents the severe end of the MFS spectrum 

Ao, aortic diameter at the sinuses of Valsalva above indicated z-score or aortic root dissection; FBN1, fibrillin-1 gene mutation; MFS, Marfan syndrome; z, z-score. 
a New scoring of systemic features. 

Modified from Loeys BL, Dietz HC, Braverman AC, et al. The revised Ghent nosology for the Marfan syndrome. J Med Genet 201 0;47 476-485. 
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applying the Ghent criteria, which are based on demonstration 
of symptoms from different organ systems and family his- 
tory of MFS (3). However, Ghent nosology cannot exclude 
MFS in children, due to the variability in onset and severity 
of symptoms in this age group (18). Consequently, long-term 
follow-up is required in younger patients before a diagnosis 
can be established. Recently, an international expert board has 
published a revised Ghent nosology, in which aortic root aneu- 
rysm and ectopia lends are the cardinal features of MFS with 
a new scoring system for other systemic features of the disease 
(19) (Table 34.2). Genetic screening can be adjunctive to clini- 
cal evaluation, in cases with suspected MFS or where other 
family members carry an identified causal mutation. However, 
FBN1 mutations are not specific to MFS and can be found in 
a wide range of phenotypes including mitral valve, aorta, skel- 
eton, and skin (MASS) syndrome; familial mitral valve pro- 
lapse; and familial ectopia lends (16). Mutations in TGFBR2 
can be found in up to 21% of MFS patients who are FBN1 
negative (20,21). Conversely, the above type of the disorder, 
termed as MFS type 2, has a phenotype overlapping with that 
of Loeys-Dietz syndrome, a dominant disease that is similar 
to MFS, but patients have bifid uvula and widely spaced eyes, 
and some have cleft palate (5). The presence of ectopia lends, 
which is absent in the latter, can be useful in the differential 
diagnosis between the two syndromes (22). 

The most characteristic and troublesome features of MFS 
involve the cardiovascular system and include TAA forma- 
tion, aortic regurgitation owing to an enlarged aortic root, 
and mitral valve prolapse (5). Aortic enlargement is typically 
located at the level of sinuses of Valsalva and may eventu- 
ally extend to the sinotubular junction and proximal ascend- 
ing aorta (Fig. 34. IB) (23). Approximately 35% of MFS 
patients develop aortic root dilation by the age of 5 years 
and 68% by the age of 19 years (24). Dilation is progres- 
sive although its rate is unpredictable and can vary even in 
the same patient (25). The incidence of serious cardiovascu- 
lar complications, including aortic dissection or rupture, has 
been estimated to be around 4.3% in childhood with a rise to 
approximately 20% in adolescence (26). Aortic regurgitation 
may develop in 15% to 44% of MFS patients during child- 
hood and adolescence, and has been strongly associated with 
acute cardiovascular events (27). Additional predictors of aor- 
tic complications include younger age at presentation and a 
family history of severe aortic disease (26). Patients diagnosed 
with MFS during childhood have significantly fewer adverse 
cardiac events compared to those diagnosed during adult- 
hood, highlighting the importance of early identification of 
the disease (28). 

Following diagnosis of MFS, an echocardiogram is recom- 
mended at 6-month intervals to assess the progression of aor- 
tic disease. If measurements remain stable, echocardiographic 
follow-up can be performed on an annual basis (5). How- 
ever, those guidelines refer to adult patients, and it has been 
suggested that younger patients should be monitored every 
6 months, particularly during accelerated growth phases 
(29). Children who do not meet the full diagnostic criteria 
of the disease should be screened at least every 5 years until 
they reach adulthood (29). Baseline echocardiographic imag- 
ing requires diameter measurement at the level of the sinuses 
of Valsalva, which is the typical affected aortic segment in 
MFS. Of note, aortic root diameters should be indexed to 
age and body surface area (30). It has been suggested that an 
adjusted nomogram with higher upper limits should be used 
for the diagnosis of aortic dilation in children with MFS, as 
they tend to be taller compared to their peers (31). In the 
instance of poor echocardiographic windows, magnetic reso- 
nance imaging (MRI) or computed tomography (CT) angio- 
grams should be performed (Fig. 34. 2A). Importantly, both 
of the above modalities measure external diameter, which is 


Different patterns of aortopathy in CHD 





a. Normal 


b. Marfan 



c. Stenotic BAV d. Late after TOF repair 

Figure 34.1. Different patterns of aortopathy seen in congeni- 
tal heart disease (CHD). A: Anterior view of a normal aortic 
root, ascending aorta, and aortic arch. B: Typical location of 
aortic dilation at the level of sinuses of Valsalva in patients 
with Marfan syndrome. C: Asymmetric pattern of ascending 
aortic dilation encountered in stenotic bicuspid aortic valve 
(BAV) disease. D: Uniform dilation of aortic root and ascend- 
ing aorta following repair of Tetralogy of Fallot (TOF). 


0.2 to 0.4 cm higher compared to the internal diameter meas- 
ured by echocardiography (5). Precise measurements are dif- 
ficult due to movement of the ascending aorta in three planes 
and the difficulty of obtaining a true cross-sectional diameter 
of the aorta. Therefore, recommendations in asymptomatic 
patients based on diameter values in guidelines should be 
made with caution. 

Routine CT or MRI imaging of the entire thoracic aorta is 
recommended in patients who present with descending aortic 
dilation, with type B aortic dissection, or following ascend- 
ing aortic aneurysm repair (32). The vast majority of MFS 
patients present with dilation of the ascending aorta or type 
A dissection (5). However, in a smaller subset of patients, 
the disease initially involves the distal thoracic aorta with 
reported poor outcomes in cases of acute type B aortic dis- 
section (33). Moreover, up to 52.6% of MFS patients who 
underwent initial repair of the ascending aorta had subse- 
quent vascular procedures involving portions of their descend- 
ing thoracic aortas (34), prompting comprehensive imaging 
follow-up. Increased regional wall stiffness assessed by MRI 
may be an additional marker for extensive screening, as it has 
been shown to be a predictor of progressive descending aortic 
dilation in MFS (35). 
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Figure 34.2. Magnetic resonance 
images of different types of aortic 
dilation. A: Still frame from steady- 
state free precession image showing 
the “pear-shaped” aortic dilation seen 
in Marfan syndrome. A jet of mild 
aortic regurgitation is seen. B: Jet 
lesion directed to the anterior-lateral 
portion of the ascending aorta in a 
stenotic bicuspid aortic valve with 
asymmetrical dilation of the vessel 
wall at the same level. C: Dilation 
of the aortic root extending to the 
sinotubular junction and proximal 
ascending aorta in a patient with 
repaired Tetralogy of Fallot. 



Therapy 

Both medical and surgical treatments have substantially 
increased life expectancy in MFS, extending it up to 70 years 
compared to 40 years in the 1970s (34). Conservative treat- 
ment consists of use of /3-blockers and exercise limitation, 
with an aim to reduce arterial stress in MFS. Beta-blockade 
may be initiated at the time of diagnosis or in the presence of 
significant aortic dilation (32). Dosage must be closely moni- 
tored during accelerated growth phases and adjusted in case 
of adverse effects, such as asthma aggravation. If not well tol- 
erated, medical treatment can be substituted with a calcium 
channel blocker. A protective effect of both agents has been 
reported on aortic growth rate in children and adolescents 
with MFS (36). Recently, in a pilot study including 18 chil- 
dren with MFS, the use of angiotensin II-receptor blockers 
(ARBs) significantly slowed the rate of progressive aortic 
root dilation (37). However, these data are preliminary, and 
the efficacy of ARB therapy in MFS is being investigated by 
two ongoing prospective randomized trials: one in the United 
States, coordinated by the Pediatric Heart Network of the 
National Heart Lung and Blood Institute (NHLBI), and the 
other in Europe, run by the Clinical Trials and Evaluation 
Unit (CTEU) of the Royal Brompton and Harefield National 
Health Service (NHS) Foundation Trust (38,39). Despite long- 
term treatment, major cardiovascular complications may still 
develop (36). Therefore, pharmacologic therapy can be used 
to delay surgical treatment in affected children, but the need 
for close follow-up is fundamental. Avoidance of maximal and 
isometric exertion is also recommended, although exercise 
restrictions may not always be applicable in younger children. 
An American Heart Association consensus document pub- 
lished in 2004 offers recommendations for physical activity in 
young patients with genetic cardiovascular diseases, including 
MFS (40). 


Surgery for aortic root aneurysm in children with MFS 
has been reported to be safe with good long-term results (41). 
If the aortic valve is affected, a composite replacement of the 
valve and ascending aorta is performed. In cases with no sub- 
stantial aortic valve disease, valve-sparing techniques can be 
applied, including remodeling of the aortic root or reimplan- 
tation of the aortic valve (Fig. 34.3). Creation of neoaortic 
sinuses in the reimplantation technique is thought to enhance 
the durability of repair in MFS (42). Current recommenda- 
tions for elective aortic root surgery in adults with MFS are 
based on the positive correlation between aortic diameters and 
risk of dissection. Nonetheless, there is a lack of similar data in 
children owing to the rarity of aortic complications in this age 
group. Due to the absence of general consensus in the pediatric 
population, most centers advise prophylactic surgery using the 
diameter criterion for adults ( — 5 0 mm) but also take into con- 
sideration the presence of accelerated aortic growth (>10 mm/ 
year), development of aortic regurgitation, or need for mitral 
valve surgery (29). Following aortic root surgery, close follow- 
up and continuation of medical therapy is necessary, since 
distal segments of the aorta may also be affected (32). 


BICUSPID AORTIC VALVE 

BAV is the commonest congenital cardiac malformation with 
a prevalence of 0.5% to 2% (44,45). The term BAV has been 
used to describe a broad spectrum of malformations, includ- 
ing “true” BAV, denoting the presence of two fully developed 
valve leaflets, and “functional” BAV, with presence of three 
leaflets, two of which have been fused together. The disease is 
a heritable condition with familial studies demonstrating the 
occurrence of a BAV in approximately 9% of first-degree rela- 
tives of affected individuals (46). In some instances, the pattern 



CHAPTER 34 ■ Abnormalities of the Aortic Root 803 





a. Bentall b. Remodeling c Reimplantation 

Figure 34.3. A: Bentall procedure, composite graft replacement of the aortic valve and the ascending aorta. 
The aortic cusps and sinuses are excised completely. A valved conduit is sutured to the aortic annulus, and the 
coronary arteries are reimplanted into the graft. B: Aortic root replacement with remodeling of the aortic root. 
A tubular Dacron graft is used with the proximal end tailored to reconstruct the aortic sinuses. The coronary 
arteries are reimplanted into their respective neoaortic sinuses. C: Aortic root replacement with reimplantation of 
the aortic valve. The aortic sinuses are excised leaving a trim of aortic tissue attached to the aortic annulus and 
around the coronary artery orifices. The aortic valve is reimplanted inside a tubular Dacron graft using two suture 
lines, one below and one above the aortic annulus. The coronary arteries are reimplanted into their respective 
aortic sinuses, and the graft is anastomosed to the distal ascending aorta. (Mulder BJ, Webb GD. Marfan syn- 
drome: a cardiovascular perspective. In: Gatzoulis MA, Webb GD, Daubeney P, eds. Diagnosis and Management 
of Adult Congenital Heart Disease. 2nd ed. Philadelphia, PA: Elsevier, Ref. 43). 


of inheritance is autosomal dominant with variable penetrance 
and a male/female ratio of 3:1 (46,47). Development of a bile- 
aflet aortic valve predisposes to several complications, includ- 
ing valvular dysfunction and infective endocarditis (48-51). 
Moreover, BAV is associated with structural pathologies of the 
aortic wall, including coarctation of the aorta, dilation of the 
ascending aorta, and TAA formation (52,53). As a result, BAV 
is considered as a continuum of a disease process affecting the 
entire aortic root and ascending aorta (54). Despite the lower 
incidence of aortic dissection compared to MFS (5% vs. 40%), 


BAV disease is overall responsible for a larger number of dis- 
sections due to its higher prevalence (47). 

The pathogenesis of vessel wall remodeling leading to aor- 
tic dilation in patients with BAV remains unclear and may be 
related to mechanical responses to local hemodynamics or to 
intrinsic structural abnormalities of the aortic wall. The latter 
is supported by evidence of cystic medial necrosis in the aortic 
media of BAV patients (Fig. 34.4). Fedak et al. (7) have pro- 
posed a defect of FBN1 synthesis as the culprit lesion for aneu- 
rysm development, having observed a reduction of expression 



Figure 34.4. Histologic abnormalities in the aortic wall of patients with congenital heart disease. Image (A) is 
from a normal aorta and (B) from a patient with a bicuspid aortic valve (BAV): (A) shows normal distribution 
of the elastic lamellae {purple), and (B) shows severe medial wall degeneration with elastic fiber fragmenta- 
tion and accumulation of basophilic ground substance (pink). Both images are stained in elastic van Gieson. 
Magnification x 20. 
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of this protein in the extracellular matrix of dilated aortas with 
BAVs (7). Deficiency of FBN1 leads to detachment of VSMCs 
from elastin and collagen and activation of MMPs, inducing 
accelerated apoptosis. Despite the similar underlying pathol- 
ogy with MFS, BAV patients are negative for mutations in 
the FBN1 gene (55). Notch homolog 1 (NOTCH1) gene may 
have a key role in BAV disease as mutations within this gene 
have been associated with both sporadic and familial BAV 
and TAA as well as increased calcium deposition on the aortic 
valve (56). The NOTCH1 gene encodes a transmembrane pro- 
tein activating a signaling pathway in cardiac embryogenesis, 
involved in the development of the great vessels and the aortic 
and pulmonary valves (56). Mutations in the ACTA-2 gene, 
encoding VSMC a-actin, have been associated with famil- 
ial thoracic aortic aneurysm and dissection (TAAD) disease 
and concomitant BAV (57). Endothelial nitric oxide synthase 
(eNOs) is another candidate gene product, as murine studies 
have exhibited a strong association between eNOs deficiency 
and the development of BAV (58). Finally, an X-linkage has 
been hypothesized due to association of BAV with Turner syn- 
drome (45X0) and the male predominance of the disease (54). 

While structural abnormalities of the aortic wall have been 
identified, local hemodynamic factors may also be operative 
in TAA formation. In vitro experiments have shown that cul- 
tured human endothelial cells respond to different levels of 
wall shear stress (59). Morphologic variations in BAV carry 
different risks of aortic dilation, which could be related to 
their different hemodynamic effect: anteroposteriorly oriented 
BAVs are more likely to develop regurgitation, whereas right- 
left oriented BAVs are more prone to stenosis, resulting in dif- 
ferent flow patterns in the aorta (60,61). Stenotic BAVs create 
a high-velocity jet, which imposes increased shear stress on 
the right anterolateral portion of the ascending aorta, whereas 
regurgitant BAVs increase wall tension, due to higher stroke 
volumes, and correlate with aortic root dilation (Fig. 34. 2B) 
(54). The hemodynamic effect has been investigated in col- 
lected tissue specimens from BAV patients, exhibiting different 
patterns of stress-induced vascular remodeling in the convex- 
ity versus the concavity of the enlarged aorta (62). 

Aortic dilation has been shown to be present in the early 
stages of life and progressive throughout childhood in BAV dis- 
ease. In a pediatric population of 107 patients with normally 
functioning BAVs, aortic root diameters assessed by echocardi- 
ography were significantly larger in BAV compared to controls 
(63). However, the greatest discrepancy was noticed at the level 
of the ascending aorta, with a faster rate of annual growth in 
BAV patients than controls. In a different study, the rate of 
ascending aortic dilation was reported to increase even fur- 
ther when children with BAV reach adolescence (64). Reported 
risk factors for ascending aortic dilation in BAV include aor- 
tic valve morphology, severity of outflow gradient and aortic 
regurgitation, and systolic left ventricular outflow jet angles 
(65). Despite the above findings, the incidence of aortic dissec- 
tion is rare in children with BAV and only reported in isolated 
cases of adolescent patients (65). In a cohort of 981 children 
with BAV followed up in a single center, the incidence of pri- 
mary cardiac events was approximately threefold lower than 
in young adults and was largely related to aortic stenosis with 
no cases of aortic dissection (65). Of note, the above study was 
restricted to isolated BAV disease, whereas Turner syndrome 
and prior coarctation repair are identified risk factors of aortic 
dissection in the adult BAV population (66,67). 


Diagnosis 

In view of the silent nature of aortic enlargement and the high 
mortality rates of aortic dissection, annual imaging has been 
recommended for BAV patients until the rate of progressive 


enlargement has been established (1). In contrast with MFS, the 
location of maximal dilation is more distal and therefore, echo- 
cardiographic imaging may not provide complete assessment 
of aortopathy in BAV (Fig. 34. 1C) (1). Compared to CT, MRI 
has the advantages of simultaneous evaluation of aortic valve 
pathology and left ventricular dysfunction without exposure to 
radiation (5). Moreover, the elastic properties of the ascending 
aorta can be assessed and may be used analogously to MFS in 
risk stratification for progressive dilation (68). Of note, recent 
AHA recommendations include echocardiographic screening 
of first-degree relatives of patients with BAV, as affected mem- 
bers may have isolated thoracic aortic dilation or increased 
aortic stiffness in the absence of BAV (5,69). Those findings 
suggest that BAV and TAA may share a common genetic back- 
ground, as variable expressions of the same disease. 

Therapy 

Prophylactic /3-blockade in BAV disease is based on consen- 
sus opinion and is recommended in patients with aortic dila- 
tion (>40 mm) without significant aortic regurgitation (70). 
Extrapolation of data on pharmacologic therapy in MFS can- 
not be made, due to the lack of clinical trials in BAV patients 
(54). Timing of surgical treatment in young patients with a 
BAV and dilated ascending aorta remains a challenge. Simi- 
lar to children with MFS, diameter measurements cannot be 
associated with the risk of aortic dissection due to the rar- 
ity of such events in this age group. Therefore, the traditional 
threshold of 50 mm for aortic repair is used along with aortic 
growth rate exceeding 10 mm/year, and an aortic diameter of 
more than 45 mm for aortic valve surgery (71). Valve-sparing 
procedures are favorable in children with an aortic annulus 
>18 mm. The presence of a bileaflet aortic valve is not neces- 
sarily a contraindication to a valve-sparing operation unless 
there is significant valve regurgitation, leaflet distortion, or 
calcification (71). Use of a composite valve graft is preferable 
in cases of acute aortic dissection and abnormal aortic valve 
leaflets. Homografts can be used as an alternative in children 
with an annulus of <18 mm. However, their durability is lim- 
ited leading to a reoperation rate of approximately 40% in 
several pediatric series (41,72-74). Finally, pulmonary valve 
autotransplantation (Ross procedure) remains a source of con- 
troversy in young patients with BAV who need an aortic valve 
replacement. Despite the satisfactory results of the procedure, 
durability limitations have been reported by the end of the 
first postoperative decade in younger patients (75). Pulmonary 
autograft dilation may occur following the Ross procedure 
with described intrinsic histologic abnormalities of the pulmo- 
nary root similar to those of the aorta in BAV disease (76). Pre- 
dictors of autograft failure in children include the presence of 
preoperative aortic regurgitation and aortic root dilation (75). 


TETRALOGY OF FALLOT 


TOF is the most frequently encountered cyanotic heart lesion 
accounting for nearly 10% of all congenital heart defects (77). 
Approximately 7% of affected individuals have a deletion on 
chromosome 22qll with important implications in terms of 
genetic counseling and family screening, due to the associ- 
ated 50% risk of transmission (78). Aortic root dilation is a 
known feature of unrepaired TOF and has been attributed to 
increased aortic blood flow due to right to left shunting (79). 
However, progressive dilation also occurs in 15% to 48% of 
TOF patients following reparative surgery (79,80). The over- 
all survival in repaired TOF has increased dramatically, with 
a reported 85% survival rate over a 36-year follow-up (81). 
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Excessive development of aortic enlargement is one of the con- 
tributing factors to late morbidity in this patient cohort (82). 
Aortic root dilation may lead to aortic regurgitation due to 
incomplete leaflet coaptation, necessitating aortic valve replace- 
ment (83). Moreover, aortic enlargement imposes the risk of 
aortic dissection and rupture in patients with TOF (83-85). 

Aortic wall pathology in TOF has been postulated to occur 
due to the influence of increased blood flow from both ventricles 
to the overriding aorta, prior to anatomical repair (79). This is 
further supported by the fact that dilation is greatest in patients 
with pulmonary atresia, the extreme end of the morphologic spec- 
trum of TOF, where volume load through the aorta is maximal 
(79). However, intrinsic histologic abnormalities are also present 
in the aortic media of TOF patients, similar to the processes of 
cystic medial necrosis described in MFS and BAV disease (6,82). 
Those structural changes can be seen not only in the aorta of 
adult TOF patients, where the hemodynamic component has 
been removed, but also in infants and neonates, only a few days 
old (82). It remains unknown whether hemodynamic stress, 
even present before birth, is the causal mechanism for the struc- 
tural changes in the aorta. Even if that is the case, progressive 
aortic dilation only takes place in a subset of TOF patients, where 
a genetic component could be equally operative. A recent study 
reported the vasoprotective role of an MMP-9 genetic polymor- 
phism in TOF patients, which was associated with lower aortic 
stiffness and smaller z score of the aortic sinotubular junction (86). 

Dilated aortic segments in TOF patients include the aortic 
root and ascending aorta (Fig. 34. ID) (82). Among unoper- 
ated patients, those with TOF and pulmonary atresia have 
greater aortic enlargement (87,88). Aortic root dilation has 
been described in children following TOF repair with a preva- 
lence of 88%, 87%, 61%, and 63% at the annulus, sinus of 
Valsalva, sinotubular junction, and ascending aorta, respec- 
tively (89). A different study reported similar findings with 
increased diameters in the first 3 to 6 months after palliative 
shunt surgery (90). Interestingly, root dimensions “normal- 
ized” by 7 years of age in TOF patients who had undergone 
repair in infancy, whereas aortic dilation persisted into adult- 
hood in those repaired after 1 year of age (90). Identified risk 
factors for progressive aortic dilation in repaired TOF include 
male sex, longer time interval from palliation to repair, and 
presence of pulmonary atresia and right aortic arch (79). Aor- 
tic wall stiffness may be an additional risk stratifier, as it was 
found to be increased in both children and adults with repaired 
TOF and was closely associated with aortic root dilation (91). 

In case of progressive dilation, imaging of the aorta is rec- 
ommended on an annual basis (Fig. 34. 2C) (1). Similar to 
BAV disease, there is currently no consensus on prophylactic 
/3-blocker treatment in TOF patients with aortic root dila- 
tion. Moreover, no guidelines for timing of aortic root surgery 
have been reported. Despite the increased recognition of aor- 
tic pathology in this patient cohort, aortic dissection has only 
been reported in a few isolated cases with an aortic diameter 
of >55 mm with additional risk factors (84,85). Therefore, it 
may be that aortic root replacement should be considered in 
TOF patients when aortic diameter exceeds 55 mm, especially 
when there is an indication for pulmonary valve implantation 
(79). Additional soft indications may include the development 
of aortic regurgitation with a root diameter of more than 
50 mm, similar to patients with MFS (79). However, these are 
all arbitrary and clearly merit further investigation. 


COARCTATION OF THE AORTA 


Coarctation of the aorta has an incidence of 0.3 to 0.4 
in 1,000 live births, accounting for 5% to 7% of all CHD 
(92,93). More than 50% of affected patients have a BAV with 


similar underlying structural abnormalities in the aortic media 
(6). Aneurysm formation is a known clinical feature of the 
disease and may occur at the site of previous surgical repair 
or in the proximal aorta (94). Natural history studies report 
dissection of the aorta as the cause of death in 19% of patients 
with coarctation, reaching 50% in the presence of a concomi- 
tant bileaflet aortic valve (95). The disease is associated with 
significant cardiovascular morbidity, even following surgical 
repair, with survival rates of 72% at 30 years (96). The com- 
monest cause of late death is coronary artery disease followed 
by sudden death, heart failure, cerebrovascular accidents, and 
ruptured aortic aneurysm (96). 

Structural abnormalities of the aortic media in coarcta- 
tion patients have been reported within 24 hours after birth, 
implying an intrinsic underlying cause (97). Moreover, medial 
wall abnormalities were identical at sites subjected to high and 
low pressure (proximal and distal ends of the coarctation site), 
eliminating the influence of hemodynamics in the described 
pathology (6). Nevertheless, it has been hypothesized that 
hemodynamics in the form of systemic hypertension in patients 
with coarctation and BAV may trigger apoptotic mechanisms 
in the latter, due to the higher incidence of ascending aortic dis- 
section when the two entities coexist (95). Interestingly, both 
BAV and coarctation have a known male predominance as well 
as an association with Turner syndrome, leading to the hypoth- 
esis that a common genetic substrate may be located on the 
X chromosome (95). Finally, approximately 10% of patients 
with coarctation and 10% of patients with isolated BAV have 
concurrent intracranial aneurysms (98). Cardiac structures 
derived from neural crest cells include the outflow tract of the 
heart and the aortic arch system, as well as the cervicocephalic 
arteries. Maldevelopment of the neural crest may lead to vas- 
cular fragility, supporting the concept that BAV and coarcta- 
tion may belong to a spectrum of diffuse aortopathy (98,99). 

Despite successful surgical repair of coarctation, approxi- 
mately 9% of patients develop aortic aneurysms late after 
the operation, with potential aortic rupture and death (100). 
Development of aneurysm at the site of surgical repair is asso- 
ciated with the patch graft technique and repair of coarctation 
before the age of 14 (100). Predictors of ascending aortic aneu- 
rysm formation include the coexistence of a BAV and advanced 
age, with a 1.4 risk ratio per decade of age at follow-up (94). 
As such, coarctation is considered to be a lifelong disease and 
requires close surveillance of the aortic sequelae, especially in 
patients with concomitant BAV. Imaging follow-up of both the 
ascending and descending thoracic aorta is recommended in 
coarctation patients, irrespective of previous repair, for early 
detection of aortic wall complications (94,101). Prophylactic 
treatment with /3-blockade as well as appropriate timing of 
surgical intervention on the dilated ascending aorta in this 
patient cohort remain uncertain. Most centers use the crite- 
ria applied for aortic surgery in MFS, whereas novel surgical 
techniques may be required in patients with coarctation and a 
BAV (95,102). 


TRANSPOSITION OF THE GREAT ARTERIES 

Complete TGA is the second most common cyanotic heart 
defect, accounting for 5% of all congenital heart defects (103). 
TGA has a prevalence of 20 to 30 in 100,000 live births, with a 
2:1 male predominance (103). Arterial switch operation (ASO) 
has become the preferred technique for anatomic correction of 
TGA, offering the advantage of a systemic left ventricle over 
the Mustard procedure. However, ASO is not without late 
complications, including development of neoaortic dysfunc- 
tion, with dilatation of the proximal ascending aorta result- 
ing in aortic regurgitation (104). At a median follow-up of 
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4.9 years following ASO, the incidence of neoaortic regurgita- 
tion of all grades was 16% (104). Nonetheless, the cumula- 
tive incidence of grade 2 or higher regurgitation was 9% at 
15 years, with pulmonary outflow obstruction reported as the 
main cause for reoperation. To date, no cases of neoaortic dis- 
section or rupture have been reported although, taking into 
consideration the relative young age of the ASO, the magni- 
tude of aortic complications cannot be fully appreciated. In the 
largest published series of 1,200 infants who underwent ASO 
between 1982 and 1999 in a single center, only a substrate of 
1,095 survivors is currently reaching adulthood (104). 

Histologic abnormalities, similar to those seen in MFS and 
BAV, have been described in normal-sized ascending aortas of 
neonates with TGA undergoing arterial switch (6). These find- 
ings may imply an inherent structural weakness of the aortic 
wall in patients with TGA. Interestingly, aortic root pathology 
has also been described in this lesion following the Mustard 
procedure, but may be largely underestimated due to other seri- 
ous complications of the technique, such as right ventricular 
dysfunction, arrhythmias, and sudden cardiac death (1). Despite 
the evidence of intrinsic abnormalities, hemodynamics may also 
have a causal role in aortic dilation in TGA. Sharper angulation 
of the aortic arch in patients with TGA has been associated 
with greater pulse wave reflection, dilation of the ascending 
aorta, and aortic regurgitation late after the ASO (105). 

During echocardiographic assessment of TGA patients 
who had undergone ASO, neoaortic root dilation, defined as 
a £-score > 3, was reported in 33.4% at a median follow-up 
of 5 years (106). Importantly, in the majority of patients with 
neoaortic dilation, a stabilization of z-scores was observed 
during late follow-up, suggestive of absence of progressive 
dilation. Risk factors for neoaortic dilation included previ- 
ous pulmonary artery banding and older age at operation. 
Freedom from reoperation on the neoaortic valve or root was 
95% at 10 years. According to current recommendations, 
annual follow-up is suggested for TGA patients undergoing 
ASO with root intervention in the instance of severe neoaortic 
root dilation (>55 mm) (103). Longer term follow-up will be 
available for ASO patients in the future and may further eluci- 
date the mechanisms of neoaortic dilation in this cohort. 


OTHER LESIONS 

Structural abnormalities of the aortic media have been docu- 
mented in a wide range of congenital heart defects, includ- 
ing ventricular septal defect, truncus arteriosus, double outlet 
right ventricle, tricuspid atresia, and double aortic arch (6). 
These changes may be present as early as the neonatal period, 
raising the question of a common genetic substrate that is yet 
to be elucidated. 


CONCLUSIONS 

Increasing recognition of aortic complications in patients with 
CHD has led to a significant change in our perception of aortic 
enlargement from a model of “poststenotic dilation” to a coex- 
istent intrinsic aortopathy. Despite the exponential research in 
this field during the last decade, there is a paucity of data in 
terms of available genetic screening and development of new 
therapies. Following the paradigm of FBN1 mutations in MFS, 
complete sequencing of the gene currently incurs a prohibi- 
tive cost, and no clear genotype-phenotype correlation exists. 
Similarly, despite our deeper understanding of the pathoge- 
netic mechanisms implicated in aneurysm formation in MFS, 
/3-blockers remain the mainstay of pharmacologic therapy. 


However, recently recognized molecules promoting aneurysm 
formation are being targeted in animal models. Such examples 
include angiotensin receptor drugs, which reduce TGF(3 activ- 
ity as well as doxycycline, which acts as an MMP inhibitor 
(29). Likewise, genetic sequencing is a useful tool for screening 
of first-degree relatives of patients who are positive for a muta- 
tion associated with aortic aneurysm formation, such as FBN1 
and ACTA2 (5). Overall, the prognosis of patients with aor- 
tic root abnormalities and CHD has improved substantially 
over the past decades, mainly as a result of early diagnosis 
and timely intervention. As life expectancy of patients with 
CHD increases, so will our understanding of the pathogenetic 
mechanisms implicated in aortic disease. 
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Anomalies of the pulmonary veins vary widely in their ana- 
tomic spectrum and clinical presentation, course, and out- 
come. As with other types of congenital heart disease, advents 
in diagnosis, cardiovascular surgery in newborns and infants, 
and transcatheter therapy have heightened the importance of 
early recognition, accurate diagnosis, and better understand- 
ing of abnormalities of the pulmonary veins. 


ANATOMY 


Pulmonary venous anomalies may be categorized as anoma- 
lous connections, anomalous drainage with normal con- 
nections, stenotic connections, and abnormal numbers of 
pulmonary veins. 

Anomalous Connections and Drainage 

One or more of the pulmonary veins may connect anoma- 
lously to one or more of the systemic veins. The condition 
is termed totally anomalous pulmonary venous connection 
(TAPVC) if all the veins connect anomalously, and partially 
anomalous pulmonary venous connection (PAPVC) if one or 
more, but not all, of the veins connect anomalously. 

The physiologic consequence of anomalous pulmonary 
venous connection is usually anomalous pulmonary venous 
drainage. It is also possible, however, to have normal pulmo- 
nary venous connections with abnormal drainage. Examples 
of this condition include a common atrium and malposition 
of the septum primum. Although the pulmonary veins in these 
anomalies connect normally (e.g., into the back wall of the 
atria between the right and left horns of the sinus venosus), 
either complete absence of the interatrial septum or malattach- 
ment of the septum primum can lead to anomalous drainage 
into the morphologic right atrium (RA). When some or all 
of the pulmonary veins drain anomalously into the RA or its 
tributaries without being abnormally connected, the terms 
partially anomalous pulmonary venous drainage (PAPVD) 
or totally anomalous pulmonary venous drainage (TAPVD) 
with normal pulmonary venous connections are used. There- 
fore, the terms pulmonary venous connections and pulmonary 
venous drainage should not be used synonymously. 


We dedicate this chapter to the late Dr. Stella Van Praagh who 
was a coauthor in the sixth and seventh editions of this textbook. 


Stenotic Connections 

Stenosis in one or more of the pulmonary veins or in the com- 
mon pulmonary vein may occur. Veins with normal connec- 
tions may exhibit stenoses, varying from stenosis of one or 
more of the individual pulmonary veins to cor triatriatum. 
These produce obstruction to pulmonary venous return to the 
left atrium (LA). Anomalously connected veins may be sten- 
osed, resulting in obstruction to pulmonary venous return to 
the RA. The physiologic feature common to these stenotic con- 
nections is obstruction of egress of pulmonary venous blood. 

Abnormal Numbers of Pulmonary Veins 

Normally, there are two right and two left pulmonary veins. 
The most common variation is the presence of a single pul- 
monary vein on either the right or left side, with a prevalence 
of about 24% in anatomic studies (1). Rarely, all pulmonary 
veins enter a common pulmonary vein that drains into the LA. 
A single left pulmonary vein was found more frequently than 
a single right (1). A single common pulmonary vein, usually 
without stenosis, occurs almost exclusively in cases of vis- 
ceral heterotaxy with asplenia. It also is possible to have an 
increased number of normally connecting pulmonary veins. 
The prevalence of a third pulmonary vein on either the right 
or left side is 1.6% to 2% (1). A fourth or even a fifth vein 
infrequently is present. An abnormal number of pulmonary 
veins imposes no physiologic handicap. 


EMBRYOLOGY 


A classification of pulmonary venous anomalies based on 
embryologic principles introduces a unifying concept to the 
consideration of these anatomically and physiologically 
diverse conditions. Review of the embryologic development of 
the pulmonary venous system is a prerequisite. 

In the human embryo, the primordia of the lungs, larynx, 
and tracheobronchial tree are derived by a division of the 
foregut. In their early stages of development, the lungs are 
enmeshed by the vascular plexus of the foregut, the splanchnic 
plexus. As pulmonary differentiation progresses, part of the 
splanchnic plexus forms the pulmonary vascular bed. At this 
stage, there is no direct connection to the heart. Instead, the 
pulmonary vascular bed shares the routes of drainage of the 
splanchnic plexus (i.e., umbilicovitelline and cardinal systems 


809 




810 SECTION VI ■ Congenital Cardiovascular Malformations 


Figure 35.1. Development of the pul- 
monary veins. A: At 27 to 29 days of 
gestation, the primordial lung buds 
are enmeshed by the vascular plexus 
of the foregut (the splanchnic plexus). 
At this stage, there is no direct con- 
nection to the heart. Instead, there are 
multiple connections to the umbilico- 
vitelline and cardinal venous systems. 
A small evagination can be seen in the 
posterior wall of the left atrium to the 
left of the developing septum secun- 
dum. B: By the end of the first month 
of gestation, the common pulmonary 
vein establishes a connection between 
the pulmonary venous plexus and 
the sinoatrial portion of the heart. 
At this time, the connections between 
the pulmonary venous plexus and 
the splanchnic venous plexus are 
still patent. C: Next, the connec- 
tions between the pulmonary venous 
plexus and the splanchnic venous 
plexus involute. D: The common 
pulmonary vein (CPV) incorporates 
into the left atrium, so that the indi- 
vidual pulmonary veins connect sepa- 
rately and directly to the left atrium. 
LA, left atrium; LCCV, left common 
cardinal vein; LLB, left lung bud; RA, 
right atrium; RCCV, right common 
cardinal vein; RLB, right lung bud; 
UV, umbilical vein. (Adapted from 
Lucas RV Jr, Anderson RC, Amplatz 
K, et al. Congenital causes of pulmo- 
nary venous obstruction. Pediatr Clin 
North Am 1963;10:781-836.) 






of veins) (Fig. 35. 1A). Subsequently, the intraparenchymal 
pulmonary veins connect with the LA by establishing a con- 
nection with the common pulmonary vein, which evaginates 
from the LA (2). 

No unanimous opinion about the site of development of 
the common pulmonary vein has been attained. Some inves- 
tigators believe the common pulmonary vein originates from 
an evagination in the sinoatrial region of the heart (3). Others 
believe that the common pulmonary vein starts from a con- 
fluence of vessels from the pulmonary plexus (1). According 
to a third opinion, the beginning of the common pulmonary 
vein occurs by the confluence of capillaries that grow into the 
mesocardium, located between the lung buds and the heart. 
Nevertheless, it is generally accepted that, by the end of the 
first month of gestation, the common pulmonary vein can 
be identified as a vessel draining the pulmonary plexus and 
entering the sinoatrial portion of the heart. The site of entry 
is cephalad to the junction of the left and right horns of the 
sinus venosus and to the left of the developing septum primum 
(Fig. 35. IB) (3,4). 

When the direct connection to the heart is established, the 
initial communications between the pulmonary portion of the 


splanchnic plexus and the cardinal and umbilicovitelline sys- 
tems are, for the most part, obliterated. The pulmonary vascu- 
lar bed then drains via four individual major pulmonary veins 
into the common pulmonary vein, which in turn empties into 
the LA (Fig. 35.1 C). The common pulmonary vein is a tran- 
sient anatomic structure. By a process of differential growth, 
it becomes incorporated into the LA, resulting in the ultimate 
anatomic arrangement wherein the four individual pulmonary 
veins connect separately and directly to the LA (Fig. 35. ID). 

Imperfect development of the common pulmonary vein pro- 
vides embryologic basis for most anomalies of the pulmonary 
veins. The following aberrations of development of the com- 
mon pulmonary vein explain these anomalies and are used as 
a means of classifying them (Table 35.1). 

Early Atresia of the Common Pulmonary Vein 
while Pulmonary-Systemic Venous Connections 
are Still Present 

If the common pulmonary vein fails to develop or becomes 
atretic early in its development, collateral channels for 
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Embryologic Classification of 
Pulmonary Venous Anomalies 

I. Normal absorption of the common pulmonary vein associated 
with defects that result in abnormal pulmonary venous 
drainage 

A. Sinus venosus defect 

B. Malposition of septum primum 

II. Atresia of the common pulmonary vein (early) while 
pulmonary-to-systemic venous connections are still present 

A. Partially anomalous pulmonary venous connection 

B. Totally anomalous pulmonary venous connection 

1. Without pulmonary venous obstruction 

2. With pulmonary venous obstruction 

III. Atresia of the common pulmonary vein (late) after 
pulmonary-to-systemic venous connections are obliterated 
A. Atresia of the common pulmonary vein 

IV. Stenosis of the common pulmonary vein 
A. Cortriatriatum 

V. Abnormal absorption of the common pulmonary vein into the LA 

A. Stenosis of the individual pulmonary veins 

B. Abnormal number of pulmonary veins 


pulmonary venous drainage are available in the form of primi- 
tive connections between the splanchnic plexus and the cardi- 
nal or umbilicovitelline systems of veins (Fig. 35.2). Any one 
of these collateral channels may persist and enlarge, resulting 
in TAP VC. If only the right or left portion of the common 
pulmonary vein becomes atretic, persistence of the pulmonary 
venous-systemic venous connections of that side provides the 
etiologic basis for PAPVC (5) (Fig. 35.2). 

Late Atresia of the Common Pulmonary Vein after 
Pulmonary-Systemic Connections Are Obliterated 

When atresia of the common pulmonary vein occurs late, the 
collateral venous channels already are obliterated. The result- 
ing anomaly has been termed atresia of the common pulmo- 
nary vein. The individual pulmonary veins empty into a blind 
cul-de-sac that has no direct connection to the LA or to the 
systemic venous systems (Fig. 35. 3A). 

Stenosis of the Common Pulmonary Vein 

Cor triatriatum is the result of stenosis of the common pul- 
monary vein (Fig. 35. 3B and 35.4). In the usual case, the 
stenosis occurs late, after collateral venous connections have 
been lost, or else the severity of the obstruction produced by 







Figure 35.2. Embryologic basis of par- 
tially and totally anomalous pulmonary 
venous connections. A: Partially anom- 
alous pulmonary venous connection 
results from failure to establish a normal 
connection between one or more of the 
pulmonary veins with the common pul- 
monary vein (CPV) before the connec- 
tions with the splanchnic venous system 
have regressed. B: Totally anomalous 
pulmonary venous connection results 
from failure to establish a normal con- 
nection between the pulmonary venous 
plexus and the common pulmonary vein 
before the connections with splanchnic 
venous system have regressed. HVC, 
horizontal pulmonary venous confluence; 
LCCV, left common cardinal vein; LIV, 
left innominate vein; LLB, left lung bud; 
RCCV, right common cardinal vein; RLB, 
right lung bud; W, vertical vein. (From 
Edwards JE. Symposium on anomalous 
pulmonary venous connection (drainage): 
pathologic and developmental consider- 
ations in anomalous pulmonary venous 
connection. Proc Staff Meetings Mayo 
Clin 1953;28:441-452, with permission.) 
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Figure 35.3. Embryologic basis of atresia of the common pulmonary vein and cor triatriatum. A: The common 
pulmonary vein (CPV) has established a connection with the left atrium, and the primitive venous connections 
have regressed (center panel). Normally, the connection between the common pulmonary vein and the left atrium 
enlarges. If the normal connection between the common pulmonary vein and the left atrium fails, the pulmonary 
veins drain into a blind cul-de-sac without a significant alternative egress for pulmonary venous blood (atresia 
of the common pulmonary vein). B: The connection between the common pulmonary vein and the left atrium 
is stenotic, and the common pulmonary vein dilates (cor triatriatum). LCCV, left common cardinal vein; LIV, 
left innominate vein; LLB, left lung bud; RCCV, right common cardinal vein; RIV, right innominate vein; RLB, 
right lung bud. 


cor triatriatum is insufficient to stimulate maintenance of the 
primitive routes of venous drainage. Occasionally, however, 
cor triatriatum may be associated with anomalous pulmonary 
venous connection, implying that in such cases, the obstruc- 
tion was early enough and sufficient to favor persistence of 
one of the primitive drainage channels such as a levoatriocar- 
dinal vein. 

Anomalous Incorporation of the Common Pulmonary 
Vein into the Left Atrium 

Abnormal numbers of pulmonary veins are the result of imper- 
fect incorporation of the common pulmonary vein into the 
LA. Incomplete absorption of the common pulmonary vein 
results in fewer than the normal number of pulmonary veins 
(1). Rarely, in the mature heart, a common pulmonary vein 
draining both lungs empties into the LA. More commonly, a 
single pulmonary vein drains one lung. If more than the usual 


absorption takes place, there will be an increased number of 
pulmonary veins. 

Stenosis in individual pulmonary veins at their junction 
with the LA may or may not be a consequence of abnormal 
incorporation of the common pulmonary vein. One or more of 
the veins may be affected. Trauma, inflammation, proliferative 
disorder, or other yet unidentified mechanism(s) may cause ste- 
nosis of the individual pulmonary veins. 

Early Atresia of the Common Pulmonary Vein 
while Pulmonary-Systemic Venous Connections 
Are Still Present 

Partially Anomalous Pulmonary Venous Connection 

PAPVC is the congenital anomaly in which one or more, 
but not all, of the pulmonary veins are connected to a sys- 
temic vein. Winslow is credited with the first description of 
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Figure 35.4. Cor triatriatum sinister. Echocardiogram in the 
apical four-chamber view showing “classic” cor triatriatum 
sinister. The cor triatriatum membrane (arrow) separates the 
pulmonary venous confluence (PVC) from the low-pressure 
left atrial (LA) chamber, which includes the left atrial append- 
age. The only egress for pulmonary venous blood is through 
the membrane orifice. LV, left ventricle; RA, right atrium. 

this anomaly in 1739 (6). By 1942, Brody (7) collected 65 
cases from the literature. The advent of surgical correction 
of cardiac defects necessitated a more critical approach to 
diagnosis and resulted in the identification and description of 
hundreds of cases. 

Hughes and Rumore (8) found PAPVC in 0.7% of a series 
of 280 anatomic dissections, and Healy (1) found 0.6% in 
a series of 801 anatomic dissections. Both figures are higher 
than those deduced from clinical studies, which implies that 
some patients with PAPVC are not recognized during life. 
The most common type of PAPVC is to the right superior vena 
cava (SVC), and the second most common is to the RA. In 
Healy’s material, the incidence of those two sites together was 
55% of the total number of 86 cases (1). 

Our present understanding of the normal connections of 
the right pulmonary veins (RPV) in sinus venosus defects of 
the SVC or the right atrial type and in the cases of malposition 
of the septum primum explains why PAPVD occurs mostly 
into the right SVC and the RA (see sections on sinus venosus 
defects and malposition of the septum primum). In both anom- 
alies, the common pulmonary vein developed normally and is 
incorporated normally into the LA. The abnormal drainage of 
the RPVs is due to defects other than abnormal development 
of the common pulmonary vein. Hence, the actual incidence of 
partial obliteration of the common pulmonary vein resulting 
in PAPVC is much lower than thought in the past. 

If one considers the cases of sinus venosus defects with the 
RPVs draining into the SVC or RA, the cases of malposition of 
the septum primum with drainage of part or all the pulmonary 
veins into the RA, and cases with partially or totally anom- 
alous pulmonary venous drainage but normal pulmonary 
venous connections, the incidence of PAPVC to a systemic vein 
is quite low. 


Normal Absorption of the Common Pulmonary 
Vein with Partially or Totally Abnormal Pulmonary 
Venous Drainage and Normal Connection of the 
Pulmonary Veins 

Sinus Venosus Defects 

Sinus venosus defects allow an atrial-level or a supratrial-level 
shunt, but they are not atrial septal defects (ASDs). Specifi- 
cally, these defects do not involve the fossa ovale, septum pri- 
mum, or septum secundum. They always are associated with 
drainage of some or all the RPVs into the right SVC or the RA, 
but the pulmonary veins are normally connected with the LA. 

Van Praagh et al.’s study (9) of these defects based on post- 
mortem specimens and echocardiographic studies supports the 
following conclusions. The true defect is the deficiency of the 
common wall between the right SVC and the right upper pul- 
monary vein or the wall between the RA and the right upper and 
lower pulmonary veins (Fig. 35.5). The result of these deficien- 
cies is the unroofing of the right upper pulmonary vein and its 
branches into the right SVC (sinus venosus defects of the SVC 
type) or the unroofing of the right upper and lower pulmonary 
veins into the RA (sinus venosus defect of the right atrial type) (9). 

The interatrial communication is not a defect. It is the left 
atrial orifice of the unroofed pulmonary veins, as in cases 
of an unroofed coronary sinus (CS) where the interatrial 
communication is not a defect; rather, it represents the right 
atrial orifice of the CS. 



Figure 35.5. Diagrammatic representation of sinus veno- 
sus defect. Unroofing of the common wall between the right 
superior vena cava (SVC) and the right upper pulmonary vein 
allows drainage of blood from the right upper pulmonary vein 
into the SVC and right atrium (RA). The interatrial communi- 
cation (IAC) is not a defect. It is the native orifice of the right 
upper pulmonary vein (arrowheads), and it allows flow from 
the LA into the right atrium. Inset shows the normal course 
of the right upper pulmonary vein behind the superior vena 
cava. AS, atrial septum; IVC, inferior vena cava; MV, mitral 
valve; RPA, right pulmonary artery; Sl°, septum primum; S2°, 
septum secundum; TV, tricuspid valve. 
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When the interatrial communication in sinus venosus 
defects is viewed from the LA, it is located posterosupe- 
riorly to the upper border of septum primum, exactly in 
the position of the orifice of the RPVs. In the SVC type of 
sinus venosus defects, the true defect is much larger than 


the interatrial communication (the orifice of the right upper 
pulmonary vein) and occupies all the area where the ori- 
fices of the branches of the right upper pulmonary vein are 
seen to enter the right SVC (Fig. 35. 6 A). In the right atrial 
type of sinus venosus defects, the interatrial communication 



Figure 35.6. Sinus venosus defect. Echocardiogram (A,B) and MRI (C,D) of sinus venosus defect. A: Transtho- 
racic right sternal border view in a patient with SVC-type sinus venosus defect. The deficiency in the wall between 
the right upper pulmonary vein (RUPV) and the SVC is the sinus venosus defect. The interatrial communication is 
the orifice of the right upper pulmonary vein {asterisk). B: Subcostal oblique view in a patient with inferior-type 
sinus venosus defect with color Doppler comparison. Note the absence of tissue {asterisk) between the right lower 
pulmonary vein (RLPV) and right atrium (RA), with flow directed into the right atrium {red flow) from both the 
RLPV and the LA through the RLPV’s normally connecting orifice. C: Axial plane cine MRI image showing the 
defect (asterisk) in the tissue that separates the posterior wall of the SVC and the anterior wall of the right upper 
pulmonary vein (RPV). The arrow indicates the left atrial orifice of the right upper pulmonary vein, which serves 
as a communication between the LA and the SVC (Ao, aorta). D: Sagittal plane cine MRI: The arrows indicate 
the sinus venosus defect between the right upper pulmonary vein (RUPV) and the SVC. LA, left atrium; RA, right 
atrium; RPA, right pulmonary artery. 
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from the left atrial view is again in the position of the orifice 
of the RPVs. From the right atrial view, the missing parti- 
tion between the RPVs and the RA can be imaged clearly 
by echocardiography (Fig. 35. 6B). In both types of sinus 
venosus defects, the surgeon does not close the interatrial 
communication. Instead, the operation aims to restore the 
original function of the interatrial communication as the left 
atrial orifice of the RPVs (9), which can be accomplished 
by “reroofing” the pulmonary veins, that is, by patching the 
missing wall between the SVC and the pulmonary veins or 
between the RA and the pulmonary veins. The true nature 
of the interatrial communication, the left atrial orifice of the 
RPV(s), is thus restored. 

Malposition of Septum Primum 

Edwards (2) and Moller et al. (10) observed that, when 
the septum secundum is absent (usually in cases of visceral 
heterotaxy with polysplenia), septum primum may be 
displaced toward the anatomic LA (left sided or right sided, 
depending on the type of atrial situs). This displacement 


of the upper border of the septum primum will result in 
the incorporation of some or even all the pulmonary veins 
into the morphologically RA. Although this malformation 
differs from sinus venosus defects, here also the normally 
connected pulmonary veins will drain into the RA. The 
two-dimensional (2-D) echocardiograms of such patients 
will show the change in the plane of the septum primum 
and the normal connection of the pulmonary veins in the 
back wall of the atrium (Fig. 35.7). The displaced septum 
primum may not reach the posterior wall of the LA. In 
such cases, there will be a small interatrial communication 
that is not an ASD or a patent foramen ovale; rather, it 
is a septum primum malposition defect. If the septum pri- 
mum has some fenestrations (foramina secunda), multiple 
small interatrial communications will be present. Finally, 
in cases where septum primum fuses with the posterior left 
atrial wall, there is no interatrial communication. Support- 
ing evidence for the conclusion that the pulmonary veins 
are connected normally to the atrial wall is that they are 
located between the right and left SVCs (when two SVCs 
are present). This is the normal location for the atrial con- 




Figure 35.7. Malposition of septum primum. 
A: Subcostal long-axis echocardiographic 
view showing leftwardly malattached sep- 
tum primum (arrow), which results in 
anomalous drainage of the right pulmonary 
veins (RPV) into the right atrium (RA). The 
left pulmonary veins drain normally in this 
patient. B: Systolic frame of cine MRI in the 
axial plane in a 6-month-old infant with 
visceral heterotaxy and polysplenia show- 
ing leftward malposition of septum primum 
leading to drainage of the right pulmonary 
veins into the RA. Notice the dilated left- 
sided azygous vein (Az), which carries the 
blood from an interrupted inferior vena 
cava to the left superior vena cava (LSVC). 
DAo, descending aorta; LA, left atrium; 
RLPV, right lower pulmonary vein. 
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nection of the common pulmonary vein (i.e., between the 
two horns of the sinus venosus just above the CS). The 
absence of septum secundum makes it possible to visualize 
the attachments of septum primum from the right atrial side 
in heart specimens, a unique finding of this malformation. 
The echocardiographic appearance of the displaced mobile 
upper border of the septum primum helps to establish the 
diagnosis in vivo. 

The essential anatomic elements that make possible the 
malposition of the septum primum toward the anatomic LA 
include absence of septum secundum and a well-developed 
septum primum. Those two elements often are present in 
patients with visceral heterotaxy and polysplenia. Patients 
with asplenia, however, seldom have a well-developed septum 
primum that could become malpositioned. Instead, they often 
exhibit TAP VC to a systemic vein above or below the dia- 
phragm. 


PARTIALLY ANOMALOUS PULMONARY 
VENOUS CONNECTIONS 


Anatomy 

PAPVCs exhibit a wide anatomic spectrum. Almost every 
conceivable connection between the pulmonary veins, on 
the one hand, and the various systemic venous tributar- 
ies, on the other hand, has been reported (Fig. 35.8). Left- 
sided pulmonary veins usually connect anomalously to 
derivatives of the left cardinal system (i.e., the CS and the 
left innominate vein [LIV]). Anomalous connections of the 
RPVs usually are to derivatives of the right cardinal system 
(i.e., the SVC or inferior vena cava [IVC]). The embryologic 
splanchnic plexus is a midline structure, thus explaining the 
developmental possibility for crossed drainage of left-sided 
pulmonary veins to derivatives of the right cardinal system 
and vice versa. Excluding the cases previously considered 


PAPVC to the right SVC and to the RA (now considered 
under sinus venosus defect and malposition of the septum 
primum), the most common type of PAPVC is of the left pul- 
monary veins to the LIV The second most common types are 
anomalous connections of pulmonary veins from the right 
lung to the IVC. 

Right Pulmonary Veins to Superior Vena Cava 

As outlined in the section on sinus venosus defects, the RPVs 
may drain into the right SVC or into the RA without being 
abnormally connected with them. The upper lobe drains by 
one large or two or three smaller veins into the SVC below 
the azygous vein. The multiple orifices indicate that the 
unroofing of the right upper pulmonary veins extends into 
their branches. The vein from the right lower lobe usually 
enters the LA. The lower part of the SVC, between the azy- 
gous vein and RA, is dilated. An interatrial communication 
(the left atrial orifice of the unroofed pulmonary veins) usu- 
ally is present. Occasionally, a secundum ASD also is present. 
Rarely an ostium primum ASD also exists. When the orifice 
of the right upper pulmonary vein is atretic, the atrial septum 
is intact. Persistence of a left SVC is an occasional accompa- 
nying finding. 

Anomalous connection of a single pulmonary vein to 
the right SVC as an isolated lesion or in combination with 
a sinus venosus defect is possible. The anomalously con- 
nected pulmonary vein in such a case originates from the 
right upper lobe and enters the right SVC either through the 
azygous vein or cranial to the insertion of the azygous vein 
to the SVC. 

Gross examination of the heart reveals features com- 
mon to all cases, regardless of the specific site of anoma- 
lous connection. These include mild to moderate dilation 
and hypertrophy of the RA and right ventricle and dilation 
of the pulmonary artery. The left-sided chambers are nor- 
mal. Specific anatomic features vary according to the site of 
connection. 



Figure 35.8. Partially anomalous pulmonary venous connection: variants. A: Anomalous connection of the 
two left pulmonary veins (LPVs) to the left innominate vein to the SVC; the right pulmonary veins (RPVs) 
connect normally to the left atrium. B: Anomalous connection of the left pulmonary veins to the CS. C; 
Anomalous connection of the right pulmonary veins to the inferior vena cava (IVC) to right atrium junction; 
in association with right lung hypoplasia this is termed “scimitar syndrome.” (From Brown DW. Pulmonary 
venous anomalies. In: Lai WW, Mertens LL, Cohen MS, et al., eds. Echocardiography in Pediatric and 
Congenital Heart Disease: From Fetus to Adult. 1st ed. United Kingdom: Wiley-Blackwell, 2009:119-142, 
with permission.) 
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Figure 35.9. Scimitar syndrome. A: Chest radiogram in the posteroanterior projection showing the scimitar sign 
(arrowheads). Note the rightward shift of the cardiac silhouette. The inset shows a Turkish sword called scimitar. B: 
Catheter angiogram with catheter advanced from IVC up the SV in the same patient. Note the connection with the IVC 
close to the right atrial junction (arrow). Pigtail catheter is in the descending aorta. C: 3-D lung surface volume render- 
ing derived from computed tomography imaging in the same patient as (A). Note the degree of right lung hypoplasia. 


Right Pulmonary Veins to Inferior Vena Cava 

All the RPVs or occasionally the veins draining the right mid- 
dle and right lower lobes enter the IVC either just above or 
below the diaphragm (Fig. 35.9). The normal pulmonary 
venous pattern of the right lung is altered in this condition, 
resulting in a “fir tree” configuration. The atrial septum is usu- 
ally intact. This malformation, termed the scimitar syndrome 
by Neill et al. (5), frequently is associated with other anoma- 
lies, including hypoplasia of the right lung, anomalies of the 
bronchial system, horseshoe lung, secondary dextrocardia, 
hypoplasia of the right pulmonary artery, anomalous arte- 
rial connection to the right lung from the aorta, and pulmo- 
nary sequestration (11). Neill et al. (5) considered this a more 
primitive anomaly compared with other instances of PAPVC 
and suggested that it represents an anomaly of development 
of the right lung. 

Left Pulmonary Veins to Inferior Vena Cava 

Rarely, some or all of the left pulmonary veins can drain into 
the IVC. Juraszek et al. observed a case in which all the left 
pulmonary veins connected to the IVC below the diaphragm 
in association with an ostium secundum defect (Fig. 35.10). 
There was no additional heart defect, and both lungs were 
normal (12). Others also have reported cases of left-sided 
scimitar syndrome (13,14). 

Left Pulmonary Veins to Left innominate Vein 

The LIV is the usual site of anomalous connection of the 
left pulmonary veins (Fig. 35.10A). The veins from the left 
upper lobe or from the whole left lung connect to the LIV 
via a persistent early embryonic pathway, which, because of 
its orientation, has been termed a vertical vein. An interatrial 
communication in the form of a secundum ASD or a patent 
foramen ovale is common. 


The connecting vein between the left pulmonary veins and 
the LIV also has been called a persistent left superior vena 
cava (LSVC). This term is incorrect both embryologically 
and anatomically. Embryologically, the vertical vein repre- 
sents a persistent early embryonic connection between the 



Figure 35.10. Partially anomalous pulmonary venous connec- 
tion. Catheter angiogram showing PAPVC of the LPVs to the 
inferior vena cava. IVC, inferior vena cava; RA, right atrium; 
RHV, right hepatic vein. 
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splanchnic plexus of the lung buds and the cardinal veins. 
Anatomically, it is positioned more posteriorly than the LSVC, 
which is located immediately behind the left atrial append- 
age. An LSVC connects either with the CS or with the LA 
when the CS is unroofed. When an left pulmonary vein drains 
into the LSVC, the LSVC also should connect with the CS or 
with the LA. In a rare case (1), the left upper pulmonary vein 
(LUPV) joined the left superior intercostal vein, which in turn 
joined the LSVC. The confluence of those three veins entered 
the LIV. The proximal segment of the LSVC was atretic (liga- 
ment of Marshall) but present. To avoid inadvertent occlusion 
of pulmonary venous drainage, it is important that the differ- 
ential diagnosis between a vertical vein and persistent LSVC 
be made before performance of any surgical or transcatheter 
intervention. 

Other Sites of Partially Anomalous Pulmonary Venous 
Connection 

Uncommon sites of PAPVC of the left pulmonary veins are 
to the CS (Fig. 35.8), IVC, right SVC, left subclavian vein, 
and azygous vein. In rare cases, veins of both lungs connect 
anomalously to systemic veins, while some of the pulmonary 
veins connect normally to the LA. Functionally, these patients 
resemble patients with TAPVC. 

Physiology 

The fundamental physiologic disturbance of PAPVC is similar 
to that in ASD, that is, increased pulmonary blood flow (PBF) 
as a consequence of recirculation of oxygenated blood through 
the lungs. The factors that determine the hemodynamic state 
include the number of anomalously connected veins, the cross- 
sectional area of the anomalously draining pulmonary vascu- 
lar bed, the site of the anomalous connections, the presence or 
absence of an ASD, and the size of the ASD. 

Partially Anomalous Pulmonary Venous Connection with 
Intact Atrial Septum 

When the atrial septum is intact, factors that determine the 
proportion of blood that drains through the anomalously con- 
nected veins include the number of veins that are anomalously 
connected and the amount of lung tissue involved, the rela- 
tive resistance of the vascular beds normally and anomalously 
connected, compliance of the respective atria into which the 
normally and anomalously connected veins empty, and the 
presence and degree of obstruction to pulmonary arterial 
blood flow. 

When a single pulmonary vein is anomalously connected, 
the anomalously draining blood flow is about 20% to 25% 
of the total PBF (6). It is of such slight hemodynamic signifi- 
cance that the lesion is rarely recognized clinically. Hughes 
and Rum ore (8) found neither dilation nor hypertrophy of the 
right heart in two patients with a single-lobe PAPVC who died 
at middle age of rheumatic heart disease. When all but one 
of the pulmonary veins drain anomalously, the anomalously 
draining blood approximates 80% of the PBF. The physiology 
and clinical presentation of these patients are comparable to 
those of the patient with TAPVC. 

When the veins of one lung drain anomalously, the fac- 
tors of relative pulmonary resistance and relative receiving 
chamber compliance modify the relative blood flows. In one 
study of patients with PAPVC of the RPVs to the IVC with 
intact atrial septum (scimitar syndrome), calculated PBF to 
the anomalously connected vein was 24% to 32% of the 
PBF (15). This low flow is related to abnormalities of the 
right lung parenchyma and the frequently associated anom- 
alies of arterial supply that are seen in the scimitar syndrome 


(17). On the other hand, when anomalous connection of 
one lung is the sole abnormality, the anomalously draining 
blood flow approximates 66 % of the PBF as a result of the 
greater compliance of the RA, to which the anomalous veins 
drain, and the lesser compliance of the LA, the chamber 
receiving the normally draining blood. Thus, in patients in 
whom partially anomalous venous connection is the sole 
abnormality, the right atrial pressure is usually lower than 
left atrial pressure. As long as pulmonary vascular resist- 
ance remains equal in both lungs and there is no pulmonary 
arterial stenosis, blood flow is greater in the anomalously 
connected lung. 

The lobe or lobes drained by the anomalously connecting 
pulmonary vein also affect the magnitude of the left-to-right 
shunt. In the upright position at rest, PBF is distributed pref- 
erentially to the middle and lower lobes. In supine position 
and during exercise, PBF is redistributed to the upper lobes. 
Hence, the magnitude of the left-to-right shunt in a patient 
with PAPVC from one of the upper lobes may vary according 
to body position and level of activity. 

Partially Anomalous Pulmonary Venous Connection 
with Atrial Septal Defect 

When the ASD is small, the hemodynamic state closely resem- 
bles that of PAPVC with an intact septum. On the other hand, 
a large ASD significantly influences the hemodynamic picture. 
It is pertinent to review briefly the physiology of uncompli- 
cated ASD, in particular, the preferential shunting that occurs 
in this anomaly. 

Using indicator-dye dilution techniques, Burchell et al. 
(16) evaluated the relative contribution of each lung to the 
left-to-right shunt in patients with ASD. The average ratio 
of pulmonary blood flow (PBF) to systemic blood flow 
(SBF) was 3.5:1. The proportion of blood from the right 
lung that was shunted left-to-right averaged 84%, whereas 
the proportion of blood from the left lung that was shunted 
averaged 54%. Thus, blood from both lungs drained anoma- 
lously, but the right lung contributed more than the left lung 
to left-to-right shunt. This preferential shunting from the 
right lung in ASD has been shown experimentally to result 
from the proximity of the right pulmonary venous orifices to 
the ASD. 

When PAPVC and ASD coexist, the hemodynamic picture 
may be similar to that of uncomplicated ASD. The left-to-right 
shunt may be large. This shunt is the result of anomalous drain- 
age of most of the blood from the anomalously connected lung 
and of anomalous drainage of half or more of the blood from 
the normally connected lung via the ASD (16). 

A small right-to-left shunt from the SVC (both systemic 
venous blood and anomalously draining pulmonary venous 
blood) is usual in the presence of a sinus venosus defect. Like- 
wise, a small right-to-left shunt from the IVC is commonly 
seen in a secundum ASD. Pulmonary vascular disease has been 
reported in older patients with uncomplicated PAPVC (17). 
Although pulmonary hypertension is thought to be rare, its 
prevalence is unknown. 

Clinical Features 

The anomalous connection of one pulmonary vein usually 
is not apparent clinically. If all but one of the veins connect 
anomalously (subtotal TAPVC), the clinical features mimic 
those of TAPVC. The following features occur when the veins 
of one lung connect anomalously. Symptoms are uncommon in 
childhood, but some dyspnea may occur on exertion. Cyanosis 
is unusual during childhood, even though a small right-to-left 
shunt may exist, depending on the location of the PAPVC. 
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The frequency of patients presenting with cyanosis increases 
during the third and fourth decades as a result of changes in 
the pulmonary vascular bed, pulmonary hypertension, and 
increasing right-to-left shunt. 

The clinical presentation of patients with the scimitar syn- 
drome varies widely. Dupuis et al. (18) reported on 25 infants 
with the scimitar syndrome, and Gao et al. (11) reviewed the 
data of 13 such patients. All but two patients presented with 
severe symptoms in early infancy. Pulmonary hypertension 
was common and was secondary to a combination of con- 
ditions, including arterial blood supply from the descending 
aorta, stenosis of the anomalously connecting RPVs, pulmo- 
nary parenchymal abnormalities, and associated obstructive 
anomalies of the left heart and aorta. Hypoplasia of the right 
lung with secondary dextrocardia was common. In contrast, in 
a study of 122 patients with scimitar syndrome who presented 
later in life (the adult form of scimitar syndrome), symptoms 
were rare, the left-to-right shunt was <50% in 100 of the 122 
patients, the pulmonary artery pressure was normal in 94 and 
mildly elevated in 28 patients, and the clinical outcome was 
good in most of these patients (19). 

In the presence of an associated ASD, the physical find- 
ings are identical to those noted in uncomplicated ASD. When 
the atrial septum is intact, splitting of the second sound is not 
marked, and there is normal variation of splitting with respira- 
tion. A pulmonary outflow murmur is usually present, and a 
diastolic tricuspid flow murmur may be present. 


Associated Cardiac Defects and Syndromes 

PAPVC or drainage has been associated with other congenital 
cardiac defects and syndromes. Most notably, patients with 
visceral heterotaxy and polysplenia have a high incidence of 
PAPVD secondary to malposition of the septum primum, and 
patients with asplenia have a high incidence of TAPVC. Recent 
reports described a significant incidence of PAPVC in associa- 
tion with Turner and Noonan syndromes. A prospective evalu- 
ation of 21 patients with Turner syndrome by Moore et al. 
(20) showed three cases of PAPVC with intact atrial septum 
(14.3%). Of these 21 patients, 12 had the 45 XO karyotype. 
PAPVC was seen only in this latter population (incidence of 
25%) but did not occur in the nine patients who had Turner 
syndrome of the mosaic type. Additionally, van Wassenaer et 
al. (21) reported the association of PAPVC with intact atrial 
septum in three patients with Turner syndrome. Hence, the 
possibility of PAPVC should be considered in any patient with 
either Turner or Noonan syndrome. 

A rare but clinically important association is that of anom- 
alous pulmonary venous connections with tetralogy of Fal- 
lot. A review of 1,183 patients with tetralogy of Fallot (22) 
described seven patients with anomalous pulmonary venous 
connections (0.6%). PAPVC was present in four patients, 
whereas the other three patients had TAPVC. 

Diagnostic Features 

Electrocardiographic Features 

The electrocardiographic (ECG) findings are comparable to 
those seen in uncomplicated ASD. The rR' pattern and the 
rSR' pattern are most commonly seen; the ECG is occasion- 
ally normal. Peaked P waves and right ventricular hypertro- 
phy of the systolic overload pattern occur in older patients 
exhibiting pulmonary hypertension. A frontal P-wave axis of 
<15 (inverted P wave in lead III) has been described with sinus 
venosus defect. The ECG is often normal in the patient with 
intact atrial septum. 


Radiologic Features 

The routine chest radiogram reflects the increased PBF and 
right ventricular dilation. Additionally, there may be distinc- 
tive features dependent on the site of anomalous connection. 

The patient with anomalous connection of the RPVs to 
the IVC has a crescent-like shadow in the right lower lung 
field (Fig. 35. 9B). This characteristic shadow prompted Neill 
et al. (5) to coin the term scimitar syndrome for this group of 
patients. Hypoplasia of the right lung (Fig. 35. 9D) and chest, 
mesocardia or dextrocardia, and pulmonary parenchymal 
abnormalities also may be seen on the chest radiogram when 
drainage is into the IVC. 

When the SVC is the site of the anomalous connection, 
dilation of the lower portion of the SVC is often recognized 
just above the right atrial contour or as a double density just 
inside the upper atrial border. When the anomalous connec- 
tion is to the azygous vein, this structure is enlarged and can be 
recognized on the chest radiogram as a rounded bulge in the 
right superior mediastinum at the right cardiac border. 

When the LIV is the site of connection of the left pulmo- 
nary veins, the chest radiogram shows a prominent supra- 
cardiac shadow composed of the vertical vein on the left, the 
innominate vein above, and the SVC at the right (Fig. 35.11). 
These structures are the same ones that account for the char- 
acteristic “snowman” appearance when there is a TAPVC to 
the innominate vein, but the enlargement is not as prominent. 

Echocardiographic Features 

The key to accurate echocardiographic diagnosis of PAPVC 
and PAPVD is detailed comprehensive imaging of all cardio- 
vascular structures. The individual pulmonary veins should 
be examined in every patient, particularly at the time of the 
first echocardiographic evaluation. The size and course of the 
individual pulmonary veins must be determined both by 2-D 





Figure 35.11. Supracardiac totally anomalous pulmonary 
venous connection. Chest radiogram in the posteroanterior 
projection in a patient with totally anomalous pulmonary 
venous connection to the innominate vein showing the typical 
“snowman” appearance of the mediastinum. The solid arrow 
points to the shadow of the ascending vertical vein. The white 
arrow points to the shadow of the dilated right superior vena 
cava. Note the cardiomegaly secondary to right heart volume 
overload and the congested right pulmonary veins. 
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imaging and by color Doppler flow mapping. The connection 
and drainage of the right upper and right lower and the left 
upper and left lower pulmonary veins with the LA should 
be demonstrated unequivocally. This can be achieved from 
the subcostal, apical, parasternal, and suprasternal notch 
windows. The subcostal window is ideal for evaluating the 
pulmonary veins in infants and young patients with good sub- 
costal acoustic windows. The parasternal, subclavicular, and 
suprasternal windows are used in older patients. Transesopha- 
geal echocardiography is useful in patients with suboptimal 
transthoracic acoustic windows. Magnetic resonance imaging 
(MRI) is a preferred nomnvasive alternative to transesopha- 
geal echocardiography (see later discussion). The presence of 
right ventricular volume overload, manifested as right ven- 
tricular enlargement with flattening of the ventricular septum 
during diastole, is a useful clue for the presence of a left-to- 
right shunt but is not specific for PAPVC. The finding of right 
ventricular volume overload in the absence of an ASD should 
prompt a careful search for PAPVC. 

The echocardiographic diagnosis of PAPVC is based on the 
demonstration of a connection between one or more of the 
pulmonary veins with a systemic vein. Typically, the systemic 
vein distal to the connection of the pulmonary vein is dilated, 
reflecting the increased flow. Anomalous connection of pul- 
monary veins to the SVC is best imaged from the suprasternal 
notch or high parasternal long-axis of the SVC. Similarly, high 
parasternal short- and long-axis views allow visualization of 
the anomalous connection of the pulmonary veins to the LIV 
(Fig. 35.12). The diagnosis can be made from the subcostal 
window in infants and young children. Enlargement of the 
LIV and the SVC associated with evidence of increased flow 
by Doppler are clues to the diagnosis. 

The anomalous pulmonary venous connection to the CS 
is best imaged by scanning the posterior left atrioventricular 



Figure 35.12. Partially anomalous pulmonary venous connec- 
tion. Echocardiogram from the high left parasternal window 
in the transverse plane with color Doppler imaging showing 
partially anomalous pulmonary venous connection of the left 
upper pulmonary vein (LPV) to the LIV. Note the prominent 
jet of red (antegrade) flow into the inferior aspect of the LIV. 
LSCV, left subclavian vein. 


(AV) groove from the subcostal, apical, and parasternal win- 
dows. The dilated CS in this condition should be distinguished 
from the more common persistent LSVC. 

Imaging of the anomalous connection of one or more of 
the RPVs with the IVC establishes the diagnosis of scimitar 
syndrome. The subcostal window is most useful in this con- 
dition. The presence of mesocardia or dextrocardia in 70% 
of patients and a smaller-caliber right pulmonary artery com- 
pared with the left pulmonary artery are useful clues. Other 
findings include blunting of the right border of the LA when 
both RPVs do not connect with the LA and demonstration of 
aortopulmonary collaterals by color Doppler flow mapping. 

Sinus venosus defect of the inferior type can be a challenging 
diagnosis to make by echocardiography, particularly in distin- 
guishing this entity from a posteriorly located secundum ASD. 
Banka et al. (23) demonstrated in a group of 45 patients with 
inferior-type sinus venosus defect that the rate of accurate preop- 
erative diagnosis was only 36% and that patients with incorrect 
diagnoses had worse technical outcome scores postoperatively 
compared with those with the correct preoperative diagnosis (23). 

Magnetic Resonance Imaging 

Cardiac MRI is suited ideally for evaluation of pulmonary 
venous anomalies (Fig. 35.13). The wide field of view, excel- 
lent spatial orientation, and its inherent three-dimensional 
(3-D) nature allow unambiguous delineation of the course, 
connections, and drainage of the pulmonary veins independ- 
ent of body size and acoustic windows. Also, the ability to 
depict noncardiovascular structures such as lung paren- 
chyma, airways, bones, and soft tissue offer an advantage over 



Figure 35.13. Partially anomalous pulmonary venous con- 
nection. Three-dimensional reconstruction of gadolinium- 
enhanced magnetic resonance angiogram with an anterior view 
showing partially anomalous pulmonary venous connection of 
the left upper pulmonary vein (LUPV) to the left innominate 
vein (LIV), which then drains into the SVC. 
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echocardiography and angiocardiography. Another advan- 
tage of MRI is its ability to measure the hemodynamic con- 
sequences of anomalous pulmonary venous connections and 
drainage, including the pulmonary-to-systemic flow ratio and 
right ventricular size and function. 

The anatomy of the pulmonary veins can be evaluated by 
a series of T1 -weighted spin echo images in the axial (trans- 
verse), coronal, or oblique planes. This sequence offers excel- 
lent spatial resolution but provides only one image in each 
location. The use of ECG-gated cine MRI sequence allows 
rapid acquisition of multiple contiguous cine MRIs slabs that 
cover the chest. Cine steady-state free precession MRI clearly 
depicts the size, course, and drainage of the pulmonary veins 
and their relations to neighboring structures. Turbulent flow 
is seen clearly by this sequence. The advent of magnetic reso- 
nance angiography (MRA) added a powerful tool that allows 
fast 3-D imaging of cardiovascular structures (Figs. 35.13 and 
35.14). Phase-contrast cine MRI allows quantification of 



Figure 35.14. Scimitar syndrome. Three-dimensional recon- 
struction of gadolinium-enhanced magnetic resonance angio- 
gram in a posterior view in a 20-year-old male with scimitar 
syndrome. Most of the pulmonary venous return from the 
right lung enters into the inferior vena cava through the scimi- 
tar vein ( arrow ), and a large collateral artery from the abdomi- 
nal aorta enters the right lower lobe (asterisk). A small right 
upper pulmonary vein connects normally to the left atrium 
with a small intrapulmonary connection (not shown). At car- 
diac catheterization, the scimitar vein was occluded near its 
junction with the inferior vena cava, thus diverting the venous 
return from the entire right lung into the left atrium. The arte- 
rial collateral vessel was occluded as well. L, left; R, right. 


blood flow through the pulmonary veins, determination of 
systemic and pulmonary flow (Qp:Qs), and flow to the left 
and right lungs. Experience with MRI and MRA in the evalu- 
ation of anomalous pulmonary venous connections indicates 
that it is superior to echocardiography and angiocardiography 
(24,25). 

Cardiac Catheterization 

Cardiac catheterization usually is not necessary for the diagnosis 
of PAPVC, its differentiation from secundum ASD, or estima- 
tion of the magnitude of the left-to-right shunt. Clinical features, 
echocardiography, and MRI provide sufficient anatomic and 
hemodynamic preoperative data. Cardiac catheterization is still 
useful in selected cases, especially if pulmonary hypertension is 
suspected. Interventional catheterization is indicated to occlude 
aortopulmonary collaterals in scimitar syndrome. 

When cardiac catheterization is performed, frequent oxi- 
metry sampling usually allows identification of anomalous 
pulmonary venous connection to the CS, to the azygous 
vein, and to the SVC. Oximetry is usually of little value 
when the anomalous connection is to the IVC because blood 
flow through the right lung is diminished and also because 
of the contribution of highly oxygenated blood to the IVC by 
the renal veins. Inability to pass the catheter from the RA to 
the LA or a difference between the right atrial pressure and the 
pulmonary wedge pressure is suggestive of PAPVC with intact 
atrial septum. 

Selective angiography is of limited value if the anomalously 
draining veins enter the RA or close to it. When the anomalous 
connections are to more peripheral vessels, however, angiog- 
raphy usually can define the site of anomalous connection, for 
example, PAPVC to the IVC, SVC, LIV, and azygous vein. Per- 
forming selective pulmonary arteriography and watching the 
levophase for pulmonary venous return may image the con- 
nections. If the anomalous connection is entered, direct injec- 
tion of radiographic contrast dye will delineate the anatomy. 

Differential Diagnosis 

The distinction between ASD and PAPVC by clinical evalu- 
ation is difficult to make but is academic. The capabilities of 
today’s noninvasive imaging techniques (echo and MRI) allow 
accurate preoperative diagnosis. Ostium primum ASD and sin- 
gle atrium also result in left-to-right shunt at the atrial level; 
these may be differentiated on the basis of their characteristic 
ECG pattern (i.e., counterclockwise frontal vector loop and 
left axis deviation). TAPVC presents a strikingly different 
clinical picture, with severe pulmonary congestion and cardiac 
failure, usually leading to death prior to 6 months of age if not 
treated. Cyanosis is an additional distinguishing feature. 

Treatment 

Medical Management 

When heart failure occurs, either as a result of increased 
PBF or as a consequence of pulmonary vascular disease, the 
usual measures are indicated. When pulmonary parenchymal 
anomalies are associated, as in anomalous connection to the 
IVC, medical measures may be of temporary benefit. The only 
definitive therapy in PAPVC, however, is surgical correction. 

Surgical Treatment 

Surgical treatment of PAPVC is indicated when patients 
exhibit evidence of pulmonary overcirculation or respiratory 
insufficiency. Some of the surgical techniques are summarized 
briefly in the following sections. 
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Malposition of Septum Primum with Partially Anomalous Pulmonary 
Venous Drainage to the RA 

Because many patients with malposition of septum primum 
and PAPVD draining to the RA have additional cardiovascu- 
lar malformations, surgical treatment must be individualized. 
In general, patients may be divided into the following three 
groups: 

1. Patients with atrioventricular concordance in whom a 
biventricular repair can be achieved. In these patients, the 
atrial septum is excised, and a new septum is constructed 
so that the systemic and pulmonary veins drain into their 
corresponding atria. 

2. Patients with atrioventricular discordance and two well- 
developed ventricles. In these patients, the pulmonary veins 
are baffled into the systemic ventricle and the systemic veins 
and then drain into the pulmonary ventricle. 

3. Patients in whom a biventricular repair cannot be achieved. 
In this group, the malposition of the septum primum is usu- 
ally not relevant to the modified Fontan operation or to the 
bidirectional Glenn shunt (26). 

Sinus Venosus Defect 

Van Praagh et al. (27) described four surgical techniques, 
which have been used in 44 patients with superior-type sinus 
venosus defects: 

1. Patch closure of the defect between the SVC and the RPVs 
baffling the right upper pulmonary vein to the LA through 
its native orifice. 

2. In addition to the patch closure of the defect in the wall 
between the SVC and the RPVs, a second patch was used 
to enlarge the SVC (double patch technique). 

3. This technique, described by J. Lewis and first performed 
by Warden et al. (28), involves division of the SVC and 
azygous vein superior to the entrance of the pulmonary 
veins. The cranial end of the SVC is sewn to an incision in 
the right atrial appendage. The cardiac end of the divided 
SVC is oversewn, and a patch diverts the right pulmonary 
venous blood into the LA through the interatrial communi- 
cation. 

4. Enlargement of the interatrial communication and baffling 
the RPVs to the LA via the enlarged interatrial communi- 
cation are used for the inferior (right atrial) sinus venosus 
defects. 

PAPVC to Inferior Vena Cava 

Repair has been accomplished in the presence of an ASD by 
dividing the anomalously connecting vein at its IVC junction 
and anastomosing it to the LA (29). Repair then can be con- 
tinued as in PAPVC to the RA. When the atrial septum is 
intact, as is usually the case, the anomalously connected vein 
is transplanted to the right atrial wall, and then an ASD is 
created and made contiguous to the anomalously connected 
vein by patching. A third technique is to baffle the anoma- 
lously connecting scimitar vein through the IVC and RA to 
the LA via a surgically created ASD. All of the above tech- 
niques carry a substantial risk of postoperative stenosis of 
the RPV. 

PAPVC to Coronary Sinus 

When this anomaly is present, it may be repaired using the 
technique described for repair of TAPVC to the CS. 

PAPVC of Left Pulmonary Veins to Innominate Vein 
Kirklin (30) corrected this anomaly by anastomosing the com- 
mon left pulmonary vein to the base of the amputated left 
atrial appendage. 


Prognosis 

Untreated 

There is a paucity of information on which to base a prog- 
nosis in this defect. Studies based on anatomic material (8) 
indicate that patients with one pulmonary vein connected 
anomalously and with an intact septum have an excellent 
prognosis and rarely present with cardiorespiratory symp- 
toms. It would be erroneous, however, to apply this excel- 
lent prognosis to patients who present with symptoms. The 
natural history in these patients appears comparable to that in 
uncomplicated ASD. 

Postoperative Course 

The impact of operative intervention of PAPVC depends in 
part on the state of the pulmonary vascular bed at the time of 
surgery. In patients with high PBF, symptoms are reduced dra- 
matically, postoperative studies reflect a normal physiology, 
and a near-normal longevity may be assumed. These favorable 
results cannot be anticipated in the patient who has developed 
pulmonary vascular disease. 

Long-term follow-up of repair of PAPVC has been 
reported in few series. Gustafson et al. (31) operated on 38 
patients with sinus venosus defect. They had one early opera- 
tive death in a 31 -year-old patient with severe pulmonary 
hypertension. Symptomatic SVC obstruction occurred in one 
patient. Sick sinus syndrome was present in one patient. Of 
the surviving 30 patients, all remained well over a 1-year to 
24-year period of follow-up. Van et al. (32) reported on the 
follow-up of PAPVC of the left pulmonary veins to left SVC, 
innominate vein, or CS in 13 patients. They reported no oper- 
ative deaths, and one patient developed postpericardiotomy 
syndrome. Clinical follow-up of these patients 1.5 to 8 years 
after surgical repair demonstrated no evidence of pulmonary 
hypertension or pulmonary venous obstruction. A recent 
multicenter study of long-term outcomes after surgical treat- 
ment of scimitar syndrome from the European Congenital 
Heart Surgeons Association (33) found an early postopera- 
tive mortality of 5.9% in 68 patients and two late deaths 
resulting from severe pulmonary arterial hypertension. There 
was a relatively high incidence of residual scimitar drainage 
stenosis (freedom from scimitar vein stenosis was 85% at 13 
years) that did not appear to vary by surgical approach (33). 
Sick sinus syndrome has been reported after repair of sinus 
venosus defect. Postoperative arrhythmias are infrequent 
with other forms of PAPVC. 

The postoperative patient should be monitored periodi- 
cally for development of pulmonary venous obstruction and 
for arrhythmias. The obstruction can result from occlusion of 
the anomalous pulmonary veins and can result in no blood 
flow to the affected lung. This can be detected by ventilation 
perfusion scintigraphy, echocardiography, MRI, or angiogra- 
phy, The pulmonary venous obstruction also can be secondary 
to stenosis of the SVC or IVC, which could be relieved with 
balloon angioplasty or placement of a stent. 


TOTALLY ANOMALOUS PULMONARY VENOUS 
CONNECTION OR DRAINAGE 

TAPVC defines the anomaly in which the pulmonary veins 
have no connection with the LA. Rather, the pulmonary veins 
connect directly to one of the systemic veins (TAPVC) or drain 
into the RA (TAPVD) (Fig. 35.15). 

The frequency of TAPVC is difficult to define. In Abbott’s 
(34) series of 1,000 cases of congenital heart disease, there 
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Figure 35.15. Totally anomalous pulmonary venous connection. A: Supracardiac. Both right (RPV) and left 
(LPV) pulmonary veins join a common pulmonary venous confluence behind the heart that drains via a vertical 
vein to the undersurface of the left innominate vein and thence to the right atrium. B: Cardiac. The pulmonary 
venous confluence connects to the coronary sinus (CS), and thence to the right atrium via the coronary sinus 
ostium. C: Infradiaphragmatic. The pulmonary venous confluence drains inferiorly via a vertical vein to the 
portal vein (PV) or hepatic veins (HVs) and thence to the right atrium. D: Mixed Connections. Left pulmonary 
veins drain to the LIV, and right pulmonary veins to the coronary sinus in this example. SV, splenic vein; SMV, 
superior mesenteric vein. (From Brown DW. Pulmonary venous anomalies. In: Lai, WW, Mertens LL, Cohen MS, 
et al., eds. Echocardiography in Pediatric and Congenital Heart Disease: From Fetus to Adult. United Kingdom: 
Wiley-Blackwell, 2009:119-142, with permission). 


were 4 instances of TAPVC. Another study recorded 2% 
of 800 autopsied cases of congenital cardiac disease in the 
first year of life (35). There is a marked male preponder- 
ance in TAPVC to the portal vein (3.6:1) (36), whereas there 
appears to be no sex prevalence in the other sites of con- 
nection. 


Genetics and Epidemiology 

The mechanism of transmission of TAPVC has not been elu- 
cidated. The Baltimore-Washington Infant Study, however, 
showed a possible association with exposure to lead, paint or 
paint-stripping chemicals, and pesticides (35,37). 

Although there is no known genetic pattern of transmis- 
sion of TAPVC, a monogenic pattern of inheritance has been 
suggested from the number of reported family cases in the 
literature among siblings (38). Among the affected families, 
the common denominator was the anomalous pulmonary 
venous connection; the site of the anomalous venous connec- 
tion was usually not concordant. TAPVC and TAPVD have 
been associated with a few syndromes, most notably asplenia, 
polysplenia, and cat’s-eye syndrome. 


Anatomy 

Numerous classifications of TAPVC have been advanced. Craig 
et al. (39) divided TAPVC as follows: (a) anomalous connec- 
tion at the supracardiac level, (b) anomalous connection at the 
cardiac level (to the CS), (c) anomalous connection at the inf- 
racardiac level, and (d) anomalous connection at two or more 
of the above levels (mixed type). This classification is the most 
commonly used approach to date. Burroughs and Edwards (40) 
suggested a classification with prognostic implications based on 
the length of the anomalous channel (i.e., long, intermediate, 
or short); however, the prognostic and physiologic implications 
suggested by these classifications are not always true. Smith et 
al. (41) provided an alternative classification for TAPVC: Sup- 
racardiac (without pulmonary venous obstruction) and infra- 
diaphragmatic (with pulmonary venous obstruction). 

Earlier in this chapter, TAPVD to the RA secondary to 
malposition of the septum primum was discussed. This kind 
of TAPVD usually is associated with visceral heterotaxy and 
additional heart defects (30). 

The frequencies of the various sites of TAPVC or drainage 
are shown in Table 35.2. More than one-third of the cases had 
the anomalous connection to the LIV. 
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Comparison of Anatomic Site of Connection of TAPVC and TAPVD 
■■■ in Three Autopsy Series 

Site of Connection 

Burroughs and Edwards 

Lucas et al. 

Deiisle et al. 

or Drainage 

(40) (%, N- 113) 

(36) (%, A/ =71) 

(42) (%, N =93) 

Left innominate vein 

36 

35 

26 

Coronary sinus 

16 

16 

1 

Right atrium 

15 

2 

8 

Right superior vena cava 

11 

12 

15 

Portal system 

13 

23 

24 

Multiple sites 

7 

10 

5 

Unknown or other 

2 

0 

4 


TAPVC, totally anomalous pulmonary venous connection; TAPVD, totally anomalous pulmonary venous drainage. 


The presence of an interatrial communication is necessary 
to sustain life; therefore, an ASD or patent foramen ovale is 
considered part of the complex. Also, the young age of the 
patients makes the presence of a PDA usual, and this is not 
considered a complicating defect. A rare exception was a case 
of TAPVC to the CS with intact atrial septum, multiple VSDs, 
and a persistent LSVC to the CS who survived to the age of 
11 years (42). 

Gross examination of the heart shows several features com- 
mon to all cases, regardless of the site of the anomalous con- 
nection. These include dilation and hypertrophy of the right 
ventricle and RA and dilation of the pulmonary artery. The left 
ventricle is of normal size, and left ventricular volume meas- 
ured in life is usually within the normal limits. Left atrial size 


usually is diminished because it lacks the contribution of the 
common pulmonary vein. In addition to these findings, spe- 
cific anatomic features vary as to the site of the anomalous 
connection as follows. 

Connection to the Right Superior Vena Cava or the Right 
Azygous Vein 

The pulmonary veins from each lung join to form a confluence 
posterior to the LA. An anomalous vessel originating from 
the right side of this confluence ascends, passes anterior to the 
hilum of the right lung, and enters the posterior aspects of the 
right SVC (Fig. 35.1 6 A). In a rare case, the right-sided ascend- 
ing pulmonary venous vessel connects to the azygous vein. 



Figure 35.16. Echocardiographic delineation of totally anomalous pulmonary venous connection. A: High left para- 
sternal transverse view of TAPVC to the right superior vena cava (SVC). The right upper pulmonary vein (RUPV), 
right lower pulmonary vein (RLPV), left upper pulmonary vein (LUPV) and left lower pulmonary vein (LLPV) are seen 
joining a horizontal pulmonary venous confluence (PVC). The vertical vein ( asterisk ) ascends rightward and anteriorly 
to join the posterior aspect of the SVC. The pulmonary artery (PA) is dilated secondary to the volume load. Ao, aorta. 
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Figure 35.16, (Continued) B: Subcostal oblique view with color Doppler comparison of TAPVC to the 
coronary sinus (CS), which is markedly dilated. The image depicts the typical “whale's tail” appear- 
ance of the pulmonary venous confluence (PVC) and connection of the vertical vein (VV) to the CS. 
Note the obligate right-to-left shunt across the patent foramen ovale (PFO, arrow) and the small left 
atrium. (RA, right atrium.) C: Subcostal short-axis view with color Doppler comparison of infradia- 
phragmatic TAPVC in a patient with congenital absence of the left lung. From this view, the descend- 
ing W flow is demonstrated (red), with obstruction (arrow) at the point of connection with the IVC. 


Connection to the Left Cardinal System 

Connection to the Left Innominate Vein 

In this, the most common site of TAPVC, the pulmonary veins 
from both lungs form a confluence immediately posterior to 
the LA (Fig. 35. 15 A). A venous channel originates from the 
left portion of the confluence, usually passes anterior to the 
left pulmonary artery and mainstem bronchus, ascends into 
the superior mediastinum, passes anterior to the aortic arch, 
and joins the LIV proximal to its origin from the left jugu- 
lar and subclavian veins (Fig. 35.17). The LIV then joins the 
right SVC in normal fashion. Less commonly, the ascending 
vein passes between the left pulmonary artery and left main 


stem bronchus; the latter structures produce an extrinsic 
obstruction to pulmonary venous flow. The venous channel 
connecting the pulmonary vein to the LIV is an anomalous 
vertical vein that represents an embryonic channel between 
the splanchnic and the cardinal venous systems. Therefore, the 
term persistent LSVC should not be used for this venous chan- 
nel (a persistent LSVC connects with the CS or with the LA 
when the CS is unroofed). 

Connection to the Coronary Sinus 

The entire anomalous pathway is situated within the pericar- 
dium. The pulmonary veins join a common vessel that con- 
nects to the CS in the region of the AV groove (Figs. 35.1 5B 





826 SECTION VI ■ Congenital Cardiovascular Malformations 



Figure 35.17. Posterior view of heart and lungs specimen show- 
ing supracardiac totally anomalous pulmonary venous con- 
nection. The individual pulmonary veins form a horizontal 
confluence (Horizontal PV) behind the left atrium (LA). The left 
vertical vein (LW) connects to left innominate vein, which con- 
tinues into the right superior vena cava (RSVC). The W is “sand- 
wiched” between the left main stem bronchus posteriorly and the 
left pulmonary artery anteriorly. Note the poststenotic dilatation 
of the LW. LL, left lung; LV, left ventricle; RL, right lung. 


and 35.16B). The CS then follows its normal course to the 
RA. The enlarged orifice of the CS is either norinally placed 
between the orifices of the IVC and tricuspid valve or is dis- 
placed posterior to the orifice of the IVC. The cardiac veins 
drain normally into the CS, which shares a common wall with 
the LA throughout the greater portion of its length. Stenosis 
at the junction of the common pulmonary vein with the CS or 
within the CS is rare but can occur. 

Connection to the Umbilicovitelline System 

This distal site of connection is situated below the diaphragm. 
The pulmonary veins from both lungs join to form a conflu- 
ence immediately behind the LA. A common vessel originates 
from this confluence, descends immediately anterior to the 
esophagus, and penetrates the diaphragm through the esopha- 
geal hiatus. Most commonly, the anomalous descending ves- 
sel then joins the portal vein at the confluence of the splenic 
and superior mesenteric veins (Figs. 35.15C and 35.18). Less 
often, the anomalous vessel connects to the ductus venosus, 
to one of the hepatic veins, or to the IVC. When the anoma- 
lous connection is to the umbilicovitelline system, pulmonary 
venous obstruction is usually present. 

Anatomic Sites of Obstruction to Pulmonary Venous 
Drainage 

The presence of an obstructive lesion in the anomalous pulmo- 
nary venous channel profoundly influences the hemodynamic 
state and clinical features in a case of TAPVC. Some of the 
anatomic causes of obstruction are listed in the following sec- 
tions. 
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Figure 35.18. Posterior view of heart and lung specimen 
showing totally anomalous pulmonary venous connection to 
the portal vein. The ductus venosus is atretic at two locations 
(Inset) between the vertical vein and the suprahepatic segment 
of the inferior vena cava (IVC), and between the vertical vein 
and the confluence of the left umbilical and left portal veins. 
(From Delisle G, Ando M, Calder AL, et al. Total anomalous 
pulmonary venous connection: Report of 93 autopsied cases 
with emphasis on diagnostic and surgical considerations. Am 
Heart J 1976;91:99-122, with permission from Elsevier). 


Obstruction in the Anomalous Venous Channel 

Obstruction in the anomalous venous channel may be caused 
by several factors. Intrinsic narrowing in the walls of the anom- 
alous vessels frequently occurs. Extrinsic pressure also results 
in narrowing of the venous structure. For example, when the 
vertical vein in TAPVC to the innominate vein passes between 
the left main pulmonary artery and left mainstem bronchus, 
the latter structures may obstruct the former (Fig. 35.17). 
Similarly, the anomalous pulmonary vein in TAPVC to the 
SVC may be obstructed by the right pulmonary artery and 
trachea. The ductus venosus normally undergoes constriction, 
and therefore anomalous connection to this structure results 
in pulmonary venous obstruction. Finally, when the anoma- 
lous connection is to the portal vein or one of its tributaries, 
the hepatic sinusoids are interposed in the pulmonary venous 
channel and result in increased resistance to pulmonary 
venous return. Another factor that may contribute to imped- 
ance of pulmonary venous return is the length of the ascending 
or descending vertical venous pathway. 


Obstruction at the Interatrial Septum 

Burroughs and Edwards (40) clearly related longevity in 
TAPVC to the size of the ASD. Those patients with large 
defects survived longer than did patients with restricted intera- 
trial openings. 


Associated Cardiac Anomalies 

Frequently, TAPVD occurs as an isolated anomaly in patients 
with normal visceroatrial situs. It has been reported, how- 
ever, to be associated with transposition of the great arteries, 
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tetralogy of Fallot, single ventricle, truncus arteriosus, tricuspid 
atresia, hypoplastic left heart syndrome, pulmonary atresia, 
multiple VSDs, coarctation of the aorta, vascular sling, and 
other anomalies (42). In contrast, TAPVD to the RA occurs, 
as a rule, in patients with visceral heterotaxy and polysple- 
nia. Rarely, it is found in patients with visceral heterotaxy and 
asplenia as well. Hence, TAPVD may be associated with the 
various defects characterizing the heterotaxic patients, such 
as common AV canal, conotruncal anomalies, septal defects, 
pulmonary stenosis or atresia, mitral atresia, systemic venous 
anomalies, and others. 

Microscopic Anatomy 

Anomalous Vessels 

Sherman and Bauersfeld (43) examined the anomalous venous 
vessels in eight patients and reported each to be altered by 
scarring. Fibrosis was abundant in the adventitia, and in some 
cases, there were focal areas of severe medial fibrosis. An inti- 
mal fibrous layer was noted in one. Unobstructed veins often 
exhibited vein wall atrophy or hypertrophy of intima, media- 
adventitia, or both. Obstructed veins usually have media- 
adventitial thickening and often have intimal proliferation. 

Left Atrium 

Sherman and Bauersfeld (43) reported that the histologic pic- 
ture of the LA in 13 patients was atrophy. Although the muscle 
fibers were narrow with scanty cytoplasm, they had abundant 
nuclei. These investigators found that the number of muscle 
fibers in the LA in TAPVC approximated controls. 

Lungs 

The microscopic findings in the lungs vary depending on 
whether pulmonary venous obstruction is present. 

TAPVC without Obstruction 

In the absence of pulmonary venous obstruction, the muscular 
arteries and arterioles generally have prominent medial hyper- 
trophy. Intimal lesions in the arterioles are uncommon in the 
infant but usual in the older child and adult. 

TAPVC with Obstruction 

In TAPVC with obstruction, there is medial hypertrophy 
within the anomalous venous channels, the extrapulmonary 
veins, and the small veins of the lungs. Pulmonary edema 
and extravasation of red cells into the alveolar spaces are 
pronounced. Prominent dilation of the subpleural and inter- 
lobular lymphatics is present, and medial hypertrophy of the 
pulmonary arterioles and pulmonary arteries is pronounced. 
Intimal proliferation within the arterioles is common, and 
necrotizing arteritis rarely is seen. 

Physiology 

All venous blood returns to the RA. Some form of communi- 
cation between the right and left sides of the heart is essential 
for survival in TAPVC. The physiologic features depend on 
the distribution of this mixed venous blood between the pul- 
monary and systemic circulations. The state of the interatrial 
septum is of primary importance in this distribution. During 
fetal life, PBF is small, and the combined systemic and pul- 
monary venous return to the RA is only minimally increased. 
Hence, the stimulus for the development of a large interatrial 
communication is minimal. Some degree of restriction to 


flow across a patent foramen ovale (found in 70% to 80% 
of cases) is common. In patients with a restrictive interatrial 
communication, the amount of blood reaching the LA is lim- 
ited and systemic output is reduced. As pulmonary vascular 
resistance gradually decreases after birth and as demands for 
SBF increase with the rapid growth of the infant, massive 
pulmonary overcirculation ensues. Pulmonary and systemic 
venous blood return is to the RA; therefore, increased right 
atrial pressure results in pressure elevation and congestion in 
both venous circuits. 

On the other hand, the presence of a widely patent foramen 
ovale or ASD allows free communication between the two 
atria. In this circumstance, the distribution of mixed venous 
blood depends on the relative compliance of the atria and ven- 
tricles and the relative resistance imposed by the pulmonary 
and systemic arterial circuits. The major variable is the state 
of the pulmonary vascular bed, which initially depends on the 
presence or absence of pulmonary venous obstruction. 

TAPVC without Pulmonary Venous Obstruction 

At birth, the distribution of blood between the pulmonary 
and systemic circuits is approximately equal because the 
resistance in these two vascular beds is nearly equal. In the 
first few weeks of life, maturation of the pulmonary vascu- 
lar bed produces a decrease in pulmonary vascular resistance, 
and a progressively larger proportion of the mixed venous 
blood traverses the pulmonary circuit. PBF is commonly three 
to five times SBF. SBF is usually normal. Because the mixed 
venous pool receives three to five parts of fully saturated 
blood for each part of desaturated systemic venous blood, 
oxygen saturation in the RA may be >90%. Adequate mix- 
ing in the RA is the rule. Thus, oxygen saturation in the right 
ventricle, pulmonary artery, LA, left ventricle, and aorta is 
expected to be equal to that in the RA. Oxygen saturation 
in the systemic arteries may vary considerably, depending on 
the type of TAPVC (i.e., supracardiac, to the CS, or infradia- 
phragmatic), presumably as a result of the streaming of the 
mixed venous blood. Progressive dilation and hypertrophy of 
the right ventricle and dilation of the pulmonary artery usu- 
ally occur. 

Pulmonary artery pressure in infants ranges from slightly 
elevated to systemic. The state of the interatrial communi- 
cation in patients with TAPVC without pulmonary venous 
obstruction has a major impact on PBF, pressure, and resist- 
ance. In the few patients who survive to older childhood or 
early adulthood, the pulmonary artery pressure is only slightly 
elevated. As time goes on, medial hypertrophy and intimal 
proliferation occur in the pulmonary arterioles, resulting in 
more severe pulmonary hypertension in the third and fourth 
decades. 

TAPVC with Pulmonary Venous Obstruction 

Elevated pressure in the pulmonary venous channels is trans- 
mitted to the pulmonary capillary bed. Pulmonary edema 
results when the hydrostatic pressure in the capillaries exceeds 
the osmotic pressure of the blood. Mechanisms that tend to 
prevent pulmonary edema include increased pulmonary lym- 
phatic flow, alternative pulmonary venous bypass channels, 
altered permeability of the pulmonary capillary wall, and 
reflex pulmonary arteriolar constriction. The last mechanism 
results in a decrease in pulmonary flow, pulmonary hyperten- 
sion, right ventricular hypertension and hypertrophy, and, 
ultimately, right heart failure. 

The right ventricular volume and pressure overload result 
in a leftward shift of the interventricular septum that, together 
with the decreased inflow from the LA, lead to a decrease in 
left ventricular volume. Systemic output usually is low because 
of the inadequate filling volume. 


SECTION VI ■ Congenital Cardiovascular Malformations 


Clinical Manifestations 

The signs and symptoms in TAPVC are variable, depending 
on the underlying hemodynamics. When the interatrial 
communication is inadequate, symptoms occur at birth or 
shortly thereafter. The hemodynamic consequences of inad- 
equate interatrial communication include pulmonary venous 
obstruction. The presence of intrinsic or extrinsic narrow- 
ing in the connecting vein also produces pulmonary venous 
obstruction. Thus, the manifestations may be divided accord- 
ing to whether pulmonary venous obstruction is absent or 
present. 

TAPVC without Pulmonary Venous Obstruction 

Clinical Features 

Patients are usually asymptomatic at birth. Seventy-four 
patients with TAPVC without pulmonary venous obstruction 
are present in the files of the Northern Great Plains Registry of 
Congenital Heart Disease (44). Of these, 56% had symptoms 
in the first month of life and the remainder in the first year. 
Tachypnea and feeding difficulties were the initial symptoms, 
usually manifested by the first few weeks of life. From that 
point on, the infants did not thrive, were subject to repeated 
respiratory infections, and usually had cardiorespiratory fail- 
ure by 6 months of age. 

Cyanosis may be so mild as to be clinically inapparent, 
except in the presence of cardiac failure and in the patient who 
survives long enough to acquire secondary pulmonary vascu- 
lar changes. Of these infants, 75% to 85% die by 1 year of 
age, most in the first 3 months of life (40). The infants are thin 
and irritable and may exhibit slight duskiness on crying and 
exertion. Dyspnea, tachypnea, tachycardia, and poor feeding 
are almost always present. 

A prominent right ventricular heave is a typical find- 
ing. A characteristic feature is the presence of multiple car- 
diac sounds. The first sound is loud and distinct and often 
is followed by a systolic ejection click. The second sound is 
widely split and does not vary with respiration. The pulmo- 
nary component of the second sound is accentuated. A third 
heart sound, maximal at the apex almost always, is present. 
A fourth heart sound is frequently heard in older patients. A 
cardiac murmur is occasionally absent. Characteristically, a 
grade 2/6 soft, blowing, systolic ejection murmur is heard in 
the pulmonary area. This murmur often is heard well over the 
xiphoid and at the lower left sternal border; in this case, it 
is SI coincident secondary to tricuspid regurgitation. Turbu- 
lence in the pulmonary outflow tract or tricuspid valve insuf- 
ficiency, or both, account for the systolic murmurs. A diastolic 
tricuspid flow murmur at the lower left sternal border occurs 
frequently. When the anomalous connection is to the LIV, a 
venous hum at the left or right base may be heard. Unlike 
the “innocent” venous hum, this murmur is not louder during 
diastole and is not altered by change in position or pressure 
on the neck veins. 

Cardiac failure occurs in most patients prior to 6 months 
of age. In cardiac failure, hepatomegaly is always present, 
and peripheral edema is present in about half of the cases. 
Clubbing occasionally is seen in the patient who survives 
infancy. 

Electrocardiographic Features 

A tall peaked P wave in lead II or the right precordial leads 
characteristic of right atrial enlargement is a constant finding. 
Right-axis deviation is usual. Right ventricular hypertrophy 
invariably is present, usually manifested by high voltage in the 
right precordial leads and occasionally as an incomplete right 
bundle branch block pattern. 


Radiologic Features 

Certain features are common to all cases. The lung fields reflect 
increased PBF. The RA and right ventricle are enlarged, and the 
pulmonary artery segment is prominent. The left-sided cham- 
bers are not enlarged. In addition, the specific site of anomalous 
connection may result in characteristic signs. A figure-of-8 or 
“snowman” appearance of the cardiac show is seen in patients 
with TAPVC to the LIV (Fig. 35.11). The upper portion of the 
figure-of-8 is composed of the anomalous vertical vein on the 
left, the LIV superiorly, and the SVC on the right. This diagnos- 
tic sign usually is not present in the first few months of life but 
often is present in the older child and adult. When the anoma- 
lous connection is to the right SVC, dilation of this structure 
results in a prominence at the upper right cardiac border. 

Echocardiographic Features 

The goals of the echocardiographic examination in TAPVC 
are (a) to establish the diagnosis; (b) to image and determine 
the size of the individual pulmonary veins; (c) to ascertain 
that all four major pulmonary veins join the pulmonary 
venous confluence and that no additional pulmonary veins 
drain separately; (d) to image and determine the size of the 
pulmonary venous confluence and its relation to the LA; (e) 
to image the course of the pulmonary venous channel (usually 
the vertical vein), its connection with the systemic vein, and 
its relation to neighboring structures (i.e., pulmonary arteries 
and airways); (f) to determine whether there is obstruction 
to pulmonary venous flow and its mechanism; (g) to evalu- 
ate the interatrial communication for obstruction; and (h) 
to perform a complete anatomic and functional survey of all 
cardiovascular structures and to exclude additional structural 
cardiac anomalies. These goals are achieved by performing 
a complete step-by-step echocardiographic examination from 
multiple windows. 

The features common to all forms of TAPVC are signs of 
right ventricular volume overload. The right-sided heart struc- 
tures are dilated. The RA is enlarged, and the atrial septum 
bows toward the left. The right ventricle appears to compress 
the left ventricle, the interventricular septum deviates leftward, 
and left ventricular volume is decreased. The interventricular 
septum may move paradoxically. The pulmonary arteries are 
dilated. 

Aside from the features of right ventricular volume over- 
load, the first echocardiographic suspicion that supports 
the diagnosis of TAPVC is the inability to image the pulmo- 
nary veins entering the LA. The LA is small. The pulmonary 
venous confluence usually is easy to recognize as an echo-free 
space behind the LA. Next, the individual pulmonary veins 
are sought. Once identified, each individual pulmonary vein 
is imaged by 2-D and is interrogated by color Doppler flow 
mapping. The course and diameter of each vein then should 
be determined. Jenkins et al. (45) showed that the size of the 
individual pulmonary veins at the time of initial diagnosis is a 
strong, independent predictor of survival in TAPVC. Smaller 
pulmonary veins were associated with poorer prognosis. 
Based upon a recent multicenter study from Europe investiga- 
tors similarly found hypoplastic/stenotic pulmonary veins to 
be an independent risk factor for death (46). The individual 
pulmonary veins should be imaged from multiple windows, 
but the parasternal, subclavicular, and suprasternal notch 
views mostly are used (Fig. 35.16). 

The size and orientation (i.e., horizontal or vertical) of the 
pulmonary venous confluence and its relationship with the LA 
are important for surgical planning. When all pulmonary veins 
connect to a horizontal confluence at approximately the same 
level, anastomosis of this confluence to the back wall of the 
LA is relatively straightforward. In contrast, when the pulmo- 
nary veins connect to a vertical confluence at different levels, 
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the repair is more challenging. The subcostal, parasternal, and 
suprasternal notch windows are most useful. Once the pulmo- 
nary venous confluence is characterized, the venous channel 
that connects with the systemic vein is followed by 2-D imaging 
and color Doppler flow mapping. In general, the venous chan- 
nel in supracardiac TAPVC is best imaged from the precordial 
windows (Fig. 35.16A), and the venous channel in infradia- 
phragmatic TAPVC is best evaluated from the subcostal view 
(Fig. 35.16C). In supracardiac TAPVC, the venous channel 
should be examined for its relation with the branch pulmo- 
nary arteries and the bronchi. Obstruction may be caused by 
external compression or by intrinsic stenosis. The site of con- 
nection with the systemic vein, most frequently the LIV, is a 
common site of narrowing. In infradiaphragmatic TAPVC, 
the most common site of obstruction is at its connection with 
the portal or the hepatic vein. Often the pulmonary venous 
channel dilates proximal to the site of stenosis, a finding that 
should prompt a careful search for obstruction. Luminal nar- 
rowing associated with flow acceleration and turbulence by 
color Doppler characterizes pulmonary venous obstruction, 
regardless of its mechanism. Spectral Doppler is most useful. 
Pulmonary venous flow in an unobstructed vessel is character- 
ized by a low-velocity, phasic laminar flow pattern with brief 
flow reversal during atrial systole. An increased flow velocity 
disturbed (turbulent) flow pattern, and loss of the phasic vari- 
ations characterize obstructed pulmonary venous flow. 

When TAPVC connects to the CS, the sinus is dilated and 
can be imaged easily from the subcostal, parasternal long-axis, 
or apical four-chamber view (Fig. 35.16B). The dilated CS 
bulges anterosuperiorly into the LA. Dilation of the CS also 
occurs in other conditions (persistent left SVC draining to CS); 
hence, imaging of the pulmonary veins draining into the CS is 
key to the diagnosis. 

Infradiaphragmatic TAPVC usually connects to the portal 
venous system but can connect to the hepatic veins or to the 
IVC. The pulmonary veins converge into a common channel, 
which is located inferior to the LA immediately above the dia- 
phragm. The common pulmonary venous channel may appear 
as a distinct chamber. It is best imaged from the subcostal 
short- and long-axis windows, with scanning from left to right 
and superior to inferior to identify the abdominal connection 
of the anomalously connecting vein (Fig. 35.16C). In a trans- 
verse plane, the descending aorta lies to the left and posteri- 
orly, the IVC to the right and anteriorly, and the anomalous 
pulmonary venous channel in an intermediate position. The 
descending anomalous vein may be missed if it is compressed 
by a congested liver. Doppler interrogation is used to differen- 
tiate flow characteristics among the various abdominal vessels. 
Flow in the descending aorta has a systolic laminar profile in 
a direction away from the heart. Flow in the IVC is nearly 
continuous, phasic, and toward the heart. Flow in the com- 
mon pulmonary vein is characteristic of the venous flow pat- 
tern, except the direction is away from the heart toward the 
abdomen. 

In mixed TAPVC, multiple windows must be used to 
image the connections of at least four individual pulmonary 
veins. Suprasternal, parasternal, and subcostal windows, as 
described previously, should be used. The most common type 
of mixed drainage is connection to both the CS and the LIV. 

With each type of TAPVC, a thorough echocardiographic 
study is necessary to identify coexisting cardiac anomalies. 
Errors in the identification of TAPVC are more frequent when 
there are coexisting mixed connection of the pulmonary veins 
and associated cardiac lesions. 

Transesophageal echocardiography provides an alternative 
approach in patients with poor transthoracic windows. The 
need for transesophageal imaging in the newborn and young 
infant, however, is minimal because the transthoracic windows 


are usually adequate. Transesophageal echocardiography has 
a greater role in the evaluation of patients after TAPVC repair, 
especially in an acute-care circumstance. MRI provides supe- 
rior diagnostic capabilities in the evaluation of pulmonary 
veins and should be considered in patients who can be safely 
imaged by this modality. 

Prenatal diagnosis of TAPVC is important for counseling 
parents, determining prognosis, and planning delivery at a 
center with facilities and expertise in neonatal pediatric car- 
diac surgery. Identification of the pulmonary venous connec- 
tions is one goal of a fetal echocardiographic examination. 
The normal connection of some of the pulmonary veins to the 
LA is apparent from the four-chamber view of the fetal heart 
as well as from short-axis views. Because fetal PBF is less in 
utero than postnatally, it can be difficult to identify anomalous 
pulmonary venous connections. If one sees right ventricular 
and pulmonary artery enlargement out of proportion to the 
left ventricular and aortic size in utero , one should consider 
the diagnosis of TAPVC, especially when other cardiac lesions 
that can produce the same picture have been excluded (i.e., 
coarctation, left-sided obstructive lesions, arteriovenous mal- 
formations). The prerequisite to the prenatal diagnosis of 
TAPVC is a high index of suspicion and good-quality imag- 
ing of the pulmonary veins; clues to the prenatal diagnosis in 
one study of 11 cases included visualization of a pulmonary 
venous confluence behind the LA and a vertical vein (47). 
Unambiguous identification of a normal connection of some 
of the pulmonary veins to the LA excludes the diagnosis. The 
diagnosis of heterotaxy syndrome should prompt a meticulous 
evaluation of the pulmonary veins. 

Magnetic Resonance Imaging 

The advent of new MRI and MRA techniques in recent years 
brings this diagnostic modality to the forefront of imaging 
of pulmonary venous anomalies (24). MRI provides a wide- 
field imaging of the pulmonary veins and blood flow within 
them as well as adjacent cardiovascular structures. Noncar- 
diac structures, such as airways, lungs, spine, and abdomi- 
nal organs, are also seen. MRA provides a 3-D dataset that 
encompasses all cardiovascular and noncardiac structures 
(Fig. 35.19). Multilevel steady-state free precession cine MRI 
in axial, coronal, and oblique planes is performed across the 
chest and demonstrates the dynamic nature of blood flow, car- 
diac chambers, and AV and semilunar valves. Cine PC is used 
to determine flow direction and to quantify flow velocity and 
flow rate. 

Usually, MRI is not necessary in the initial evaluation of 
newborns and in the infant with TAPVC because echocardi- 
ography is accurate, portable, and readily available. MRI is 
indicated in infants with TAPVC only when echocardiography 
is inconclusive. In older patients and elective circumstances, 
MRI provides a superior alternative to ultrasound. 

Cardiac Catheterization 

The accuracy of 2-D and Doppler echocardiography in iden- 
tifying the presence and type of TAPVC nearly has elimi- 
nated the need for diagnostic cardiac catheterization and 
angiography in the diagnosis of TAPVC. Ninety-seven per- 
cent sensitivity and 99% specificity have been reported in the 
echocardiographic diagnosis of TAPVC, even before color 
Doppler became available (48). Diagnostic cardiac catheteri- 
zation now rarely is performed to clarify problems unresolved 
by 2-D and Doppler echocardiography. The advent of MRI in 
recent years may obviate the need for diagnostic catheteriza- 
tion even further. 

The venous site of anomalous connection may be identified 
if highly saturated blood is obtained from the LIV, right SVC, 
or CS. In TAPVC, the oxygen saturation in the RA usually 
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Figure 35.19. Mixed-type totally anomalous pulmonary 
venous connection (TAPVC). Maximal-intensity projection 
image from a gadolinium-enhanced 3-D magnetic resonance 
angiogram viewed from posterior in a 1 -day-old newborn 
with mixed-type TAPVC. The left lower (LLPV), right upper 
(RUPV), and right lower (RLPV) pulmonary veins drain into 
a large pulmonary venous confluence that drains via a large 
vertical vein (W) below the diaphragm to join the portal vein 
into the inferior vena cava (IVC), The left upper pulmonary 
veins (LUPVs) join a separate W that drains into the coronary 
sinus (CS). The MRI examination was requested as an alterna- 
tive to cardiac catheterization and angiography because of the 
complexity of the pulmonary venous anatomy and acoustic 
shadowing from the right lung. The MRI examination delin- 
eated the anatomy of all pulmonary veins as well as the intra- 
cardiac and extracardiac anatomy, and these findings were 
subsequently confirmed at surgery. 


ranges between 80% and 95%, and saturations in the RA, 
right ventricle, pulmonary artery, LA, left ventricle, and sys- 
temic arteries are nearly identical. When TAPVC is to the LIV 
or right SVC, SVC blood preferentially flows into the tricuspid 
orifice and IVC blood preferentially shunts into the LA, result- 
ing in a pulmonary artery oxygen saturation that may be 
higher than that in the systemic artery. 

Pressure in the right ventricle and pulmonary artery ranges 
from slightly elevated to equal or higher than systemic pres- 
sure. Interpretation of atrial pressures, particularly in an 
attempt to determine the adequacy of the interatrial communi- 
cation, is difficult. The presence of equal pressures in the two 
atria is probably an unreliable sign of a nonobstructive intera- 



Figure 35.20. Catheter angiography of totally anomalous pul- 
monary venous connection. Levophase of a right pulmonary 
artery angiogram showing supracardiac TAPVC to the left 
innominate vein. HPVC, horizontal pulmonary venous con- 
fluence; W, vertical vein. 


trial communication. This phenomenon is most likely attribut- 
able to the fact that the compliances of the two ventricles are 
usually comparable, and their filling pressures are thus equal 
even in the face of a restrictive interatrial communication. A 
right atrial pressure >2 mm Hg in excess of left atrial pressure 
is more reliable in predicting a restrictive interatrial commu- 
nication, but too often it occurs in the face of free communi- 
cation between the atria. The only reliable way to assess the 
size of the interatrial communication is to measure it with a 
balloon catheter. 

Selective pulmonary arteriography usually is diagnostic. 
Following injection and passage of opaque dye through the 
pulmonary fields, the dye collects in the pulmonary venous 
channels and clearly outlines the anomalous connection 
(Fig. 35.20). In TAPVC to the LIV, the vertical vein can be seen 
to originate from the area of the common pulmonary vein and 
to ascend to join the LIV. The latter is outlined in its course 
to the SVC. 

TAPVC with Pulmonary Venous Obstruction 

Clinical Features 

Pulmonary venous obstruction is usual when the venous con- 
nection is to the umbilicovitelline venous system. Pulmonary 
venous obstruction is present in about 50% of cases when the 
connection is to supracardiac structures (49). Obstruction in 
the anomalous venous channel occurs but is less common in 
patients with anomalous connection to the CS. Regardless of 
the site of pulmonary venous obstruction, the clinical profile 
is the same. 

There were 43 cases of TAPVC with obstruction in the files 
of the Northern Great Plains Registry of Congenital Heart 
Disease (44). Of these patients, 72% presented in the first 
month of life and the remainder presented early in the first 
year. Symptoms usually did not appear in the first 12 hours 
of life, a finding that helped differentiate these patients from 
patients with respiratory distress syndrome. Once symptoms 
began, there was rather rapid progression to dyspnea, feeding 
difficulties, and cardiorespiratory failure. 

Age at death ranged from 2 days to 4.5 months (36). When 
the anomalous connection is below the diaphragm, cyanosis 
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and dyspnea may be accentuated by straining and swallowing 
as a consequence of interference of pulmonary venous outflow 
by increased intra-abdominal pressure or impingement of the 
esophagus on the common pulmonary vein as it exits through 
the esophageal hiatus. The clinical course in patients with 
severely obstructed infradiaphragmatic TAPVC might be 
stormy with rapid development of severe respiratory distress 
and acidosis in the first hours of life. 

Despite the alarming symptoms, the cardiovascular find- 
ings may be minimal. The heart is not enlarged and has no 
significant right ventricular heave. The second sound usually 
is split, and the pulmonary component is accentuated. A car- 
diac murmur often is absent, but, when present, it is usually 
a soft, blowing, systolic ejection murmur in the pulmonary 
area. Moist rales are usual at the lung bases. Hepatomeg- 
aly is almost always present, and peripheral edema often is 
associated. 

Electrocardiographic Features 

Right ventricular hypertrophy is invariably present. Unlike 
TAPVC without obstruction, however, right atrial enlarge- 
ment is not a usual feature. 

Radiologic Features 

The cardiac size is normal or nearly so. The lung fields have 
abnormal pulmonary vascular markings, characterized by 
diffuse, stippled densities that form a reticular pattern that 
fans out from the hilar regions. The cardiac borders often are 
obscured. Kerley B lines have been described, and prominence 
of the superior pulmonary veins is usual. The radiographic 
appearance is not diagnostic of TAPVC with obstruction 
because it also is associated with other causes of pulmonary 
venous obstruction. 

Echocardidgraphic Features 

The 2-D and Doppler findings are as described in the previous 
section on TAPVC without obstruction. It is important to 
perform a thorough Doppler interrogation of the individual 
pulmonary veins, the pulmonary venous confluence, and its 
insertion into the right-sided cardiac structure to look for the 
presence of obstruction. This is characterized by a high-veloc- 
ity, continuous, and nonphasic venous flow profile. 

Magnetic Resonance Imaging 

In the uncommon circumstance when echocardiography can- 
not provide all diagnostic information required for surgical 
planning, MRI provides an excellent complementary option. 
Given that infants with obstructed TAPVC are often in cardi- 
orespiratory distress, the MRI examination should be stream- 
lined to quickly provide the essential diagnostic information. 
The fastest approach is to obtain only a contrast-enhanced 3-D 
MRA, a procedure that requires only several minutes of scan 
time and can be accomplished in < 15 minutes “door-to-door” 
time. In stable patients, a more comprehensive examination 
is performed as described in the previous section on TAPVC 
without obstruction. 

Cardiac Catheterization 

Diagnostic cardiac catheterization in patients with obstructed 
TAPVC rarely is indicated because of the accuracy of echocar- 
diography. The procedure should be avoided as much as possi- 
ble because it may aggravate the already compromised clinical 
condition of these patients and delay operation. 

Oximetry may be helpful if fully saturated blood is 
obtained from the IVC or the SVC. Interpretation of oximetry 
must be cautious, however. On the one hand, PBF is decreased 
and its volume may not be sufficient to allow a high oxy- 
gen saturation when mixed with systemic venous blood. On 
the other hand, streaming of renal venous blood may result 


in the appearance of highly oxygenated blood in the IVC. In 
a newborn with TAPVC to the portal venous system, blood 
obtained from the umbilical vein is fully saturated, confirming 
the diagnosis. 

Right ventricular pressures usually are systemic or higher. 
Pressures in the RA usually are normal. Left atrial pressure 
also is normal but contrasts strikingly with the elevated pul- 
monary artery wedge pressure. 

When the pulmonary arteriogram demonstrates TAPVC to 
the portal venous system, pulmonary venous obstruction may 
be assumed. Sites of obstruction also may be outlined when 
the anomalous connection is to other venous channels. If the 
cardiac catheter enters the anomalous venous channel, it may 
traverse the area of obstruction, thereby creating high-grade 
or complete obstruction to venous return. If selective injec- 
tion of contrast material into the anomalous venous channel is 
contemplated in the patient with TAPVC with obstruction, the 
injection should be done by hand. 

Differential Diagnosis 

TAPVC without Pulmonary Venous Obstruction 

In the infant with this condition, the differential diagnosis 
must include large VSD, PDA, truncus arteriosus, common 
atrioventricular (canal) septal defect (AVSD), and functional 
single ventricle without pulmonary stenosis. Unlike TAPVC, 
all these anomalies have radiographic and ECG evidence of 
left atrial and left ventricular hypertrophy. Multiple heart 
sounds are not usual, and the cardiac murmur is harsher and 
may be associated with a thrill. The counterclockwise frontal 
vector loop identifies common AVSD, as does the murmur of 
mitral regurgitation. The severity of the illness in the infant 
with suspected TAPVC warrants prompt echocardiographic 
examination, which will provide a definite diagnosis. 

In the older child or adult with TAPVC, the differential 
diagnosis must include ASD, common atrium, and PAPVC. 
Common atrium and ostium primum ASD may be differenti- 
ated on the basis of a counterclockwise frontal vector loop. In 
the older patient, at least mild cyanosis is usually present in 
TAPVC, and this feature is absent in the usual case of secun- 
dum ASD or PAPVC unless pulmonary hypertension coexists. 
Nonetheless, a clinical distinction may be difficult in the older 
patient and will require special studies. 

TAPVC with Pulmonary Venous Obstruction 

Differential diagnosis in these infants includes the other causes 
of pulmonary venous obstruction as well as persistence of the 
fetal circulation. An accurate diagnosis should be achieved 
with a timely echocardiogram. 

Treatment 

Corrective surgery for the infant or child with TAPVC should 
be performed as soon as possible. In the sickest infants, the 
patient’s clinical condition should be optimized, including the 
cardiorespiratory and metabolic states. Measures may include 
mechanical ventilation, inotropic support, diuresis, and cor- 
rection of acidosis and other metabolic problems. When pos- 
sible, surgery should be done on the basis of echocardiography 
because omitting cardiac catheterization speeds the time to 
operation, spares the infant the stress of this invasive proce- 
dure, and may reduce mortality. 

Balloon atrial septostomy and blade atrial septostomy 
have been used as palliative procedures. Septostomy no longer 
seems appropriate because it delays the definitive procedure 
and is of little value when an anomalous venous channel 
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also is obstructed. Balloon dilation of obstructed anomalous 
venous channels was unsuccessful in the patients described by 
Lock et al. (50). 

Operation for correction of TAPVC in infants < 1 year of 
age was associated with a mortality of about 50% through the 
early 1970s (49) and fell to 30% in the late 1970s (51). Bando 
et al. (52) reported the results of surgical repair of TAPVC in 
105 infants from 1966 through 1995. Over time, the age at sur- 
gical repair has gradually decreased, as did operative mortal- 
ity. From 1991 through 1995, none of the 31 operated infants 
died. Multivariate analysis showed that the only independent 
risk factor for death was a small pulmonary venous conflu- 
ence. A more recent, larger multicenter cohort of 422 cases 
from European centers found the 3-year survival for those 
operated between 1998 and 2004 to be 85%, with independ- 
ent risk factors for death in multivariate analysis comprised of 
earlier age at surgery, hypoplastic/stenotic pulmonary veins, 
associated complex cardiac lesions, postoperative pulmonary 
hypertension, and postoperative pulmonary venous obstruc- 
tion (46). The surgical techniques for the specific anomalies 
are indicated in the following sections. 

TAPVC to Coronary Sinus 

The surgical technique for correction of TAPVC to the CS 
was described by Van Praagh et al. (27) in 1972. The common 
wall of the CS and LA is excised through a right atriotomy 
approach. This allows drainage of the pulmonary venous flow 
into the LA. The orifice of the CS is then closed either by direct 
suture or with the use of a patch. If present, an ASD should 
be closed as well. Rarely, the junction between the pulmonary 
veins and the CS can be stenotic. In such a case, the pulmonary 
venous obstruction must be addressed. 

TAPVC to Left Innominate Vein 

The basis of this correction is the creation of a large side-to-side 
anastomosis between the LA and the pulmonary venous con- 
fluence. Subsequent to the creation of the anastomosis, the 
ASD is closed, and the site of anomalous connection is ligated. 
Usually, a patch is used for ASD closure to ensure that the 
postoperative left atrial volume is normal. With minor modifi- 
cations, this technique is used in correcting the TAPVC to the 
right SVC and TAPVC to the umbilicovitelline system. 

An end-to-side anastomosis of the pulmonary venous con- 
fluence to LA often kinks. Use of the stump of the amputated 
left atrial appendage as a site for anastomosis often results in 
an inadequate opening because the diameter of the waist of the 
left atrial appendage is smaller than the diameter of the com- 
mon pulmonary venous confluence (49). 

Prognosis 

Untreated 

The prognosis in TAPVC is influenced by the size of the intera- 
trial communication and by the presence of obstructing lesions 
in the anomalous venous pathways. The state of the pulmo- 
nary vascular bed, by determining the magnitude of the PBF, 
also plays a significant role in the prognosis. 

In the survey by Keith et al. (53) involving TAPVC of all 
types, 50% were dead at age 3 months and 80% had died by 
1 year of age. The figures reported by Burroughs and Edwards 
(40) are comparable. Patients with inadequate interatrial 
communication had an even poorer prognosis (40,52). When 
obstruction exists in the anomalous venous channel, the prog- 
nosis is grim. Death usually occurs within the first few weeks 
of life. In a series of patients with TAPVC with obstruction, 
the oldest survivor was 4.5 months old (36). The patients who 


survive infancy often do so as a consequence of the protection 
provided by increased pulmonary vascular resistance, which is 
a mixed blessing and may jeopardize subsequent attempts at 
surgical repair. Far advanced intimal lesions in the pulmonary 
arterioles have been described as early as 8 months of age. 

Postoperative Course 

The long-term prognosis appears to depend mainly on the state 
of the pulmonary vascular bed at the time of operation and the 
adequacy of the pulmonary venous-left atrial anastomosis. In 
a series of 30 infants with TAPVC operated on between 1981 
and 1991 (54) with a mean follow-up of 47 months, two late 
deaths and two reoperations occurred for pulmonary venous 
obstruction proximal to the anastomosis. The late deaths were 
due to persistent pulmonary hypertension in one and recurrent 
pulmonary venous obstruction in the other. 

A similar hospital mortality rate of 13% was reported 
by Serraf et al. (55) in 30 infants with TAPVC operated on 
between 1985 and 1988. The cause of death was pulmo- 
nary hypertension in all four patients who died. The type of 
TAPVC, patient's age or weight, duration of cardiopulmonary 
bypass time, aortic cross-clamp time, or use of circulatory 
arrest did not affect the operative mortality. The mortality 
rate was affected by the preoperative status of the infant and 
the postoperative pulmonary artery pressure. Late pulmonary 
venous obstruction occurred in four patients for whom fur- 
ther therapy was advised. Reoperation was performed in two 
patients with one death, balloon dilation was successful in 
one patient, and the fourth patient died before reoperation. 
Residual stenosis at the left atrial-pulmonary venous anasto- 
mosis created at surgery was present in 8 of 68 patients (12%) 
reported by Yee et al. (56). These obstructions were relieved 
by patch plasty 1 to 24 months following the initial operation. 

Sano et al. (57) operated on 44 infants with TAPVC. One 
operative death occurred secondary to postoperative suprasys- 
temic pulmonary artery pressures. Of the remaining 43 patients, 
three developed recurrent pulmonary venous obstruction, and 
one developed SVC obstruction requiring reoperation within 

2 months of the initial operation. Two of the three patients 
with recurrent pulmonary venous obstruction were found 
to have diffuse fibrosis of all lobar pulmonary veins as the 
cause rather than obstruction at the left atrial-pulmonary 
venous anastomosis. The patient with SVC obstruction had 
surgery and postoperatively developed bradycardia and sick 
sinus syndrome necessitating placement of a pacemaker. Lamb 
et al. (58) reported a series of 80 patients with TAPVC under- 
going surgery. They noted the development of postoperative 
pulmonary venous obstruction in five patients (6%) 1.5 to 

3 months after the initial operation. Five other children (6%) 
had reoperations, for residual shunts in four and for SVC 
obstruction in one. 

Seale et al. (46) recently reported the results of an interna- 
tional, multicenter study of 422 patients with TAPVC, with an 
overall 3-year mortality of 15%; independent risk factors for 
death in multivariable analysis included earlier age at surgery, 
hypoplastic/stenotic pulmonary veins, associated complex car- 
diac lesions, postoperative pulmonary hypertension, and post- 
operative pulmonary venous obstruction. Sixty (15%) of these 
infants developed postoperative pulmonary venous obstruc- 
tion, with 3-year mortality of 41% in this subgroup; risk fac- 
tors for the development of postoperative pulmonary venous 
obstruction included hypoplastic/stenotic pulmonary veins at 
presentation and the absence of a common pulmonary venous 
confluence. 

The postoperative development of pulmonary venous 
obstruction can be delineated with 2-D echocardiography 
combined with the use of spectral and color flow Doppler to 
identify and localize the area of obstruction. MRI and CT may 
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be particularly useful in the evaluation of pulmonary venous 
obstruction after TAPVC repair. 

Late arrhythmias may develop in a small number of these 
patients. Atrial arrhythmias are most common and include 
sinus bradycardia, atrial flutter, and supraventricular tachy- 
cardia. Ventricular rhythm problems are unusual. 


ATRESIA OF THE COMMON PULMONARY 
VEIN AFTER THE PULMONARY SYSTEMIC 
CONNECTIONS ARE OBLITERATED 


Atresia of the Common Pulmonary Vein 

In this anomaly, no communication exists between the nor- 
mally formed pulmonary veins and the LA. In addition, there 
is no anomalous connection between the confluence of the pul- 
monary veins, on the one hand, and the heart or any systemic 
vein on the other hand. The physiologic consequence is severe 
obstruction to PBF. The condition appears to be rare. A path- 
ologic review by Deshpande and Kinare (59) revealed three 
cases of atresia of the common pulmonary vein in a study of 
1,326 autopsied hearts with congenital heart disease. Dudell 
et al. (60) diagnosed five cases in a 5-year period and docu- 
mented 26 cases in the literature. Seale et al. (46) noted two 
cases of common pulmonary vein atresia in a study of 422 
live-born infants with TAPVC. 

Anatomy 

The characteristic anatomic feature is the absence of a 
functional connection between the pulmonary veins and 
the LA or any other cardiac chamber or systemic vein. The 
normally formed pulmonary veins converge immediately 
behind the LA to form a blind cul-de-sac that has no out- 
let for pulmonary venous blood. Minor anatomic variations 
in the pulmonary venous system exist in some cases, includ- 
ing an atretic strand of tissue that may extend from one of 
the pulmonary veins to the RA or LA or an atretic fibrous 
strand that may connect the pulmonary venous confluence to 
a systemic vein. The lungs are firm and congested, and their 
pleural surfaces are remarkable in that the lobules are promi- 
nently outlined by edematous interlobular tissue and dilated 
lymphatic channels. 

On microscopic examination, the pulmonary veins are 
thick-walled as a result of medial hypertrophy. The pulmonary 
arteries also reflect medial hypertrophy. The subpleural and 
interlobular lymphatics are markedly dilated, and the inter- 
lobular connective tissue is edematous. Large, dilated, irregu- 
lar venous channels are also present in the parenchyma and 
interlobular areas. The alveoli contain many erythrocytes and 
iron-containing macrophages. Among the three cases reported 
by Deshpande and Kinare (59), there were two cases of atresia 
of the common pulmonary vein seen in association with asple- 
nia syndrome, and one case had truncus arteriosus. 

Physiology 

Severe obstruction to pulmonary venous flow is present in this 
anomaly. PBF is markedly decreased and is even diverted away 
from the lungs by the right-to-left shunting at the atrial and 
the ductus arteriosus levels. Because these patients can live 
a few days to a few weeks, some means of blood flow from 
the lungs must exist. One must assume that an exit, however 
restricted, is provided by the bronchopulmonary veins carry- 
ing blood from the lungs to the systemic venous system. The 
features of severe pulmonary venous obstruction are compara- 
ble to those in TAPVC with venous obstruction. 


Manifestations 

Dyspnea and cyanosis appear shortly after birth. Death occurs 
in the first month. A thrill is not present. A grade 1 to 2 soft 
systolic ejection murmur along the left sternal border is usual, 
although a murmur may be absent. The ECG may be normal 
or show evidence of right ventricular hypertrophy. The usual 
chest radiographic picture of severe pulmonary venous obstruc- 
tion is present. The pulmonary vascular markings have a dif- 
fuse reticular character. Cardiomegaly is minimal or absent. 

Echocardiography 

Echocardiographic demonstration of atresia of the common 
pulmonary vein was reported in three of five infants with this 
anomaly. We would anticipate that the echocardiographic 
findings would include right atrial, right ventricular, and pul- 
monary artery dilation and a small LA. Individual pulmonary 
veins would not return to the LA, and the common pulmonary 
venous confluence may be imaged behind the LA. The conflu- 
ence would not connect to a right-sided cardiac structure. If 
PBF is limited, the ability to detect pulmonary venous flow by 
Doppler will be hampered. If the cardiac output is diminished, 
the Doppler flow in the aortic arch may be retrograde in sys- 
tole. As a result of the pulmonary hypertension, a right-to-left 
shunt would be detected through the foramen ovale and duc- 
tus arteriosus by Doppler. 

Cardiac Catheterization 

Cardiac catheterization demonstrates severe pulmonary hyper- 
tension and marked systemic desaturation. Selective injection 
of contrast material into the right ventricle results in persis- 
tence of the contrast material in the pulmonary vascular bed 
and failure of opacification of the LA. Only rarely does con- 
trast opacify the pulmonary venous confluence. If pulmonary 
arteriography is performed, the dye is shunted through the 
PDA into the thoracic aorta and usually does not opacify the 
pulmonary veins and the confluence. 

Treatment 

Some factors seem to favor successful surgical intervention. 
The anatomic problems are similar to those in cases of TAPVC, 
and anastomosis of the confluence of the pulmonary veins and 
the LA would afford a direct route for pulmonary venous 
drainage. The confluence of pulmonary veins is ample in size 
and is located directly behind the LA. The LA and left ventri- 
cle seem to be of adequate size, and complex cardiac anoma- 
lies are not present. Five infants have had successful surgical 
anastomosis of the common pulmonary venous confluence to 
the LA (60-62). Extracorporeal membrane oxygenation was 
an essential postoperative supportive measure in two of these 
patients (60). 

Prognosis 

Symptoms occur on the first day of life, and these patients 
follow a progressive downhill course to death within the first 
month of life when there is no surgical intervention. In too few 
cases has surgery been performed, usually with no follow-up 
period, to know the long-term outcome. 

STENOSIS OF THE COMMON PULMONARY VEIN 
CorTriatriatum 

In cor triatriatum, the pulmonary veins enter a pulmonary 
venous chamber that joins the LA through a narrow opening. 
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Alternatively, the pulmonary venous chamber may communi- 
cate with the RA directly or indirectly by way of an anomalous 
channel. Cor triatriatum is an unusual congenital anomaly, 
but it is probably not as rare as some reports indicate. The 
variety of anatomic expressions of cor triatriatum defeats an 
attempt to define a unified embryogenesis for all of them. The 
theory that abnormal growth of the septum primum accounts 
for cor triatriatum is difficult to reconcile with the observa- 
tions of most workers in this field. Failure of incorporation of 
the common pulmonary vein into the LA is the most widely 
accepted theory of the embryogenesis of cor triatriatum. Some 
variants of cor triatriatum did not appear to be consistent with 
this theory, however. Other reports highlighted the embryoge- 
netic complexities of this group of cardiac defects (63). 

So-called cor triatriatum dexter is usually a persistence of 
the right valve of the sinus venosus. This section deals only 
with what is sometimes called cor triatriatum sinister. 

Anatomy 

The number of variants of cor triatriatum demands an inclu- 
sive classification (Table 35.3, Fig. 35.21). 

Pulmonary Venous Chamber Receives All Pulmonary Veins ano 
Communicates with Left Atrium with No Other Connections 
In classic cor triatriatum (Figs. 35.21A and 35.4), a membra- 
nous partition that has the shape of a windsock separates the 
more proximal chamber, which receives the pulmonary veins, 
from the more distal LA, which communicates with the mitral 
valve. The windsock is directed toward the mitral valve. The 
diameter of the orifice ranges from <3 mm to about 1 cm. 
There may be several small defects in the obstructive mem- 
brane (64). Histologically, the anomalous membrane contains 
cardiac muscle fibers and is occasionally calcified. 

The more distal, true LA communicates with the left atrial 
appendage and in almost all cases has the fossa ovale lying 
between it and the RA. In many patients, no communication 
exists between either of the left atrial chambers to the RA (64). 


TABLE 35.3 


Anatomic Classification of Cor 
Triatriatum 


I. Pulmonary venous chamber receives all pulmonary veins and 
communicates with LA 


A. No other connections: classic cor triatriatum 


B. Other anomalous connections: 


1. To RA directly 

2. With totally anomalous pulmonary venous connection 

II. Pulmonary venous chamber receives all pulmonary veins and 
does not communicate with LA 

A. Anomalous connection to RA directly 

B. With totally anomalous pulmonary venous connection 

III. Subtotal cor triatriatum 


A. Pulmonary venous chamber receives part of pulmonary 
veins and connects to LA 

1. Remaining pulmonary veins connect normally 

2. Remaining pulmonary veins connect anomalously 

B. Pulmonary venous chamber receives part of pulmonary 
veins and connects to RA 

1. Remaining pulmonary veins connect normally 


Occasionally, a patent foramen ovale or an ASD allows the 
lower left atrial chamber to communicate with the RA. Right 
ventricular hypertrophy and dilation are found almost invari- 
ably, and right atrial hypertrophy and dilation are present in 
about 25% of cases (64). 

Other Anomalous Connections 

In a few cases, the pulmonary venous chamber communi- 
cates with the more distal true LA via a stenotic opening 
in the interatrial membrane and, additionally, with the RA 
through a defect between the RA and the pulmonary venous 
chamber (Fig. 35.21B). The pulmonary venous chamber may 
communicate indirectly with the RA through anomalous 
venous connections (Fig. 35.21C). Marin-Garcia et al. (65) 
reported findings on 20 patients with complete cor triatria- 
tum communicating with the LA. In 12 patients, a classic 
diaphragm divided the LA. In three patients, an extrinsic 
constriction separated the pulmonary venous chamber from 
the LA (hourglass type), and in three there was obstructive 
tubular narrowing of the channel connecting the common 
venous confluence with the LA (tubular type). The hourglass 
and tubular types were all associated with complex cardiac 
lesions. 

Pulmonary Venous Chamber Receives All Pulmonary Veins and Does Not 
Communicate with Left Atrium 

In this anomaly, the tissue separating the pulmonary venous 
chamber from the LA is intact and prevents the direct flow of 
pulmonary venous blood to the LA. A defect exists between 
the pulmonary venous chamber and the RA, and a patent 
foramen ovale allows communication between the RA and the 
lower, true LA (Fig. 35. 21D). Pulmonary venous blood thus 
enters the pulmonary venous chamber, crosses the defect into 
the RA, and then traverses the foramen ovale to reach the true 
LA. In three of the six cases reported by Lam et al. (66), the 
defect was successfully corrected by excising the anomalous 
left atrial membrane and closing the ASD. 

When there is no direct communication between the pul- 
monary venous chamber and the true LA, one of the alterna- 
tives for egress of pulmonary venous blood flow is TAPVC 
(Fig. 35.21E). Pulmonary venous blood entering the pulmo- 
nary venous chamber reaches the RA through the anomalous 
connecting vein and then enters the LA through a patent fora- 
men ovale or ASD. 

Subtotal Cor Triatriatum 

The pulmonary venous chamber receives part of the pulmo- 
nary veins and connects to the LA. In this anomaly, the veins 
from one lung empty into a small pulmonary venous chamber 
that communicates with the true LA through a stenotic open- 
ing. The remaining pulmonary veins may connect normally to 
the LA (Fig. 35.21F) or they may connect anomalously to a 
systemic vein (Fig. 35.21 G). Distinction of this anomaly from 
stenosis of individual pulmonary vein(s) at the left atrial junc- 
tion can be challenging. 

In another variant, the pulmonary venous chamber 
receives part of the pulmonary veins and connects to the RA 
(Fig. 35.21H). In this circumstance, the pulmonary veins from 
one lung empty into a small pulmonary venous chamber that 
communicates via a stenotic opening with the RA . The remain- 
ing pulmonary veins connect normally to the LA. 

Microscopic Anatomy 

When cor triatriatum obstructs pulmonary venous flow, the 
lungs reflect varying degrees of pulmonary edema and intraal- 
veolar hemorrhage. There is medial hypertrophy of the pul- 
monary veins, and lymphatic channels are dilated. Pulmonary 
arterial lesions range from medial hypertrophy alone, to 
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Figure 35.21. Cor triatriatum variants. A: Classic cor triatriatum. Right and left pulmonary veins (RPVs and 
LPVs) drain to the pulmonary venous confluence (PVC), with discrete membrane between the PVC and true left 
atrium (LA); the only egress for blood is through the opening in the membrane. B: Cor triatriatum with defect 
between the PVC and the right atrium (RA), which allows for decompression of pulmonary venous blood. C: Cor 
triatriatum with decompressing vertical vein (W) to the left innominate vein (LIV), which allows for decompres- 
sion of the PVC. D: Pulmonary venous return decompresses via a communication between the PVC and right 
atrium, and then crosses to the true left atrium via a patent foramen ovale. E: Decompressing vertical vein that 
descends below the diaphragm to connect to the systemic venous circulation via the hepatic or portal veins. F: 
“Partial” or subtotal cor triatriatum with normally draining left pulmonary veins; the right pulmonary veins 
communicate with the true left atrium via a stenotic orifice. G: Subtotal cor triatriatum of the right pulmonary 
veins along with partially anomalous venous return of the left pulmonary veins via the left innominate vein. H: 
Subtotal cor triatriatum of the right pulmonary veins to the right atrium (RA) with normal drainage of the left 
pulmonary veins to the left atrium. (From Brown DW. Pulmonary Venous Anomalies. In: Lai, WW, Mertens 
LL, Cohen MS, Geva T, et al., eds. Echocardiography in Pediatric and Congenital Heart Disease: From Fetus to 
Adult. United Kingdom: Wiley-Blackwell, 2009:119-142, with permission). 


medial hypertrophy with intimal proliferation, to necrotizing 
arteriolitis. 

Physiology 

In defects where the blood from the pulmonary venous cham- 
ber drains either directly or indirectly to the RA, the hemo- 
dynamic features are comparable to those seen in TAPVC 
and will not be considered further here. On the other hand, 
when there is no alternative pathway for pulmonary venous 
blood, the stenotic opening in the intra-atrial membrane 
dividing the pulmonary venous chamber from the LA results 
in elevated pressure in the former, which is transmitted to 
the pulmonary veins. The features of pulmonary venous 
obstruction pertain. 

In the patient with subtotal cor triatriatum, the obstructive 
phenomenon affects only one lung. Reflex pulmonary arterial 
constriction in the affected lung will result in diminished flow 
through that lung; however, the remaining unobstructed lung 


is usually capable of accepting increased blood flow, and thus 
pulmonary arterial pressure is not elevated. 

Manifestations 

The following sections consider the features of only classic cor 
triatriatum. 

Clinical Features 

Most patients with classic cor triatriatum have onset of 
symptoms within the first few years of life. Nonetheless, 
some patients are asymptomatic until the second or third 
decade of life. Usually, the patients present with a history 
of breathlessness, frequent respiratory infections, and pneu- 
monia. 

The signs of pulmonary hypertension, including loud pul- 
monary component of the second heart sound, right ventricular 
heave, and pulmonary systolic ejection click, are most charac- 
teristic. The usual cardiac murmur is a soft, blowing, systolic 
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murmur along the left sternal border. Less often, a diastolic 
murmur is detected at the mitral area, or a continuous murmur 
is heard. Pulmonary rales are frequent. Right-sided heart fail- 
ure is common in severe, untreated cor triatriatum. 

Echocardiographic Features 

The advances in 2-D and Doppler echocardiography have 
simplified the noninvasive diagnosis of causes of pulmonary 
venous obstruction and increased its accuracy (Fig. 35.4). Cor 
triatriatum, by producing venous obstruction, results in dila- 
tion of the RA, right ventricle, and pulmonary artery. Imaging 
from the parasternal, apical, and subcostal windows allows 
assessment of the size of these cardiac chambers. These are 
nonspecific findings, also associated with TAPVC, coarctation, 
hypoplastic left heart syndrome, and critical aortic stenosis. 

Two anomalies, cor triatriatum and supravalvar stenos- 
mg ring of the LA, create pulmonary venous obstruction by 
the presence of a membrane within the left atrial cavity. In 
both conditions, the membrane can be imaged as a linear 
echo-bright structure above the mitral valve in the LA. The 
membrane in cor triatriatum usually is curvilinear and may 
have the appearance of a windsock. A supramitral stenosing 
ring is located on the atrial surface of the base of the mitral 
valve leaflets and is relatively immobile. During diastole, the 
cor triatriatum membrane moves toward the mitral valve. The 
motion and appearance of the mitral valve are usually normal. 
The left atrial appendage and foramen ovale are located distal 
to the membrane of cor triatriatum, and the pulmonary veins 
insert into the proximal chamber. In contrast, the membrane in 
supravalvar stenosing ring of the LA is usually adherent to the 
mitral valve, moves away from the valve in diastole, and has 
the left atrial appendage and foramen ovale located proximal 
to the membrane. The mitral valve domes during diastole and 
has decreased excursion of the posteromedial leaflet. 

Doppler interrogation of left atrial membranes may reveal 
disturbed diastolic flow profiles that may be best appreciated 
by color flow Doppler mapping. The flow profiles may mimic 
mitral stenosis. 

Electrocardiographic Features 

The typical finding is right ventricular hypertrophy. Right 
atrial hypertrophy results in tall, peaked P waves in some of 
the cases. Broad, notched P waves are present in some cases, 
presumably as a consequence of the dilated pulmonary venous 
chamber, but are absent in others. 

Radiologic Features 

The routine chest radiogram reflects pulmonary venous 
obstruction. Fine, diffuse, reticular pulmonary markings fan 
out from the pulmonary hilum to involve the lower lung fields. 
Kerley B lines may be present. Prominent venous engorgement 
of the upper pulmonary veins results in the staghorn sign. 
The chest radiogram also reveals enlargement of the main 
pulmonary artery, right ventricular hypertrophy, and signs of 
“left atrial” enlargement, including posterior deviation of the 
barium-filled esophagus and a double density at the right car- 
diac border. These latter features are due to the dilated pulmo- 
nary venous chamber. 

Magnetic Resonance Imaging 

This is another noninvasive imaging modality that can deline- 
ate the left atrial membrane of cor triatriatum. MRI may be 
helpful in defining the cause of pulmonary hypertension when 
echocardiography is not diagnostic. 

Cardiac Catheterization 

Pulmonary hypertension routinely is found. Using oxime- 
try one can exclude a left-to-right shunt. Thus, pulmonary 
hypertension is either caused by primary pulmonary vascular 


disease or secondary to pulmonary venous obstruction. The 
pulmonary arterial wedge pressure is elevated, and left atrial 
pressure is normal. 

Selective pulmonary arteriography usually demonstrates 
cor triatriatum. Pulmonary transit time is prolonged. As the 
pulmonary veins opacify, they drain into an accessory left 
atrial chamber. There is usually a delay between the opacifica- 
tion of this chamber and the opacification of the true LA and 
left ventricle. Moreover, in some cases, the intra-atrial mem- 
brane can be identified as a linear or cone-shaped filling defect 
between the pulmonary venous chamber and the true LA. The 
pulmonary venous chamber remains opacified for some time 
and does not change size or contour with cardiac contractions 
as does a normal LA (67). 

Differential Diagnosis 

The differential diagnosis differs depending upon the age of 
the patient. In the infant or young child, the differential diag- 
nosis lies within the group of cardiac anomalies that produce 
pulmonary venous obstruction. 

In the adult, cor triatriatum should be distinguished from 
primary pulmonary hypertension. In addition, the differen- 
tial diagnosis includes congenital and acquired mitral steno- 
sis, supramitral stenosing ring, left atrial tumor, and left atrial 
thrombus. In the adults with cor triatriatum reviewed by 
McGuire et al. (68), four of eight had a mitral diastolic mur- 
mur, but none had the typical presystolic crescendo rumble of 
mitral stenosis. Likewise, no case had an opening snap. The 
absence of broad and notched P waves was another feature dis- 
tinguishing cor triatriatum from mitral stenosis. Atrial fibrilla- 
tion, commonly seen in mitral stenosis of comparable severity, 
was observed in only one of eight patients with cor triatriatum. 

Treatment 

Surgical resection of the obstructive membrane is indicated in 
patients with cor triatriatum and elevated pulmonary artery 
pressure. 

Prognosis 

The prognosis of cor triatriatum is related to the size of the 
orifice in the obstructing membrane. In Niwayama’s survey 
(64), average survival was 3 1/3 months when the opening was 
<3 mm, and 16 years when the opening was >3 mm. When 
pulmonary edema and right heart failure occur, survival is usu- 
ally only a matter of months. 

In patients who survive operative correction, the prognosis 
seems excellent. The severe pulmonary arterial changes that 
result in pulmonary hypertension have been reversible in the 
patients studied postoperatively (26,27). 


ABNORMAL ABSORPTION OF THE COMMON 
PULMONARY VEIN INTO LEFT ATRIUM 


Stenosis of the Individual Pulmonary Veins 

Two varieties of this unusual cardiac anomaly are recognized. 
In localized stenosis of the pulmonary veins, one or more of 
the pulmonary veins has a localized stenosis at its junction 
with the LA. The other variety is characterized by narrowing 
of the lumen of the pulmonary veins for a considerable dis- 
tance in their intrapulmonary and extrapulmonary portions; 
this condition may be termed diffuse pulmonary veins stenosis 
or hypoplasia. 

Localized stenosis of the individual pulmonary veins may 
be an isolated phenomenon, or it may be associated with a 
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minor or major cardiac anomaly. Reye (69) first described this 
anomaly in 1951. Shone et al. (70) have defined a characteris- 
tic angiographic feature that should allow a premortem diag- 
nosis of this condition. 

Diffuse stenosis or hypoplasia of the individual pulmo- 
nary veins is occasionally present in patients with pulmonary 
artery atresia or hypoplastic left heart syndrome. Seale et al 
(71) reported a series of 58 cases of pulmonary vein stenosis, 
with a history of prematurity found in 38%, and associated 
cardiac lesions in 79%. A significant extracardiac anomaly or 
syndrome was present in 28% of this cohort. The majority 
(62%) presented with unilateral pulmonary venous involve- 
ment, of which 86% was on the left. 

The factors that favor a congenital cause were summarized 
by Shone et al. (70). The embryologic basis for stenosis of the 
individual pulmonary veins appears to be abnormal incorpo- 
ration of the common pulmonary vein into the LA. 

Anatomy 

Krabill and Lucas (72) studied examples of stenosis, hypoplasia, 
or atresia of individual pulmonary veins found in the Jesse 
Edwards Registry of Cardiovascular Pathology. After exclud- 
ing complex left-sided obstructive lesions, mitral valve abnor- 
malities, and cor triatriatum, eight examples remained. All 
pulmonary veins entered the LA in each case. Two cases had an 
associated common AVSD, one had Ebstein anomaly of the tri- 
cuspid valve, and the five remaining cases had no associated con- 
genital cardiac anomalies. All pulmonary veins were obstructed 
in two cases, three of four pulmonary veins were obstructed in 
three specimens, and the veins of only one lung were obstructed 
in three specimens. Obstruction was produced by three differ- 
ent mechanisms. In four cases, the obstruction was due to a 
discrete area of medial hypertrophy or intimal proliferation of 
the affected pulmonary vein at its left atrial junction. Atresia of 
the pulmonary vein at its junction with the LA occurred in two 
cases. Hypoplasia of the pulmonary vein, which extended from 
the hilum of the lung to the LA, was present in two cases. 

In addition to the extraparenchymal pulmonary vein obstruc- 
tion, seven of eight cases had intimal proliferation involving the 
intraparenchymal pulmonary veins. In two of these, small veins 
in the unobstructed lung, as well as the veins in the obstructed 
lung, were stenotic. Others have noted the association of intimal 
proliferation in the small intraparenchymal pulmonary veins in 
both obstructed and unobstructed lobes. Sadr et al. (73) found 
abnormal intimal spindle-shaped cellular proliferation in all tis- 
sue specimens from 10 patients with pulmonary veins stenosis. 
In three of the four patients in whom immunohistochemical 
staining was available, there was evidence that the proliferat- 
ing cells were myofibroblasts. Subsequent work by Riedlinger 
et al. (74) with autoantibodies directed against multiple cellu- 
lar proteins and signaling ligands in intimal cells from seven 
patients with pulmonary vein stenosis demonstrated strong dif- 
fuse immunoreactivity for smooth muscle markers, as well as 
expression of receptor tyrosine kinases and other ligands. This 
work suggests an autocrine or paracrine role of these proteins 
in the pathogenesis of this disease. 

The frequent occurrence of small pulmonary vein obstruc- 
tive lesions may be responsible in part for the poor operative 
results in patients with stenosis of the individual pulmonary 
veins. In most of the cases reported in the literature, medial 
hypertrophy of the pulmonary arterioles is present. These 
pulmonary arteriolar changes occur in both the obstructed 
and unobstructed lung. 

Manifestations 

Clinical Features 

Patients present with history of persistent tachypnea and 
recurrent pneumonia, ultimately progressing to right-sided 


heart failure. They frequently exhibit failure to thrive and have 
hemoptysis. Most are cyanotic. The physical examination is 
consistent with signs of pulmonary hypertension, including 
a right ventricular heave and accentuation of the pulmonary 
component of the second heart sound. A short systolic mur- 
mur is the usual finding, and in the case reported by Shone et 
al. (70), a pulmonary systolic click was heard. 

Echocardiographic Features 

The distal portions of the pulmonary veins and their inser- 
tion into the LA are best imaged from suprasternal, high par- 
asternal, or subcostal windows. The reflective nature of the 
air in the lungs limits the ability of ultrasound to image more 
proximal portions of the pulmonary veins. Discrete areas of 
narrowing or areas of hypoplasia may be noted in the dis- 
tal pulmonary vein and at the pulmonary vein-LA junction. 
When pulmonary venous obstruction or stenosis of individual 
pulmonary veins is in the differential diagnosis, identification 
of each pulmonary vein is necessary. Normally, pulmonary 
vein flow is nearly continuous and phasic, with a short period 
of flow reversal following atrial contraction. In contrast, sten- 
otic pulmonary veins have a continuous, high-velocity turbu- 
lent flow pattern without phasic variation. 

Electrocardiographic Features 

Right ventricular hypertrophy is usual, and right atrial enlarge- 
ment may be present. 

Radiologic Features 

The heart is not greatly enlarged but reflects right ventricu- 
lar hypertrophy. The pulmonary artery segment is enlarged, 
and the characteristic reticular markings of pulmonary venous 
obstruction are usual (70). The heart shifts toward the side of 
major involvement with pulmonary venous stenosis. The pul- 
monary vascularity will be asymmetric, with increased vascu- 
larity seen in the unaffected lung segments. Technetium-99m 
lung perfusion scans will show absence or diminished perfu- 
sion of the lung segments with pulmonary vein stenosis. 

Magnetic Resonance Imaging and Computed Tomography 
Both MRI and CT are ideally suited to evaluating pulmonary 
veins stenosis (Fig. 35.22A). CT is particularly helpful in the 
evaluation of abnormalities of the lung parenchyma. 

Cardiac Catheterization 

Right-sided heart catheterization reflects pulmonary hyper- 
tension. If the pulmonary veins are obstructed from only one 
lung, there will be an elevation of the pulmonary capillary 
wedge on that side. Angiography demonstrates prolonged 
transit time of opaque dye through the lung. The angiogram 
in the case reported by Shone et al. (70) clearly demonstrated 
the constriction at the pulmonary vein-left atrial junction and 
delayed emptying of the pulmonary veins (Fig. 35.22B). 

Treatment 

Operative management of stenosis of the individual pulmonary 
veins is disappointing, which may be related to the coexistence 
or progression of obstruction into the intraparenchymal pul- 
monary vein (long-segment stenosis/hypoplasia). An occa- 
sional patient with stenosis of the individual pulmonary veins 
involving only one lung has had successful reanastomosis of 
the stenotic veins to the LA, and some have benefited from 
pneumonectomy. The poor results of operation in stenosis of 
the individual pulmonary veins led to attempts to improve 
obstruction with transcatheter approaches, from simple bal- 
loon angioplasty (75,76) to cutting balloon dilation (77,78), 
and stent placement (79), including drug eluting stents. Several 
series have demonstrated effective short-term relief of stenosis 
with transcatheter techniques, but nearly universal recurrence 
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Figure 35.22. Pulmonary vein stenosis. A: Maximal-intensity projection image from a gadolinium-enhanced 
3-D magnetic resonance angiogram (MRA) in a 21 -year-old man with severe bilateral pulmonary vein stenoses 
(arrow). The patient was referred for MRI examination to rule out constrictive pericardial process after an 
evaluation by echocardiography and cardiac catheterization at another institution did not find a cause for the 
patient’s severe pulmonary hypertension. The MRI findings were subsequently confirmed at cardiac catheteriza- 
tion in which balloon dilations of the pulmonary veins stenoses were performed. B: Catheter angiogram in a 
3-month-old infant with heterotaxy syndrome, dextrocardia, and supracardiac TAPVC that had been repaired 
with anastomosis of the pulmonary venous confluence to the posterior aspect of the common atrium. Angiogram 
with catheter in the left upper pulmonary vein (LUPV) demonstrates the severe, discrete narrowing of the LUPV 
at the junction with the pulmonary venous confluence ( arrow ), with narrowing to the diameter of the catheter 
(1.2 mm). Note the lack of involvement of the proximal LUPV in the obstruction. 


of obstruction. Newer surgical techniques including “suture- 
less” procedures to unroof the pulmonary veins at the junc- 
tion with the LA may be slightly more successful than previous 
techniques (80), but the long-term prognosis for patients with 
pulmonary vein stenosis remains poor. Lung transplantation 
has been reported as well and may be curative (81). 
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Tal Geva 


T he word vein stems from the Latin vena (from the Latin 
verb venio, “to come”). Hence, a vein is a passage, a con- 
duit, a vessel that brings blood to the heart regardless of the 
consistency of the blood it carries. A single exception is the 
portal vein, which carries blood from the intestine to the liver 
before its return to the heart through the hepatic veins. The 
spectrum of systemic venous anomalies varies widely from 
minor asymptomatic anatomic variations to complex abnor- 
malities that can lead to cyanosis or that might complicate 
surgical repair of congenital heart disease. Clinically significant 
abnormalities of the systemic veins are infrequent when vis- 
ceroatrial situs is lateralized (either situs solitus or situs inver- 
sus). In contrast, the incidence of systemic venous anomalies 
in patients with heterotaxy syndrome exceeds 90% (1,2). The 
advent of pediatric cardiac surgery and interventional cardi- 
ology heightened interest in these anomalies. Consequently, 
in-depth understanding and accurate diagnosis of abnormal 
systemic venous connections have become essential for success- 
ful management of many congenital cardiovascular anomalies. 

As with all congenital heart disease, understanding the 
anatomy of the systemic veins and its variations is greatly facil- 
itated by reviewing its embryology. In considering the wide 
range of abnormalities of the systemic veins, an anatomic clas- 
sification based on developmental principles provides a solid 
framework. In this chapter, the embryology of the systemic 
veins is reviewed first to provide a background for further 
discussion of specific venous anomalies. These have been cat- 
egorized into the following groups: anomalies of the superior 
venae cavae, anomalies of the coronary sinus, anomalies of the 
inferior vena cava (IVC), anomalies of the ductus venosus, and 
anomalies of the sinoatrial valves. 


EMBRYOLOGY 

There are three basic venous systems in the human embryo: 
(a) the cardinal veins and their tributaries, which form the 
superior and inferior caval systems; (b) the umbilical, vitelline, 
and omphalomesenteric veins, which carry the blood from the 
placenta, yolk sac, and intestine; and (c) the pulmonary veins, 
which return the blood from the lungs. 

The age of human embryos cannot be estimated reliably on the 
basis of their length, which may vary greatly (3), or on the num- 
ber of somites, which are visible for only a limited time. In 1942, 
therefore, Streeter (4) proposed classifying human embryos into 
25 age groups, or horizons, each representing 2 days of embry- 
onic life. He later omitted the last two stages because he thought 
that stage XXIII could be considered the last stage of embryonic 
development. This approach generally has been accepted. 


This chapter is dedicated to the late Dr. Stella Van Praagh, my 
teacher ; mentor, and friend , who coauthored this chapter in the 
sixth and seventh editions of this textbook . 


Normal Development of the Cardinal 
and Umbiiicovitelline Venous Systems 

The sinus venosus, that is, the cavity into which all veins even- 
tually drain, develops by enlargement of the confluence of 
the umbilical veins and joins the atrial segment of the heart 
through a slit-like opening, the sinoatrial foramen. It already 
is present in the 20 somite embryo (horizon XI) (Fig. 36.1). 
It is composed of a middle section, which has been called the 
transverse sinus, and right and left sections, which have been 
named the right and left horns of the sinus venosus. The three 
main paired venous systems of the embryo — the cardinal, the 
umbilical, and the vitelline veins — drain into the ipsilateral 
horns of the sinus venosus. 

The right and left umbilical veins develop first. They can be 
recognized during the third week of gestation in embryos of 13 
somites (Fig. 36.1). At the same time, the vitelline plexus of the 
liver is formed and soon becomes more prominent on the right 
side. It will connect with the sinus venosus through the right 
hepatocardiac channel, which drains into the right horn of the 
sinus venosus and with the yolk sac via the left omphalomes- 
enteric vein (Fig. 36.1). 

The anterior cardinal veins make their appearance shortly 
after the umbilical and the vitelline veins (horizon XI, 22 to 24 
days of gestation) (Fig. 36.2A,B). They drain blood from the 
fused neural folds that form the central nervous system. Soon 
after, the posterior cardinal veins appear lateral to the spinal 
cord. They join the anterior cardinals to form the right and left 
common cardinals (ducts of Cuvier) and drain together with the 
umbilical and vitelline veins into the right and left horns of the 
sinus venosus. Each horn of the sinus venosus drains for a short 
time into its respective sides of the common atrium (Fig. 36.1, 
stage of 20 somites). 

At the beginning of the fourth week of embryonic life, an 
invagination appears between the left horn of the sinus veno- 
sus and the left atrium (LA) and ultimately separates the left 
horn from the LA. A rightward shift of the transverse portion 
of the sinus venosus that follows the appearance of the afore- 
mentioned invagination will complete the anatomic isolation 
of the LA from the three pairs of veins that enter the sinus 
venosus (cardinals, umbilicals, and vitellines). These veins will 
now drain into the right atrium (RA) through the sinoatrial 
foramen (Fig. 36.1, stage of 28 somites). 

Normal Development of the Right Superior Vena Cava 
and the Coronary Sinus 

The right superior vena cava (RSVC) extends from the con- 
fluence of the right and left innominate veins (RIV, LFV) to 
the RA. It is composed of the most proximal part of the right 
anterior cardinal vein and the right common cardinal vein. 
The development of the LIV at the seventh week of gestation 
usually is followed by the involution of the left SVC (LSVC), 
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Figure 36.1. Drawings made from models of human embryos (horizons XI-XIII, 13-30 somites [S]) showing the 
venous end of the heart viewed from the front. The ventricular part of the heart is removed at the atrioventricular 
junction (A-V Jet.). It can be seen that the atria are new formations, superimposed on the vitelline plexus (Vit. 
Plexus). The sinus venosus retains more definitely its identity with the vitelline plexus, taking on the character 
of a reservoir into which all the veins of the embryo drain. The venous blood then flows into the right atrium 
through the sinoatrial foramen (Sino-Atr. Foramen). This foramen marks the boundary between veins and heart 
proper. L. Atr., left atrium; L.C.C., left common cardinal vein; L.O.-M.V., left omphalomesenteric vein L.U.V., 
left umbilical vein; R. Atr., right atrium; R.C.C., right common cardinal vein; R.U.V., right umbilical vein. (Modi- 
fied from Streeter GL. Developmental horizons in human embryos: description of age group XI, 13 to 20 somites, 
and age group XXII, 21 to 29 somites. Carnegie Inst Contrib Embryo l 1942;30:211-245.) 


which becomes the ligament of Marshall (5). As the transverse 
segment of the sinus venosus shifts rightward, it pulls the left 
horn of the sinus venosus along the posterior atrioventricular 
groove. The left horn of the sinus venosus and the adjacent 
part of the common cardinal vein receive the cardiac veins and 
form the coronary sinus. The mode of formation of the coro- 
nary sinus is responsible for the following anatomic obser- 
vations, which are helpful in making a diagnosis of certain 
congenital heart defects: 

1. The orifice of a normally formed coronary sinus is always 
in the anatomically right atrium. 

2. A persistent LSVC always continues with the coronary 
sinus since the left common cardinal vein is part of the 
coronary sinus and of the LSVC. 

3. Functional connection (i.e., drainage) of a persistent LSVC 
or any other vein with the anatomically LA can occur only 
if the coronary sinus is partly or completely unroofed. 

Normal Development of the Inferior Vena Cava 

The IVC, the largest vein of the human body, is formed by 
the contribution of five different venous systems. The follow- 
ing description is a simplified version of a rather complex 
process. The posterior cardinal veins appear first, shortly 
after the establishment of the anterior cardinal veins. They 


develop as longitudinal vessels running in the dorsolateral 
portion of the urogenital fold and are associated primarily 
with the mesonephroi (wolffian bodies) (Figs. 36.2 and 36.3) 
(6). The subcardinal veins are a new venous plexus, which 
initiates the diversion of the venous drainage of the meso- 
nephroi and the developing urogenital system of the embryo. 
They are established along the ventromedial borders of the 
mesonephroi medial and ventral to the posterior cardinals 
(Fig. 36.3) (6). They have many channels connecting them 
with the posterior cardinals. As the mesonephroi increase 
in size and bulge toward the midline, the subcardinals are 
brought closer together. In the midmesonephric region, they 
establish communications with each other by several small 
vessels, which become confluent to form intersubcardinal 
anastomoses and eventually a large medial venous space, the 
subcardinal sinus (Figs. 36. 2C and 36.3). When the subcar- 
dinal sinus is established, the small vessels that connect the 
subcardinals with the posterior cardinals drain medially into 
the subcardinal sinus rather than laterally toward the poste- 
rior cardinals. This will result in the diminution and the later 
disappearance of the posterior cardinals at the level of the 
subcardinal sinus. 

The blood from the posterior part of the body is still col- 
lected by the distal part of the postcardinals but returns to the 
heart by way of the subcardinal sinus (Figs. 36.2C and 36.3). 
As the embryo grows, the blood volume that enters the 
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Figure 36.2. Schematic diagram showing some steps in the development of the IVC. Cardinal veins are shown in 
black ; subcardinal veins are stippled ; supracardinal veins are horizontally hatched. Vessels arising independent of 
these three systems are indicated by small crosses. Ext., external; inf., inferior; int., internal; L, left; ob, oblique 
vein of left atrium; Post, card., posterior cardinal; R, right; subcl., subclavian; sup, superior; Sub., subcardinal; 
Umb., umbilical; V.O.M., ventral omphalomesenteric vein; *, left superior intercostal vein. (From Patten BM. 
Human Embryology. 2nd ed. New York, NY: McGraw-Hill, 1953:637-681, with permission.) 
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Figure 36.3, Diagram showing the anterior and posterior 
cardinal veins (Post Cardinal V.), the subcardinal veins (Sub- 
cardin. V., shaded ), and the position of the wolffian bodies 
(mesonephroi) in the fifth week of gestation (left panel). The 
right panel shows the anastomoses between the anterior car- 
dinal (Ant. Cardin.) veins (left innominate vein [left Innom. 
V.]), the inferior end of the posterior cardinal veins (left com- 
mon iliac vein), and the intersupracardinal anastomosis with 
the hepatic veins (caval anastomosis [Caval Anastom]) in the 
seventh week of gestation. (From Keith A. Human Embryol- 
ogy and Morphology. Baltimore, MD; Williams 6c Wilkins, 
1948;433.) 


subcardinal sinus increases and stimulates development of 
a new unpaired venous channel. This large unpaired venous 
channel, called the hepatic segment of the IVC, lies in a notch 
along the dorsal aspect of the liver (Fig. 36.2C,D). It is formed 
by a confluence of the small vessels that appear in a fold of the 
dorsal body wall just to the right of the dorsal mesentery. This 
fold is known as the caval fold of the mesentery. Connections 
of these small vessels with the plexus of the liver cephalically 
and the mesonephroi via the subcardinal sinus caudally allows 
the blood to flow from the mesonephroi to the liver plexus, 
resulting in rapid enlargement of this channel (6). By the sev- 
enth week of gestation, this new unpaired venous channel con- 
nects the subcardinal sinus with the confluence of the hepatic 
veins and the ductus venosus. The resulting large vessel con- 
stitutes the suprahepatic segment of the IVC, which enters the 
RA (Fig. 36.4). 

At this stage, the posterior cardinals have involuted to the 
level of the common cardinals proximally and the iliac veins 
distally. Dorsal to the subcardinal sinus, a new set of paired 
veins appear: the supracardinal veins (Fig. 36. 2D). These veins 
connect the subcardinal sinus with the cephalic remnant of the 
posterior cardinals via the azygos and hemiazygos veins. They 
also connect the subcardinal sinus with the iliac veins via the 
caudal remnant of the posterior cardinal veins. Eventually, the 
infrarenal portion of the left supracardinal vein will involute, 
and the infrarenal portion of the right supracardinal vein will 
become the infrarenal portion of the IVC (Fig. 36.2E,F). 

By the seventh week of gestation, venous channels have 
been established to connect the left side with the right side of 
the paired veins. Proceeding from cephalad to caudad, these 
channels are the LIV, the hemiazygos, the left renal vein, and 
the left common iliac (Fig. 36.2F). The development of the 


connecting channels is followed by partial involution of the left 
side of the paired veins. All venous blood, with the exception 
of the pulmonary venous return, now enters the right-sided 
SVC and IVC, which bring it to the RA. 

In summary, the five venous systems that contribute to the 
formation of the IVC, from distal to proximal, are the poste- 
rior cardinals, the right supracardinals, the subcardinals, the 
hepatic segment of the IVC, and the hepatic (former vitel- 
line) veins. Four of these five venous systems begin as bilat- 
eral venous channels, a fact that makes possible the existence 
of partly bilateral IVCs above the liver or below the kidneys 
(Fig. 36.5). 


Normal Development of the Ductus Venosus 

The paired umbilical veins, when first established, connect the 
placenta with the right and left horns of the sinus venosus. 
As the liver grows, it fuses with the lateral body wall. At the 
site of this fusion, multiple vessels develop, connecting the 
umbilical veins with the liver plexus (6). The umbilical stream 
tends to pass by way of these vessels into the liver, and the 
early direct connections of the umbilical veins with the sinus 
venosus involute. Distal to their entrance into the body of 
the embryo, the umbilical veins fuse. Consequently, there is 
only one vein in the umbilical cord. Inside the embryo, the 
right umbilical vein involutes except for a small segment that 
drains the body wall (Fig. 36.4). As the embryo grows and 
the volume of the umbilical venous blood increases, a new 
large channel is created through the liver substance, the duc- 
tus venosus, which connects the left umbilical vein with the 
right hepatic veins (Fig. 36.4). By the seventh week of gesta- 
tion, placental blood finds its way to the RA by way of the 
left umbilical vein, the ductus venosus, and the suprahepatic 
segment of the IVC (Fig. 36.4). As it passes through the liver, 
the ductus venosus receives blood flow from the right and 
left hepatic veins and delivers it into the RA. After birth, the 
ductus venosus becomes the ligamentum venosum and the left 
umbilical vein becomes the ligamentum teres (round ligament 
of liver). 


Azygos and Hemiazygos Veins 

The azygos (“unpaired,” Greek) vein connects the suprarenal 
segment of the IVC with the right SVC (RSVC). It is formed 
by the suprarenal segment of the right supracardinal vein 
and the cephalic remnant of the right posterior cardinal vein 
(Fig. 36.2D-F). In the older literature, it was referred to as 
the vena azygos major. It commences from the right lumbar 
or the right renal vein or the IVC and passes through the aor- 
tic opening of the diaphragm to enter the thorax. It runs up 
medial to the thoracic vertebrae, to the right of the aorta and 
the thoracic duct, and receives the lower ten right intercostal 
veins. At the level of the fourth thoracic vertebra, it arches 
anteriorly to connect with the posterior surface of the SVC 
(Fig. 36.6) (7). 

The hemiazygos (“half azygos”) vein has two parts: The 
first is the left lower, or smaller, azygos vein (vena azygos 
minor), which starts at the lumbar region from one of the lum- 
bar veins or from the left renal vein, passes through the left 
crus of the diaphragm, and ascends on the left side of the spine 
up to the level of the ninth thoracic vertebra (Fig. 36.6). It 
then turns to the right behind the aorta and the thoracic duct 
to terminate into the azygos vein. The left upper hemiazygos 
varies inversely with the size of the left superior intercostal 
vein. It receives the left intercostal veins that did not drain 
into the left superior intercostal vein and the lower hemiazy- 
gos and terminates in the right azygos or the lower hemiazy- 
gos. In some cases with bilateral SVCs, bilateral azygos veins 
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Figure 36.4. Diagrams showing development of the hepatic and portal circulations from omphalomesenteric 
veins and the changes by which blood returning from the placenta by way of umbilical veins is rerouted through 
the liver. A: Based on conditions in pig embryos of 3 to 4 mm, applicable to human embryos of fourth week. 
B: Based on conditions in pig embryos of 6 mm, applicable to human embryos of fifth week. C: Based on condi- 
tions in pig embryos of 8 to 9 mm, applicable to human embryos of sixth week; (*, inferior vena cava.) D: Based 
on conditions in pig embryos of 20 mm, applicable to human embryos of seventh week and older. (Com. 
card, common cardinal; Inf., inferior; omph, omphalomesenteric; Umb., umbilical.) (From Patten BM. Human 
Embryology . 2nd ed. New York, NY: McGraw-Hill, 1953;637-681, with permission.) 


may be present. It is obvious that the term bilateral azygos 
(i.e., bilaterally unpaired veins) is literally incorrect. It is also 
incorrect to use the term hemiazygos (i.e., half azygos) for a 
vein that extends from the suprarenal segment of the IVC to 
the LSVC. In current literature, both terms are used according 
to individual preference. We prefer to use the term left azygos 
vein rather than hemiazygos to indicate the course and length 
of this vein. 


Normal Development of the Portal Vein 

Venous return of the primitive gut circulation is by way of the 
vitelline veins of the yolk sac that become confluent with the 
right and left omphalomesenteric veins, which enter the sinus 
venosus posteriorly (Fig. 36.4). As the omphalomesenteric veins 
approach the heart, they lie adjacent to the developing liver. 
The proximal portion of the omphalomesenteric veins breaks 
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Figure 36.5. Variations in the formation of 
the IVC without abnormal systemic venous 
drainage. Drawings have been schematized 
as in Figure 36.2, A: Renal collar formed by 
persistent intersupracardinal anastomosis. 
B: Renal collar formed by a lumbar channel 
from left supracardinal. C: Double cava at 
lumbar level owing to persistent supracardi- 
nal veins on both sides. D: Absence of the 
hepatic segment of the IVC with azygos con- 
tinuation into the right SVC. Acc., accessory; 
Ext., external; Int, internal; Subclav., sub- 
clavian; Sup., superior; V, vein. (From Pat- 
ten BM. Human Embryology. 2nd ed. New 
York, NY: McGraw-Hill, 1953:637-681, 
with permission.) 


RUV LIJV 



Figure 36.6. Schematic diagram of the azygos and hemiazy- 
gos veins ( solid black) and their relations to the venae cavae. 
DAo, descending aorta; IVC, inferior vena cava; LIJV, left 
internal jugular vein; LITV, left internal thoracic vein; LIV, 
left innominate vein; LSCV, left subclavian vein; LSICV, left 
superior intercostal vein; RIJV, right internal jugular vein; RIV, 
right innominate vein; RSCV, right subclavian vein. (Modified 
from Gray H. Anatomy: Descriptive and Surgical. New York, 
NY: Bounty Books, 1977:610.) 


up into a maze of small channels ramifying through the liver 
substance. The distal portion brings blood from the yolk sac and 
the intestine to the liver. When the yolk sac disappears and the 
intestine grows, the omphalic (yolk sac) portion of these veins 
also disappears. The mesenteric part persists and grows to match 
the length and complexity of the growing intestine (6). By the 
sixth week of gestation, the paired mesenteric veins have formed 
anastomoses with each other. A week later, the left mesenteric 
vein involutes cephalad to the anastomosis, while the right mes- 
enteric vein involutes caudal to the anastomosis. This results in 
the unpaired hepatic portal vein that connects the veins of the 
intestine and the spleen with the circulation of the liver. 


ANOMALIES OF THE SUPERIOR VENAE CAVAE 

Bilateral Superior Venae Cavae with Normal 
Drainage to the Right Atrium 

Persistence of the LSVC is thought to result from failure of the 
left anterior and left common cardinal veins to involute (5). 
Descriptions of persistent LSVC date back to 1787 (8). In 92% 
of cases, the LSVC drains into the RA through the coronary sinus 
(9). In the remainder, it drains into the LA by means of a par- 
tially or completely unroofed coronary sinus. The incidence of 
persistent LSVC in two large autopsy series was approximately 
0.3% (10,11). Among patients with congenital heart disease, 
the prevalence of LSVC is much higher (12). Congenital heart 
malformations that show a high frequency of persistent LSVC 
are tetralogy of Fallot (11%), atrioventricular septal defects 
(19%), mitral atresia (17%) (13), and juxtaposition of the right 
atrial appendage (RAA) (34%) (14). Whereas persistent LSVC 
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Figure 36.7. Venogram of a 4-month-old girl with absent 
RSVC and persistent LSVC draining into the coronary sinus 
(CoS) and right atrium. 

to coronary sinus results in normal return of systemic venous 
blood to the RA, this anomaly may have clinical implications 
for patients with associated cardiac malformations. 

Anatomy 

The size of the LSVC varies. It may be smaller than, equal to, 
or larger than the size of the RSVC. An LIV of variable size 
may be present in 60% of cases (15). The LSVC starts at the 
junction of the left jugular and left subclavian veins. It descends 
in front of the aortic arch and the left pulmonary vessels and, 
after receiving the left superior intercostal vein, it penetrates 
the pericardium. It then proceeds obliquely along the posterior 
wall of the LA and joins the coronary sinus in the posterior left 
atrioventricular groove (5,10). The flow of the LSVC blood 
into the coronary sinus results in its enlargement and posterior 
displacement of its orifice on the floor of the RA (Figs. 36.7 
and 36.8). The thebesian valve seldom, if ever, is present. 


Clinical Manifestations 

When the LSVC drains into the RA through the coronary 
sinus, physiology is normal and there are no clinical mani- 
festations. When this anomaly accompanies other congenital 
cardiac malformations, it may pose diagnostic and technical 
difficulties during catheterization and cardiac surgery (16). 
Enlargement of the coronary sinus resulting from a persistent 
LSVC may interfere with blood flow from the LA into the 
left ventricle. An increase in the magnitude of the left-to-right 
shunt at the atrial level was found in patients with secundum 
atrial septal defects (ASDs), persistent LSVC, and dilated coro- 
nary sinus (17,18). 

Diagnostic Features 

The presence of an LSVC can be suspected on a chest radio- 
gram based on a shadow along the left upper border of the 
mediastinum. Echocardiography is the most widely used non- 
invasive method to detect an LSVC (19). Huhta et al. (20), 
before color Doppler became available, demonstrated that 
detection of LSVC by 2-D echocardiography had a specificity 
of 100% and a sensitivity of 96%. 

Imaging of a dilated coronary sinus is often the first 
clue to the diagnosis of an LSVC during the course of an 
echocardiographic examination. The coronary sinus can be 
imaged from the subcostal, apical, and parasternal windows 
(Fig. 36.9). It appears as a tubular structure in the posterior 
left atrioventricular groove with an opening into the postero- 
inferior aspect of the RA adjacent to the orifice of the IVC. 
The LSVC and its drainage into the coronary sinus can be 
imaged from the subcostal short-axis view in patients with 
adequate acoustic windows. In most patients, the LSVC can 
be imaged from the suprasternal notch or from the high left 
parasternal/subclavicular windows (Fig. 36. 9D). From these 
windows, the presence and size of the LIV can be imaged. In 
general, there is an inverse relationship between the caliber 
of the LSVC and the LIV. Pulsed and color Doppler flow 
mapping are useful in demonstrating typical systemic venous 
flow patterns in the LSVC. Flow mapping by Doppler also 
is important in differentiating between an LSVC and other 
veins that may connect with the LIV These include partial or 
total anomalous pulmonary venous connection, a left supe- 
rior intercostal vein, and a levoatrialcardinal vein (LACV). 
In contrast to an LSVC to an intact coronary sinus, however, 
the direction of blood flow in these veins is expected to be 
into the LIV. 



Figure 36.8 Persistent left superior vena cava (LSVC). A: LSVC drains via coronary sinus (CS) into right atrium 
(RA). The diameters of the LSVC and the left innominate vein (L. Inn. V.) vary inversely; the latter may be absent. 
B: Absence of the right superior vena cava. C: Bilateral superior venae cavae associated with unroofed coronary sinus 
and drainage of LSVC into left atrium (LA); the right atrial orifice of the coronary sinus is enlarged and allows an 
interatrial communication. Az. V., azygos vein; IVC, inferior vena cava; LSICV, left superior intercostal vein; RSVC, 
right superior vena cava. 
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Figure 36.9. Echocardiographic features of persistent left superior vena cava (LSVC). A: Dilated coronary sinus 
(CS) imaged from the subcostal long-axis view. B: The dilated coronary sinus is seen in the posterior left atrio- 
ventricular groove from the parasternal long-axis view. C: The LSVC is seen anterior to the left pulmonary artery 
(LPA) in the parasternal short-axis view. D: The drainage of the LSVC to the coronary sinus (CS) and to the right 
atrium (RA) is seen from the high left parasternal sagittal view. A, anterior; Ao, aorta; DAo, descending aorta; 
LA, left atrium; L/I, left inferior; LV, left ventricle; MPA, main pulmonary artery; R, right; RV, right ventricle; 
S/P, superoposterior. 


An anomalously connecting pulmonary vein can be diag- 
nosed by following the vein into the lung hilum, by the Dop- 
pler flow pattern, and by the absence of normal connection 
of the involved pulmonary vein to the LA. The left superior 
intercostal vein is a small systemic vein that can be followed 
toward the anterior chest wall. An LACV is a remnant of an 
early embryonic venous channel that connects the splanchnic 
plexus of the lungs with the cardinal system. In the mature 
heart, it connects the LA or a pulmonary vein with the left 
innominate or other systemic veins (Fig. 36.10). Typically, it 
is associated with severe left atrial outlet obstruction, such 
as mitral stenosis or atresia with a restrictive patent foramen 
ovale or an intact atrial septum, and provides an alternative 
egress for pulmonary venous blood (21). The diagnosis can be 
established by following the anomalous vein from its origin 
(either from the LA or from one of the pulmonary veins) to 
its termination in a systemic vein. Unlike persistent LSVC that 


courses anterior to the left pulmonary artery (LPA), an LACV 
typically ascends posterior to it (22). The different positions of 
an LSVC and an LACV in relation to the LPA are important 
for distinguishing between these venous structures. Although 
in some patients the levoatrialcardinal vein can be ligated 
safely or closed in the catheterization laboratory, inadvertent 
obstruction to venous drainage from the left lung can occur. 
Demonstration of retrograde flow in an LSVC toward the LIV 
indicates that the LSVC is venting obstructed coronary sinus 
flow, usually owing to stenosis or atresia of the coronary sinus 
orifice. 

Persistent LSVC can be diagnosed by magnetic resonance 
imaging (MRI) either by spin echo or by gradient echo 
sequences. Magnetic resonance angiography (MRA) is 
particularly suitable for rapid noninvasive delineation of 
systemic venous anatomy (Fig. 36.10). By cardiac cath- 
eterization, LSVC can be suspected by the presence of 
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Figure 36.10. Three-dimensional magnetic resonance angiogram of a levoatrialcardinal vein (LACV) in an 
asymptomatic 13-year-old boy with mild pulmonary valve stenosis and single right coronary artery. A: The 
levoatrialcardinal vein is seen as a venous channel between the left upper pulmonary vein and the left innominate 
vein (LIV). The dilated left innominate vein is joined by the right innominate vein (RIV) to form the superior vena 
cava (SVC), which drains into the right atrium (RA). B: The connection of the left upper pulmonary vein (LUPV) 
with the levoatrialcardinal vein (LACV) and with the left atrium (LA). Ao, aorta; LV, left ventricle; RLPV, right 
lower pulmonary vein. 


higher-than-expected coronary sinus oxygen saturation. LIV 
angiography with balloon occlusion proximal to the injec- 
tion site is diagnostic. The LSVC can be approached either 
through the right SVC (when the innominate vein is pre- 
sent) or through the coronary sinus (Fig. 36.7). The diagno- 
sis of systemic venous anomalies can be established reliably 
by echocardiography and MRI. Cardiac catheterization is 
unnecessary in most patients. 

Treatment 

No treatment is necessary for an isolated LSVC to an intact 
coronary sinus. 

Bilateral Superior Venae Cavae with an Unroofed 
Coronary Sinus 

Anatomy 

Partial or complete absence of the common wall between the 
LA and the coronary sinus has been termed partial or com- 
plete unroofing of the coronary sinus. In hearts with partial or 
complete unroofing of the coronary sinus, a persistent LSVC 
drains into the LA. In patients with a normal septum primum 
and septum secundum, the orifice of the unroofed coronary 
sinus will function as an interatrial communication. This type 
of interatrial communication has been erroneously diagnosed 
as a posterior ASD occurring in association with a persistent 
LSVC and unroofed coronary sinus (23). 

Bilateral SVC with an unroofed coronary sinus may 
occur in association with other congenital heart defects and 
rarely as an isolated lesion (24). Visceral heterotaxy with 
asplenia exhibits the highest incidence of bilateral SVCs 
with a completely unroofed coronary sinus. In a study of 


58 postmortem cases of visceral heterotaxy with asplenia, 
the incidence was 67%, and in 46 postmortem cases of poly- 
splenia, the incidence was 13% (1). The reason for the high 
frequency of an unroofed coronary sinus in asplenia is not 
known. The high frequency of bilateral SVCs in asplenia 
probably represents a remnant of the normal early embry- 
onic symmetry of the systemic veins that is characteristic of 
visceral heterotaxy. 

As mentioned, a persistent LSVC entering the LA when 
the coronary sinus is unroofed should be distinguished from 
persistence of an embryonic connection between the LA and 
a systemic vein (LACV) or between the left pulmonary veins 
and a systemic vein (vertical vein) (25). Almost all cases of 
LACV have been associated with severe left atrial outlet ste- 
nosis or atresia (21). Rarely, a normally connected left upper 
pulmonary vein to the LA may maintain the early embryonic 
connection with the LIV without left atrial outflow stenosis 
or atresia (21). We also encountered such a case (Fig. 36.10). 
It is interesting to note that both cases had coarctation of the 
aorta. 

Clinical Manifestations 

Most patients with an isolated persistent LSVC to a partially 
or completely unroofed coronary sinus also have a large cor- 
onary sinus ostium that functions as an interatrial communi- 
cation (Raghib syndrome) (Fig. 36. 8C). The hemodynamic 
consequences of the Raghib syndrome are cyanosis and left- 
to-right shunting through the “ASD.” Systemic arterial desat- 
uration is caused by mixing of LSVC blood with pulmonary 
venous blood in the LA. The degree of arterial desaturation is 
related to the net right-to-left shunt, which, in turn, depends 
on the amount of systemic venous blood carried by the LSVC 
and the proportion of systemic venous blood that crosses the 
atrial septum and reaches the pulmonary circulation. In most 
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patients, the arterial oxygen saturation ranges between 85% 
and 95%. These patients exhibit varying degrees of cyano- 
sis, clubbing of the nail beds, and polycythemia. They are 
at risk for complications of right-to-left shunting, including 
paradoxical emboli, brain abscess, strokes, and death. In 
some patients, the coronary sinus ostium is atretic and there 
is no significant interatrial communication. The only clinical 
manifestations in these patients are cyanosis and its seque- 
lae. Patients with a significant interatrial communication 
exhibit signs and symptoms related to left-to-right shunting 
as well as cyanosis. When a persistent LSVC to an unroofed 
coronary sinus is associated with complex congenital heart 
disease (often in the context of heterotaxy syndrome), the 
clinical features of LSVC drainage to the LA are obscured by 
manifestations of the associated anomalies. When right atrial 
outflow stenosis or atresia coexists with a persistent LSVC 
to an unroofed coronary sinus, the shunt is exclusively from 
right to left. 

Diagnostic Features 

The LSVC may appear as a shadow along the left upper bor- 
der of the mediastinum on the chest radiogram. The elec- 
trocardiographic features of isolated LSVC to an unroofed 
coronary sinus are similar to those in patients with uncompli- 
cated secundum ASD. The frontal axis of the P wave may be 
abnormal in patients with heterotaxy syndrome, reflecting a 
left sinoatrial node or an ectopic atrial rhythm. 

Echocardiography is the definitive imaging modality in 
most patients (26). The LSVC and its drainage into the LA 
can be imaged from the subcostal window in young patients 
and from the precordial and suprasternal notch windows in 
most patients. The posterior left atrioventricular groove is 
examined in detail to ascertain the extent of deficiency of 
the coronary sinus septum. When the coronary sinus sep- 
tum is completely unroofed, the LSVC terminates in the 
upper left posterior corner of the LA between the left upper 
pulmonary vein posteriorly and the left atrial appendage 
anteriorly. Flow mapping with color Doppler is useful in 
demonstrating flow from the LSVC into the LA. If the diag- 
nosis is still in doubt, a contrast injection in a left arm vein 
establishes the diagnosis by demonstration of microbubbles 
in the LA before they appear in the RA. MRI is increasingly 
used to establish the diagnosis, especially when technical 
limitations compromise the quality of echocardiography or 
when the anatomy has not been completely delineated. By 
cardiac catheterization, the diagnosis is established by dem- 
onstration of a step-down in oxygen saturation between the 
pulmonary veins and the LA and by LSVC-selective angi- 
ocardiography (Fig. 36.11). 

Treatment 

The coronary sinus defect of a partially or completely unroofed 
coronary sinus that receives an LSVC must be repaired to avoid 
complications of cyanosis and its sequelae and of chronic left- 
to-right shunting. Accurate preoperative diagnosis is essential 
to avoid inadvertent closure of an enlarged coronary sinus ori- 
fice that is mistaken for a secundum ASD. Such an error will 
result in significant postoperative cyanosis. 

If the LSVC is relatively small and there is an adequate- 
sized LIV, the LSVC can be ligated and the interatrial com- 
munication closed, leaving the coronary sinus blood to drain 
into the LA. In the absence of an adequate-sized bridging LIV, 
the coronary sinus is “reroofed” (27). This is achieved by baf- 
fling the LSVC along the posterior wall of the LA into the 
RA. Care is taken to avoid the orifices of the pulmonary veins. 
A coronary sinus defect also can be closed in the catheteriza- 
tion laboratory with an ASD device. 



Figure 36.11. Venogram of a left superior vena cava (LSVC) 
entering the left side of a common atrium via an unroofed 
coronary sinus in a 15-month-old boy with visceral hetero- 
taxy. A catheter inserted into the right femoral vein entered a 
left venous channel that crossed the diaphragm and entered the 
left side of a common atrium. LA, left atrium. The additional 
venous anomalies of this case are presented in Figure 36.20. 
(The angiocardiogram of this patient was kindly provided by Dr. 
John Murphy, duPont Hospital for Children, Wilmington, DE.) 

Absent Right Superior Vena Cava 
in Visceroatrial Situs Solitus 

Anatomy 

Absent or atretic right SVC in visceroatrial situs solitus is rare, 
occurring in 0.07% to 0.13% of patients with cardiovascular 
malformations (28,29). In a study of 121 cases, we found that 
this anomaly occurred both in patients with structurally nor- 
mal hearts (54%) and in patients with congenital heart defects 
(46%) (30). This anomaly is characterized by persistence of 
the LSVC draining to the RA via the coronary sinus and by 
left-sided azygos vein draining into the LSVC (Fig. 36. 8B). 
Less constant features were additional cardiovascular malfor- 
mations (46%) and rhythm abnormalities (35%) that usually 
appeared related to complications of old age. In seven cases 
(6%), the coronary sinus was unroofed; hence, the LSVC 
drained into the LA (30). The LSVC, in cases of atretic or 
absent right SVC, should not be considered an inverted SVC. 
The origin and course of this LSVC are exactly the same as the 
origin and course of the LSVC, which may be present when 
the right SVC is normal (30). 

Clinical Manifestations 

In the absence of additional cardiovascular malformations, 
absence of the right SVC with drainage of the LSVC into 
the RA via the coronary sinus is asymptomatic. Of the 121 
cases reviewed by Bartram et al. (30), 36 (30%) had no asso- 
ciated anomalies, and the systemic venous anomaly was an 
incidental finding. Rhythm disturbances without additional 
structural heart disease were reported in 29 patients (24%), 
including atrioventricular block, sinoatrial node dysfunction, 
ventricular tachycardia, left and right bundle-branch block, 
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supraventricular tachycardia, and sudden death. A range of 
associated cardiovascular malformations with or without 
arrhythmia were found in 56 patients (46%). When the only 
associated cardiac anomaly is partial or complete unroofing 
of the coronary sinus (found in four patients), cyanosis domi- 
nates the clinical picture. 

Diagnostic Features 

The clinical relevance of establishing the diagnosis of absent 
right SVC with a persistent LSVC to the coronary sinus in vis- 
ceroatrial situs solitus is mainly to avoid difficulties during the 
following procedures: transvenous pacemaker implantation, 
venous cannulation for cardiopulmonary bypass or extracor- 
poreal membrane oxygenator, and placement of a right ven- 
tricular or pulmonary arterial monitoring line through the 
subclavian or jugular veins. Precise preoperative knowledge 
of the systemic venous anatomy is also crucial before surgery 
that includes cavopulmonary anastomosis and orthotopic 
heart transplantation. The diagnosis can be established by 
echocardiography, MRI, CT, or angiography (Fig. 36.12). 

Treatment 

No intervention is indicated when the physiology is normal. 

Left Atrial or Biatrial Drainage 
of Right Superior Vena Cava 

Anatomy 

Left atrial drainage of the RSVC is a rare malformation that 
typically manifests itself as unexplained cyanosis and clubbing 
in patients who do not have any other signs of a heart defect 
(31). A variation of this malformation is an RSVC draining into 
both atria (32). Van Praagh et al. (31) recently reported two 
cases of biatrial drainage of the RSVC and one case of left atrial 
drainage of the RSVC and reviewed 26 previously published 
cases. Nutzel described the earliest reported cases of biatrial 



Figure 36.12. Venogram of the innominate vein (Innom V) 
in a patient with absence of the right superior vena cava and 
persistence of the left superior vena cava (LSVC), which drains 
into the right atrium via the coronary sinus (CoS). 


drainage of the RSVC in a 47-year-old man (reference 18 in 
Van Praagh et al. [31]). The earliest reported case in the English 
literature of left atrial drainage of the RSVC involved a 10-year- 
old girl described by Wood (33). At least 18 additional cases 
have been published in English since then (31,34); 10 of these 
patients underwent surgery, and in all but one, the right upper 
lobe pulmonary veins usually drained into the RSVC (35). A 
persistent left SVC was present in three cases (31,35,36). In 
several of the operated cases, the diagnosis of pulmonary veins 
draining into the RSVC was missed preoperatively. 

Based on our understanding of the nature of sinus veno- 
sus defects (31,37), we believe this malformation represents a 
sinus venosus defect of the SVC type in association with atre- 
sia of the RSVC orifice (Fig. 36.13). A sinus venosus defect of 
the SVC type results from the deficiency of the common wall 
between the SVC and the right upper pulmonary vein (RUPV) 
(37). This defect unroofs the RUPV and its branches into the 
RSVC. The unroofed RUPV then drains into the SVC, and 
its left atrial orifice becomes the interatrial communication. 
This interatrial communication is not a defect; like the right 
atrial orifice of an unroofed coronary sinus, it functions as 
an interatrial communication but is not an ASD. Depending 
on the pressure and compliance differences between the two 
atria, left atrial blood can be shunted into the SVC-right atrial 
junction, or RSVC blood can enter the LA. We suspect that if 
the RSVC-to-LA shunt predominates during early fetal life, 
the blood flow toward the RA through the right atrial orifice 
of the SVC will be diminished or completely eliminated. Lack 
of blood flow will result in gradual involution of the proximal 
segment of the SVC and stenosis or atresia of its orifice. In 
cases of stenosis of the SVC orifice, the SVC will drain into 
both atria (31,32), whereas in cases of SVC orifice atresia, the 
SVC will drain only into the LA (Fig. 36.14) (31). The true 
nature of the interatrial communication was fully understood 
by Hackensellner (38), who reported the postmortem findings 
in a 72-year-old man with biatrial drainage of the RSVC. A 
similar view was expressed by Shapiro et al. (32), who also 
realized that if the shunt from the RSVC to the LA was large 



Figure 36.13. Diagrammatic representation of the anatomy of right 
superior vena cava (SVC) drainage into left atrium (LA). A combi- 
nation of sinus venosus defect and atresia of the right atrial orifice 
of the superior vena cava results in drainage of the right upper 
pulmonary vein and SVC into the left atrium via the left atrial 
orifice of the right upper pulmonary vein (see text for details). IVC, 
inferior vena cava; MV, mitral valve; RA, right atrium; SI, septum 
primum; S2, septum secundum; TV, tricuspid valve. 
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Figure 36.14. Drainage of right superior vena cava (RSVC) to left atrium (LA). A: Right atrial angiogram show- 
ing catheter course from the inferior vena cava (IVC) to the right atrium (RA). The contrast fills the RA and right 
atrial appendage (RAA) but not the superior vena cava. B: The catheter crosses the foramen ovale to the left atrium 
(LA) and is advanced into the RSVC. The RSVC-to-LA drainage is seen with contrast entering the RA through 
the foramen ovale. C: Drainage of the right upper pulmonary vein (RUPV) into the RSVC is seen on a later frame. 
D: Echocardiogram from the subcostal short-axis view showing the RSVC-to-LA drainage. NG, nasogastric. 


enough, “the normal SVC channel to the RA became relatively 
hypoplastic.” We had reached the same conclusion prior to 
our knowledge of these two reports. 

Clinical Manifestations 

Cyanosis is the dominant clinical feature in patients with drain- 
age of the RSVC to the LA. The degree of cyanosis may be 
mild, and symptoms may not develop until late childhood or 
adolescence (31,39) and rarely until adulthood (40). The risks 
of polycythemia, shortness of breath, decreased exercise toler- 
ance, systemic emboli, brain abscess, and other cerebrovascular 
complications increase with age. The echocardiogram or 


angiocardiogram of such patients shows a common entrance 
site of the RSVC and the RUPV in the roof of the LA (36). 

Treatment 

The RSVC flow is surgically diverted into the RA. In the past, 
this was done by creating an ASD and redirecting SVC flow 
into the RA and the pulmonary blood flow into the LA (41). 
More recently, the preferred surgical approach has involved 
transection of the RSVC above the entrance of the RUPV(s) 
and anastomosis of the transected caval end to the RAA (31). 
A surgical technique without the use of cardiopulmonary 
bypass was reported by Nazem and Sell (42). 
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Figure 36.15. Retroaortic innominate vein. 
A: Diagram showing a retroaortic innomi- 
nate vein (RAIV) associated with a right 
aortic arch (RAA) in a patient with tetral- 
ogy of Fallot. RSVC, right superior vena 
cava. B: Gadolinium-enhanced magnetic 
resonance angiogram showing a retroaortic 
innominate vein. Ao, aorta; LA, left atrium; 
RA, right atrium; RPA, right pulmonary 
artery. 




Retroaortic innominate Vein 
Anatomy 

Retroaortic innominate vein (RAIV), also known as postaortic 
innominate vein, is a rare systemic venous anomaly character- 
ized by an abnormal position of the LIV behind the ascending 
aorta (Fig. 36.15). The normal course of the LIV is from left to 
right, anterior to the aortic arch in the superior mediastinum. 
It then joins the RIV to form the RSVC. In RAIV, the con- 
fluence of the left subclavian and left common jugular veins 
forms the LIV, which then turns inferiorly to run a course that 


is initially similar to that of a persistent LSVC. After pass- 
ing anterior to the LPA and before reaching the LA, the LIV 
turns rightward and courses horizontally behind the ascending 
aorta to reach the SVC below the insertion of the azygos vein 
(Fig. 36.15). The insertion of the RAIV into the SVC is only a 
short distance above the SVC-RA junction. We encountered a 
heart specimen in which the RAIV also communicated with an 
LSVC that drained into a partially unroofed coronary sinus. 
Another rare anatomic variation is duplication of the left 
innominate vein — defined as the coexistence of a retroaortic 
LIV and a normally positioned LIV (Fig. 36.16). 



Figure 36.16. Duplication of the left innominate vein. Anterior (A) and posterior (B) views of volume reconstruc- 
tion of gadolinium-enhanced 3-D magnetic resonance angiogram. The anterior (normal position) and posterior 
(retroaortic; arrow) left innominate veins form a ring that encircles the aorta. 
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This rare anomaly was first reported in 1888 (43), and 62 
cases have been reported to date. Choi et al. (44) reported 24 
patients with RAIV among 2,457 patients with congenital 
heart disease (0.98%). Of the 35,000 persons who under- 
went an echocardiographic examination at Children’s Hos- 
pital in Boston from 1980 through 1997, 31 patients were 
diagnosed with RAIV (0.09%). Most patients with RAIV 
have associated congenital cardiac malformations, includ- 
ing tetralogy of Fallot with or without pulmonary atresia, 
truncus arteriosus, atrioventricular septal defect, heterotaxy 
syndrome, hypoplastic left heart syndrome, pulmonary atre- 
sia with intact ventricular septum, coarctation of the aorta, 
and others (44-46). In some patients, RAIV is an incidental 
finding not associated with other congenital cardiac anoma- 
lies. Based on autopsy findings, Gerlis and Ho (46) and Kita- 
mura et al. (47) distinguished between RAIV that courses 
ventral to or dorsal to the ligamentum arteriosum. This dis- 
tinction, however, cannot be made in living patients unless 
the ductus arteriosus is patent. The cause and embryogenesis 
of RAIV are unknown. Gerlis and Ho (46) suggested that 
the anomaly results from failure of the high transverse cap- 
illary plexus that forms the LIV to develop at a time when 
the lower portion of the left anterior cardinal vein atrophies. 
In such circumstance, venous blood returning from the left 
side of the head and the left arm may drain through a lower 
venous plexus that communicates between the left and right 
anterior cardinal veins. This lower venous plexus then forms 
the RAIV 

Clinical Manifestations 

RAIV is widely considered an anatomic variant without clini- 
cal ramifications. In 3 of the 31 patients with RAIV diagnosed 
at Children’s Hospital in Boston, the anomaly was associated 
with defects that required a cavopulmonary anastomosis as 
part of their surgical repair. The abnormal connection of the 
RAIV to the SVC at or below the level of the right pulmo- 
nary artery hindered the surgical mobilization of the SVC and 
necessitated modifications of the surgical technique. 

Diagnostic Features 

The anomaly can be identified readily by echocardiography, 
angiocardiography, and MRI (Figs. 36.15B and 36.16). Accu- 
rate echocardiographic diagnosis is based on tracking the LIV 


from its origin through its retroaortic course to the SVC (45). 
The imager must be careful not to confuse a RAIV with a per- 
sistent LSVC. The latter will connect with the coronary sinus 
or with the LA if the coronary sinus is unroofed. Cine MRI 
and 3-D MRA are particularly useful in depicting the anatomy. 

Treatment 

No treatment is necessary because blood flow is normal. 

ANOMALIES OF THE CORONARY SINUS 
Coronary Sinus Defect and Unroofed Coronary Sinus 
Anatomy 

Unroofed coronary sinus almost always is associated with a 
persistent LSVC. This condition was discussed earlier in this 
chapter. A coronary sinus defect without an associated LSVC 
is rare, and the physiology is the same as in ASD. The intera- 
trial communication, however, is through the mouth of the 
coronary sinus, which is located below and posterior to the 
fossa ovale. It also has been observed in patients with iso- 
lated secundum ASD (48). When unroofing of the coronary 
sinus occurs in cases with an intact atrial septum, its orifice 
takes the form and function of an interatrial communication 
(Fig. 36. 8C). When unroofed coronary sinus is associated 
with an ostium primum defect, a complete common atrioven- 
tricular septal defect, or a common atrium, the orifice of the 
coronary sinus merges with the atrial septal deficiency and 
becomes unrecognizable. In some patients, the coronary sinus 
ostium is atretic and the coronary sinus defect is the only 
egress for coronary venous blood (Fig. 36.17A). A coronary 
sinus defect also may be an alternate or an accessory route 
for blood flow from an atrium that has no other functional 
outlet (Fig. 36.17C). 

A left or a right hepatic vein may drain separately from the 
other hepatic veins into the coronary sinus (49). When the ori- 
fice of the coronary sinus is enlarged as a result of a persistent 
LSVC, it may incorporate into its territory the orifice of the 
IVC. In a recently reported case of absent RSVC and persistent 
LSVC, the entire systemic venous return entered the heart by 
way of the coronary sinus orifice (50). 





Figure 36.17. Anomalies of the coronary sinus. Atresia of the ostium of the coronary sinus (CS). A: Drainage of 
coronary sinus blood into the left atrium (LA) through a coronary sinus septal defect. B: Drainage of coronary 
sinus blood in a retrograde direction into a persistent left superior vena cava (LSVC), to left innominate vein (L. 
Inn. V.), and to right atrium (RA). C: Coronary sinus septal defect associated with a persistent LSVC (Raghib 
syndrome). Card. V., cardiac vein; IVC, inferior vena cava; RSVC, right superior vena cava. 
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Clinical Manifestations 

The clinical manifestations of an unroofed coronary sinus 
associated with a persistent LSVC were discussed earlier in 
this chapter. Patients with partial or complete unroofing of the 
coronary sinus without an LSVC exhibit signs and symptoms 
identical to those with a secundum ASD. 

Diagnostic Features 

Echocardiographic diagnosis can be made by imaging the coro- 
nary sinus septum in the posterior left atrioventricular groove. 
Color Doppler flow mapping is useful in demonstrating blood 
flow through a defect identified by 2-D imaging. In the presence 
of an associated LSVC, left-arm contrast injection will result in 
the appearance of bubbles in the LA before they appear in the 
RA. In the absence of an associated LSVC, contrast injection 
can aid only in demonstrating the atrial-level shunt. Surgery is 
usually performed for associated malformations. 

Coronary Sinus Orifice Atresia 

Anatomy 

Atresia or severe stenosis of the right atrial orifice of the cor- 
onary sinus is rare (51). The coronary sinus is usually well 
formed, and the orifice is covered by a thin membrane-like 
tissue that appears to be related to the thebesian valve. In 13 
of the 15 heart specimens described by Lucas and Krabill (52), 
an alternative exit for coronary venous blood return was iden- 
tified. A small LSVC was found in six cases, a large thebesian 
vein in five, a coronary sinus septal defect in one, and a con- 
nection with the IVC in one case. No alternative outlet for 
coronary sinus blood flow was identified in the remaining two 
heart specimens. In 12 of the 15 cases, associated congenital 
cardiac anomalies were found. 

Clinical Manifestations 

Myocardial ischemia is unlikely as long as there is an alter- 
nate egress for the coronary sinus blood. Myocardial ischemia, 
infarction, and death have been reported in several patients 
in whom there was no alternative exit for the coronary sinus 
blood. Two patients with coronary sinus orifice atresia died 
of myocardial ischemia following ligation of a small LSVC 
(52,53). Two neonates without anatomic evidence of an egress 
route for the coronary sinus blood died at 6 and 10 days, 
respectively. Both had myocardial hemorrhage and necrosis at 
autopsy. 

Diagnostic Features 

The demonstration of a persistent LSVC to an intact coro- 
nary sinus with retrograde flow toward the innominate vein 
should prompt a careful examination of the coronary sinus 
ostium. Angiographic demonstration of retrograde flow in the 
coronary sinus and a small-caliber LSVC is suggestive of the 
diagnosis (Fig. 36.18) (51,54). 

Coronary Sinus Aneurysm or Diverticulum 

Anatomy 

Congenital diverticulum of the coronary sinus was first 
described in 1983 by Ho et al. (55) in a 1-year-old child by 
angiography and in a 23-year-old man with tachycardia and 
sudden death. Gerlis et al. (56) described two patients who 
died of malignant arrhythmia associated with posteroseptal 
accessory atrioventricular pathways. Each had a coronary 
sinus aneurysm. 



Figure 36.18. Coronary sinus orifice atresia. Selective balloon 
occlusion angiogram in the left innominate vein (LIV) in an 
8-year-old girl with mitral atresia and a large left ventricle. 
Contrast material fills the innominate vein, left superior vena 
cava (LSVC), part of the coronary sinus (CoS), and two large 
cardiac veins (CV). Blood flows in a retrograde direction from 
the coronary sinus to the LSVC, to the left innominate vein, to 
the right superior vena cava (RSVC), and, finally, into the right 
atrium. (Reprinted from Shinpo H, Van Praagh S, Parness I, et 
al. Mitral atresia with a large left ventricle and an underdevel- 
oped or absent right ventricular sinus: clinical profile, anatomic 
data and surgical considerations. J Am Coll Cardiol 1992;19: 
1561-1576, with permission from Elsevier.) 


Guiraundon et al. (57) described the entity of coronary 
sinus diverticulum associated with WolffParkinson-White 
syndrome in a study of 65 patients with posteroseptal acces- 
sory pathways. Intraoperatively, six were found to have coro- 
nary sinus diverticula in the posteroseptal region. The coronary 
sinus diverticulum is a pouch with its neck originating in the 
coronary sinus proximal to the entrance of the middle cardiac 
vein. The pouch, 2 to 5 cm in diameter, extends into the left 
ventricular wall. 

Similar coronary sinus diverticula or aneurysms have been 
observed in children without the presence of Wolff-Parkinson- 
White syndrome or tachycardia. One case of a 20-month-old 
girl (58) involved a fistulous connection between the coro- 
nary sinus and the left ventricle without any other cardiac 
defects. Di Segni et al. (59) described a coronary sinus diver- 
ticulum that penetrated the right ventricular posterior wall 
in a newborn with mitral atresia and hypoplastic left heart 
syndrome. Conduction studies indicated that the accessory 
pathway is closely associated with the diverticulum and that 
the conduction abnormality disappears only after separation 
or ablation of the coronary sinus diverticulum neck. 

Diagnostic Features 

Coronary sinus diverticulum has been diagnosed by echocar- 
diography (58). The coronary sinus is first imaged from the 
subcostal, apical, and parasternal windows. The aneurysm 
is seen as an outpouch, typically with a distinct neck, which 
extends behind the left ventricle or into the ventricular myo- 
cardium. Color Doppler flow mapping is helpful in making the 
diagnosis and in delineating the connection into the aneurysm 
by displaying a jet from the coronary sinus (59). Other sites of 
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connection may be demonstrated with color Doppler. Many 
of the reported cases, however, have been defined during intra- 
cardiac electrophysiologic mapping and ablation of supraven- 
tricular tachycardia as well as during surgical dissection at the 
time of operative ablation of the accessory pathway (57). 

Treatment 

The six patients of Guiraundon et al. (57), four men and two 
women aged 19 to 67 years, all had surgical treatment of the 
diverticulum. They also had dissection of the posterior canal 
region. The coronary sinus was dissected away from the left 
ventricle and the arteriovenous junction and that site was 
cryoablated. No postoperative recurrences or complications 
occurred. The indication for intervention in cases with a coro- 
nary sinus aneurysm or diverticulum who do not have associ- 
ated tachycardia is unclear. 

ANOMALIES OF THE INFERIOR VENA CAVA 
Interrupted Inferior Vena Cava 

Anatomy 

Absence of the hepatic segment of the IVC with azygos con- 
tinuation into the right or left SVC is referred to as an inter- 
rupted IVC. In rare cases, the infrahepatic segment of the 
IVC may continue to both right and left SVC via bilateral 
azygos veins (Fig. 36.19). Interrupted IVC was reported as 
an incidental autopsy finding as early as 1793 (60). Although 
the presence of multiple spleens and abnormalities of the 
visceral situs were mentioned in the earliest reported cases 
(1,61-63), their relation to interrupted IVC was not appre- 
ciated. It was not until 1967 that Moller et al. (64), study- 
ing the anatomic data of 12 cases with visceral heterotaxy 
and polysplenia, concluded that interrupted IVC represents 
one of the characteristics of the polysplenia syndrome. Since 
then, many publications confirmed this association (65). In 
our study of 46 postmortem cases of visceral heterotaxy with 
polysplenia, the incidence of interrupted IVC was 86% (1). 
Although as a rule interrupted IVC occurs in patients with 
situs abnormalities and congenital heart defects, it also has 
been reported in patients with normal hearts (66,67) and 
rarely in patients with asplenia (68). 


Clinical Manifestations 

Because interrupted IVC with azygos continuation usually 
does not result in a physiologic abnormality, this venous 
abnormality does not result in clinical manifestations. Its 
clinical importance is due to its frequent association with the 
heterotaxy syndrome and polysplenia. Interrupted IVC with 
azygos continuation can complicate cardiac catheterization 
and interventional procedures such as radiofrequency catheter 
ablation. In patients whose associated cardiovascular anoma- 
lies require surgical therapy that involves redirection of the 
systemic venous return to the pulmonary arteries (bidirec- 
tional Glenn and modified Fontan procedures), awareness of 
the anomaly and appropriate surgical planning are important. 

Diagnostic Features 

Interruption of the IVC with azygos continuation to the SVC can 
be diagnosed readily by echocardiography (69,70). The diagno- 
sis is based on imaging of the size, location, and course of the 
IVC and the azygos vein from the subcostal window. Normally, 
in the subcostal short-axis view, the renal-to-hepatic segment 
of the JVC is seen as an oval blood vessel located anterior and 
to the right of the abdominal aorta. The azygos vein is a much 
smaller vessel seen beside the vertebral bodies. In patients with 
heterotaxy syndrome, the IVC may be juxtaposed to the abdom- 
inal aorta either to the left or to the right of the spine (26,69). 
An intact IVC can be seen throughout most or all of its length 
from the subcostal parasagittal plane. When the renal-to-hepatic 
segment of the IVC is absent, no IVC is seen below the liver. 
Care must be taken not to confuse a hepatic vein with the IVC. 
The azygos vein is enlarged and can be followed cranially until 
its connection with a SVC (which may be right-sided, left-sided, 
or there may be bilateral azygos with connections to the left and 
right SVCs). The drainage of the azygos vein to the SVC also 
can be imaged from the parasternal and suprasternal windows. 

An interrupted IVC with azygos continuation can be diag- 
nosed readily by MRI. In particular, 3-D MRA is accurate and 
effective in delineating normal and abnormal systemic venous 
anatomy. During cardiac catheterization, venous angiography 
from the lower extremity is diagnostic. 

Treatment 

No specific treatment of an interrupted IVC with azygos con- 
tinuation is indicated. Inadvertent ligation of the azygos vein 
can lead to death (66). 



Figure 36.19. Posterior view of the heart, lungs, liver, 
and kidneys of a 6 1/2-month-old boy with visceral het- 
erotaxy and left-sided polysplenia. There is interruption 
of the right-sided inferior vena cava (IVC) with bilateral 
azygos veins (Az V) connecting with bilateral superior 
venae cavae (RSVC, LSVC). The RSVC entered the right 
atrium directly. The LSVC continued into the coronary 
sinus, which drained normally into the right atrium. 
Ao, aorta; LRV, left renal vein; Ren, renal; RRV, right 
renal vein. (From Van Praagh S, Santini F, Sanders SPJ. 
Cardiac malpositions with special emphasis on visceral 
heterotaxy [asplenia and polysplenia syndromes]. In: 
Nadas AS, Fyler DC, eds. Nadas 3 Pediatric Cardiology. 
4th ed. Philadelphia, PA: Hanley 6c Belfus, 1992: 
589-608, with permission.) 
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Bilateral Inferior Venae Cavae 

Anatomy 

The bilateral nature of four of the five venous systems that con- 
tribute to the formation of the IVC can easily explain the pres- 
ence of bilateral IVCs above and below the liver (Fig. 36.5). 
Bilateral suprahepatic IVCs (i.e., a normal IVC and a contralat- 
eral hepatic vein) are a frequent finding in cases of visceral het- 
erotaxy with asplenia. In our study of 109 postmortem cases 
of visceral heterotaxy, bilateral suprahepatic IVC was present 
in 28% of the asplenia group and in 6 % of the polysplenia 
group (1). Bilateral suprahepatic IVCs also can occur rarely in 
patients with normal visceral situs. The left-sided hepatic vein 
in those cases drains into a normal coronary sinus. 

Bilateral infrarenal IVCs, in their entire length or in some 
of their segments, can occur in patients with normal or abnor- 
mal visceral situs and have been described in several reports 
(71). They do not produce any hemodynamic disturbance. The 
same is true for the suprahepatic duplication of the IVC if a 
normal coronary sinus is present. 

The bilaterality of four of the five components of the IVC 
explains the cases where a left-sided IVC may become right- 
sided at the level of the liver and at its suprahepatic segment. 
Similarly, a right-sided IVC may become left-sided at the level 
of the liver and at its suprahepatic segment. The same is true 
in cases of interrupted IVC. 

The existence of an unpaired segment of the IVC (the 
hepatic segment) does not permit the formation of truly com- 
plete bilateral IVC. Nevertheless, in rare cases of absent ductus 
venosus, it is possible to have two venous channels mimicking 
bilateral IVCs (Fig. 36.20). In the case described by Lucas and 
Krabill (52), the right-sided venous channel was the true IVC. 


The left-sided venous channel is composed of the left umbilical 
vein, the left portal vein, and the left hepatic vein, which enter 
the LA through an unroofed coronary sinus (see section on 
anomalies of the ductus venosus). 


Inferior Vena Cava Drainage to the Left Atrium 

Anatomy 

During fetal life, about half of the IVC blood that enters the 
RA is directed toward the LA with the help of two venous 
valves: the eustachian valve (which is part of the embry- 
onic right venous valve) and the valve of the foramen ovale 
(i.e., septum primum). The eustachian valve usually involutes by 
the time of birth and is represented by a ridge a few millimeters 
high, located between the mouth of the IVC and the tricuspid 
valve orifice. In some cases, however, for unknown reasons, 
the eustachian valve may persist with little or no change from 
its fetal size and attachments. If the foramen ovale is patent 
or if there is an ostium secundum defect, the IVC blood will 
continue to drain into both atria. Contrast injected into the 
IVC will appear into the LA and may create the erroneous 
impression that the IVC is connected with the LA. This has 
occurred in several cases reported as “left atrial IVC”. (52). 

A left atrial IVC also was thought to occur in cases in which 
all the systemic and all the pulmonary veins drained into a 
left-sided atrium. Present-day understanding makes it clear 
that this atrium is a left-sided RA. We now understand that 
it is impossible for the right horn of the sinus venous (i.e., the 
IVC and the SVC) to be incorporated fully into the morpho- 
logically left atrium. By contrast, it is not unusual in patients 
with visceral heterotaxy and absence of septum secundum, for 



Figure 36.20. Anteroposterior venogram in a 15-month-old boy with visceral heterotaxy, asplenia, bilateral 
IVCs, bilateral SVCs, common atrium, common atrioventricular septal defect, d-transposed aorta, and pulmo- 
nary atresia. A: Frame showing the cardiac end of the systemic venous return from the lower part of the body. 
B: Frame showing the inferior part of the systemic veins. Contrast material injected into the right iliac vein filled 
two venous pathways. The right-sided pathway represents a right-sided inferior vena cava (RIVC), which receives 
the right hepatic vein (RHV) and then enters the right side of the common atrium. The left venous channel 
appears to represent a left-sided IVC (LIVC), which connects with the left hepatic vein (LHV) and then joins the 
RIVC and drains into the common atrium via a common orifice. The two venous pathways connect by way of 
an extracardiac venous sinus (EVS) just before their entry into the common atrium. We think this case represents 
a rare variation of the venous pathways observed in cases of visceral heterotaxy. The right renal vein drained 
into the RIVC, and the left renal vein drained into the LIVC (not shown). LCIV, left common iliac vein. (This 
angiogram was kindly provided by Dr. John Murphy, duPont Hospital for Children, Wilmington, DE.) 


CHAPTER 36 ■ Abnormal Systemic Venous Connections 857 


half or all of the pulmonary veins to drain into the morpho- 
logically right atrium, which may be right- or left-sided (72). 
These well-documented possibilities can explain the reported 
cases of left atrial IVC except for the case reported by Gardner 
and Cole in 1955 (73). 

This case concerned a woman who “at the age of 4 years 
had pneumonia and was subsequently noticed to be cyanosed.” 
She had a succession of three miscarriages, but at the age of 
24 years she gave birth to a full-term normal infant. “She led 
a comparatively active life until the age of 32 years. Then one 
day while stretching up to a high shelf she collapsed suddenly 
and died.” According to the report by Gardner and Cole, post- 
mortem examination of the heart revealed a normal coronary 
sinus and an intact atrial septum. The IVC was thought to 
drain directly into the LA. If the postmortem findings were 
correct, this case would defy what is known about the devel- 
opment of the atria, the sinus venosus, and the systemic veins 
of the human heart. We thought that, if possible, it was essen- 
tial to reexamine this heart specimen, and this became possible 
thanks to the kindness and cooperation of Dr. Gardner, now 
professor of pathology in Edinburgh, Scotland. 

Reexamination of this heart specimen revealed that a large 
segment of the posterior wall of the RA was missing. Conse- 
quently, no remnant of the IVC itself connecting with the RA 
could be found. Nevertheless, a small eustachian valve (right 
venous valve remnant) and a left venous valve with multiple 
fenestrations were easily identified (Fig. 36.21). The posteroin- 
ferior wall of the LA was also missing as a result of a postmor- 
tem artifact that was produced when the heart was removed 
from the chest by the prosector. This incision was made too 
high, above the IVC, removing a portion of the posteroinferior 
walls of both the right and left atria (Fig. 36.21). The defect 
in the left atrial wall was approximated by a stitch postero- 


inferiorly, which inadvertently changed this defect into an 
approximately circular orifice thought to represent the orifice 
of the IVC. On reexamination, however, it was noted that the 
margins of this putative left atrial IVC consisted not of thin 
venous tissue, consistent with the wall of the IVC. Instead, it 
consisted of the left atrial myocardium, 3 mm in thickness, that 
lay outside of an approximately 1-mm-thick layer of fibrous 
tissue representing the left atrial endocardium (Fig. 36.21). 
Examination of the pulmonary histology by Dr. Reid revealed 
“large size and increased density of the arteries and veins con- 
sistent with the presence of arteriovenous communications 
sufficiently big or numerous to produce the effect of arterial- 
to-venous shunting.” Hence the cyanosis of the patient was 
explained with the histologic findings of the lungs. 

This extraordinary case quoted repeatedly in the literature of 
the last 44 years was the result of an unintended misinterpreta- 
tion of the anatomic findings of a heart specimen not examined 
in situ but brought to Professor Gardner’s attention “as a Coro- 
ner’s autopsy.” According to Professor Gardner, “diagrams were 
made much later. They were of the heart only.” “You have to 
recognize,” he wrote to us, “that the diagnosis of an IVC anom- 
aly was not made at the time of the autopsy but only after subse- 
quent examination of the heart.” Hence, we can now conclude 
that there has not been a documented case of the IVC connecting 
directly with the LA. The present knowledge of the embryology 
and possible connections of the IVC remains unchallenged. 

Clinical Manifestations 

Partial or complete drainage of the IVC into the LA results in 
cyanosis. The clinical manifestations are the result of right- 
to-left shunting, including polycythemia, brain abscess, and 
paradoxical emboli. 



Figure 36.21 . A: Opened right atrium and right ventricle of a 32-year-old woman. There is a small remnant of the 
right venous valve (RW) separating the eustachian valve and a multiperforated remnant of the left venous valve 
(LW). Between these two venous valves is the entry of the transected inferior vena cava (IVC). B: The posterior 
view of the atria and part of the ventricles of the same heart. Part of the posterior wall of the right atrium (RA) 
and of the left atrium (LA) has been transected by the prosector during the removal of the heart from the thoracic 
cavity. Note the thickness of the transected posterior wall of the left atrium. RPVs, right pulmonary veins. (These 
photographs were obtained with the kind permission of Professor D. L. Gardner.) 
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Figure 36.22. Echocardiogram in a 7-year-old boy with cyanosis. A: Subcostal short-axis image showing drain- 
age of the inferior vena cava (IVC) to the left atrium (LA). B: Color Doppler flow mapping confirms flow from 
the inferior vena cava (IVC) to the left atrium (LA) and from the superior vena cava (SVC) to the right atrium 
(RA). At surgery, the atrial septum was resected, and an autologous pericardial patch was placed to the left of 
the inferior vena cava, thus incorporating it into the right atrium. 


Diagnosis 

The diagnosis can be established by echocardiography 
(Fig. 36.22), cardiac MRI, computed tomography, or cardiac 
catheterization. 

Treatment 

IVC blood is surgically redirected into the RA (74,75). 

ANOMALIES OF THE DUCTUS VENOSUS 

Anomalous Termination of the Umbilical Veins 
and Absent Ductus Venosus 

Anatomic descriptions of abnormal termination of umbili- 
cal veins with absence of ductus venosus are rare. Recently, 
abnormal termination of umbilical veins and absence of duc- 
tus venosus were recognized clinically during umbilical vein 
cannulation of the newborn, during cardiac catheterization 
and angiography, during fetal or postnatal echocardiography, 
and at operation. Many of these clinical observations have 
been confirmed at autopsy. Usually, the absence of the duc- 
tus venosus and abnormal termination of the umbilical veins 
do not produce symptoms; however, two cases of intrauter- 
ine obstruction of the umbilical vein flow and three patients 
who required operation for postnatal intestinal obstructions 
secondary to the anomalous termination of the umbilical veins 
have been reported (76-80). The major clinical importance of 
these anomalies is the need to recognize them during prenatal 
and postnatal diagnostic studies and at the time of cannulation 
or catheterization of the umbilical vein in sick neonates. 

Anatomy 

Lucas and Krabill (52) reported autopsy findings of four 
specimens in the Jesse Edwards Registry of Cardiovascular 


Pathology as well as 18 cases reviewed in the literature. The 
ductus venosus was confirmed to be absent in 1 8 of these 23 
cases and presumed to be absent in the remainder. 

The left umbilical vein persisted in five patients, termi- 
nating directly into the coronary sinus in one (Fig. 36.23A), 
into the coronary sinus by way of the left portal vein in two 
patients (Fig. 36.23B), and into the iliac vein in two. In our 
case shown in Figure 36.20, the left umbilical vein connected 
with the left common iliac vein. The right umbilical vein per- 
sisted in 1 1 patients and terminated directly into the RA in five 
(Fig. 36.23C), into the IVC in two (Fig. 36.23D), into the right 
portal vein in two, and into the RSVC in one. 

Both the right and left umbilical veins persisted in three 
patients. In the first, the umbilical veins entered the right and 
left iliac veins, respectively; in the second, into the right and 
left portal veins, respectively; and in the third, the right umbili- 
cal vein entered the RA, and the left umbilical vein entered the 
left portal vein. 

In four patients, the persisting umbilical vein could not be 
identified as either right or left. In three of these, the umbilical 
vein terminated into a right or left iliac vein, and in the fourth 
it communicated with the portal vein. 

Clinical Manifestations 

Of the 23 collected cases, 10 patients were male, 10 were 
female, and in 3 the gender was unknown or ambiguous. Only 
four patients had clinical evidence of abnormal physiology as 
a result of the abnormal termination of the umbilical vein; one 
had anatomic evidence of severe intrauterine obstruction of 
umbilical vein flow (77). Intestinal obstruction requiring sur- 
gical intervention was present as a result of the anomalous 
termination of the umbilical vein in three patients (78-80). 
These were females of ages 13 days, 27 years, and 31 years at 
the time of operation. 

The number of umbilical arteries was identified in 
16 patients; one umbilical artery was present in nine patients, 
two in the remainder. Thirteen of the twenty-three patients had 
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Figure 36.23. Diagram of absent ductus venosus and anomalous termination of an umbilical vein. A: Left umbili- 
cal vein (L. Umb. V.) terminates in coronary sinus (Cor. Sin.). B: Left umbilical vein (LUV) connects to left portal 
vein (LPV) and then continues to termination in coronary sinus. C: right umbilical vein (RUV) terminates in right 
atrium (RA). D: Right umbilical vein (R. Umb. V.) terminates in inferior vena cava (IVC). (LA, left atrium; LHV, 
left hepatic vein; LPV, left portal veins; PV, portal veins; RHV, right hepatic vein; RPV, right portal veins; SMV, 
superior mesenteric vein; SV, splenic vein; SVC, superior vena cava.) 


no additional cardiac anomalies. Of the 10 patients with asso- 
ciated cardiac anomalies, two had tetralogy of Fallot, two had 
ectopia cordis, two had total anomalous pulmonary venous 
connections, and one each atrioventricular canal defect, mitral 
valve atresia, parachute mitral valve, and hypertrophic cardio- 
myopathy. 

Diagnostic Features 

Definitive anatomic diagnosis was accomplished by the fol- 
lowing methods: catheterization of the umbilical vein, dye 
injection plus local surgical dissection of the umbilical vein, car- 


diac catheterization, cardiac catheterization plus angiography, 
prenatal echocardiography, postnatal echocardiography, and 
at the time of operation for intestinal obstruction. 

The major clinical importance of these cases is the poten- 
tial for confusion and misinterpretation during catheteriza- 
tion of the umbilical vein in the neonate or abnormal course 
of the catheter in newborns undergoing cardiac catheteriza- 
tion by way of the umbilical vein; however, the increasing 
use of fetal echocardiography as well as echocardiography 
early in the postnatal period makes the noninvasive recogni- 
tion of these anomalies of termination of the umbilical veins 
possible. 
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Postnatal Persistence of the Ductus Venosus 

Horiguchi et al. (81) reported four cases of intrahepatic porto- 
systemic shunt and reviewed six other cases from the literature. 

Anatomy 

These cases may have been congenital postnatal persistence 
of the ductus venosus because the shunt was away from the 
portal venous septum proximally to the distal hepatic veins or 
IVC distally. These intrahepatic portosystemic shunts are due 
to abnormal persistence of elements of the omphalomesenteric 
system (Fig. 36.4). 

Clinical Manifestations 

Three of the ten cases reported (82) resulted in portal-systemic 
encephalopathy. Hepatic function and liver histology were 
normal in some patients. 

Diagnosis 

Ultrasound or computed tomography delineated the diagnosis 
in most cases by demonstrating a large tortuous vessel origi- 
nating from the portal vein that connected to the hepatic vein 
or IVC (82,83). 

Treatment 

We are not aware of successful treatment of the abnormality. 
In the absence of encephalopathy, treatment may not be indi- 
cated. If ligation of the ductus venosus is contemplated, one 
should establish the integrity of the portal system. If it is not 
intact, ligation could lead to mesenteric venous congestion and 
ultimately bowel ischemia. 


PERSISTENT VALVES OF THE SINUS VENOSUS 

This section is based on the excellent description of Lucas and 
Krabill (52). In the normal heart, remnants of the valves of 
the sinus venosus are the eustachian and thebesian valves and 
crista terminalis. Minor abnormal persistence of the valves 
of the sinus venosus results in larger-than-usual eustachian 
and thebesian valves and in Chiari networks. The latter are 
fine, filamentous structures that may represent persistence of 
either the right or left valves. Usually, Chiari networks are 
persistent right valves and extend from the crista terminalis 
to eustachian or thebesian valves. Networks derived from the 
left valves are inconspicuously located at the posterior rim 
of the limbus fossa ovalis and on the medial wall of the IVC 
as it enters the RA. None of these is of hemodynamic conse- 
quence. 

In past years, pathologic persistence of the right valve of 
the sinus venosus was an anatomic phenomenon occasion- 
ally observed at autopsy. Recent developments in noninvasive 
imaging have resulted in clinical recognition of numerous 
instances of persistence of the right valve of the sinus venosus. 

At one point in embryologic development, the right valve 
of the sinus venosus almost completely divides the RA into the 
sinus venosus portion and the muscular portion, and so abnor- 
mal persistence of the right valve may result in obstruction of 
blood flow into the RA or through the RA. 

Cardiac anomalies attributable to maldevelopment of 
the right valve of the sinus venosus have been identified by 
various terms, including cor triatriatum dextrum, right atrial 
flap, right atrial spinnaker, right atrial sail, right atrial wind- 
sock, persistent eustachian valve, persistent thebesian valve, 
IVC connecting to LA, atresia of the right atrial ostium of 
the coronary sinus, supravalvular tricuspid stenosis, tricuspid 


valve “stopper,” IVC obstruction, and others. Knowledge of 
normal fetal development of the sinoatrial valves is helpful in 
understanding these cardiac derangements. 

Persistence of the right sinus venosus valve has been seen 
in isolation and in association with hypoplastic right heart 
syndrome and ventriculocoronary artery communications 
(84), Ebstein malformation (85), and tricuspid atresia (86). 

Embryology of the Valves of the Sinus Venosus 

In the 3-week-old (4 mm) human embryo, the sinus venosus is 
external to the primitive RA. The right horn of the sinus veno- 
sus receives the hepatic vein (precursor to the IVC) and the 
anterior cardinal vein (precursor to the superior vena cava). 
The left horn of the sinus venosus is the embryologic precursor 
of the coronary sinus. 

The right and left valves of the sinus venosus separate the 
sinus venosus from the primitive RA. The sinus venosus sep- 
tum has already formed and joins the right and left valves of 
the sinus venosus (87). 

In the 4-week-old (6 mm) human embryo, the septum pri- 
mum appears and begins to septate the common atrium. At 
this stage, the opening of the sinus venosus into the common 
atrium is well guarded by the right and left valves of the sinus 
venosus (88). 

In the 5- to 6-week-old (9 mm) human embryo, the sinus 
venosus has been absorbed into the common atrium. The 
right and left valves of the sinus venosus join cranially to 
form the septum spurium (23), which maintains the valves 
in a state of tension but plays no role in further embryogen- 
esis. The septum secundum has begun to divide the common 
atrium from posterosuperior to anteroinferior. In subsequent 
embryologic development, the left valve of the sinus veno- 
sus retrogresses and is absorbed into the limbus region of 
the septum secundum. The right valve of the sinus venosus 
begins to enlarge. 

By the time the human embryo reaches 3 months' gesta- 
tion (36 mm), the right valve of the sinus venosus almost com- 
pletely divides the RA into the sinus portion (sinus venosus) 
receiving the SVC, IVC, coronary sinus, and foramen ovale, 
and the muscular portion of the RA communicating with the 
tricuspid valve and the RAA (89). 

At this point in embryologic development, the right valve 
of the sinus venosus almost completely segregates all systemic 
venous blood exiting the SVC, IVC, and coronary sinus from 
the tricuspid valve and tends to shunt it into the LA. One can 
predict the physiologic abnormalities of blood flow that might 
occur if there is partial or complete persistence of the right 
valve of the sinus venosus (Fig. 36.24). 

In the great majority of humans, the right valve of the 
sinus venosus almost completely regresses by the time of birth. 
The remnant of the right valve of the sinus venosus where 
it separated the RA into two portions persists as the crista 
terminalis. In the normal human heart, the crista terminalis 
separates the anterior, muscular portion of the RA from the 
posterior, sinus venosus, or sinus portion of the RA. The supe- 
rior portion of the right valve of the sinus venosus plus a por- 
tion of the sinus venosus septum persists as the eustachian 
valve guarding the inferior vena caval orifice. The inferior por- 
tion of the right valve of the sinus venosus plus a portion of the 
sinus venosus septum persists as the thebesian valve guarding 
the orifice of the coronary sinus (Fig. 36.24) (87). 

Right Ventricular Outflow Tract Obstruction 

This defect has been identified at echocardiography (90), on 
angiography (91), at operation, and at postmortem (92). By 
any of these methods, it appears as a windsock, parachute. 
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Figure 36.24. A: Diagram showing the normal appearance of the remnants of the right venous valve in the right 
atrium. The eustachian valve (Eust. V.) is seen at the entrance of the inferior vena cava (IVC) into the right 
atrium. The thebesian valve (Theb. V.) is seen at the right atrial orifice of the coronary sinus. B: Persistence of the 
embryonic right venous valve leads to diversion of the entire systemic venous return into the left atrium through 
the foramen ovale (FO). Multiple fenestrations of varying extent and size are often present (Chiari network) 
and allow some systemic venous blood to flow into the right ventricle through the tricuspid valve (TV). SVC, 
superior vena cava. 


or spinnaker-like sack that originates in the RA and traverses 
the tricuspid valve, right ventricle, and pulmonary valve to 
obstruct either partially or nearly completely the blood flow 
to the pulmonary artery. On echocardiography, it can be 
imaged as a thin, mobile, linear structure originating in the 
RA and traversing the tricuspid valve to obstruct pulmonary 
flow. 

Failure to recognize the nature of the windsock obstructing 
the pulmonary artery at operation can lead to death (92). On 
the other hand, successful resection of the pulmonary artery 
windsock results in return of normal physiology (90,91). 

Tricuspid Valve Obstruction 

This is a relatively more common anatomic abnormality. Lucas 
and Krabill (52) reviewed five autopsied cases from the mate- 
rial in the Jesse Edwards Registry of Cardiovascular Pathology 
and added five well-described cases from the literature. 

Anatomy 

Typically, in these cases, the orifice of the tricuspid valve is 
nearly occluded by a “windsock” or “stopper.” The wind- 
sock appears to be persistence of the right valve of the sinus 
venosus. 


Associated Cardiac Anomalies 

These 10 cases included four males and six females with an age 
range of newborn to 58 years. All cases had a patent foramen 
ovale or ASD. Two had significant associated congenital car- 
diac defects, one had D-transposition of the great vessels, and 
the other had L-loop (congenitally corrected) transposition of 
the great vessels, Ebstein anomaly of the left-sided tricuspid 
valve, and heart block. Two other cases had hemodynamically 
insignificant VSDs. 

Clinical Features 

Nine of these ten patients were cyanotic, and seven had signifi- 
cant right-sided heart failure. Echocardiographic imaging from 
a high right parasternal longitudinal view demonstrated an 
echo-reflective linear structure anchored to the RA near the IVC 
at one end and near the foramen ovale at the other side (93). A 
four-chamber view of the heart demonstrated a linear, mobile, 
echo-reflective structure moving toward the tricuspid valve in 
diastole and toward the posterior right atrial wall in systole. 

Treatment 

Operative resection of the windsock and closure of the ASD 
were attempted in four patients. All four survived and had no 
symptoms and normal physiology postopera tively (94). 
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INTRODUCTION 

Vascular anomalies are relatively common heterogenous disor- 
ders characterized by developmental^ abnormal blood vessels 
including the venous, arterial, and lymphatic lineages. These 
anomalies may overlap clinically and radiologically creating 
considerable confusion in the clinical practice and published 
research. Nevertheless, the diagnosis and management of the 
vast majority of vascular anomalies fundamentally can be 
simplified if the proper nomenclature and classification are 
applied. Commonly used inaccurate terms such as lymphangi- 
oma, cystic hygroma, cavernous hemangioma, hemangioma, 
strawberry hemangioma, hemangiolymphangioma, and cav- 
ernoma should be abandoned for the more representative 
designation. 

The binary classification proposed by Mulliken and 
Glowacki in 1982 (1) divides vascular anomalies into two 
major categories: (i) vascular tumors and (ii) vascular malfor- 
mations. Vascular malformations can be either of the slow-flow 
(venous, capillary, and lymphatic) or fast-flow type (arterio- 
venous malformations (AVMs) and fistulas). The correct diag- 
nosis and appropriate therapy require proper awareness of 
the clinical and imaging features of different types of vascular 
anomalies. Improper terminology can lead to the wrong diag- 
nosis, mistreatment, and misdirected research efforts (2). 

Unfortunately, terminological imprecision is still prevalent 
in the published literature. “Hemangioma,” according to Has- 
sanein et al. (lb) was used incorrectly in 228 of 320 of the pub- 
lications (71.3%) analyzed. The authors also demonstrated 
that inaccurate designation of the vascular anomaly was asso- 
ciated with an increased risk of erroneous management. 


EMBRYOLOGY AND GENETICS 


The embryonic vascular network primarily is created via 
two major, distinct mechanisms: vasculogenesis and angio- 
genesis (3,4). The differentiation and growth of blood ves- 
sels from hemangioblasts of mesodermal origin forming the 
heart and the primitive vascular plexus is called “vasculo- 
genesis,” while the subsequent process of remodeling and 
expanding this network is referred to as “angiogenesis” (5). 
The distinction between arteries and veins is an early devel- 
opmental process (6) with molecular differences between 
arterial and venous channels prior to the establishment of 
the circulation (7,8). 

Due to the extensive, complex biologic pathways involved 
in the formation of normal blood vessels, developmental 
anomalies of the vasculature (both idiopathic and those caused 
by specific defects) are frequently seen. 

Most vascular anomalies are sporadic with no identifiable 
familial or genetic predisposition. Nevertheless, specific muta- 
tions have been identified in many vascular anomalies and 


syndromes. Inherited disorders of vessels include hemorrhagic 
telangiectasia (HHT, ENG, ALK1, or SMAD4 mutations), 
capillary malformation-arteriovenous malformation (CM- 
AVM, RASA1 mutation), cutaneomucosal venous malforma- 
tion (VMCM, TIE2 mutations), glomuvenous malformation 
(GVM, GLOMULIN mutation), PTEN hamartoma tumor 
syndromes (PTEN mutation), Ataxia-telangiectasia (ATM 
mutation), cerebral cavernous malformation (CCM, CCM1-4 
mutations), primary congenital lymphedema (Milroy disease, 
VEGFR3 mutation), among others (9a). 

Several sporadic, complex syndromes are known to be 
associated with fast-flow vascular anomalies. Parkes Weber 
syndrome and CLOVES syndrome, two rare overgrowth syn- 
dromes, are associated with AV shunts and hypervascularity. 
AVMs and fistulas also have been reported in Noonan syn- 
drome (bilateral multiple pulmonary arteriovenous fistulas 
[AVF] and duplicated renal collecting (9)), Ehlers-Danlos syn- 
drome (10,11), VACTERL association and fibromuscular dys- 
plasia (12), and liver hemangioma (13), among others. 

Infantile hemangioma and rapidly involuting congenital 
hemangioma (RICH) are probably the most common vascu- 
lar pediatric tumors and occasionally can be associated with 
arteriovenous shunts. For instance, hepatic RICH is typically 
a large solitary mass and might be associated with various 
types of transhepatic vascular shunts and high-output heart 
failure (14). 


CLASSIFICATION 


The well-known classification of vascular anomalies, pro- 
posed by Mulliken and Glowacki (1), divided them into two 
distinct types: tumors and malformations. This classification 
is based on clinical, histopathologic, and imaging differences 
(Tables 37.1 and 37.2). 

Infantile hemangiomas (IHs), the prototype of vascu- 
lar tumors, are common endothelial tumors that present in 
early infancy and spontaneously involute later in childhood. 
Congenital hemangiomas, a less common lesion, are present 
at birth. Endothelial cell tumors also include a spectrum of 
uncommon hemangioendotheliomas (such as kaposiform 
hemangioendotheliomas (KHEs) and epithelioid hemangioen- 
dotheliomas) and angiosarcoma. 

Vascular malformations typically are present at birth and 
grow with the patient. Based on the cellular lineage and flow 
pattern, malformations are divided into slow-flow (includ- 
ing venous malformations [VMs], lymphatic malformations 
[LMs], capillary malformations [CMs] or combined malfor- 
mations) and high-flow malformations (arteriovenous malfor- 
mations [AVMs] and arteriovenous fistulae [AVF]). 

Out of 375 pediatric vascular anomalies reviewed by Finn 
et al. (15), 96% of these lesions can be classified as tumors or 
malformations. 
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Hemangiomas Angiosarcoma 

Infantile (Giut-1 +) 

Congenital (Glut-1 -) 

Rapidly involuting ("RICH") 

Noninvoluting ("NICH") 

Tufted angioma 3 Spindle cell 

hemangioendothelioma 

Kaposiform hemangioendothelioma 3 Infantile 

hemangioendothelioma 

‘Associated with Kasabach Merritt syndrome. 


CLINICAL MANIFESTATIONS 


Vascular Tumors 

Infantile Hemangiomas 

IHs are the most common tumors of infancy that present in the 
first few months of infancy or at birth in 4% to 5% of infants 
(16). IH is not fully developed at birth, though earlier signs 
(such as faint macular or telangiectatic stain) may herald the 
definitive manifestation of the lesion. Typically, IH undergoes 
rapid growth (proliferative phase) over a few months, then 
regresses spontaneously over years (involuting phase). IH, like 
many other vascular anomalies, has a predilection to affect the 
cervicofacial region. The lesions are known to disproportion- 
ately affect Caucasians, females, and premature infants. 

Histologically, IH shows lobules and sheets of tightly 
packed, mostly capillary-sized vascular channels. 

The tumor initially manifests as a well-marginated reddish- 
purple lesion with variable size, shape, and depth of tissue involve- 
ment (Fig. 37.1). Superficial hemangiomas are limited to the skin 
and subcutis. Deep lesions affect the subcutis and adjacent ana- 
tomical spaces, typically sparing the skin and bone. Combined 
(deep and superficial) and multiple IHs are not uncommon. IHs 
also can be solitary (focal) or multiple (multifocal). Hemangio- 
mas are usually rubbery, warm, and can be pulsatile. 


| Vascular Malformations 

Telangiectasia 

Combined vascular 
malformations (CVM) 

Capillary (Port wine stain) 

Klippel-Trenaunay syndrome 
(CLVM) 

Venous (VM) 

Parks Weber syndrome 
(PWS) 

Lymphatic (LM) 

Servelle Martorell syndrome 

Arterial-venous 
(fast flow) (AVM) 

Proteus syndrome 

Arterial 

Capillary malformation-AVM 

Glomovenous malformation 

Clove syndrome 


Maffucci syndrome 



Figure 37.1. Infantile hemangiomas of the face. The raised, 
well-marginated reddish lesions have superficial (cutaneous) 
and deep portions. 


In most patients with IHs, no treatment is necessary because 
most lesions regress over years without leaving significant scar- 
ring (17a). Nevertheless, complications of hemangiomas such 
as ulcers, bleeding, amblyopia (periorbital), airway obstruc- 
tion (subglottic), and heart failure (liver) require prompt inter- 
vention (17a, 17b). 

The combination of posterior fossa malformations, cer- 
vicofacial, hemangiomas, arterial anomalies, cardiac defects, 
eye anomalies, and sternal clefting, or supraumbilical raphe, is 
referred to as “PHACES” Association (17). 

PELVIS (or SACRAL) association is composed of a per- 
ineal hemangioma, external genitalia malformations, lipomy- 
elomeningocele, vesicorenal abnormalities, imperforate anus, 
and skin tag (18,19). 

Congenital Hemangiomas 

Congenital hemangiomas are present and fully mature at 
birth. Rapidly involuting congenital hemangioma (RICH) 
and noninvoluting congenital hemangioma (NICH) demon- 
strate marked similarities in appearance, location, size, and 
equal sex ratio (20). RICH regresses in the first year of life 
while NICH persists. Glucose transporter protein (GLUT1), 
an immunohistochemical marker for IH, is not expressed in 
congential hemangioma (21,22). 

Liver hemangiomas represent a spectrum of lesions with 
variable clinical and imaging features. The large, solitary 
liver hypervascular tumors are RICHs, while the multifocal 
and diffuse types are histopathologically IHs (23) (Fig. 37.2). 
Hepatic hemangiomas typically are asymptomatic. However, 
they can cause high-output cardiac failure, liver dysfunction, 
hypothyroidism, coagulopathy, and abdominal compartment 
syndrome. 

KHE is an infiltrative tumor with clinical and imaging fea- 
tures distinct from IHs. KHE typically is present at birth or 
appears shortly thereafter in early infancy, though they rarely 
can develop in adults. Histologically, KHE is characterized by 
a predominant Kaposi sarcoma-like, fascicular spindle cell 
growth pattern of epithelial cells, infiltrating nodules with slit- 
like, or crescentic vessels that are poorly canalized (26). 

The tumor presents clinically with thickened, purple- 
ecchymotic skin discoloration (Fig. 37.3). KHE commonly 
is associated with Kasabach-Merritt phenomenon (KMP) 
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Figure 37.2. Liver hemangiomas. A: Hepatic RICH. Enhanced CT scan shows huge hypodense mass in the right 
lobe of the liver. Note peripheral enhancement and subcapsular locations. B,C: Multifocal hepatic infantile hem- 
angioma. T2 and postcontrast T1 sequences demonstrate two focal, well-defined T2 hyperintense lesions that 
enhance following contrast administration. D: Diffuse hepatic infantile hemangioma. Enhanced CT scan reveals 
numerous, hypodense masses with peripheral enhancement almost completely replacing the liver parenchyma. 


with platelet entrapment within the tumor leading to severe 
thrombocytopenia (24). KHE, unlike IH, is a solitary lesion, 
affects both genders equally, and has predilection for the 
trunk, extremities, retroperitoneum, and head and neck (26). 
It is locally invasive. 

On imaging, the affected area exhibits thickening of skin 
with reticular infiltration of the skin, subcutis, and deeper tissue 
planes. The infiltrate is hyperintense on T2-WI and enhances 
on Tl-WI following contrast administration (Fig. 37.4). 

Imaging of Vascular Tumors 

Ultrasonography is the initial, simple, and reliable imaging 
modality for many vascular tumors. 

For infantile hemangioma, ultrasound images typically 
depict a solid, hypervascular mass with well-defined margins 
(Fig. 37.5). The feeding arteries and draining veins are enlarged. 
The former displays a low-resistance arterial spectral waveform. 


Magnetic resonance imaging (MRI) is superior to CT scan 
in demonstrating the characteristic features of hemangiomas. 
On both modalities, IHs are well-defined, lobulated solid 
masses with homogeneous enhancement following contrast 
administration. The tumor demonstrates a homogenously 
low or moderate intensity on Tl-WI and high intensity on 
T2-WI magnetic resonance (MR) images. Flow voids within 
or around the lesion are caused by the dilated feeding arteries 
and draining veins (Fig. 37.6). 

Angiography rarely is needed for diagnostic purposes. Angi- 
ography is an integral part of therapeutic embolization for the 
rare hemangiomas that are associated with heart failure. Typi- 
cally, IHs demonstrate a hypervascular well-marginated mass 
with dense, prolonged capillary blush, enlarged feeding arter- 
ies, and draining veins (Fig. 37.7). 

Congenital hemangioma usually displays a discoid cutane- 
ous-subcutaneous well-defined mass with large feeding arter- 
ies and superficial vessels (Fig. 37.8). Angiographic findings of 
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Figure 37.3. Kaposiform hemangioendothelioma. Irregular 
patch of purple-ecchymotic skin thickening with overgrowth 
of the right thigh. 


congenital hemangioma include inhomogeneous parenchymal 
staining, large, and irregular feeding arteries in disorganized pat- 
terns, arterial aneurysms, and direct arteriovenous shunts (25). 

KHE characteristically demonstrates a network of subcu- 
taneous reticular pattern in the subcutis and confluent inten- 
sities along the fascial planes. The infiltrate is hyperintense 
on T2-WI with thickening of the skin, underlying subcutane- 
ous tissue, and involved deeper spaces. The lesion enhances 
homogenously following contrast administration (Fig. 37.9). 

Management of Vascular Tumors 

Asymptomatic, nondisfiguring IHs can be monitored clini- 
cally without treatment. If treatment is indicated, success- 
ful medical management typically is achieved using systemic 
corticosteroids or propranolol. Alternatively, intralesional 


corticosteroids can be used for IHs in critical locations where 
accelerated response is needed (e.g., periorbital, nasal tip). 

Embolization of large arterial feeders and intratumoral 
shunts is reserved for hemangiomas causing high-flow heart 
failure. Typically, these lesions are hepatic and manifest early 
in infancy. 

Single-agent chemotherapy currently is the mainstay treat- 
ment for KHE-associated KMP including the use of vincris- 
tine, cyclophosphamide, corticosteroids, interferon alfa-2a, 
and other agents (26). 

Vascular Malformations 

Slow-Flow Types 

Venous Malformations 

VMs are the most common vascular malformations with a 
predilection for the cervicofacial region (27). VMs are typi- 
cally solitary lesions, though a minority of patients have a 
genetic predisposition (such as in cutaneomucosal venous 
malformation and glomuovenous malformation). Blue rubber 
bleb nevus syndrome (Bean syndrome) is a rare sporadic disor- 
der with soft tissue and gastrointestinal multiple VMs. 

The classic histological features of VMs are irregular, 
venous-type channels lined by flat endothelium surrounded by 
scant (or absent) smooth muscles (28). 

VMs are bluish, soft, and compressible masses. Lesions 
can be flat, slightly raised, or even exophytic. Calcified old 
clots (phleboliths) can be palpated and occasionally are tender 
(Fig. 37.10). As the solid component of VMs, composed of 
venous walls, membranes, and clots, is negligible, the size of the 
lesion predominantly is composed of stagnant blood. Hence, 
the volume of the VM increases with dependent positions 
and/or compression of the draining veins. Pain in VM is multi- 
factorial. Clot formation is almost universal to VMs and some 
of the thrombosis episodes can incite swelling and pain. Pain 
also can be attributed to joint, muscle, and tendon involvement 
and weakening. Recurrent hemarthrosis, particularly of the 
knee joint, is predisposed by synovial involvement and usually 
results in chronic pain and joint degenerative changes. 



Figure 37.4. Ultrasonography of infantile hemangiomas. A: Diffuse enlargement of the right parotid gland caused 
by an infantile hemangioma. B: Marked hypervascularity of the lesion with enlarged feeding arteries. 
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Figure 37.5. MRI of infantile hemangiomas. Two well-defined, lobulated soft tissue masses in the left occipital 
and parapharyngeal spaces. Note the hyperintense signal and flow voids (enlarged vessels) on axial T2 sequence 
(A) and strong enhancement following contrast administration on axial T1 sequence (B). 


Symptoms may worsen with menses, pregnancy, and use of 
oral contraceptive pills. Specific locations of VMs can result 
in additional morbidity: joints (e.g., hemarthrosis), extensive 
osseous involvement (bone deformity and fracture), airways 
(obstruction), and intestines (chronic bleeding). 

Localized intravascular coagulation (LIC) commonly occurs 
with large VMs. This typically asymptomatic phenomenon is 



Figure 37.6. Rapidly involuting congenital hemangioma 
(RICH). Large, solid hypervascular lesion of the right thigh 
with red-purple overlying skin. The lesion was present at birth 
and regressed rapidly within months. 


characterized by elevated D-dimer and hypofibrinogenemia 
with normal or slightly decreased platelet counts (29). These 
changes are due to constant intralesional thrombosis. There- 
fore, basic coagulation parameters (CBC, PT/INR, PTT, fibrin- 
ogen, and D-dimers) are obtained prior to major interventions. 

Imaging of Vascular Tumors 

Most VMs can be diagnosed clinically and small, superficial 
lesions may require no further evaluation. Nevertheless, larger 
lesions can be characterized by ultrasonography and MRI in 
terms of the actual size, extension, and confirmation of the 
diagnosis, particularly for deeper lesions. 

Sonographic findings of VMs are compressible, blood-filled 
masses surrounded and internally septated by thin venous 
walls (Fig. 37.11). Clots or phleboliths are typically incom- 
pressible, hyperechoic oval or round filling defects. Color and 
spectral Doppler interrogation typically shows no flow within 
the venous spaces. Ultrasonography is invaluable to guidance 
guiding image-guided treatment. 

Recommended MRI sequences for VMs (and essentially 
all other vascular anomalies) include pre- and postcontrast 
Tl-WI and T2-WI, all with fat saturation. MR venography 
may demonstrate the local venous system and provide spa- 
tial information, especially for phlebectasia of the extremities 
(Fig. 37.12), but is not routinely needed. 

Typical MRI appearances of VMs are hyperintense 
masses on T2-WI containing thin curvilinear network of 
septations with focal hypointense lesions corresponding to 
phleboliths (Fig. 37.13). VMs enhance heterogenously on 
Tl-WI following contrast administration. Intralesional or 
ascending venography is not typically needed as a diagnos- 
tic study. Venography shows amorphous, spongiform spaces 
with stagnant flow and variable types of draining veins 
(Fig. 37.14). CT scan is particularly useful in assessing osse- 
ous VMs. 
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Figure 37.7. Kaposiform hemangioendothelioma of the thigh. Axial T2 sequence (A) shows skin thickening, 
reticular subcutaneous infiltrate, and epifascial confluence of signal. Following contrast administration, the lesion 
enhances strongly (B). 


Other less frequent types of VMs include phlebectasia (con- 
genital varicosity), persistent embryonic veins, and venous 
aneurysms. These less common venous anomalies can be iso- 
lated or syndromic (e.g., Klippel-Trenaunay and CLOVES syn- 
dromes). 

Treatment of Venous Malformations 

VMs can be minor, asymptomatic, and require no immediate 
treatment. Nevertheless, the natural history of VMs is progres- 
sive growth and potential symptoms. VMs causing disfigure- 
ment or located within sensitive areas (e.g., joints, airways) 
may necessitate preemptive therapy earlier in childhood. 


Compression stocking for VMs of the extremities, particu- 
larly the superficial ones, may reduce the blood contents of 
the VMs and control symptoms. Minimally invasive treatment 
approaches to VMs include sclerotherapy, laser, and photody- 
namic therapy. 

Sclerotherapy is widely accepted as the initial treatment 
of choice at many specialized centers. Proper preoperative 
imaging (typically an MRI) is paramount to planning and 
performing the procedure. Sclerotherapy, particularly for 
extensive lesions, is performed under general anesthesia. We 
do not routinely treat mild forms of coagulopathy prophy- 
lactically. Ultrasound guidance using a high-resolution probe 



Figure 37.8. Venous malformation. A: Left cheek exophytic VMs with limited cutaneous involvement. B: Tongue 
VMs with slightly raised contour. 
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Figure 37.9. Ultrasonography of venous malformation. VMs 
of the chest wall with fluid-filled compressible spaces and corn- 
par tmentalization by thin septa. Note the fluid-fluid levels. 


is essential for locating the lesions and directing the needles. 
The tools required for sclerotherapy generally are inexpensive 
and simple. 

Access needles of variable gauges and lengths (e.g., 20- to 
21 -gauge angiocatheters or micropuncture needles) are placed 
within the VMs under sonographic guidance. Intralesional 
placement is confirmed by free blood return and intralesional 
venography. The latter is performed to delineate the size of the 
opacified portion and the draining veins as well as to exclude 
extravasation outside the VMs (Fig. 37.15). 

It is crucial to implement x-ray dose reduction techniques 
such as proper collimation, filtration, and last image hold. 
Complex anatomical location, such as the head and neck, 
may require biplane imaging for adequate visualization of the 
VMs. Ascending venography of the entire limb is helpful in 
delineating the deep venous system that should be protected 
and observed throughout the procedure. Contrast material 
should be diluted with saline without jeopardizing the imaging 
quality. After confirming the proper position of the needle, the 
lesion is injected with the sclerosant under fluoroscopic and/or 
sonographic guidance (Fig. 37.16). Dual-needle technique is 
useful in focal lesions where two needles (or more) are simul- 
taneously placed within the lesions. The sclerosant is injected 
through one needle displacing blood via the other (draining) 
needle. No attempt is made to aspirate the sclerosant. When- 
ever possible, blood is aspirated or compressed out of the VM 
immediately prior to the injection of the sclerosant. The vol- 
ume of the sclerosant typically is equal to (or more than) the 



Figure 37.10. MRI of venous malformation. A: Axial T2 sequence showing the hyperintense signal of the VMs 
of the chest wall with herniation into the thoracic cavity. The signal reflects the dominant fluid (blood) compo- 
nent. Note multiple hypointense foci representing phleboliths. B: Partial, heterogenous enhancement on axial T1 
sequence following contrast administration. 
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Figure 37.11. Intralesional venography of the VMs. The amor- 
phous, spongiform communicating venous spaces are opacified 
with direct injection of contrast. The small draining veins com- 
municate with the intercostal veins. 


volume of contrast required to opacify the lesion. The rest of 
the lesion is then treated similarly. 

Extralesional extravasation of sclerosant likely is the 
cause of most of complications. Problematic or positional 
accesses should be abandoned for safer ones. On venography, 
extravasation is manifested as geometric, smooth, or lentic- 
ular contrast collection around the tip of the needle, expan- 
sion artifacts, and persistent tissue infiltration. Cessation of 
blood return from the access needle and resistance for further 



Figure 37.12. Sclerotherapy of VMs with sodium tetradecyl 
sulfate foam. Ultrasonography reliably differentiates between 
the portion of the VMs injected with the foam (hyperechoic 
signal with air artefact) and the untreated portions. 



Figure 37.13. Embolization of congenital phlebectasia of the 
right lower extremity. A: MRV of the leg demonstrating the 
extensive superficial phlebectasia superimposed over the pat- 
ent deep venous system. B: Multiple glue casts permanently 
occluded the anomalous, ectatic superficial veins and diverted 
the flow into the deep venous system. 


injection should not be overlooked as they may represent 
extravasation. 

The overlying skin may demonstrate immediate changes 
during injection of the sclerosant into superficial lesions. 

Control of the drainage veins, when needed for large 
VMs, can be achieved with direct pressure (manual or with 
an ultrasound probe or clamp), positioning, or by using a 
tourniquet. The latter should be inflated for a short period 
(typically a few minutes) so it does not cause unnecessary stag- 
nation and accumulation of sclerotherapy by-products in the 
normal deep veins. Ultrasound and fluoroscopy can be used 
complimentarily to confirm that the treatment covered the 
intended parts of the lesions. 

Due to hemolysis of blood within the VM, hemoglobinuria 
and oliguria may develop. Periprocedural hydration is neces- 
sary. A urinary catheter is inserted to observe for these com- 
plications. Following the treatment, the treated site is elevated 
and pain is prophylactically controlled. We do not routinely 
administer antibiotics or steroids. Prolonged intubation in the 
ICU is mandatory for critical airway VMs. Alternatively, tra- 
cheostomy may be placed. 

Blistering and ulceration of the overlying skin are man- 
aged with standard wound care. Hemoglobinuria and 
oliguria are common and are managed successfully with 
hydration and diuresis. Compartment syndrome and neu- 
ropathy are often avertable by avoiding extravasation and 
excessive therapy. 

The commonly used sclerosants for VMs are dehydrated 
ethanol, sodium tetradecyl sulfate (STS), polidocanol, sodium 
morrhuate, ethanolamine oleate bleomycin, and alcohol 
solution of zein. Ethanol can be injected pure or opacified with 
ethiodized oil contrast (e.g., Ethiodol). The mixture is injected 
under digital subtraction fluoroscopy and caution is exercised 
to avoid extravasation (Fig. 37.17). Injection of ethanol can 
be very painful and irritating causing transient tachycardia 
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Figure 37.14. Macrocystic lymphatic malformation of the base of the neck. A: The photograph shows a left 
cervical mass with normal skin. B: Sonographic image reveals the cystic nature of the mass with thin walls and 
septa. Fat saturated axial T2 (C) and postcontrast T1 (D) MRI sequences show a simple cystic lesion with no 
solid component. The thin walls and septations enhance after contrast injection. 


and tachypnea. Large volumes of ethanol and hemolysis 
by-products entering into the systemic veins can cause life- 
threatening pulmonary hypertension and cardiopulmonary 
arrest. The maximum amount of ethanol typically is limited 
to 0.5 to 1.0 mL/kg per session (30). Elevated serum ethanol 
can cause respiratory depression, arrhythmias, seizures, rhab- 
domyolysis, and hypoglycemia (31). 

STS 3% () is a widely used sclerosant which can be used 
in foam or liquid forms. The foam form is likely to be more 
effective and can be reconstituted by mixing STS with an 
equal volume (or more) of air (or C0 2 ) through a three-way 
stopcock. Ethiodol can be added to the mixture (1:10) to sta- 
bilize the foam. Visualization of the foam is superior with 
sonography. 

Embolic agents such as N-butyl cyanoacrylate glue, ethyl- 
ene vinyl alcohol (Onyx), and coils can be used as adjuvant 
tools, particularly for filling huge anomalous venous spaces, to 
control draining veins, or preoperatively. These agents are not 
bioabsorbable and typically are not used as primary treatment 


for VMs. Endovenous laser photocoagulation, in combination 
with sclerotherapy and venous embolization, can be useful in 
selective cases of phlebectasia of the extremities (Fig. 37.18). 

The two major factors to gauge the response to sclerother- 
apy are pain relief and size reduction. While pain control is 
achieved in the vast majority of patients, shrinkage of the VM 
usually requires multiple procedures. For large and disfiguring 
VMs, sclerotherapy can be combined with surgical resection. 
When multiple treatments are required, procedures are sched- 
uled 6 to 8 weeks apart. 

For diffuse involvement of the limb or organ, “targeted” scle- 
rotherapy of the painful portions may offer symptomatic relief. 

Lymphatic Malformations 

LMs are divided into several main subtypes, namely, the macro- 
cystic, microcystic, combined form, and anomalies of the central 
conducting lymphatics. Lymphedema also falls within the spec- 
trum of LM. Erroneous names are still widely used (such as 
cystic hygroma, lymphangioma, and hemangiolymphangioma) 
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Figure 37.15. Microcystic lymphatic malformation of cervico- 
facial region with macroglossia. 


and should be abandoned. Macrocystic LMs are composed of 
lymph-filled cysts and microcystic LMs consist of microscopic 
lymphatic spaces not identifiable with imaging tools. Micro- 
cystic LMs tend to be extensive and infiltrative through the 
tissue planes with associated bony overgrowth, particularly in 
maxillofacial area. The overlying skin is usually intact though 
capillary stains or lymphatic vesicles are occasionally encoun- 
tered. 

Histopathologically, LMs have a thick myxoid fibrous 
wall containing myofibroblasts and smooth muscle cells with 
abnormal channels which can be empty, contain lymph, pro- 
teins, or blood (28). 

Symptoms related to LMs can vary from mild disease to 
significant pain, recurrent infection, lymphatic or chylous 
leak, mass effect, and deformities. LMs rarely involute spon- 
taneously. Hence, early and appropriate treatment of LM to 
provide symptomatic, functional, and cosmetic improvement 
is recommended. Spontaneous painful swelling (flare-ups) is 
commonly predisposed by systemic or local infections such as 
viral illnesses. Intralesional bleeding also is common, particu- 
larly with flare-ups. LMs most commonly affect the cervicofa- 
cial, axillary, and pelvic regions. 

Sclerotherapy is the first-line management for LMs. Most 
procedures are performed with general anesthesia. In general, 
fluid-filled spaces are cannula ted with 21- or 20-gauge nee- 
dles using ultrasound guidance, fluid is aspirated, and the scle- 
rosant is injected into the macrocysts under sonographic or 
fluoroscopic guidance. Sclerosants generally are not removed 


after injection (32-34). Large cysts can be drained with a pig- 
tail catheter and sclerosed repeatedly. 

Ultrasound-guided procedures may not need any contrast 
opacification. 

Commonly used sclerosing agents for LMs include ethanol, 
doxycycline, STS, bleomycin, and OK-432 (35). Doxycy cline 
is a broad-spectrum antibiotic from the tetracycline class. It is 
used for pleurodesis in pediatric patients. A report of its use in 
a small group of patients with unresectable LMs concluded that 
doxycycline is a safe and, to a varying degree, effective scleros- 
ing agent (24). We usually add 10 mL of half strength contrast 
medium to 100 mg of lyophilized doxycycline powder (Doxy 
100 and 200, American Pharmaceutical Partners, Inc., Los 
Angeles, CA). The resulting opacified solution of 10 mg/mL is 
then injected directly into the malformation under fluoroscopic 
and/or sonographic guidance. OK-432 is packaged as a powder 
in 0.1- or 0.5 -mg vials. The OK-432 solution is prepared by 
dissolving 0.1 mg of OK-432 in 10 mL of normal saline. 

Capillary Malformations 

CMs are pink-red skin macules with a tendency to affect the 
cervicofacial region. Extensive CMs can be occasionally asso- 
ciated with hypertrophy of the affected region. CMs also occur 
in several syndromes with complex vascular anomalies such 
as Sturge-Weber syndrome, Klippel-Trenaunay syndrome, 
Parkes Weber syndrome, CLOVES syndrome, and CM-AVM 
(RASA-1 mutation). 

Imaging of Vascular Anomalies 

Focal VMs are hyperintense on T2-weighted MRI sequences 
with thin linear septations. VMs enhance heterogenously 
and partially following contrast administration and fluid- 
fluid levels are common. MR venography may demon- 
strate the local venous system but is not routinely needed 
to establish the diagnosis. Conventional venography rarely 
is utilized for diagnosis but is an integral part of percu- 
taneous treatment. CT scan can provide some additional 
information for bone or deep mesenteric VMs, but generally 
is less helpful with the soft tissue lesions. Focal intralesional 
hypointense foci are caused by phleboliths. Phleboliths also 
can be detected on CT scan and plain radiographs. Ultra- 
sonography demonstrates the compressible blood-filled 
spaces with internal septations and phleboliths. Venous 
flow typically is not visualized due to extremely sluggish 
flow of blood within VMs. 

On MRI, lymphatic macrocysts are similar to any other sim- 
ple cysts with thin walls. Internal septations or a conglomeration 
of multiple cysts is common. Macrocysts typically demonstrate 
enhancement of wall and or internal septa following the admin- 
istration of contrast but not of the fluid contents. The micro- 
cystic LM appears as an ill-defined soft tissue thickening on 
sonography. Evidence of intralesional bleeding is common and 
causes the typical fluid-fluid level. Microcystic LMs typically 
are solid T-2 hyperintense lesions with a poorly defined, infil- 
trating nature with some heterogenous postcontrast enhance- 
ment and overgrowth of the affected tissue. For CMs, imaging 
is not usually required to establish the diagnosis except if there 
is an associated malformation, overgrowth, or syndrome. 

Fast-Flow Vascular Malformations 

An AVM is composed of a primitive network of connect- 
ing channels (nidus) bypassing the capillary bed. There is no 
associated mass. AVMs are rare lesions and are congenital 
though typically stay dormant during childhood. 

AVMs result in major local and sometime systemic hemo- 
dynamic disturbances. The arterial flow preferentially is 
diverted through the AV shunt and into the draining veins that 
may result in tissue ischemia and venous hypertension. These 
hemodynamic changes manifest clinically as tissue overgrowth, 
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Figure 37.16. Ultrasonography of arteriovenous malforma- 
tion of the left upper extremity. Images (A and B) showing 
increased blood vessels around the eroded bony cortex with 
turbulent flow and intraosseous dilated draining sac. C: Dop- 
pler spectral wave with low-resistance pattern (increased dia- 
stolic flow). 



hyperemia, pain, pulsatility, tissue loss, bleeding, and, infre- 
quently, high-output heart failure. 

Direct simpler shunts between an artery and a vein are 
called AVFs, such as seen in pulmonary AVFs in HHT and vein 
of Galen malformation. AVFs commonly are acquired related 
to traumatic and iatrogenic causes. Congenital AVF may pre- 
sent early in infancy with high-output heart failure. 

Schobinger staged AVMs and described the natural progres- 
sion of these lesions from quiescence (stage 1) to expansion 
(stage 2) to destruction: pain, bleeding, ulceration (stage 3), and 
in major AV shunts to stage 4 (decompensated heart failure) (36). 

CT and MRI studies demonstrate dilated feeding arteries 
and draining veins without a discrete mass. On MRI, signal 


abnormalities may be present in the surrounding tissue rep- 
resenting fibrofatty changes, edema, and disorganized over- 
growth. Osseous involvement manifest as overgrowth and 
lytic changes with diffuse abnormal marrow signal. 

Angiography demonstrates dilation of the feeding arteries 
with tortuosity, AV shunting, and even greater dilation of drain- 
ing veins. In a diffuse or early-stage AVM, a blush with early 
venous opacification may be seen rather than a discrete nidus. 

Arterial and venous embolization are preferred to surgical 
resection and often are performed in a staged fashion. Arteries 
supplying the nidus are selectively embolized at the nidus level, 
not proximally, via microcatheter access and high-quality 
selective angiography. Permanent liquid or semiliquid agents 


CHAPTER 37 ■ Vascular Tumors and Anomalies 875 







Figure 37.17. MRI of arteriovenous malformation. Axial T2 (A) and postcontrast T1 (B) MRI sequences show a tan- 
gle of flow voids (enlarged blood vessels) around the proximal aspect of the radius bone. Note lack of soft tissue mass. 




Figure 37.18. Angiography and embolization of AVM. A; Early arterial phase shows dilated 
arterial feeders arising from the lower segment of the left brachial artery. B: Early filling of large 
draining veins with aneurysmal changes of the immediate draining segments. C: The veins of the 
upper limb are dilated and hyperdynamic. D: Angiography following direct percutaneous access 
to the intraosseous draining sac within the distal humerus. The communications with the normal 
veins are clearly illustrated. E: Following embolization of the draining veins within and around 
the distal humerus, completion angiography showed effective cessation of shunting. 
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(ethanol, glue and Onyx) are injected under fluoroscopy into 
the nidus and immediate draining vein. 

Temporary embolic agents, such as particles, can be used 
preoperatively to devascularize a selective focal lesion with 
tiny channels. 

For AVMs with dominant draining veins, transvenous 
embolization, typically done with coils and other permeant 
agents, may provide superior results to transarterial emboliza- 
tion, particularly with numerous feeding arteries. 


REFERENCES 


1. Mulliken JB, Glowacki J. Hemangiomas and vascular malformations in 
infants and children: a classification based on endothelial characteristics. 
Plast Reconstr Surg 1982;69:412-422. 

lb. Hassanein AH, Mulliken JB, Fishman SJ, et al. Evaluation of terminol- 
ogy for vascular anomalies in current literature. Plast Reconstr Surg 
2011;127:347-351. 

2. Mulliken JB, Fishman SJ, Burrow PE. Vascular anomalies. Curr Probl Surg 
2000;37:517-584. 

3. Patan S. Vasculogenesis and angiogenesis as mechanisms of vascu- 
lar network formation, growth and remodeling. J Neurooncol 2000; 
50:1-15. 

4. Glotzbach JP, Levi B, Wong VW, et al. The basic science of vascular 
biology: implications for the practicing surgeon. Plast Reconstr Surg 
2010;126:1528-1538. 

5. Folkman J. Angiogenesis: an organizing principle for drug discovery? Nat 
Rev Drug Discov 2007;6:273-286. 

6. Zhong TP, Childs S, Leu JP, et al. Gridlock signalling pathway fashions the 
first embryonic artery. Nature 2001;414:216-220. 

7. Yamamizu K, Yamashita JK. Roles of cyclic adenosine monophosphate 
signaling in endothelial cell differentiation and arterial-venous specifica- 
tion during vascular development. Circ J 201 1;75:253-260. 

8. Rocha SF, Adams RH. Molecular differentiation and specialization of vas- 
cular beds. Angiogenesis 2009;12:139-147. 

9a. Brouillard P, Vikkula M. Genetic causes of vascular malformations. Hum 
Mol Genet 2007;16:R140-R149.. 

9. Semizel E, Bostan OM, Saglam H. Bilateral multiple pulmonary arterio- 
venous fistulas and duplicated renal collecting system in a child with Noo- 
nan’s syndrome. Cardiol Young 2007;17:229-231. 

10. Lynch HT, Larsen AL, Wilson R, et al. Ehlers-Danlos syndrome and 
“congenital” arteriovenous fistulae. A clinicopathologic study of a family. 
JAMA 1965;194:1011-1014. 

11. Behjati S, Knight Y, Borgstein R, et al. A life-threatening complication of 
Ehlers-Danlos syndrome. Br J Hosp Med (Lond) 2009;70:360. 

12. Alomari AK, Alomari Al. A Rare Association of Fibromuscular Dysplasia, 
Renal Agenesis, Renal Arteriovenous Fistulae and Vertebral Anomalies: 
expanding the “V” in VACTERL Association. Am J Med Genet A [in 
press] 

13. Christison-Lagay ER, Burrows PE, Alomari A, et al. Hepatic hemangio- 
mas: subtype classification and development of a clinical practice algo- 
rithm and registry. J Pediatr Surg 2007;42:62-67. 

14. Zenzen W, Perez-Atayde AR, Elisofon SA, et al. Hepatic failure in a rapidly 
involuting congenital hemangioma of the liver: failure of embolotherapy. 
Pediatr Radiol 2009;39:1118-1123. 


15. Finn MC, Glowacki J, Mulliken JB. Congenital vascular lesions: clinical 
application of a new classification. J Pediatr Surg 1983;18:894-900. 

16. Kilcline C, Frieden IJ. Infantile hemangiomas: how common are 
they? A systematic review of the medical literature. Pediatr Dermatol 
2008;25:168-173. 

17a. Maguiness SM, Frieden IJ. Current management of infantile hemangio- 
mas. Semin Cutan Med Surg 2010;29:106-114. 

17b. Greene AK. Management of hemangiomas and other vascular tumors. 
Clin Plast Surg 2011;38:45-63. 

17. Oza VS, Wang E, Berenstein A, et al. PH ACES association: a neuroradio- 
logic review of 17 patients. AJNR Am J Neuroradiol 2008;29:807-813. 

18. Girard C, Bigorre M, Guillot B, et al. PELVIS Syndrome. Arch Dermatol 
2006;142:884-888. 

19. Bourrat E, Lemarchand-Venencie F, Jacquemont ML, et al. PELVIS/ 
SACRAL syndrome with livedoid haemangioma and amniotic band. Ann 
Dermatol Venereol 2008;135:855-859. 

20. Mulliken JB, Enjolras O. Congenital hemangiomas and infantile heman- 
gioma: missing links. J Am Acad Dermatol 2004;50:875-882. 

21. Berenguer B, Mulliken JB, Enjolras O, et al. Rapidly involuting congeni- 
tal hemangioma: clinical and histopathologic features. Pediatr Dev Pathol 
2003;6:495-510. 

22. North PE, Waner M, Mizeracki A, et al. GLUT1: a newly discovered 
immunohistochemical marker for juvenile hemangiomas. Hum Pathol 
2000;31:11-22. 

23. Christison-Lagay ER, Burrows PE, Alomari A, et al. Hepatic hemangio- 
mas: subtype classification and development of a clinical practice algo- 
rithm and registry. / Pediatr Surg 2007;42:62-67. 

24. Gruman A, Liang MG, Mulliken JB, et al. Kaposiform hemangioendo- 
thelioma without Kasabach-Merritt phenomenon. / Am Acad Dermatol 
2005;52:616-622. 

25. Konez O, Burrows PE, Mulliken JB, et al. Angiographic features of rapidly 
involuting congenital hemangioma (RICH). Pediatr Radiol 200 3 ;33:1 5-19. 

26. Enjolras O, Mulliken JB, Wassef M, et al. Residual lesions after Kasa- 
bach-Merritt phenomenon in 41 patients. J Am Acad Dermatol 2000;42: 
225-235. 

27. Berenguer B, Burrows PE, Zurakowski D, et al. Sclerotherapy of craniofa- 
cial venous malformations: complications and results. Plast Reconstr Surg 
1999;104:1-11. 

28. Gupta A, Kozakewich H. Histopathology of vascular anomalies. Clin Plast 
Surg 2011;38:31-44. 

29. Mazoyer E, Enjolras O, Laurian C, et al. Coagulation abnormalities asso- 
ciated with extensive venous malformations of the limbs: differentiation 
from Kasabach-Merritt syndrome. Clin Lab Haematol 2002;24:243-251. 

30. Alomari Al, Karian VE, Lord DJ, et al. Percutaneous sclerotherapy for 
lymphatic malformations: a retrospective analysis of patient-evaluated 
improvement. / Vase lnterv Radiol 2006;17:1639-1648. 

31. Mason KP, Michna E, Zurakowski D, et al. Serum ethanol levels in chil- 
dren and adults after ethanol embolization or sclerotherapy for vascular 
anomalies. Radiology 2000;217:127-132. 

32. Molitch HI, Unger EC, Witte CL, et al. Percutaneous sclerotherapy of lym- 
phangiomas. Radiology 1995;194:343-347. 

33. Greene AK, Perlyn CA, Alomari AI. Management of lymphatic malforma- 
tions. Clin Plast Surg 2011;38:75-82. 

34. Alomari AI, Karian VE, Lord DJ, et al. Percutaneous sclerotherapy for 
lymphatic malformations: a retrospective analysis of patient-evaluated 
improvement. J Vase lnterv Radiol 2006;17:1639-1648. 

35. Burrows PE, Mitri RK, Alomari A, et al. Percutaneous sclerotherapy of 
lymphatic malformations with doxycycline. Lymphat Res Biol 200 8;6: 
209-216. 

36. Greene AK, Orbach DB. Management of arteriovenous malformations. 
Clin Plast Surg 2011;38:95-10 6. 


CHAPTER 


38 


Tricuspid Atresia, Stenosis, Regurgitation 
and Uhl's Anomaly 


Michael L. Epstein 


D iseases of the tricuspid valve are relatively rare. This 
chapter deals with the more common forms of congeni- 
tal malformations. Acquired disease of the tricuspid valve is 
extremely uncommon, other than infections (endocarditis) 
associated with illicit drug use or long-term use of indwelling 
intravenous catheters. These issues are not discussed in this 
chapter, but can be found elsewhere in this textbook. 


TRICUSPID ATRESIA 


The congenital heart defect known as tricuspid atresia can 
be defined as a complete absence of the tricuspid valve with 
no direct communication between the right atrium and right 
ventricle. This defect invariably leads to some degree of hypo- 
plasia of the right ventricle. As a result of the absence of flow 
from the right atrium into the right ventricle, there is an oblig- 
atory right-to-left shunt at the atrial level, through either an 
atrial septal defect or a widely patent foramen ovale. There 
also must be a communication between the systemic circula- 
tion and the pulmonary circulation, usually in the form of a 
ventricular septal defect (VSD). Occasionally, however, there 
is associated pulmonary atresia, and pulmonary blood flow is 
supplied by a patent ductus arteriosus. This cardiac malforma- 
tion, first described by Kreysig in 1817 (1), is uncommon and 
was found in fewer than 3% (0.056 per 1,000 live births) of 
patients reported in the New England Regional Infant Car- 
diac Program between 1968 and 1974 (2). Although tricuspid 
atresia usually occurs as an isolated defect, multiple cardiac 
anomalies have been reported in <20% of patients. The cause 
of this defect is unknown. To date, no specific genetic marker 
responsible for this defect has been found (3). 

Pathology 

Because development of the tricuspid valve is related to the 
inflow (sinus) portion of the right ventricle, in patients with 
tricuspid atresia, the inlet portion of the right ventricle is 
absent. The right ventricle is composed largely of the infundib- 
ular portion and an incompletely formed trabecular portion. 
If a large VSD is present, the trabecular portion of the right 
ventricle may be better developed, resulting in a larger right 
ventricular cavity. On the other hand, if no VSD is present, the 
right ventricle is rudimentary or may be absent entirely. In this 
circumstance, the pulmonary valve also will be atretic. 

The atretic tricuspid valve is represented by a dimple in the 
floor of the right atrium (Fig. 38.1). The resulting membrane 
is usually muscular but may be fibrous. The interatrial com- 
munication is usually a widely patent foramen ovale but may 
be a secundum atrial septal defect or, rarely, an ostium pri- 
mum defect associated with an atrioventricular septal defect. 
When a VSD is present, it is usually perimembranous but also 


may occur in the muscular septum or as a component of an 
atrioventricular septal defect, although the latter is rare. In the 
presence of a large VSD, the pulmonary flow is unobstructed. 
On the other hand, pulmonary blood flow can be restricted by 
the presence of a small VSD, pulmonary valve stenosis or pul- 
monary annular hypoplasia, or severe hypoplasia of the right 
ventricular outflow tract. 

Tricuspid atresia may occur with normally related great 
arteries or in association with d-transposition of the great 
arteries (Fig. 38.2). In patients with associated transposition, 
the right ventricle forms a subaortic chamber, and there may 
be restriction to blood flow into the systemic circulation if the 
VSD is small. The clinical presentation of infants with tricus- 
pid atresia often depends on associated anomalies, such as the 
presence of transposition of the great arteries, VSD coarcta- 
tion, or pulmonary stenosis. 

The various forms of tricuspid atresia usually are classified 
in a manner initially proposed by Kuhne (4) and later modi- 
fied (5). Type I describes patients with normally related great 
arteries and occurs in 70% to 80% of patients with tricuspid 
atresia. Type II refers to patients with D-transposition of the 
great arteries and occurs in 12% to 25% of patients. Type 
III, a relatively uncommon form of tricuspid atresia occurring 
in only 3% to 6% of patients, is used by some authors for 
those patients born with more complex associated lesions such 
as congenitally corrected transposition or malposition of the 
great arteries. Perhaps type III might best be used to identify 
patients with all forms of more complex associated lesions, 
such as truncus arteriosus or atrioventricular septal defect. 

Types I and II have been subclassified (Table 38.1). The 
subclassification for type I patients relates to the presence or 
size of a VSD. Type la refers to patients with no VSD and 
associated pulmonary atresia. Type lb patients have a small 
VSD and some degree of restriction to pulmonary blood flow. 
Type Ic patients have large VSDs and no pulmonary stenosis. 
Obviously, there may be some overlap in classification in a 
particular patient. It is common for the VSD to decrease in 
size, thereby changing a patient’s classification (6). In type II 
patients, the subclassifications relate to the degree of restric- 
tion of pulmonary blood flow directly from the left ventricle. 
Type Ha refers to patients with pulmonary atresia, type lib 
refers to patients with pulmonary stenosis, and type lie refers 
to patients with no obstruction into the transposed pulmonary 
artery. The physiology in type II patients may vary considera- 
bly, depending on the size of the VSD, but the subclassification 
does not consider this variation. Type III patients are uncom- 
mon, and subclassifications generally are not used. 

Additional cardiovascular abnormalities are present in 
<20% of all patients but are less common in those with nor- 
mally related great arteries. Coarctation of the aorta is the 
most significant associated cardiac abnormality and occurs 
in approximately 8% of patients with tricuspid atresia. Other 
cardiac lesions include persistent left superior vena cava (SVC), 
juxtaposition of the atrial appendages, and right aortic arch. 
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Figure 38.1. Pathology specimen seen through an opened right 
atrium. The arrowhead indicates the muscular membrane in 
place of the tricuspid valve. The arrow indicates the patent 
foramen ovale. 


Physiology 

Normally Related Great Arteries 

Because the only egress of blood from the right atrium occurs 
through the atrial septum, systemic venous return mixes com- 
pletely with pulmonary venous return in the left atrium and 
subsequently flows across the mitral valve into the left ven- 
tricle. In patients with a VSD and a patent right ventricular 
outflow tract, blood is ejected directly into the normally aris- 
ing aorta as well as through the VSD and the hypoplastic right 
ventricle into the pulmonary artery. The amount of pulmonary 
blood flow depends on the size of the VSD and the presence or 
absence of obstruction into the pulmonary artery. As the pul- 
monary vascular resistance decreases in the newborn infant, 
pulmonary overcirculation may develop. 

Cyanosis is invariably present to some extent because 
of complete mixing of the pulmonary and systemic venous 
returns. The degree of cyanosis depends on the magnitude of 
pulmonary blood flow. Pulmonary overcirculation will not 


Classification of Tricuspid 
Atresia 


Type I Normally related great arteries 

a. Intact ventricular septum with pulmonary atresia 

b. Small VSD and pulmonary stenosis 

c. Large VSD without pulmonary stenosis 
Type II Transposition of the great arteries 

a. VSD with pulmonary atresia 

b. VSD with pulmonary stenosis 

c. VSD without pulmonary stenosis 

Type III Transposition or malposition of the great arteries. 
Associated complex lesions, that is, truncus 
arteriosus, atrioventricular septal defect 


occur when the pulmonary vascular resistance decreases in 
patients with a restrictive VSD or some form of pulmonary 
stenosis, but the degree of cyanosis is likely to be greater. In 
patients with an intact ventricular septum or pulmonary valve 
atresia, pulmonary blood flow is supplied through a patent 
ductus arteriosus. The size of the ductus arteriosus will deter- 
mine the degree of pulmonary blood flow and consequently 
the degree of cyanosis. 

Transposed Great Arteries 

Pulmonary overcirculation occurs within the first few weeks 
of life in most patients with tricuspid atresia and D-transposi- 
tion of the great arteries because obstruction to flow into the 
transposed pulmonary artery, which arises directly from the 
left ventricle, is uncommon. In these type II patients, the pres- 
ence of a restrictive VSD or infundibular narrowing results in 
obstruction to systemic blood flow. If the obstruction is severe 
with resultant diminished systemic circulation, the infant may 
present with hypotension or shock and metabolic acidosis. 

Other abnormalities of physiology may be present, depend- 
ing on associated defects. For example, in a patient with a 
restrictive interatrial communication, marked hepatomegaly 
would be present with signs of diminished cardiac output as 
well as diminished pulmonary blood flow. In the presence of an 
associated coarctation of the aorta, the physiology of the type 
of tricuspid atresia would be present along with associated 



Figure 38.2. Diagram depicting anatomy of tricuspid 
atresia type I (normally related great arteries) and type 
II (D-transposition of the great arteries). In these figures, 
both the atrial and ventricular septal defects are shown 
to be large. Ao, aorta; LV, left ventricle; PA, pulmonary 
artery; RA, right atrium; RV, right ventricle. 


Normally Related Great Arteries 



D-Transposition 
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findings of the coarctation, most notably diminished lower- 
extremity pulses and perfusion. 

Clinical Features 

Systemic arterial desaturation is present to some extent in every 
patient with tricuspid atresia because of complete admixture 
of the systemic and pulmonary venous returns (6). Although 
cyanosis may not be perceived immediately, most patients with 
tricuspid atresia are noted to be cyanotic by 1 week of age. 
Heart murmurs are almost always present. If there is no sig- 
nificant obstruction to pulmonary blood flow, cyanosis may 
not be apparent for some time. Symptoms of pulmonary over- 
circulation and resultant heart failure are likely to develop in 
these patients as the pulmonary vascular resistance diminishes. 
Cyanosis will be more apparent in patients with diminished 
pulmonary blood flow, but they will not develop pulmonary 
overcirculation. Hypercyanotic spells can occur in patients 
with tricuspid atresia as a result of either a decrease in the size 
of the VSD or infundibular narrowing (7). The physiology of 
these spells is similar to that seen in patients with tetralogy of 
Fallot and indicates the need for urgent surgery. 

Patients with D-transposition of the great arteries usually 
present with pulmonary overcirculation; pulmonary stenosis is 
rare. When these patients have large VSDs, it is difficult to dis- 
tinguish clinically between these patients (type lie) and those 
with normally related great arteries and unobstructed pulmo- 
nary blood flow (type Ic). 

On physical examination, newborn infants with tricuspid 
atresia are usually of normal size and demonstrate varying 
degrees of cyanosis. A left ventricular impulse is likely to be 
more prominent than a right ventricular impulse. A thrill may 
be palpable if the VSD is restrictive. The first heart sound is 
single and often accentuated. The second heart sound is often 
single, but two components may be heard, especially in infants 
with normally related great arteries and minimal pathology of 
the pulmonary valve. A holosystolic murmur may be heard as 
a result of flow through the VSD, or an ejection murmur may 
be more prominent because of obstruction through the right 
ventricular outflow tract. If pulmonary blood flow is increased 
significantly, a third heart sound and middiastolic rumble may 
be heard at the apex. The liver may be enlarged, especially in 
infants with a restrictive interatrial communication. Pulses are 
readily palpable in all extremities unless an associated coarcta- 
tion of the aorta is present. 


In older patients who either have not undergone any sur- 
gery or have had only a palliative aortopulmonary shunt, cya- 
nosis will be more apparent and clubbing of the digits will 
develop. Additional physical findings will be present depend- 
ing on the type of surgical intervention. For example, pulses in 
an arm will be diminished or absent if a previous classic Bla- 
lock-Thomas-Taussig shunt has been performed on that side. 

Electrocardiographic Features 

The electrocardiogram (ECG) from patients with tricus- 
pid atresia is often helpful in the differential diagnosis of a 
cyanotic newborn (7-9). Right atrial enlargement may or may 
not be present at birth but often develops in older infants 
and children. Interestingly, there is no relationship between 
the amplitude of the P wave and the presence or absence of 
restriction at the interatrial communication. In patients with 
increased pulmonary blood flow, combined atrial enlargement 
may be present. The PR interval is normal in most patients 
with tricuspid atresia. 

In most infants with cyanotic heart disease, the mean 
QRS frontal plane axis is rightward and inferior with promi- 
nent right ventricular forces. The ECG from a patient with 
tricuspid atresia, on the other hand, usually demonstrates a 
frontal plane QRS axis that is leftward and superior, and the 
anterior rightward forces are diminished (Fig. 38.3). This is 
especially true for type I patients, in whom about 85% of the 
ECGs demonstrate left-axis deviation. In patients with associ- 
ated d-transposition of the great arteries (type II), the frontal 
plane QRS axis is evenly divided between a leftward superior 
axis and an axis that is directed inferiorly and to the left. In 
either event, right ventricular forces are usually diminished. 
Patients with tricuspid atresia and increased pulmonary blood 
flow often have ECGs demonstrating tall R waves and deep Q 
waves in lead V6. The ECG in patients with diminished pul- 
monary blood flow often shows small R waves with shallow 
Q waves (9). 

In some patients, especially older patients, biphasic or 
inverted T waves may be present in the left precordial leads 
(V5, V6), with or without associated ST-segment depression 
(Fig. 38.4). The significance of this finding is unclear because 
these patients often have no myocardial dysfunction. 

The cardiac rhythm is generally sinus. Atrial tachyarrhyth- 
mias, such as atrial flutter or fibrillation, may occur in older 
patients, especially those with restrictive atrial communications 



Figure 38.3. Standard 12-lead ECG and lead II rhythm strip from an infant with tricuspid atresia and normally 
related great arteries. Note right atrial enlargement, leftward superior QRS axis, and diminished right ventricular 
forces. The precordial leads are recorded at half standard. 
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Figure 38.4. Standard 12-lead ECG and lead II rhythm strip from an older child with tricuspid atresia and nor- 
mally related great arteries. Note leftward superior QRS axis, diminished right ventricular forces, left ventricular 
hypertrophy or enlargement, and T-wave changes. Precordial leads are recorded at half standard. 


and dilated hypertensive right atria. Following completion of 
surgery to separate the systemic and pulmonary circulations 
(modified Fontan procedure), arrhythmias are relatively com- 
mon and occur in <48% of patients (10). Atrial tachyarrhyth- 
mias are encountered most commonly, but bradyarrhythmias 
and ventricular arrhythmias may occur. 

Radiographic Features 

The heart size is usually normal in infants with tricuspid atre- 
sia. In patients with no obstruction to pulmonary blood flow 
(types Ic and lie), cardiomegaly is likely to develop from the 
increased volume load on the left cardiac chambers as pulmo- 
nary resistance decreases. In this circumstance, the pulmonary 
vascular markings will be prominent. Patients with obstruc- 
tion to pulmonary blood flow will have normal or diminished 
pulmonary vascular markings, and heart size will remain nor- 
mal. The cardiac silhouette is often globular shaped with a 
concavity in the region of the main pulmonary artery (MPA). 
The right-sided heart border may appear prominent as a result 
of dilation of the right atrium, especially in older infants and 
children. 

Echocardiographic Features 

Echocardiography has become the diagnostic procedure of 
choice. This noninvasive diagnostic modality has markedly 
diminished the need for cardiac catheterization for this lesion. 
The anatomy of tricuspid atresia is easily defined with two- 
dimensional echocardiography (11). Indeed, this technique 
has proven so accurate that most details of the anatomy are 
easily determined on fetal echocardiographic studies (12,13). 
M-mode echocardiography is of limited usefulness. Its value is 
mainly for quantitating the size and function of the left ven- 
tricle. The left ventricular cavity may be dilated, especially in 
patients with increased pulmonary blood flow. Ventricular 
function is usually normal but may become depressed because 
of chronic volume overload and hypoxemia, especially in 
older patients who have not undergone surgery or who have 
undergone only a palliative shunt. 

In the vast majority of patients, all cardiac anatomic details 
are easily defined. Because the tricuspid valve is easily visual- 
ized by echocardiography, the presence of an imperforate lin- 
ear echo density in the location of the normal tricuspid valve 


confirms the diagnosis (Fig. 38.5). Unless pulmonary atresia is 
a concomitant defect, echocardiography also can demonstrate 
the presence of two semilunar valves and great arteries. Initial 
management may be different, depending on the great artery 
relationship; therefore, it is especially important to confirm the 
relationship of the great arteries by imaging techniques such as 
identifying the bifurcation of the pulmonary artery or origin of 
the coronary arteries. Determining the presence and size of a 
VSD is almost always possible. It is also important to visualize 
the atrial septum to evaluate the size of the interatrial com- 
munication. If there is restriction to flow between the atria, 
cardiac catheterization and balloon septostomy may be nec- 
essary. Finally, echocardiography usually shows major associ- 
ated lesions, such as coarctation of the aorta. 

The color Doppler portion of the echocardiogram will 
confirm the absence of a direct communication from the right 
atrium into the right ventricle and will demonstrate the right- 
to-left shunt at the atrial level. This portion of the echocardio- 
graphic study will define the physiology of pulmonary blood 
flow, such as restriction through the VSD, narrowing of the 
right ventricular outflow tract, or obstruction to pulmonary 
blood flow at the pulmonary valve annulus. It also is impor- 
tant to identify the presence and severity of mitral valve regur- 
gitation, which is an important consideration for subsequent 
intervention. 

Serial echocardiograms are important to evaluate the 
hemodynamic status of a patient following an initial surgical 
palliation (aortopulmonary shunt or pulmonary artery band- 
ing). Using the Doppler technique, pulmonary artery pressure 
can be estimated by determining the pressure gradient through 
the shunt or across the band. Following a more definitive 
surgical palliation, such as a modified Fontan procedure, 
echocardiography is the most effective means of monitoring 
these patients for the development of complications, such as 
ventricular dysfunction, mitral valve insufficiency, or obstruc- 
tion to flow from the right atrium into the pulmonary arter- 
ies. These patients have a sluggish flow pattern through the 
right side of the heart and are at risk of developing thrombi in 
the right atrium. Echocardiography is an excellent means by 
which thrombi can be detected. For patients with recurrent 
atrial tachyarrhythmias, especially atrial flutter or fibrillation, 
transesophageal echocardiography may be necessary to rule 
out the possibility of a thrombus being present. 
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Figure 38.5. Echocardiographic views of an infant with tricuspid atresia and normally related great arteries. 
A: Apical four-chamber view demonstrating a thick linear echo-dense membrane in place of the tricuspid valve. 
There is a large communication between the right atrium and the left atrium. The arrow indicates a ventricular 
septal defect that measures 7 mm in this view. Note the hypoplastic right ventricle. B: A modified subcostal 
short-axis view demonstrating the membrane replacing the tricuspid valve. The hypoplastic right ventricle and 
ventricular septal defect are visualized. The right ventricular outflow tract is widely patent. LA, left atrium; LV, 
left ventricle; MEM, membrane; RA, right atrium; RV, right ventricle; RVOT, right ventricular outflow tract; 
VSD, ventricular septal defect. 


Cardiac Catheterization 

The need for cardiac catheterization has diminished substan- 
tially with the development of echocardiography. Catheteriza- 
tion is indicated in specific clinical instances. In the newborn, 
there may be a need to define sources of pulmonary blood flow 
and associated cardiac anomalies not clearly defined by echo- 
cardiography. Although most patients with tricuspid atresia 
have large defects in the atrial septum, a restrictive interatrial 
communication may be present. In these patients, a balloon 
septostomy may be necessary to relieve any obstruction to 
egress of blood flow from the right atrium. Occasionally, a 
large atrial septal defect will become restrictive with time. 
A balloon septostomy in older patients will often be inad- 
equate, necessitating a blade septostomy or, rarely, surgical 
intervention (14). 

During catheterization, a venous catheter introduced 
through the groin can be manipulated easily from the right 
atrium into the left atrium. Indeed, because there is no direct 
communication from the right atrium to the right ventricle, 
advancing the venous catheter into the left atrium is the only 
available pathway. The catheter then can be manipulated 
easily into the left ventricle. If necessary, the catheter can be 
advanced, often with the help of a tip-deflector wire, into 
the posterior great artery, which arises directly from the left 
ventricle. This may be necessary especially in patients with 
associated D-transposition of the great arteries in whom the 
echocardiogram suggests obstruction into the posterior pul- 
monary artery. It is usually difficult to advance the catheter 
from the left ventricle into the right ventricle and then into 
the anterior great artery unless the VSD is large. Fortunately, 
clinical and echocardiographic findings usually obviate the 
need to enter the right ventricle and pulmonary artery during 
catheterization. 


Hemodynamic data during the catheterization in infants will 
show that the right atrial pressure is slightly higher than the left 
atrial pressure (7). There is likely to be a prominent a wave in the 
right atrium, especially if the interatrial communication is restric- 
tive. Left ventricular systolic and end-diastolic pressures are likely 
to be normal, although the end-diastolic pressure may increase in 
patients with large VSDs as the pulmonary vascular resistance 
drops and left heart volume overload develops. In patients with 
associated D-transposition of the great arteries, pulmonary arte- 
rial hypertension will be present if there is no pulmonary stenosis. 
It is especially important in these infants to determine whether 
there is obstruction through the VSD or at the infundibulum that 
will result in obstruction to systemic blood flow. 

Oxygen saturation in the systemic venous return will be 
lower than normal as a result of diminished oxygen satura- 
tion in the systemic arterial blood. In the absence of associated 
pulmonary disease, oxygen saturation of pulmonary venous 
return will be normal, but because of the obligatory right-to- 
left atrial-level shunt, left atrial and left ventricular saturations 
will be diminished. 

Cardiac catheterization may be indicated to determine 
the hemodynamics following palliative surgical interven- 
tion prior to consideration for the next operation. The most 
critical determination is that of pulmonary vascular resistance 
because the eventual plan is creation of a complete systemic 
venous to pulmonary arterial communication. For patients 
with decreased pulmonary blood flow who have undergone 
placement of a shunt, a catheter usually can be manipulated 
through the shunt into the pulmonary artery. If this is not 
possible, obtaining a pulmonary venous wedge pressure can 
accurately reflect pulmonary artery pressure. In patients who 
have undergone placement of a pulmonary artery band (usu- 
ally type lie), a catheter can be advanced from the left ventricle 
across the band into the pulmonary artery. 
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Cardiac catheterization might be especially helpful in 
patients with associated cardiac malformations, especially 
type III patients. In patients with associated congenitally cor- 
rected transposition of the great arteries and ventricular inver- 
sion, atresia of the tricuspid valve and a restrictive interatrial 
communication will result in symptoms of pulmonary venous 
congestion. It is important to determine pulmonary artery 
pressure and to define sources of pulmonary blood flow in 
more complex patients, such as those with associated truncus 
arteriosus, so that appropriate initial steps can be taken to 
optimize chances for successful subsequent surgeries. 

Finally, in patients who have undergone an intermediate 
surgical procedure anastomosing the SVC to the pulmonary 
artery (bidirectional Glenn), a catheter must be introduced 
through a vein in the upper part of the body (i.e., internal jug- 
ular, subclavian, brachial) to enter the pulmonary artery. This 
maneuver is important to measure pulmonary artery pressure 
and to estimate pulmonary vascular resistance. 

Angiocardiography 

The diagnosis of tricuspid atresia can be confirmed at catheter- 
ization by performing a right atriogram or superior vena cava- 
gram that demonstrates absence of flow directly from the right 
atrium to the right ventricle. This type of angiographic study 
is rarely necessary, however. Angiography may be useful to 
define more fully the location and size of a VSD and the source 
of pulmonary blood flow (Fig. 38.6). Angiography occasion- 
ally can document a right ventricular cavity that is larger than 
that suggested by echocardiography. This difference is not 
likely to be of clinical significance, however. Because the size of 
the pulmonary arteries is important for the eventual systemic 
venous-to-pulmonary artery anastomosis, angiography may 
be important not only to evaluate pulmonary artery size but 
also to determine the presence or absence of pulmonary artery 
distortion that may have been caused by previous surgery. 
These distortions may be caused by aortopulmonary shunts 
created in patients with normally related great arteries and 


restricted pulmonary blood flow (type la and lb) or patients 
with d-transposition of the great arteries who have undergone 
pulmonary artery banding (type lie). 

Angiography may be particularly important in patients 
with more complex associated cardiac lesions (type III) to 
define associated anomalies such as anomalous pulmo- 
nary venous drainage or coarctation of the aorta. In older 
patients, especially those who have not yet undergone a 
more definitive palliation, angiography is extremely impor- 
tant to define the presence or absence of collateral arteries 
from the descending aorta supplying portions of the lungs. 
Patients who have undergone a complete systemic venous- 
to-pulmonary arterial anastomosis, especially if marginally 
increased pulmonary vascular resistance is present, may 
require angiography to determine whether collateral venous 
channels resulting in a functional right-to-left shunt are 
present ( infra vide). Angiography in these patients must be 
obtained using a venous approach from the upper part of the 
body as described above. 

Recent advances in CT and MR imaging have obviated 
many of the imaging issues that previously required angiogra- 
phy. Catheterization is mainly used for therapeutic rather than 
diagnostic reasons in the recent era. 

Treatment 

Patients with tricuspid atresia will undergo one or more surgi- 
cal procedures to achieve the eventual goal of separation of the 
systemic and pulmonary circuits. Because of the single-ventri- 
cle physiology, separation of the circuits will ultimately include 
a complete systemic venous-to-pulmonary artery anastomosis 
with elimination of the right-to-left atrial level shunt. The goal 
of surgery in the newborn infant is to (a) provide pulmonary 
blood flow adequate to avoid extreme hypoxemia; (b) pre- 
vent pulmonary overcirculation and pulmonary hypertension, 
which can lead to left ventricular failure or pulmonary vas- 
cular disease; and (c) preserve pulmonary artery anatomy for 
later surgery. 



Figure 38.6. Views of a left ventriculogram from an infant with tricuspid atresia type Ic. A: A left anterior oblique 
view demonstrating a dilated left ventricle. Note the dense opacification of both the aorta and the pulmonary 
artery. The arrowheads outline the VSD. The hypoplastic right ventricle is well seen. B: A right anterior oblique 
view of the same ventriculogram shown in (A). The large ventricular septal defect is outlined by arrowheads . Ao, 
aorta; LV, left ventricle; PA, pulmonary artery; RV, right ventricle. 
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If severe restriction to pulmonary blood flow is present at 
birth, an infusion of prostaglandin E t (0.025 to 0.1 mg/kg/min) 
will maintain patency of the ductus arteriosus and ensure ade- 
quate pulmonary blood flow until surgery can be performed. 
Intubation and mechanical ventilation may become necessary 
because of the potential apnea caused by prostaglandin in a 
small percentage of patients. Other side effects for which these 
patients must be monitored include seizures, fever, and hypo- 
tension resulting from peripheral vasodilation. 

The newborn with tricuspid atresia and normally related 
great arteries will have either an aortopulmonary shunt or 
pulmonary arterial banding procedure if there is diminished 
pulmonary blood flow (types la and lb). If there is no obstruc- 
tion between the left ventricle and the pulmonary circulation 
(type Ic), initial palliative treatment is either pulmonary artery 
detachment and central shunting or a pulmonary artery band. 
Occasionally, a type I patient will have enough obstruction to 
pulmonary blood flow that overcirculation will not occur, but 
pulmonary blood flow will be adequate enough that an ini- 
tial shunt is not necessary. These patients must be monitored 
closely for reduction in VSD size and resultant inadequate pul- 
monary circulation. 

Various shunts have been used in the past to provide 
adequate pulmonary blood flow for types la and lb. The ini- 
tial aortopulmonary shunt to be developed was the Blalock- 
Thomas-Taussig shunt, which anastomosed the subclavian 
artery to the ipsilateral pulmonary artery in an end-to-side 
fashion (15). This shunt fell out of favor because of the diffi- 
culty in maintaining patency in the early postoperative period. 
Other shunts then were developed, including the Potts shunt 
(16) (creation of a window between the descending aorta and 
the distal left pulmonary artery [LPA]) and the Waterston 
shunt (17) (creation of a window between the ascending aorta 
and the proximal right pulmonary artery [RPA]). These latter 
two operations resulted in various complications, including 
distortion of the pulmonary arteries, congestive heart failure 
with subsequent left ventricular dysfunction, and pulmonary 
hypertension with subsequent development of pulmonary vas- 
cular disease. As surgical techniques improved, the modified 
Blalock-Thomas-Taussig shunt, using prosthetic material (e.g., 
Gore-Tex tube), became the procedure of choice. Although 
distortion of the pulmonary artery still can occur, the more 
serious complications of left ventricular dysfunction and pul- 
monary vascular disease are rarely seen. A central shunt, which 
interposes a prosthetic tube between the ascending aorta and 
the MPA through a sternotomy, occasionally is used. 

In patients with D-transposition of the great arteries and 
no obstruction to pulmonary blood flow (type lie), a pul- 
monary artery band will be necessary not only to prevent 
pulmonary overcirculation but also to eliminate pulmonary 
hypertension and possible pulmonary arteriolar damage. An 
additional important consideration in patients with associated 
transposition is the size of the VSD. If there is obstruction to 
flow into the transposed ascending aorta, the options are to 
try to enlarge the VSD directly or to create an anastomosis 
between the MPA and ascending aorta, similar to the proce- 
dure described by Damus (18), Kaye (19), and Stansel (20). 
In this operation, the MPA is anastomosed to the ascending 
aorta. The branch pulmonary arteries usually are detached 
from the MPA, and pulmonary blood flow is supplied by an 
aortopulmonary shunt. Left ventricular output then will flow 
both through the restrictive VSD into the transposed aorta and 
directly into the MPA and subsequently into the ascending 
aorta. Other more complex surgery may be necessary, depend- 
ing on associated lesions, especially in type III patients. The 
exact surgery to be performed depends on the specific details 
of the cardiac anatomy. 

In 1965, Glenn et al. (21) described an operation that 
created an anastomosis between the SVC and the distal RPA. 


This operation was performed by detaching the SVC from the 
right atrium and the RPA from the MPA. The SVC and RPA 
then were anastomosed in an end-to-end fashion. In this situ- 
ation, the RPA blood flow was composed entirely from the 
systemic venous return, but the LPA was supplied by mixed 
systemic and pulmonary venous return traveling through the 
heart into the MPA. This operation was used successfully for 
many forms of cyanotic heart disease, including tricuspid atre- 
sia. The Glenn anastomosis was an attractive surgical option 
because it provided enough pulmonary blood flow to prevent 
severe hypoxemia and its consequences and, because the flow 
into the RPA was venous, there was no risk of developing pul- 
monary hypertension. Patients undergoing a Glenn anastomo- 
sis still had persistent right-to-left shunting from the inferior 
vena caval blood and its associated potential complications. 
Additionally, some patients develop pulmonary arteriovenous 
malformations many years after the Glenn shunt, which then 
worsens the cyanosis. 

In 1971, Fontan and Baudet (22) described an operation 
that resulted in complete separation of the systemic and pul- 
monary circuits. The superior vena caval blood was directed 
to the RPA (Glenn shunt), and the right atrial appendage 
was anastomosed to the LPA system, which directed all the 
inferior vena caval blood into the LPA, interposing an aor- 
tic homograft valve. The atrial septal defect then was closed, 
completing separation of the systemic venous return and the 
pulmonary venous return (Fig. 38.7A). A similar operation 
was described by Kreutzer et al. (23) in which the right atrium 
was anastomosed directly to the MPA with an interposed sem- 
ilunar valve. In this procedure, the branch pulmonary arteries 
remained in continuity with each other. 

It has become convention to refer to any operation that 
reroutes systemic venous return into the pulmonary arteries 
without passing through a ventricle as a Fontan operation or 
its modifications. Over the ensuing years, completion of a Fon- 
tan procedure has become the eventual goal for all patients 
with tricuspid atresia. In 1978, Choussat et al. (24) described 
10 criteria for optimal results following the Fontan procedure. 
These criteria included (a) age at operation between 4 and 
15 years; (b) the presence of normal sinus rhythm; (c) nor- 
mal systemic venous connections; (d) normal right atrial size; 

(e) normal pulmonary arterial pressure (mean <15 mm Hg); 

(f) low pulmonary vascular resistance (4 Woods units/m 2 ); (g) 
adequate-sized pulmonary arteries with diameter >75% of the 
aortic diameter; (h) normal left ventricular ejection fraction 
(>60%); (i) an absence of mitral valve insufficiency; and (j) 
absence of complicating factors from previous surgeries, such 
as pulmonary artery distortion. Today, the classic Fontan pro- 
cedure is rarely, if ever, performed, but many modifications can 
accomplish the same physiologic result. Additionally, some of 
the criteria listed by Choussat et al. are no longer considered 
necessary to achieve an excellent result. Whereas it is still 
important that pulmonary vascular resistance (and therefore 
pulmonary pressure) is low, a modified Fontan procedure is 
routinely done in children younger than 4 years of age, many 
of whom had abnormal systemic venous connections. Dimin- 
ished left ventricular function and the presence and degree of 
mitral valve insufficiency have become only relative contrain- 
dications. Nevertheless, with the exception of the age and size 
of the patient, a better outcome can be expected if all or most 
of the other criteria listed above are present. 

Creation of the physiology of a Fontan procedure or one 
of its modifications results in marked changes in systemic 
venous hemodynamics. In the best of circumstances, the sys- 
temic venous or right atrial pressure rises significantly, equal- 
ing the mean pulmonary artery pressure. This sudden change 
in right-sided hemodynamics can cause early complications, 
such as persistent pleural effusions, in part because of altered 
lymphatic drainage. If the pulmonary vascular resistance is 
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Figure 38.7. Diagrams depicting the original Fontan procedure and two subsequent modifications. A: The origi- 
nal procedure included (i) SVC to RPA anastomosis (Glenn shunt) and anastomosis of the right atrial appendage 
to the left pulmonary artery system directing IVC flow through a valved homograft, (ii) placement of a valved 
homograft at the IVS-RA junction, and (iii) closure of the atrial septal defect. B: Modified Fontan directing 
IVC flow through the lateral portion of the RA into the pulmonary artery system via an anastomosis to the 
underside of the RPA. The SVC flow is already directed into the RPA by a previous bidirectional Glenn shunt. 
C: Modification of the Fontan procedure using an extracardiac conduit. Ao, aorta; IVC, inferior vena cava; LV, 
left ventricle; PA, pulmonary artery; RA, right atrium; RPA, right pulmonary artery; RV, right ventricle; SVC, 
superior vena cava. 


elevated or there is any impediment to forward flow through 
the pulmonary vascular tree, filling of the left heart will be 
compromised, resulting in low cardiac output. 

In many cardiac centers performing these kinds of opera- 
tions, an intermediate step has been developed between the 
newborn physiology and the Fontan procedure. A bidirec- 
tional Glenn anastomosis creates a communication between 
the SVC and the RPA that allows blood to go both into the 
RPA and LPA (25) (Fig. 38.8). The inferior vena caval blood 



Figure 38.8. Pulmonary angiogram from a patient with tricus- 
pid atresia who has undergone creation of a bidirectional Glenn 
anastomosis. The catheter was introduced through the internal 
jugular vein and superior vena cava (SVC). The tip is at the 
SVC-RPA junction. The pulmonary arterial tree is well visual- 
ized, and there is no distortion of the branch pulmonary arter- 
ies. LPA, left pulmonary artery; RPA, right pulmonary artery. 


continues to flow right to left at the atrial level. The bidirec- 
tional Glenn anastomosis has the advantage of providing an 
adequate amount of effective pulmonary blood flow, dimin- 
ishing the volume load on the left ventricle and preventing 
distortion of the pulmonary artery. Depending on the anat- 
omy of the branch pulmonary arteries (e.g., stenosis result- 
ing from previous surgery), differential blood flow can occur 
which may have to be addressed at later surgical intervention. 
Indeed, some studies suggest differential flow occurs simply 
due to the physiology of the venous return from either side of 
the body, and this differential flow may affect interpretation of 
studies that evaluate surgical results (26). 

At a later date, after the patient has accommodated to the 
partial change in physiology, a complete cavopulmonary anas- 
tomosis can be accomplished by directing the inferior vena 
caval blood into the pulmonary artery. This procedure usu- 
ally is performed by creating a tunnel within the right atrium, 
directing the inferior vena caval blood into the pulmonary 
artery through an anastomosis on the underside of the RPA 
(Fig. 38. 7B). The portion of the right atrium not included 
within the tunnel remains part of the pulmonary venous 
atrium. Some investigators believe that loss of energy can be 
minimized with careful attention to the details of the anasto- 
mosis and/or type of procedure such that the direction of flow 
into each pulmonary artery avoids sharp turns and obstruc- 
tions, thereby optimizing the fluid dynamics (27,28). The total 
cavopulmonary anastomosis has an additional advantage over 
the classic Fontan procedure in that it eliminates the dilated 
systemic venous reservoir with elevated pressure (right atrium) 
in which the blood flow is sluggish, predisposing to the devel- 
opment of thrombus formation and arrhythmias, especially 
atrial flutter. This physiology also can be accomplished by 
using an external conduit directing the inferior vena caval 
blood into the right pulmonary without using any of the right 
atrium (Fig. 38. 7C). 

In the best of circumstances, the force with which blood 
flows through the right side of the heart will be less than 
normal. It is imperative, therefore, that any impediment be 
relieved as much as possible. Interventional catheterization 
techniques (angioplasty with or without stent implantation) 
may be useful in alleviating obstruction to forward flow sec- 
ondary to pulmonary artery distortion. In some cases surgical 
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intervention might be necessary. The optimal timing of com- 
pletion of a total cavopulmonary anastomosis is not estab- 
lished, but most investigators agree that earlier completion is 
better if circumstances permit. There is evidence that excessive 
volume overload on the left ventricle for a prolonged period 
can have detrimental effects on ventricular performance years 
later (29). In addition, patients having undergone completion 
of a total cavopulmonary anastomosis before 3 years of age 
were shown in one study to have better exercise tolerance up 
to 10 years after surgery than a group who underwent repair 
at a later age (30). 

For patients having undergone a modification of Fontan 
procedure, arrhythmias can be particularly troublesome. It is 
important to try to maintain sinus rhythm. Depending on the 
exact type of surgical repair (e.g., intra-atrial baffling, external 
conduit, etc.), patients may have a greater propensity toward 
arrhythmias due to abnormalities in electrical dispersion (31). 
If appropriate drug treatment is unsuccessful, more aggressive 
therapy may be necessary. Electrophysiology study and cath- 
eter ablation may be helpful in controlling some tachyarrhyth- 
mias (32). However, because the right atrial wall thickness is 
considerably greater than in normal hearts, the success rate is 
lower than that in patients with normal anatomy and physi- 
ology. Surgical techniques to control arrhythmias, especially 
atrial flutter, have proven useful in patients with more recalci- 
trant problems. 

For patients with marginally elevated pulmonary vascular 
resistance, a technique was developed to place a small fenes- 
tration between the systemic venous atrium and the pulmo- 
nary venous atrium. The presence of the fenestration allows 
a “safety valve” so that some flow can bypass the lungs and 
help to ensure adequate filling of the left ventricle. The dis- 
advantage, of course, is that some degree of cyanosis will 
persist. If the hemodynamics allow, the fenestration may be 
closed in the early postoperative period (33) or later at cardiac 
catheterization (34). 

Prognosis 

Patients born with tricuspid atresia who have not undergone a 
surgical palliation have a 1-year survival rate as low as 10%, 
depending on the type of tricuspid atresia and associated 
lesions (7). Before the widespread use of the modified Fontan 
procedure, the likelihood of a patient born with tricuspid atre- 
sia surviving into young adulthood was still quite low (-50%). 
Today, the outlook is much improved. Patients who undergo 
complete separation of the pulmonary and systemic venous 
returns by a modified Fontan procedure have widely varying 
outcomes, depending on details of the preoperative hemody- 
namic status (35-37). The overall mortality rate of patients 
undergoing the Fontan procedure in recent series is between 
7% and 11% (38 — 40); however, most of the larger series 
include patients with many forms of single-ventricle physiol- 
ogy, and so these results must be reviewed carefully for the 
outcome of patients with tricuspid atresia. 

Although some patients undergoing a modified Fontan 
procedure have excellent outcomes, others develop major 
clinical complications, including development of collateral 
(both arterial and venous) vessels. Because of the elevated 
systemic venous pressure, it is not unusual for small venous 
channels from the right atrium or the venae cavae to dilate 
and create right-to-left shunting. If the amount of shunting 
is substantial, resulting in significant systemic desaturation, 
some of these channels can be occluded using catheterization 
techniques. Unfortunately, other channels are likely to develop 
unless the underlying physiology is corrected. On the other 
hand, systemic arterial collateral vessels may develop from the 
descending aorta. These collaterals communicate with the pul- 
monary arterial tree, and the flow from these vessels competes 


with the low-pressure pulmonary blood flow created by the 
modified Fontan procedure. This can result in increased vol- 
ume load on the left ventricle. The collateral artery can usually 
be occluded later at catheterization. 

A particularly bothersome long-term complication that 
develops in some patients having undergone a Fontan proce- 
dure is protein-losing enteropathy (PLE) (41,42). The exact 
mechanism of this condition, which includes hypoproteine- 
mia, ascites, and peripheral edema, is not known, but elevated 
mean pulmonary artery pressure preoperatively has been 
shown to increase the likelihood of development of PLE post- 
operatively (43). The marked change in right atrial pressure 
and subsequent disturbance in lymphatic drainage and hydro- 
static pressure, however, are likely to be involved. Various 
treatment modalities, including administration of corticoster- 
oids or heparin, have been tried with varying success (44^46). 
Because of hypoalbuminemia, administration of parenteral 
albumin and a diet including medium-chain triglycerides may 
be helpful. No treatment has been found to have long-term 
benefit. 

Compared with the pre-Fontan condition, exercise toler- 
ance is improved after surgery; however, exercise capacity is 
diminished in patients who have undergone a Fontan pro- 
cedure or one of the modifications compared with normal 
(47,48). Even in patients who are asymptomatic at rest, there 
is compromise of the response to exercise. Causes for this 
decreased response include lack of a right ventricle, depressed 
left ventricular function, impaired chronotropic response, con- 
duit obstruction, or abnormal pulmonary vascular resistance. 
Because of the compromise in right heart flow even in the best 
results, most cardiologists now recommend anticoagulation. 
In addition, afterload reduction using angiotensin-converting 
enzyme inhibitors is becoming more commonplace, especially 
in patients who have any degree of left ventricular dysfunction. 

It remains to be seen whether operating on younger chil- 
dren who have experienced fewer years of chronic hypoxemia 
and left ventricular volume overload will have a better long- 
term prognosis than patients who were operated on between 
the mid-1970s and mid-1980s; this population of patients was 
older when they underwent the final Fontan modification. 

Cardiac transplantation remains an option for patients 
with tricuspid atresia who either have such complex associ- 
ated anatomy that conventional palliation is not likely to be 
successful or for those who had undergone palliation and have 
developed long-term complications. Transplant is the only 
option for patients with severe left ventricular dysfunction or 
PLE unresponsive to medical management. 


TRICUSPID STENOSIS 


Congenital tricuspid stenosis usually is associated with other 
anomalies, especially right ventricular outflow tract obstruc- 
tion or atresia with secondary hypoplasia of the right ventricle 
(49). Some investigators differentiate tricuspid valvar stenosis 
from hypoplasia of the valve (50). In the former condition, the 
annulus may be relatively large, but the leaflets are thickened 
with commissural fusion and shortened chordae tendineae. In 
the latter condition, the valve annulus is small, and the leaflets 
and chordae may be diminutive but otherwise normal. 

Isolated tricuspid stenosis is extremely rare. When 
described in adults, it is highly likely that this finding is sec- 
ondary to rheumatic heart disease rather than being a congeni- 
tal anomaly. Familial occurrences of tricuspid stenosis have 
been described (51). 

Clinical manifestations of isolated congenital tricuspid 
stenosis resemble those seen in tricuspid atresia, and the two 
conditions may be difficult to differentiate, even with cardiac 
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catheterization (49). Not only is the clinical presentation simi- 
lar in these two lesions, but the ECG in isolated tricuspid ste- 
nosis may demonstrate the typical left-axis deviation, right 
atrial enlargement, and prominent left ventricular forces typi- 
cal for tricuspid atresia. Some investigators have suggested, 
therefore, that isolated tricuspid stenosis is merely a mild form 
of tricuspid atresia. Differentiating between the two is impor- 
tant because better options for surgical intervention may exist 
in patients with tricuspid stenosis compared with those with 
tricuspid atresia. 

Early reports of tricuspid stenosis were made from autopsy 
examinations (52). The first description in a living patient 
reported clinical and catheterization data and reviewed previ- 
ously published reports (53). Surgery has been attempted in 
some patients with mixed results. Infants requiring interven- 
tion are likely to have more severe lesions, and the results are 
likely to be worse (49). Older patients would be expected to 
fare better, with commissurotomy or valve replacement being 
the main option. 


TRICUSPID VALVE INSUFFICIENCY 


Isolated congenital tricuspid valve insufficiency, other than 
that associated with Ebstein anomaly, is rare. Various ana- 
tomic abnormalities of the tricuspid valve have been described, 
accounting for some of these cases. Tricuspid valve insuffi- 
ciency also may be associated with other lesions, especially 
severe stenosis or atresia of the right ventricular outflow tract. 
In this situation, however, the tricuspid insufficiency, in all 
likelihood, is a secondary phenomenon. Occasionally, tricus- 
pid valve insufficiency may occur with a structurally normal 
valve in the absence of associated lesions. Usually, there is a 
history of an intrauterine or perinatal event resulting in right 
ventricular and especially papillary muscle dysfunction (54). 

Anatomic abnormalities resulting in tricuspid valve insuffi- 
ciency have been well described. In some cases, one or more of 
the valve leaflets may show nodular thickening with shortened 
chordae tendineae and hypoplastic or absent papillary muscles 
(55,56). Although there may be no downward displacement of 
the valve leaflets and the leaflets themselves are not adherent to 
the right ventricular myocardium, some investigators believe 
this form of tricuspid valve dysplasia represents a mild form 
of Ebstein anomaly. Interestingly, similar nodules are often 
also found on the mitral valve, although mitral insufficiency 
is infrequent. Other structural abnormalities of the tricuspid 
valve have been described, including an isolated cleft of a valve 
leaflet and absence of valve tissue altogether with a relatively 
normal valve annulus (unguarded tricuspid orifice). 

Patients who have isolated tricuspid valve insufficiency 
usually present in the newborn period but also may present 
later in infancy and childhood or even in adulthood. Age at 
presentation obviously depends on several factors, the most 
important of which is the degree of valve dysfunction, which 
may be exaggerated in a newborn in the presence of elevated 
pulmonary vascular resistance and particularly following a 
complicated perinatal course. In neonates and infants with 
severe tricuspid insufficiency, cyanosis and clinical findings of 
congestive cardiac failure appear early. Cardiac examination 
includes a pansystolic murmur loudest at the left lower sternal 
border, often with a precordial thrill. 

The chest radiograph is likely to demonstrate marked 
cardiomegaly with diminished pulmonary vascular mark- 
ings. The ECG is likely to be relatively unhelpful, although in 
cases with a perinatal insult, ST-segment depression may be 
prominent in the anterior precordial leads (54). Echocardiog- 
raphy may or may not demonstrate dysplasia of the tricuspid 
valve, but Doppler and color flow examinations will provide a 


definitive diagnosis while ruling out the presence of associated 
lesions. Careful ultrasound evaluation of the pulmonary valve 
is likely to differentiate between functional and anatomic 
atresia of the right ventricular outflow tract (55,56). Cardiac 
catheterization, therefore, is unlikely to be necessary. In the 
event it is undertaken, findings are likely to include elevated 
right atrial pressure with a right-to-left atrial-level shunt. 
Right ventricular systolic pressure may be elevated, but in the 
case of severe insufficiency, it may be normal. Angiocardiogra- 
phy will demonstrate dense opacification of the right atrium. 
The degree of pulmonary artery opacification will depend on 
whether the right ventricle can generate enough forward flow 
to open the pulmonary valve in the face of elevated neonatal 
pulmonary vascular resistance. 

The prognosis for newborns with tricuspid insufficiency 
depends on the extent of valve dysfunction, associated cardiac 
lesions, and cause of the insufficiency. Resolution of neona- 
tal tricuspid insufficiency has been described, presumably in 
patients with relatively normal tricuspid valve structure and 
insufficiency owing to papillary muscle dysfunction (54). Early 
attempts at surgical intervention have been largely unsuccess- 
ful. With improved surgical techniques, the prognosis is likely 
to be improved, but there are no reports of successes thus far 
in infants with severe tricuspid insufficiency attributable to 
valve dysplasia. For patients who survive the newborn period 
and live into childhood, adolescence, or adulthood, the surgi- 
cal options are likely to be greater, with a higher likelihood of 
success. 


UHL ANOMALY 


In 1952, a report published by Uhl (57) described an unu- 
sual congenital cardiac malformation consisting of an almost 
total absence of the right ventricular myocardium, although 
this condition was described years earlier by Sir William Osier 
(58). Uhl anomaly, as it has come to be known, is extremely 
rare, and by 1979, <20 cases had been reported, each individu- 
ally as a case report (59). Some investigators have suggested 
that this condition is related to other conditions that affect the 
right ventricular myocardium, such as arrhythmogemc right 
ventricular dysplasia (60). Although some cases of Uhl anom- 
aly presented with clinical findings consistent with tricuspid 
valve insufficiency, tricuspid valve abnormalities have not been 
universally reported. 

The typical anatomic findings of Uhl anomaly have been 
described on prenatal ultrasound examination (61). Ages at 
postnatal presentation ranged between 1 day and 57 years, 
with equal gender distribution. Because each of these patients 
was reported as an isolated case without much family history, 
there is nothing to suggest a specific inheritance pattern. Most 
patients were clinically cyanotic, and, except for the presence 
of an atrial septal defect or patent foramen ovale, other associ- 
ated congenital heart defects were rare. Clinical signs of right 
heart failure are almost universally present. 

At physical examination, along with cyanosis, hepato- 
megaly is often present as well as jugular venous distension 
with a dominant “a” wave. Surprisingly, in view of gross right 
ventricular dilation found at autopsy, the precordium usually 
is described as being quiet, and peripheral pulses often are 
diminished in amplitude. Cardiac auscultation usually reveals 
a decrease in the intensity of the heart tones, especially the first 
heart sound. A typical pansystolic murmur of tricuspid insuffi- 
ciency may be present, but patients may have other nonspecific 
murmurs or indeed no murmur at all. 

Electrocardiography usually shows prominent right atrial 
enlargement with P waves often larger than the markedly 
diminished QRS amplitude, especially in the right precordial 
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leads. The chest radiograph demonstrates cardiomegaly, often 
of impressive degree, and normal to diminished pulmonary 
vascularity, often leading to the mistaken diagnosis of Ebstein 
anomaly of the tricuspid valve. 

Echocardiography demonstrates marked dilation of the 
right-sided cardiac chambers. Although detailed echocardio- 
graphic investigation of Uhl anomaly using present-day instru- 
mentation has not been described, an important finding is the 
presence of the tricuspid valve leaflets arising appropriately 
from the annulus, differentiating this lesion from Ebstein 
anomaly. Recently, newer techniques have been used to help 
characterize this lesion and to aid in planning treatment (62). 

At cardiac catheterization, a typical finding is the similar- 
ity of pressure wave contours obtained from the pulmonary 
artery, right ventricle, and right atrium. The right atrial a wave 
is dominant. There is usually systemic desaturation. Endocar- 
dial potentials, if recorded during catheterization, show nor- 
mal transition between the ventricular and atrial complexes, 
helping to rule out Ebstein anomaly (59). Angiocardiography 
demonstrates dilated right cardiac chambers with delayed fill- 
ing of the pulmonary artery and also may demonstrate a small 
right-to-left atrial shunt. 

Although a few patients have been described who lived into 
adulthood, most patients die in infancy or childhood. The typ- 
ical pathologic finding is the markedly dilated right ventricle, 
which is described as parchment-like. Histologically, the endo- 
cardium is thickened, and there are few if any true myocardial 
cells in the right ventricular free wall. Indeed, the right atrial 
wall may be thicker than the right ventricular anterior wall. 
The tricuspid valve arises normally from a dilated valve annu- 
lus and may be dysplastic but is not displaced into the right 
ventricular cavity as is typical for Ebstein anomaly. 

Medical management has been of limited value. Various 
surgical procedures have been performed, including atrial 
septal defect closure, Potts anastomosis, and Glenn anasto- 
mosis. Most attempts at surgical intervention have failed to 
prolong life to any extent. However, procedures that create 
total cavopulmonary anastomosis and right ventricular exclu- 
sion, with or without resection of the dilated right ventricular 
anterior wall, have resulted in survival into later years (63- 
65). Although this lesion is extremely rare, at least one patient 
has undergone successful heart transplantation (66) and it has 
been considered in others (67). This form of treatment seems 
to be an option for long-term survival in symptomatic patients 
with findings of Uhl anomaly. 
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EBSTEIN S ANOMALY 


History 

Wilhelm Ebstein (1836-1912) who was a German physician, 
described in a report titled, “Concerning a very rare case of 
insufficiency of the tricuspid valve caused by a congenital mal- 
formation” in 1866 the unusual cardiac findings in a 19-year- 
old laborer who had died of cyanotic heart disease (1). He 
accurately described the characteristic anatomic and the hemo- 
dynamic abnormalities of Ebstein anomaly (Fig. 39.1). By 1950, 
only three case reports of this anomaly had been published. 

Prevalence 

Ebstein’s anomaly is a rare congenital heart defect, which 
occurs in about 1/200,000 live births. It accounts for almost 
1% of all cases of congenital heart disease (2,3). 

Pathologic Anatomy 

Normally, the tricuspid valve (TV) has three leaflets: anterior, 
inferior (posterior), and septal. The leaflets of the TV develop 
equally from the endocardial cushion tissues and the myocar- 
dium (7). The leaflets and tensile apparatus of the atrioven- 
tricular (AV) valves are formed by a process of delamination of 
the inner layers of the inlet zone of the ventricles. In Ebstein’s 
anomaly, delamination of the TV leaflets fails to occur, but the 
mechanism is not entirely understood. 

Ebstein’s anomaly is a malformation of the TV and right 
ventricle (RV) characterized by (4): 

1 . Adherence of the septal and inferior leaflets to the underly- 
ing myocardium (failure of delamination) 

2. Downward (apical) displacement of the functional annulus 
(septal > inferior > anterior) 

3. Dilation of the “atrialized” portion of the RV, with variable 
degrees of thinning of the free wall 

4. Redundancy, fenestrations, and tethering of the anterior 
leaflet 

5. Dilation of the right AV junction (true tricuspid annulus) (5,6) 

Tricuspid Valve 

TV morphology in Ebstein’s anomaly is highly variable. The 
leaflets are malformed and are attached to both the TV annu- 
lus and to the right ventricular endocardium. 

It may be funnel shaped, incompetent, or rarely stenotic. 

■ Leaflets: 

□ The anterior leaflet: 

■ Usually large and is attached to the TV annulus. 

■ Generally redundant and may contain several fenes- 
trations (8) (Fig. 39.2A and B). 


■ Chordae tendineae generally are short and poorly 
formed. 

■ It may be severely deformed, so that the only mobile 
leaflet tissue is displaced into the right ventricular 
outflow tract (RVOT), where it may form a sail-like 
intracavitary curtain. 

□ The inferior and septal leaflet development is variable 
and most often rudimentary and may even be absent 
due to failure of the delamination process. 

□ Leading edges may be freely mobile with chordal and/ 
or papillary muscular support, or may be tethered 
(adherent) to the endocardium. 

□ The apical displacement of the hinge point of the valve 
from the AV ring is shown in (Fig. 39.3) (7,8). The point 
of maximal displacement is at the commissure between 
the inferior and septal leaflets (11). In normal hearts, 
the downward displacement of the septal and posterior 
leaflets in relation to the anterior mitral valve leaflet is 
<8 mm/m 2 body surface area (8). The spectrum of the mal- 
formation in Ebstein’s anomaly may range from only mini- 
mal displacement of the septal and inferior leaflets to an 
imperforate membrane or muscular shelf between the inlet 
and trabecular zones of the RV. The range of variability is 
infinite. Typical autopsy examples of Ebstein’s anomaly are 
shown in Figures 39.4 and 39.5. 

■ TV annulus 

□ There often is marked dilatation of the true TV annulus, 
which is not displaced, and a large chamber separating 
the true annulus from the functional RV is the “atrial- 
ized” portion of the RV(8) (Fig. 39.3). 

Right Coronary Artery 

The right coronary artery (RCA) demarcates the level of the 
true annulus. The thin nature of the atrial and ventricular tis- 
sue at the level of the AV groove makes the RCA vulnerable to 
kinking or distortion during RV plication, annuloplasty proce- 
dure (Figure 39.6), or TV replacement. 

Right Ventricle 

■ In Ebstein’s anomaly, the RV is divided into two regions: the 
area involved with the malformation (i.e., the inlet portion) 
that is functionally integrated with the right atrium (RA), 
and the area that is not involved by the anomaly and con- 
sists of the other two components of the RV — the trabecular 
and outlet portions, which constitute the functional RV. The 
“atrialized” portion of the RV (i.e., the inlet component) 
can become disproportionately dilated and may account for 
more than half of the RV volume instead of the usual one- 
third of the total right ventricular volume (Fig. 39.7A and B). 

■ The majority (>2/3) of hearts with Ebstein’s anomaly 
have RV dilatation. Dilatation often involves not only the 
atrialized inlet portion of the RV but also the functional 
right ventricular apex and outflow tract. In some cases, 
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Figure 39,1. Figure from Ebstein’s original case report. The 
RA and RV are shown opened along the right border begin- 
ning at the superior vena cava. A, RA; B, RV; b, valve; I, rudi- 
mentary septal leaflet of TV with its chordae tendineae, which 
insert on the endocardium of the ventricular septum; r, open- 
ing through which one can get into the right conus arteriosus, 
and in the opposite direction, one can get into the sac that is 
formed by membrane h, h', and posterior part of endocardium 
of ventricular septum o. (From Mann RJ, Lie JT. The life story 
of Wilhelm Ebstein (1836-1912) and his almost overlooked 
description of a congenital heart disease. Mayo Clin Proc 
1979;54:197-204, used with permission of the Mayo Founda- 
tion for Medical Education and Research.). 

right ventricular dilatation is so marked that the ventricular 
septum is deviated leftward, compressing the left ventricu- 
lar chamber (8). In such cases, the short- axis view demon- 
strates a circular RV and a D-shaped or crescent-shaped 
left ventricle (LV). In extreme cases, episodic left ventricular 
outflow tract obstruction (LVOTO) can occur (Fig. 39.8). 


Classifications 

A. Based on the echocardiographic appearance, Ebstein’s 
anomaly can be classified as mild, moderate, or severe (9) 
according to: 

■ Extent of the apical displacement of the TV leaflets 

■ Degree of tricuspid regurgitation (TR) 

■ Degree of RV dilatation and dysfunction 

B. Four types of Ebstein’s anomaly were proposed based on 
the anatomic findings during surgery (10) (Table 39.1). 
This is our preferred approach, which is to describe the 
exact anatomy of each of the involved structures of the 
heart as visualized at operation. This nomenclature system 
emphasizes characteristics that surgeons find important 
when considering repair of the TV. In general, classification 
systems of Ebstein’s anomaly are difficult since there are 
infinite variations in the anatomy and no two hearts are 
alike. 

C. In 1988, Carpentier et al. (11) proposed the following clas- 
sification of Ebstein’s anomaly (Fig. 39.9): 

■ Type A: the volume of the true RV is adequate 

■ Type B: a large atrialized component of the RV exists, 
but the anterior leaflet of the TV moves freely 

■ Type C: the anterior leaflet is severely restricted in its 
movement and may cause significant obstruction of the 
RVOT 

■ Type D: almost complete atrialization of the ventricle 
except for a small infundibular component. 

D. Celermajer et al. (12) described an echocardiographic grad- 
ing score for neonates with Ebstein’s anomaly, the Great 
Ormond Street Echocardiography ( GO SE) score, with 
grades 1 to 4. The ratio of the combined area of the RA 
and atrialized RV is compared to the functional RV and left 
heart. This classification is particularly helpful with neona- 
tal Ebstein’s anomaly. 

■ Grade 1: ratio <0.5 

■ Grade 2: ratio of 0.5 to 0.99 

■ Grade 3: ratio of 1.0 to 1.49 

■ Grade 4: ratio > 1.5 

Genetic Factors 

There are heterogeneous genetic factors in Ebstein’s anomaly. 
Case-control studies suggest genetic, reproductive, and envi- 
ronmental risk factors (e.g., the anomaly is more common in 
twins, in those with a family history of congenital heart disease, 
and in those with maternal exposure to benzodiazepines) (13). 
Most cases are sporadic; familial Ebstein’s anomaly is rare. 
In a genetic study of 26 families with Ebstein’s anomaly, 93 



Figure 39.2. A,B: Ebstein’s heart: marked fenestrations, and tethering of the TV anterior leaflet. (Used with 
permission of the Mayo Foundation for Medical Education and Research.) 
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Figure 39.3. Top: Normal TV with 
anterior, posterior, and septal leaflets 
in one plane. Middle: TV in right- 
sided Ebstein’s anomaly showing 
displacement of posterior and septal 
leaflets; maximal displacement is at 
the crux of the posterior and septal 
leaflets. Bottom: TV in left-sided 
Ebstein’s anomaly; the displacement 
of leaflets is similar to that in the 
right-sided anomaly. (From Ander- 
son Anderson KR, Zuberbuhler 
JR, Anderson RH et al., Morpho- 
logic spectrum of Ebstein’s anomaly 
of the heart: a review. Mayo Clin 
Proc 1979;54(3):174-180, with 
permission.) 


of 120 first-degree relatives were evaluated (14). No case of 
the anomaly was found, but two first-degree relatives had 
ventricular septal defects (VSDs), and another, who died at 
seven months, was said to have had congenital heart disease. 
Rare cases of cardiac transcription factor NKX2.5 mutations, 
10pl3-pl4 deletion, and Ip34.3-p36.ll deletion have been 
described in the anomaly (15,16). Recently, Postma et al. (17) 
reported the results of a mutational analysis in a cohort of 141 
unrelated probands with Ebstein anomaly. Eight were found 
to have a mutation in the gene MYH7 and six of the eight 
patients also had left ventricular noncompaction. This may 
warrant genetic testing and family evaluation in this subset 
of patients. 


Associated Cardaic Defects 

The most common associated cardiac defects include (18,19): 

■ Interatrial septal defects: 

□ Patent foramen ovale (PFO) or an atrial septal defect 
(ASD), mostly secundum, is present in 80% to 94% of 
the patients (20). 

■ VSD with or without pulmonary atresia. 

■ RVOT obstruction 

□ Due to structural abnormalities (pulmonic valve stenosis 
or pulmonary atresia), branch pulmonary artery 
stenosis, and, rarely, the displaced TV. 

■ Patent ductus arteriosus. 



Figure 39.4. Marked cardiomegaly caused by 
right-sided chamber dilatation in a 67-year-old 
man with severe Ebstein’s anomaly, with normal 
heart at right for comparison ( anterior view). 
(Used with permission of the Mayo Foundation 
for Medical Education and Research.) 
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Figure 39.5. Severe Ebstein’s malformation of TV (four- 
chamber view) showing marked downward displacement of 
shelf-like posterior leaflet with attachment to underlying free 
wall by numerous muscular stumps ( arrows ), markedly dilated 
atrialized portion of right ventricle (ARV), small functional por- 
tion of RV, leftward bowing of ventricular septum, and marked 
dilatation of RA. LA, left atrium; LV, left ventricle. (Used with 
permission of the Mayo Foundation for Medical Education and 
Research.) 

■ Coarctation of the aorta. 

■ One or more accessory conduction pathways are present in up 
to 15% to 20% of patients with Ebstein’s anomaly, predispos- 
ing patients to arrhythmias. The majority of these pathways 
are located around the orifice of the malformed TV (7,21). 



Figure 39.6. Pathologic specimens showing: the close relation 
between the RCA and the TV annulus. RCA (arrow) can be 
easily kinked (dashed arrow) during TV repair procedure. RCA, 
right coronary artery; TV, tricuspid valve. (Used with permission 
of the Mayo Foundation for Medical Education and Research.) 


■ Left sided heart lesions: 

□ Diastolic and systolic dysfunction 

□ Mitral valve prolapse 

□ Accessory mitral valve tissue 

□ Subaortic stenosis 

□ Bicuspid or atretic aortic valve 

□ Muscle bands of the LV 

□ Myocardial changes resembling left ventricular non- 
compaction (22) 

We recently reported features resembling noncompaction 
in three patients with Ebstein’s anomaly (25). Since then, we 
have analyzed 106 consecutive patients who had Ebstein’s 
anomaly and found left-sided heart abnormalities in 39%; 
18% of these patients had left ventricular dysplasia resembling 
noncompaction (21). 

■ Congenitally corrected transposition of the great arteries 

(cc-TGA): 

Most patients with cc-TGA have an abnormal systemic AV 
valve (morphologic TV) that fulfills the criteria for Ebstein’s 
anomaly in 15% to 50% of cases (23). The Ebsteinoid dis- 
placement (Fig. 39.10) of the TV into the morphologic RV 
is different from the classic right-sided Ebstein malformation 
in that there is usually a lack of atrialization of the RV free 
wall (24). In addition, when functioning at lower pulmonary 
pressures after a double-switch procedure, the regurgitation is 
reduced markedly; that is, it tends to be a high-pressure regur- 
gitant valve rather than a low-pressure regurgitant valve (25). 
The morphological RV (systemic ventricle) is rarely dilated in 
cc-TGA. 


Pathophysiology 

Due to the wide spectrum of anatomic severity, there is a 
wide spectrum of pathophysiology and associated symp- 
toms. The functional impairment of the RV and TV regur- 
gitation retard forward flow of blood through the right side 
of the heart. In addition, during contraction of the atrium, 
the atrialized portion of the RV balloons out and acts as 
a passive reservoir, decreasing the volume of ejected blood. 
The overall effect on the RA is dilatation, increasing the 
size of an interatrial communication. TR increases with 
progressive annular dilatation. Associated heart disease in 
Ebstein’s anomaly has an additional detrimental effect on 
cardiopulmonary physiology. Symptomatic neonates have 
massive cardiac enlargement with associated hypoplasia of 
the lungs. Due to the absence of forward flow from the inef- 
fective RV, there can be physiologic pulmonary atresia, and 
the child is dependent on ductal patency for survival. All 
systemic venous return must pass from right to left, across 
a PFO or ASD. The enormous capacitance of the RA and 
the inefficiency of the RV prevent adequate filling of the LV. 
LV output also is compromised in sick neonates, and these 
neonates are severely cyanotic and acidotic. Those with less 
severe atrialization of the RV may have adequate pulmonary 
blood flow that will further improve with the decrease in 
pulmonary vascular resistance. At the other end of the spec- 
trum, there may be only a mild degree of cyanosis, which 
may not be noted until adult life and may result in few, if 
any, symptoms. 


Clinical Presentation 

Presentation varies widely and can range from the severely 
symptomatic neonate to an incidental finding in an 
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Figure 39.7. A: Ebstein’s heart with marked dilatation of the RV. B: Severe apical displacement of the TV appa- 
ratus is shown ( double-beaded arrow), the RV in Ebstein’s anomaly is divided into two regions: the RV proper 
and the atrialized portion, which can become disproportionately dilated and may account for more than half of 
the RV volume in extreme cases instead of the usual one-third of the total right ventricular volume. RA, right 
atrium; LA, left atrium; LV, left ventricle; RV, right ventricle; RAA: right atrial appendage; aRV, atrialized right 
ventricle. (Used with permission of the Mayo Foundation for Medical Education and Research.) 


octogenarian. In general, symptoms are related to the ana- 
tomic severity. Patients with mild apical displacement and nor- 
mal function of the TV may remain asymptomatic for years 
(26). In the presence of marked tricuspid leaflet displacement 
or abnormal leaflet attachment and severe valvular regurgi- 
tation, patients will have elevated right atrial pressure, and 
significant right-to-left interatrial shunting with arterial desat- 
uration. The anomaly may be fatal shortly after birth if severe 
heart failure is present (15). 



Figure 39.8. Ebstein’s heart showing marked dilatation of the 
RV. In extreme cases, episodic LVOTO can occur with marked 
interventricular septal shift. RA, right atrium; RV, right ven- 
tricle; LV: left ventricle. (Used with permission of the Mayo 
Foundation for Medical Education and Research.) 


In a review of 220 patients with Ebstein’s anomaly, the most 
common presentation varied with age at presentation (10): 

■ Fetuses — an abnormal routine prenatal scan (86%) 

■ Neonates — cyanosis (74%) 

■ Infants — heart failure (43%) 

■ Children — an incidental murmur in children (63%) 

■ Adolescents and adults — arrhythmia (42%), decrease exer- 
cise tolerance, fatigue, or right-sided heart failure. 

Early age at presentation frequently was associated with 
other cardiac lesions, particularly pulmonary stenosis or atre- 
sia. Ebstein’s anomaly is a common lesion referred for fetal 
echocardiography because severe forms may lead to cardio- 
megaly, hydrops, and tachyarrhythmias (27,28). 

Symptoms 

Cyanosis and Heart Failure 

■ From significant TR 

■ May appear soon after birth, because of high pulmonary 
vascular resistance (10). 

■ Often improves as pulmonary vascular resistance decreases. 

Exertional Dyspnea, Fatigue, Cyanosis, and Palpitations 

■ May occur at a later age 

■ May recur; and may be insidious in onset. 

Palpitations 

■ Due to atrial tachyarrhythmia 

■ Present in 20% to 30% of cases (10,29) 

■ Some of these arrhythmias may be due to Wolff-Parkinson- 
White syndrome (WPW). 

Paradoxical Embolization 

■ In the presence of an interatrial communication, patients 
with Ebstein’s anomaly are at risk for paradoxical emboli- 
zation, brain abscesses, and sudden death. 
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table 39.1 


Types of Ebstein's Valve Based on the Anatomic Findings During Surgery 


Anterior Leaflet 

Atrialized RV Chamber 

Type Size Mobility Posterior Leaflet Septal Leaflet Size 


I 


IV 


Larger Mobile 


Apically displaced, dysplastic, or absent. 


Relatively small and displaced in a spiral fashion toward the apex. 

Restricted motion Displaced, dysplastic, and usually not 

Shortened, fused, and reconstructible. 

tethered chordae. 

Direct insertion of papillary 
muscles into the anterior 
leaflet is frequently present. 


Severely deformed 
Few or no chordae 

Direct insertion of the 
papillary muscles into the 
leading edge of the valve is 
common. 


Typically dysplastic Represented by 

or absent a ridge of fibrous 

material descend- 
ing apically from 
the membranous 
septum. 


Varies from relatively small 
to large. 

Moderately large 
Large 


Nearly the entire RV cavity 
is atrialized. 

TV tissue is displaced 
into the RVOT and may 
cause obstruction of blood 
flow (functional tricuspid 
stenosis). 


Physical Examination 

Findings vary with the severity of pathology and the magnitude 

of right-to-left interatrial shunting. 

■ Murmur and click; commonly mistaken for mitral valve 

prolapse (11). 

■ Cyanosis 

□ May be severe in infants. 

□ Mild in older children. 

□ Digital clubbing will depend on the degree of cyanosis 

( 3 °). 

■ Prominent “a” wave in the distended jugular veins. 

■ Hepatomegaly: 

□ Represents passive hepatic congestion resulting from 
TR and elevated right atrial pressure. 

□ Hepatomegaly becomes pulsatile due to systolic expan- 
sion of the liver. 

■ Palpable prominent diffuse apical impulse 

■ Systolic thrill at the left lower sternal border. 

■ Widely split first and second heart sounds, resulting from 

right bundle branch block. 

■ A prominent S3 and/or a loud S4 give the impression of 

multiple heart sounds (triple or quadruple gallop). 

■ A systolic murmur 

□ From TR 

□ Increases in intensity with inspiration and may be asso- 
ciated with a mid-diastolic murmur due to high diastolic 
flow volume across the tricuspid annulus. 

□ May be very soft or absent in adults because the low 
velocity of to- and-fro flow and rapid equalization of 
pressure across the TV does not result in blood flow tur- 
bulence. 


■ The jugular venous pulse rarely shows a large V wave 
despite severe regurgitation of the TV because the large RA 
engulfs the increased volume. 

Diagnostic Evaluation 

Chest Radiography 

The cardiac silhouette varies from almost normal to a markedly 
enlarged globe-shaped heart with a narrow waist (Fig. 39.11) 
similar to that seen with pericardial effusion. The vascular 
pedicle is narrow because the pulmonary trunk is not bor- 
der forming and the ascending aorta, with rare exception, 
often is small and inconspicuous or absent. Symptomatic 
neonates can have massive heart size (Fig. 39.12) and out- 
come is poor if the cardiothoracic ratio is >0.65. The infun- 
dibulum either straightens the left cardiac border or forms 
a convex border. The most consistent and dramatic feature 
is the enlarged right atrial silhouette; this is seldom normal 
even if the cardiac silhouette is otherwise normal. Lung fields 
may be normal or deceased due to hypoplasia from severe 
cardiomegaly. 

Electrocardiography 

Ebstein’s anomaly may be diagnosed using the electrocardiogram. 
It is rarely normal even with a mild anomaly. The major electro- 
physiologic changes include the following (31) (Fig. 39.13): 

■ Intra-atrial conduction disturbance including PR interval 
prolongation and tall P waves. 

■ Right bundle branch block 
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Figure 39.9. Carpentier classification: Type A = minor anomaly: the ARV is small. Type B = intermediate: the dis- 
placement of the septal leaflet is 2 to 3 cm, the ARV is normally contracting. Type C = severe form: the septal leaf- 
let is severely displaced, the posterior leaflet is adherent to the ventricular wall or absent, the ARV is huge with 
hypo or akinetic motion. Type D = tricuspid sac: the leaflet tissue, even the anterior one is adherent to the RV 
wall. The contractility of the RV is globally impaired. (From Chauvaud S, Carpentier A. Ebstein’s anomaly: the 
Broussais approach. Multimedia Manual of Cardiothoracic Surgery (Internet) June 26, 2008, with permission.) 



Figure 39.10. Ebsteinoid displacement of the TV {inset) in congenitally corrected transposition of great arteries 
(cc-TGA). This is different from the typical right-sided Ebstein TV. There is little if any atrialization of the RV 
free wall in cc-TGA. (Used with permission of the Mayo Foundation for Medical Education and Research.) 
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Figure 39.11. Chest radiograph: of a patient who had Ebstein’s 
anomaly with severe TR and a small ASD before TV surgery. 
This typical image shows cardiomegaly, a narrow waist, and 
a cardiothoracic ratio of 0.56. (Used with permission of the 
Mayo Foundation for Medical Education and Research.) 

■ WPW preexcitation (Fig. 39.14) 

■ Supraventricular tachycardia 

■ Atrial flutter or fibrillation 

■ Arrhythmogenic atrialized RV 

■ Deep Q waves in leads V 1-4 and in inferior leads 

Complete AV block is rare but first-degree AV block occurs 
in 42% of patients due to right atrial enlargement and the 



Figure 39.12. Chest radiograph: of a neonate with Ebstein’s 
anomaly showing massive cardiomegaly. (Used with permis- 
sion of the Mayo Foundation for Medical Education and 
Research.) 


structural abnormalities of the AV conduction system (32). 
The AV node may be compressed but is in the normal loca- 
tion. Apical displacement of the septal leaflet is associated 
with discontinuity of the central fibrous body and the septal 
AV ring with direct muscular connections, creating a substrate 
for accessory pathways and pre-excitation (33). 

More than one accessory pathway is present in 6% to 36% 
of cases (34); most of them are located around the orifice of 
the malformed TV (35). It is essential to correctly identify 
and treat these accessory pathways to prevent sudden cardiac 
death. Paroxysmal tachyarrhythmias in Ebstein’s anomaly are 
based on typical, fast-conducting AV accessory pathways with 
both antegrade and retrograde conduction properties in most 
patients (37). In addition, wide QRS tachycardia over a septal 
accessory AV pathway, ventricular tachycardia, or flutter, as 
well as ectopic atrial tachycardia, atrial flutter, and atrial fibril- 
lation, can occur (36). 

Atrial fibrillation and atrial flutter are most likely caused 
by secondary alterations of the right atrial myocardium (dila- 
tation), or may occur postoperatively and related to the atri- 
otomy scar resulting in an incisional atrial tachycardia (37). 

Echocardiography 

2-D echocardiography is the diagnostic test of choice (Fig. 39.15) 
(37). More recently, 3-D echocardiography is also being used as 
an adjunct for additional details about TV anatomy. It accurately 
evaluates the TV and the size and function of different cardiac 
chambers. 

Apical displacement of the septal leaflet by at least 8 mm/m 2 
body surface area is considered a diagnostic feature of 
Ebstein’s anomaly (8). The presence of at least three acces- 
sory attachments of the leaflet to the ventricular wall con- 
firms leaflet tethering that causes restricted motion of the 
leaflet (30). Marked enlargement of the RA and atrialized 
RV is present when the combined area of the RA and atrial- 
ized RV is larger than the combined area of the functional 
RV, left atrium (LA), and LV in the apical 4-chamber view 
at end-diastole (15). Echocardiography allows assessment of 
the site and degree of TV regurgitation and the feasibility of 
valve repair (9). Ebstein’s anomaly can be diagnosed in utero 
using fetal echocardiography in as early as the 18th week of 
pregnancy (38). Fetal echocardiography remains a challenge 
because of the small size of the heart, and it may be difficult 
to distinguish Ebstein’s anomaly from pulmonary atresia or 
other causes of TR. Important features that can be deter- 
mined echocardiographically and that can predict outcome 
in neonates with Ebstein’s anomaly include the patency of 
the RVOT, and the GOSE score (39). The GOSE score, as 
described by Celermajer, is calculated in the four-chamber 
view to create a ratio of the combined areas of the RA and 
atrialized RV compared with the functional RV, LA, and 
the left ventricular areas. Patients who have the most severe 
GOSE score (grades 3 and 4) have a very poor prognosis 
(Table 39.2). 

Cardiac Catheterization 

This rarely is necessary, apart from preoperative coronary 
angiography in older patients. Pulmonary artery pressure usu- 
ally is normal, although the right ventricular end-diastolic 
pressure may be elevated. Despite severe TV regurgitation, the 
right atrial pressure may be normal, especially with marked 
right atrial dilatation. Hemodynamic catheterization can also 
be performed in selected situations when there is left ventricu- 
lar dysfunction and suspected elevated pulmonary artery pres- 
sures or elevated left ventricular end-diastolic pressure. This is 
particularly important if a bidirectional cavopulmonary anas- 
tomosis (BDCPA) is being considered. 
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Figure 39.13. ECG of a patient with severe Ebstein’s anomaly showing the typical changes, with prolongation of 
the PR interval (226 ms), right bundle-branch block, and somewhat bizarre configuration of the QRS complex. 
(Used with permission of the Mayo Foundation for Medical Education and Research.) 


Magnetic Resonance Imaging 

Recently, cardiac magnetic resonance (CMR) imaging has 
emerged as another tool for evaluation of Ebstein’s patients 
(Fig. 39.16). It provides quantitative measurement of right 
atrial and ventricular size and systolic function even in the 
presence of significant distortion of right ventricular anatomy. 
Axial imaging provides more reliable analysis and new expres- 
sions of disease severity, such as the atrialized right ventricular 
volume. The ability to create 3-D images (Fig. 39.17) may pro- 
vide greater delineation of disease severity (40). 


NATURAL HISTORY 


It is not uncommon for Ebstein’s anomaly to be undiagnosed 
until adulthood. The oldest patient in the Mayo surgical series 
was 79 years of age at time of diagnosis and subsequent sur- 
gery. However, late diagnosis is associated with reduced sur- 
vival. The mean age of diagnosis in a study of the natural 
history of 72 unoperated patients, was 23.9 ± 10.4 years. In 
this group of patients, arrhythmias were the most common 
clinical presentation (51%) (41). The estimated cumulative 
overall survival rates were 89%, 76%, 53%, and 41% at 1, 
10, 15, and 20 years of follow-up, respectively. Predictors 
of cardiac-related death on univariate analysis included: (a) 
cardiothoracic ratio of > 0.65, (b) increasing severity of TV 
displacement on echocardiography, (c) New York Heart Asso- 
ciation (NYHA) class III or IV, (d) cyanosis, (e) severe TR, and 


(f) younger age at diagnosis. In a multivariate model, younger 
age at diagnosis, male sex, cardiothoracic ratio of >0.65, and 
the severity of TV leaflet displacement on echocardiography 
were predictors of late cardiac mortality. 


MANAGEMENT 


Neonatal Ebstein 

Neonatal Ebstein’s anomaly carries a poor prognosis, with 
reported survival of only 68% in one series (15). Surgery is 
required in the presence of heart failure or profound cyanosis. 
The surgical options include: (a) biventricular repair (Knott- 
Craig approach), (b) single ventricle pathway with right ven- 
tricular exclusion (Starnes’ approach), and, rarely, (c) cardiac 
transplantation. 

Biventricular Repair (Knott-Craig Approach) 

This approach (Figure 39.1 8 A-D) has been popularized by 
Knott-Craig (42) in which the TV is repaired and the atrial sep- 
tum is partially closed. This repair is typically a monocusp type 
based on a satisfactory anterior leaflet (43). It is important in the 
early postoperative period to allow some right-to-left shunting 
across the atrial septum, especially in the presence of elevated 
pulmonary vascular resistance and right ventricular dysfunc- 
tion. Routine right atrial reduction is important to reduce the 
size of the markedly enlarged heart to allow room for the lungs. 



Figure 39.14. ECG of a patient 
with severe Ebstein’s anomaly: 
showing sinus rhythm with 
pre-excitation (Wolf-Parkinson- 
White syndrome). (Used with 
permission of the Mayo Founda- 
tion for Medical Education and 
Research.) 
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Figure 39.15. Example of an echocardiogram 
(four-chamber view, apex down): of a patient 
with severe Ebstein’s anomaly showing a grossly 
displaced septal leaflet (arrow). The anterior 
leaflet is severely tethered and nearly immobile. 
The functional RV is small. RV, right ventricle; 
aRV, atrialized right ventricle. LA, left atrium. 
LV, left ventricle; RA, right atrium. (Used with 
permission of the Mayo Foundation for Medical 
Education and Research.) 



Postoperative care in these patients is challenging, and 
delayed sternal closure should be performed liberally. Inhaled 
nitric oxide may be helpful to decrease the pulmonary vascular 
resistance. Early arterial desaturation is not uncommon. Peri- 
toneal dialysis catheters are helpful to ensure complete decom- 
pression of the abdomen. Although early mortality is high 
(about 25%), the intermediate outcome appears to be promis- 
ing. In 2007, Knott-Craig et al. (44) reported their experience 
with 27 neonates and young infants. Associated anatomic or 
functional pulmonary atresia was present in 18 neonates, while 
VSDs, hypoplastic branch pulmonary arteries, and small LV 
were each present in three neonates. Biventricular approach 
was performed in 25 neonates with tricuspid repair in 23 of 
them. Survival to hospital dismissal was 74% with no late mor- 
tality. The median follow-up was 5.4 years with a maximum of 
12 years. Despite high early mortality compared to many other 
neonatal anomalies corrected in the first month of life, these 
results have become a benchmark for a very difficult problem. 

Right Ventricular Exclusion 

■ Starnes Approach (Fig. 39.19) 

Starnes et al. (45) pioneered the right ventricular exclusion 
approach, which involves: (a) fenestrated patch closure of the 
TV orifice, (b) enlarging the interatrial communication, (c) 
right atrial reduction, and (d) placing a systemic-to-pulmonary 
artery shunt. This approach is particularly useful when there is 
anatomic RVOT obstruction. Right ventricular decompression 
is required as it passively fills from Thebesian venous drainage; 


| Mortality Risk by GOSE Score 


GOSE Score Ratio Mortality 


1-2 

<1.0 

8% 

3 (acyanotic) 

1.1-1.4 

10% early, 45% late 

3 (cyanotic) 

1.1-1.4 

100% 

4 

>1.5 

100% 

GOSE 1:< 0.5, GOSE 2: 

0.5-1 .0, GOSE 3, 1.1- 

-1.4, GOSE 4: >1.5. 


this is usually accomplished with a 4- to 5 -mm punch fenestra- 
tion in the TV patch (46,47). This allows progressive involu- 
tion of the enlarged, dysfunctional RV, which will be helpful at 
the time of Fontan completion. If the pulmonary valve is not 
competent, this will lead to right ventricular distension and 
in these situations, ligation or closure of the main pulmonary 
artery is required. Significant right ventricular dilatation can 
lead to left ventricular dysfunction, and the above mentioned 
issues must be considered at the time of initial surgery in order 
to optimize Fontan candidacy down the road. 

■ Modified Starnes Repair (Total Ventricular Exclusion) 

Sano et al. (48) modified the Starnes single-ventricle approach 
by performing a total right ventricular exclusion in which the 
free wall of the RV is resected and closed primarily (Fig. 39.20) 
or with a polytetrafluoroethylene patch (51). This simulates a 
large right ventricular plication, which may improve the left 
ventricular filling and provide adequate decompression to the 
lungs and LV. 

The postoperative care is similar to any shunt-palliated 
patient with a univentricular heart. The primary goal is to 
optimize systemic perfusion while obtaining adequate oxy- 
genation. Delayed sternal closure and peritoneal drainage also 
are helpful. Close surveillance is required between the first and 
second stage procedure (BDCPA), which usually is performed 
between 3 and 6 months of age. 

Reemtsen et al. (49) reported the results of the single- 
ventricle pathway in 16 neonates; two patients underwent 
TV repair, one patient had heart transplantation, 10 patients 
had a right ventricular exclusion procedure with a fenestrated 
TV patch, and three patients had a right ventricular exclusion 
with a nonfenestrated patch. Operative survival was 80% in 
those with a fenestration versus 33% without. All survivors 
had a successful BDCPA (second stage), and three patients had 
Fontan completion. 

Cardiac Transplantation 

With the improved results of the biventricular and single ven- 
tricle approaches, transplantation rarely is performed in the 
current era. Cardiac transplantation remains an option in the 
most severe forms of Ebstein’s anomaly, particularly when 
there is significant left ventricular dysfunction. Scarcity of 
organ donors and the side effects of immunosuppression are 
the main limitations. The availability of smaller ventricular 



CHAPTER 39 ■ Ebstein's Anomaly, Congenital Tricuspid Valve Regurgitation, and Dysplasia 899 



Figure 39.16. A-F: Cardiac MRI show- 
ing: Systolic and diastolic contours of 
functional RV and ARV in (A,B) axial 
and (C,D) short-axis views. E: Severity 
index representing ratio of areas of RA 
and ARV in numerator and summa- 
tion of functional RV and left atrium 
and left ventricular areas in denomina- 
tor (i.e., severity index = [right atrial 
area + atrialized right ventricular area]/ 
[functional right ventricular area + left 
atrial area + left ventricular area]). F: 
Degree of apical displacement of septal 
leaflet of TV (in millimeters) measured in 
ventricular diastole. fRV, functional RV; 
aRV, atrialized right ventricle; RA, right 
atrium; LA, left atrium; LV, left ventri- 
cle. (Reprinted from Yalonetsky S, et al. 
Cardiac magnetic resonance imaging and 
the assessment of ebstein anomaly in 
adults. Am J Cardiol 2011;107(5):767- 
773, Epub 2011 Jan 19, with permission 
from Elsevier.) 



support devices and advances in neonatal extracorporeal 
membrane oxygenation have provided mechanical support 
options in the perioperative period for these infants undergo- 
ing conventional operation. 

Children and Adults 

Medical 

Regular congenital cardiology evaluations for patients with 
Ebstein’s anomaly are essential. Bacterial endocarditis prophy- 
laxis may be required in the presence of prosthetic materials 
or patches that were used for the repair. Recommendations 
for physical activity are summarized by Task Force 1 on Con- 
genital Heart Disease. In mild Ebstein’s anomaly, with nearly 
normal heart size, and in absence of arrhythmias, athletes 
can participate in all sports. However, in severe Ebstein’s 
anomaly, activity is restricted unless it has been optimally 
repaired with near normal heart size and no arrhythmias. 
Although rare in the current era, those who are not candidates 
for surgery are treated with standard heart failure regimens. 


Angiotensin-converting enzyme inhibitors have unproven 
efficacy in cases of right-sided failure, but they are used fre- 
quently as part of a heart failure regimen. Individualized man- 
agement of arrhythmias with medical treatment combined 
with operative or catheter-based intervention is recommended. 

Catheter Ablation 

Patients with tachyarrhythmias should undergo electrophysi- 
ologic evaluation with mapping and radiofreqency ablation 
of accessory pathways. The success rate of catheter ablation 
in Ebstein’s patients is lower than in those with structurally 
normal hearts, and there is an increased risk of recurrence 
(50,51). Atrial tachyarrhythmias (fibrillation and flutter) are 
treated surgically at the time of operation. 

Surgery 

Indications for Surgery 

Apart from asymptomatic patients with no right-to-left shunt- 
ing, and mild cardiomegaly, most patients require surgical inter- 
vention. The current indications for surgery include: presence 
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Figure 39.17. A,B: Three-dimensional reproduction of heart with Ebstein anomaly demonstrating: views of TV 
from (A) short axis and (B) axial imaging. aRV, atrialized right ventricle; fRV, functional right ventricle; LA, left 
atrium. LV; left ventricle; RA, right atrium; RVOT, right ventricular outflow tract. TVAL, TV anterior leaflet; 
TVPL, TV posterior leaflet; TVSL, TV septal leaflet. (Reprinted from Yalonetsky S, et al. Cardiac magnetic reso- 
nance imaging and the assessment of ebstein anomaly in adults. Am J Cardiol 2011;107(5);767— 773. Epub 2011 
Jan 19, with permission from Elsevier.) 


of symptoms, cyanosis, and paradoxical embolization. Patients 
who have decreased exercise performance, progressive increase 
in cardiothoracic ratio, progressive right ventricular dilatation 
and dysfunction, onset or progression of arrhythmias, will ben- 
efit from surgical intervention. In the presence of class III or IV 
NYHA or significant symptoms, medical treatment has little to 
offer and the surgery will be the best chance for improvement. 
Echocardiographic assessment of the TV plays a key role in deci- 
sion making regarding valve repair versus replacement. High 
probability of successful valve repair supports earlier operation. 

Principles of Surgery for Ebstein's Anomaly 

The following principles are the goals of surgery: (a) closure 
of any intracardiac communications, (b) TV repair or replace- 
ment, (c) ablation of arrhythmias, (d) selective plication of 
the atrialized RV from apex to base, (e) reduction right atrio- 
plasty, and (f) repair of associated defects (e.g., closure VSD). 

Tricuspid Valve Repair 

The goal of operation is to obtain a competent TV, preserve 
right ventricular contractility, and to decrease the risk of late 
rhythm disturbances. 

History 

Repair of the TV was reported in 1959 in two patients who 
had Ebstein’s anomaly; both died (52). In 1962, the TV was 
replaced, which was a successful operative intervention for the 
regurgitant valve (53). Several other methods for TV repair 
were described but they were associated with high early mor- 
tality and unsatisfactory late results (54) in this early era. 

The Mayo Clinic Experience 

Danielson Repair 

This repair technique was reported in 1979 and was based on 
the creation of a monocusp valve using the anterior leaflet. 


This consisted of plication of the free wall of the atrialized 
RV, posterior tricuspid annuloplasty, and right reduction atrio- 
plasty (55). 

Modified Danielson Repair 

We have incorporated various modifications since then, 
depending on the numerous variants encountered with 
Ebstein’s hearts (56). One of these modifications involves 
bringing the anterior papillary muscle(s) toward the ventricular 
septum, which facilitates coaptation of the leading edge of the 
anterior leaflet with the ventricular septum (Fig. 39.21A-C). 
Generally, an anteroposterior tricuspid purse-string or ringed 
annuloplasty is used, and atrialized right ventricular plication 
is performed selectively. This results in a TV repair at the level 
of the functional annulus, in contrast to the original repair, 
which brought the hinge point of the functional annulus up to 
the true annulus. A more recent modification includes patch 
augmentation of the mid-anterior leaflet with surgical delami- 
nation of attachments to the anterior and/or inferior leaflets. 

In a recent review of 539 patients with Ebstein anomaly 
that had 604 cardiac operations, the mean age was 24 years 
(range, 8 days to 79 years) and 317 were female. One hundred 
and forty-three (26.5%) patients had a prior invasive cardiac 
procedure. At the time of the first operation, 182 patients had 
TV repair, and 337 had TV replacement. The 30-day mortal- 
ity was 5.9% for the entire cohort (2.7% after 2001). Late 
survival was 84.7% at 10 years and 71.2% at 20 years (57). 

The Brazil Experience (da Silva Approach) 

Recently, we have adopted the cone repair described by Dr. da 
Silva from Brazil when the anatomy allows, as this technique is 
the most anatomic of all the repair techniques described (details 
of cone technique are described below) (Fig. 39.22 A-J). Spe- 
cifically, some septal leaflet should be present, which facili- 
tates this repair technique. As noted above with the modified 
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Figure 39.18. A-D: Biventricular repair of neonatal Ebstein (Knott-Craig): A: Partition of the TV orifice^ into two 
openings by approximation of the annuloplasty stitch. B: Once the valve is judged to be competent, the “caudal 
orifice is closed, thereby plicating the atrialized portion of the RV. C: Creation of a competent monocuspid valve 
by taking down the anterior leaflet from the annulus, fenestrating it, and augmenting it with a pericardial patch. 
D: The ASD is closed with a fenestrated patch, and an annuloplasty stitch is placed with one pledgetted end in the 
coronary sinus and the other pledgetted end at the location of the commissure between anterior and posterior leaf- 
lets. ASD, atrial septal defect. (Reprinted from Knott-Craig CJ, Goldberg SP. Management of neonatal Ebstein’s 
anomaly. Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu 2007;112-116, with permission from Elsevier.) 
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Figure 39.19. Starnes repair of neonatal 
Ebstein anomaly (EA). (Reprinted from 
Knott-Craig CJ, Goldberg SP. Management 
of neonatal Ebstein’s anomaly. Semin Tho- 
rac Cardiovasc Surg Pediatr Card Surg Annu 
2007;112-116, with permission from Elsevier.) 
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Figure 39.20. Sano “RV exclusion” 
procedure. ASD, atrial septal defect. RV, right 
ventricle. TV, tricuspid valve. (Reprinted 
from Knott-Craig CJ, Goldberg SP. Manage- 
ment of neonatal Ebstein's anomaly. Semin 
Thorac Cardiovasc Surg Pediatr Card Surg 
Annu 2007;10:112-116, with permission 
from Elsevier.) 
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monocusp technique, we also have a low threshold to augment 
anterior leaflet size to facilitate leaflet coaptation. The cone 
technique represents the most anatomic repair by completion 
of the delamination process of the TV, providing 360 degrees 
of leaflet tissue around the AV junction with its hinge point at 
the AV groove (true annulus). Although not initially described 
with this technique, we do supplement the repair with a flex- 
ible anterior annuloplasty band from anteroseptal commissure 
to inferseptal commissure whenever possible. 

The French Experience (Broussais Approach) 

In 1988, Carpentier et al. (11) proposed a repair that used 
mobilization of the anterior leaflet of the TV. For their types B 
and C, temporary detachment of the anterior leaflet and adja- 
cent part of the posterior leaflet was followed by longitudinal 
plication of the atrialized ventricle and adjacent RA, reposi- 
tioning of the anterior and posterior leaflets to cover the orifice 
area at the normal level, and remodeling and reinforcement of 
the tricuspid annulus with a prosthetic ring. 

From 1980 to 2007, 269 patients were operated on with 
this technique. The mean age was 25 ± 16 years (1 to 70 years). 
Forty-two percent and sixteen percent were in functional class 
III and IV, 39% were cyanotic and 58% with permanent sinus 
rhythm. Ninety-eight percent underwent TV repair and 2% 
(five patients) had replacement. The overall hospital mortal- 
ity was 9% (24 patients). Actuarial survival at 20 years was 
80 + 5%. Eighty- four percent were in functional class I or II. 
Residual TV insufficiency (grade 3+) was present in 7%, but 
it was usually well tolerated when a bidirectional shunt was 
performed. Reoperations occurred in 9% (20 pts), two were 
transplanted, 12 patients had a second repair and six patients 
a valve replacement. Eighty-four percent remained in sinus 
rhythm, 5% experienced supraventricular tachycardia (usu- 
ally well tolerated), and 6% had a persistent atrial fibrillation. 
Seven patients (5%) had an AV block and a pacemaker was 
implanted. It is unclear whether late problems will develop 
because of devitalized TV tissue related to reattachment. 

The Cone Reconstruction (da Silva) 

In 2007, da Silva et al. (58) published a series of 40 patients who 
had repair with the cone reconstruction (Fig. 39.22A-J). The 


operative mortality was 2.5%. Mean follow-up was 4 years 
(range, 3 months to 12 years), only one patient died and two 
patients required late TV rerepair. The cone technique has 
the potential to cause TV stenosis, although no patient in his 
series had this complication. Additional follow-up is required 
to determine the long-term durability of this method of repair. 

We consider the following as relative contraindications to 
the cone reconstruction technique: (a) age >50 years, (b) mod- 
erate pulmonary hypertension, (c) significant left ventricular 
dysfunction: ejection fraction <30%, (d) complete failure of 
delamination of the septal and posterior leaflets with poor 
delamination of the anterior leaflet (<50% ), (e) severe right 
ventricular enlargement, and (f) severe TV annular dilatation 
(right AV junction) 

The Ventriculization Procedure 

Ullmann et al. (59) published their results with the ventriculiza- 
tion procedure in 2004. This is characterized by reintegration 
of the atrialized portion of the RV into the right ventricular 
cavity (ventricularization). This can be obtained by orthotopic 
transposition of the detached septal and posterior leaflets of 
the TV. The reimplanted septal leaflet serves as an opposing 
structure for coaptation of the reconstructed AV valve (59). 
Between March 1993 and April 2003, they performed this 
technique in 23 patients aged 13.6 (4.1 to 52.6) years. One 
early death (4.4%) occurred and was caused by right heart 
failure. Follow-up was 4.6 (0.5 to 10.9) years. Rupture of the 
fixation sutures occurred in three patients (13%) causing sig- 
nificant AV valve regurgitation, which required reintervention 
at 3 (0.03 to 4) months postoperatively, with rerepair of the 
valve in two patients and replacement in the other one (51). 

Other Reported Techniques 

Many others, including Hetzer et al. (60) and Quaegebeur 
et al. (61), have reported their repair techniques for Ebstein’s 
anomaly in older children and adults. Wu and Huang (62) 
reported a series of 34 consecutive patients who underwent 
removal and reattachment of the posterior and septal leaflets 
with or without pericardial reconstruction of the septal leaflet. 
There were no operative mortality and there was only mild 
or no TR in all patients at time of hospital dismissal. Mean 
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Figure 39.21. A: Basic principles of one of the modified Danielson technique for repair of the TV. The maneuvers 
are designed to progressively bring the leading edge of the anterior leaflet closer to the ventricular septum, or 
septal leaflet to optimize leaflet coaptation and establish competence of the valve. The base of the intact major 
papillary muscle, which arises from the free wall of the RV, is moved toward the ventricular septum at the 
appropriate level with pledgeted horizontal mattress sutures. Inset: Coronal view of the RV and RA demonstrat- 
ing a small dimple effect that occurs in the anterior free wall of the RV after this maneuver is completed. B: The 
inferior angle of the tricuspid orifice is closed by bringing the right side of the anterior leaflet down to the septum 
and plicating the nonfunctional inferior leaflet in the process (arrow). Inset: After all of the mattress sutures are 
secured, improved proximity of the leading edge of the anterior leaflet with the ventricular septum is noted. 
C: Plication of the inferior angle of the annulus with pledgeted mattress sutures (arrow). An anterior pursestring 
annuloplasty (arrowhead) may be performed to further narrow the tricuspid annulus. This annuloplasty may 
begin at the anteroseptal commissure, anterior to the membranous septum, and end beyond the inferoseptal 
commissure, adjacent to the coronary sinus. Alternatively, the annuloplasty can be performed posterolaterally 
to reduce the size of the annulus, which also brings the free wall closer to the septum. CS, coronary sinus; AL, 
anterior leaflet; IL, inferior leaflet; PFO, patent foramen ovale; VS, ventricular septum; LV, left ventricle; RV, 
right ventricle. PV, pulmonary valve. (Copyrighted and used with permission of Mayo Foundation for Medical 
Education and Research.) 


follow-up was 25 months (range, 1 to 55 months), with no 
evidence of TR in 28 patients (82%), mild regurgitation in 
three patients (9%), and moderate regurgitation in three (9%). 
Chen et al. (63) published their results of vertical plication 
and valve leaflet reimplantation in 2004. Twenty-five patients, 
with a mean age of 14 years, had TV repair. The majority of 
patients did well, with good functional outcomes, but 40% of 
them had moderate to severe TR postoperatively, and three 
patients required reoperation at an average follow-up of 


4.1 years. Thus, TV repair techniques continue to evolve, and 
there is not one universally correct repair technique because of 
the variations in anatomy of patients with Ebstein’s anomaly. 

Tricuspid Valve Replacement 

Every effort should be made to repair the TV rather than replac- 
ing it, but if TV repair is not feasible, then porcine biopros- 
thetic valve replacement remains a good alternative. We prefer 
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Figure 39.22, A-J: Operative steps for “da Silva technique” for Ebstein’s anomaly repair: A: The first incision 
is made with a no. 15 blade in the anterior leaflet at 12:00; the incision is a few millimeters away from the true 
annulus. The incision is then extended rightward in a clockwise fashion using a scissors. It is common for there 
to be a true space between the anterior leaflet and the RV in this region (i,e., normally delaminated leaflet). How- 
ever, when the transition is met between the anterior and inferior (posterior) leaflets, it is common for there to be 
failure of delamination (inset) resulting in fibrous and muscular attachments between the leaflet and myocardium. 
The diagram demonstrates the scissors approaching the area where there is some adherence of leaflet tissue to the 
underlying myocardium. The dissection continues in a way that a portion of distal anterior leaflet and some infe- 
rior leaflet tissue is “surgically delaminated.” The most important aspect of this surgical delamination is to incise 
all fibrous and muscular attachments between the body of the leaflet and the right ventricular myocardium, but 
to maintain intact all fibrous and (and occasionally muscular) attachments of the leading edge of the leaflet to the 
underlying myocardium. Importantly, do not disrupt chordal attachments to the leading edge of any leaflet. LV, 
left ventricle; RA, right atrium; RV, right ventricle. (Copyrighted and used with permission of Mayo Foundation 
for Medical Education and Research.) B: As the anterior and surgically delaminated inferior leaflet is reflected 
away from the right ventricular myocardium, all fibrous and muscular attachments into the body of the underside 
of the leaflet are incised as shown with the scissors. It is important to keep all attachments of the leading edge of 
the leaflet intact; if the edge is linearly attached, then surgical fenestrations are created as depicted earlier. The 
dotted triangle represents the atrialized RV. (Copyrighted and used with permission of Mayo Foundation for 
Medical Education and Research.) C: Dissection is continued with a scissors with the goal of taking down all 
attachments between the septal leaflet and myocardium but preserving all attachments of the leading edge to the 
endocardium as described above. The dissection should proceed medially all the way to the anteroseptal commis- 
sure. The leaflet tissue is typically very fragile and thin in this area. There can be marked variability in the status 
of the leading edge of the septal leaflet as was described for the anterior and inferior leaflets. If there is a linear 
attachment, then surgically created fenestrations are also made in this leaflet (not shown). (Copyrighted and used 
with permission of Mayo Foundation for Medical Education and Research.) D: Intraoperative photo demonstrat- 
ing the mobilized anterior and inferior ( posterior ) leaflets. Natural fenestrations are shown at the junction of the 
anterior and inferior leaflets (arrows). (Copyrighted and used with permission of Mayo Foundation for Medical 
Education and Research.) 
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Figure 39.22. (Continued) E: After the anterior, inferior, and septal leaflets have been completely mobilized, the 
cut edge of the inferior leaflet is rotated clockwise to meet the proximal edge that has been prepared of the septal 
leaflet. The two are approximated with interrupted 6-0 monofilament sutures completing the cone reconstruc- 
tion. This results in 360 degree of leaflet tissue that will make up the new TV orifice. (Copyrighted and used with 
permission of Mayo Foundation for Medical Education and Research.) F: After the cone reconstruction is com- 
pleted, the atrialized RV is examined to determine if plication is necessary. Note the position of the RCA in the 
true TV annulus and keep in mind that there are acute marginal branches of the RCA that can be compromised 
with plication. This figure demonstrates the technique for internal plication of the atrialized RV. Monofilament 
5-0 is utilized and the suture is begun distally, that is, closest to the apex of the RV. It is important to frequently 
examine the outside of the inferior wall of the RV to insure that inadvertent compromise of branches of the RCA 
is avoided. (Copyrighted and used with permission of Mayo Foundation for Medical Education and Research.) 
G: The suture line is advanced toward the base of the heart, that is, toward the AV groove. As the dotted lines 
of the triangle are effectively approximated, the atrialized RV is excluded. It is important for this suture line to 
stop approximately 1 cm before reaching the AV groove to avoid injury or distortion of the RCA. After the sides 
of the triangle are approximated, the entrance into the excluded atrialized segment of the RV is then closed to 
eliminate the “blind pouch.” (Copyrighted and used with permission of Mayo Foundation for Medical Educa- 
tion and Research.) H: After the plication or resection is completed, the newly constructed TV is then reattached 
at the level of the true tricuspid annulus. Because the neoTV will have an orifice that is smaller than the original 
dilated AV junction, a plication of the inferior annulus is necessary to meet the size of the neoTV. The inferior 
annulus is usually plicated with two to four simple or figure-of-eight 5-0 monofilament sutures. Proper placement 
of these sutures is critical to the success of this repair. The sutures need to be deep enough to maintain the integ- 
rity of the new annulus intact without compromising or significantly distorting the RCA. If the size discrepancy 
between the true tricuspid annulus and the neoTV is large, smaller annular plication sutures should be placed in 
multiple areas around the true annulus to avoid distortion of the RCA by a large plication in a single area. To 
avoid heart block, the suture line is deviated slightly cephalad to the membranous septum and AV node, which 
is marked by the previously mentioned vein and fatty tissue. RCA, right coronary artery. (Copyrighted and used 
with permission of Mayo Foundation for Medical Education and Research.) 
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Figure 39.22. (Continued) I: The completed cone reconstruction of the TV. Saline is injected via bulb syringe into 
the RV to examine competency of the TV. Any residual fenestrations or areas of leak are repaired as needed. 
A subtotal closure of the PFO or ASD is usually performed. If it is felt that a bidirectional Glenn shunt is needed 
because of a small effective orifice of the neoTV, or because of severely depressed RV function; then the intra- 
atrial communication may be closed completely. Redundant RA is excised from each side of the atriotomy and 
then the atriotomy is closed. RCA, right coronary artery. (Copyrighted and used with permission of Mayo 
Foundation for Medical Education and Research.) J: The completed cone reconstruction of the TV for Ebstein’s 
anomaly. This represents an “anatomic repair” because there is 360 degrees of tricuspid leaflet tissue that sur- 
rounds the orifice of the TV and it is anchored at the level of the normal right AV junction (true TV annulus). 
Extreme forms of thinned, atrialized RV are plicated and redundant RA is excised. (Copyrighted and used with 
permission of Mayo Foundation for Medical Education and Research.) 


bioprostheses to mechanical valves due to the relatively good 
durability (Fig. 39.23) and the lack of need for anticoagulation 
(64,65). Fiowever, bioprosthetic valves are less durable and 
are more prone to structural vale deteriorations in infants 
and young children than in adults with a high likelihood of 
reoperation (66,67). This decreased durability in young chil- 
dren is related to increased calcification and also to rapid 
somatic growth that results in patient-prosthesis mismatch. 
On the other hand, mechanical valves in the tricuspid posi- 
tion are associated with higher frequency of thromboembolic 
complications especially in the presence of right ventricular 
dysfunction (68). 


To avoid the potential for RVOT obstruction during TV 
replacement, the anterior leaflet tissue toward the RVOT is 
excised. The suture line is deviated to the atrial side of the 
AV node and membranous septum to avoid injury to the con- 
duction tissue (Fig. 39.24). The AV node location usually is 
marked by a small vein crossing the tricuspid annulus adjacent 
to the membranous septum. The suture line should be deviated 
toward the atrial side of the TV annulus anteriorly and poste- 
rolaterally where the tissues frequently are very thin to avoid 
injury to the vulnerable RCA. The coronory sinus, can be left 
to drain into the RA if there is a sufficient distance between 
it and the AV node; but if the distance is short, then it can be 




Figure 39.23. A,B: Patients were divided into two groups (<12 years old, and >12 years old) and stratified into 
patients who had TV repair or replacement. The age cutoff was chosen because an adult-sized TV prosthesis can 
generally be inserted into a 12-year-old patient. In survival free from late reoperation on the TV, there was no 
difference between repair and replacement in adult patients (>12 years old). However, there was a significant 
advantage for young patients (<12 years old) who had a TV repair versus TV replacement (p < 0.001). (Copy- 
righted and used with permission of Mayo Foundation for Medical Education and Research.) 
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Figure 39.24. A,B: Diagram for TV replace- 
ment technique; in Ebstein’s anomaly. A: The 
valve suture line is placed on the atrial side of 
the membranous septum and AV node to avoid 
injury to the conduction system. The suture line 
is also deviated cephalad to the tricuspid anu- 
lus posterolaterally when the tissues are thin, to 
avoid injury to the RCA. When there is sufficient 
distance between the coronary sinus and the AV 
node, the coronary sinus may be left on the atrial 
side of the suture line. B: The sutures are tied 
with the heart perfused and beating to ensure 
that a conducted rhythm is preserved. (Copy- 
righted and used with permission of Mayo Foun- 
dation for Medical Education and Research.) 


left to drain into the RV in order to avoid AV block by sutures 
placed too close to the conduction tissue. The struts of the por- 
cine bioprosthesis should straddle the area of the membranous 
septum and conduction tissue also as an effort to avoid AV 
block. After septal defects are closed, tricuspid replacement 
can be performed on bypass without aortic clamping, which 
also can be helpful when there is significant ventricular dys- 
function because it reduces the ischemic time. It is advisable to 
tie the sutures while the heart is beating, to detect any rhythm 
disturbance that may happen. 

We prefer mild or less regurgitation after repair but accept 
moderate regurgitation to delay the time of valve replacement 
as much as we can in young children. In our experience in 
both pediatric and adult populations, bioprostheses in the tri- 
cuspid position have greater durability than bioprostheses in 
other cardiac positions, even when compared with tricuspid 
bioprostheses for non-Ebstein cases (57). This may be due, in 
part, to the large size of bioprosthesis that can be implanted 
relative to the patient somatic size and, the other factor may be 
the low right ventricular systolic pressure that is almost always 
present in Ebstein’s anomaly. Both of these factors decrease 
turbulence and stress on the bioprosthesis. We avoid the use 
of mechanical valves in the tricuspid position in the presence 
of significant right ventricular dysfunction, as the discs may 
not open and close properly, which will increase the chance of 
valve thrombosis despite adequate anticoagulation. Mechani- 
cal valve replacement can be considered for adult patients who 
are taking warfarin anticoagulation for other indications and 
who want to potentially minimize the need for a subsequent 
reoperation for bioprosthetic deterioration provided right ven- 
tricular function is reasonable. 

One and Half Ventricle Repair 

The BDCPA has been used in selected patients with Ebstein’s 
anomaly. The BDCPA does two important things in the set- 
ting of Ebstein’s anomaly. First, it reduces venous return to 
the enlarged, dysfunctional RV by approximately one-third, 
and second, it provides sufficient preload to the LV to sustain 
adequate systemic perfusion when right-sided output is low. 
While some surgeons apply the BDCPA to repair of Ebstein’s 
anomaly routinely (French reference), it has been our approach 
to utilize it selectively (Quinnonez and Hanley reference). 


Indications for the BDCPA include: (a) severe RV enlarge- 
ment and/or dysfunction, (b) a squashed LV (D-shaped LV), (c) 
moderate degree of TV stenosis (mean gradient >6 mm Hg) as 
a result of reduction in the valve orifice area after repair, and 
(d) RA:LA pressure ratio >1.5, which indicates poor RV func- 
tion. Other indications include preoperative cyanosis at rest 
or with exercise, which also indicates decreased RV function. 

The BDCPA has the following disadvantages: (a) pulsations 
of the head and neck veins, (b) facial swelling, (c) develop- 
ment of pulmonary arteriovenous fistulae (69) and, (4) com- 
promised access to the heart from the internal jugular vein 
approach for electrophysiologic studies or for pacemaker 
placement, if needed in the future. 

Left ventricular dysfunction may be present in Ebstein’s 
anomaly especially when there is a significant right ven- 
tricular dilatation or dysfunction. Whether this is due to a 
change in the geometry of the LV because of RV enlargement 
or whether it is due to an actual reduction in LV function is 
not known. However, it is important to document by direct 
pressure measurements the pulmonary arterial and left atrial 
pressures (LAP) before committing to a BDCPA. We prefer 
that the left ventricular end-diastolic pressure (LVEDP) is <12 
mm Hg, the transpulmonary gradient <10 mm Hg, and the 
mean pulmonary arterial pressure <16 mm Hg, before con- 
sidering a BDCPA. LV dysfunction can cause an increase in 
LVEDP, LAP, and pulmonary artery pressures. However, it 
often is still feasible to perform BDCPA in the presence of 
moderate left ventricular dysfunction (ejection function of 
35% to 40%) in the setting of Ebstein’s anomaly, but permis- 
sible hemodynamics should be confirmed. The BDCPA also 
may allow greater amounts of residual TR to be tolerated. The 
smaller regurgitant volume and the unloading of the RV may 
allow patients to tolerate longer intervals between repeat TV 
operations performed for failing TV prostheses or progres- 
sive valve regurgitation. Finally, if the repair has resulted in 
mild or moderate tricuspid stenosis (mean gradient 5 to 10 
mm Hg) the gradient will be reduced by reduction in systemic 
venous return with the BDCPA (70). Chavaud et al. (71,72) 
and Quinonez et al. (73) have proposed that the use of a bidi- 
rectional cavopulmonary shunt may decrease operative mor- 
tality and facilitate postoperative management when there is 
severe right ventricular dysfunction. The application of the 
BDCPA in patients with Ebstein’s anomaly is increasing: in a 
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series of 150 patients in a European registry, approximately 
26% underwent a 1.5-ventricle repair (74). The late results of 
the BDCPA approach are unknown. 

We believe that the use of cavopulmonary anastomosis in 
Ebstein’s anomaly should be reserved for selected patients until 
the late outcomes are well described, but it is considered a prom- 
ising option especially in the presence of right heart failure. 

Plication of Atrialized Right Ventricle 

Plication (Fig. 39.22F and G) or resection of the atrialized 
portion of the RV in Ebstein’s anomaly is controversial. The 
theoretical advantages may include: (a) decreasing the size of 
the nonfunctioning portion of the RV, which may speed the 
exit of blood from the right side of the heart, (b) minimizing 
the pancake effect of the RV on the LV, which may improve 
the left ventricular contractility and cardiac output, (c) elim- 
inating tension on the TV repair, especially with a complex 
repair that incorporates multiple suture lines (e.g., cone recon- 
struction), and (d) allowing more space for the lung since the 
RV is reduced in size. The potential risk with the plication or 
resection process is the interruption of some coronary arterial 
supply to the RV, and the risk of RCA injury, both of which 
will predispose to ventricular arrhythmias and compromise 
ventricular function. 

In our practice, plication of the atrialized RV is done selec- 
tively. We plicate the atrialized RV if it is thin, transparent, 
and dyskinetic intraoperatively. We always inspect the right 
coronary and posterior descending coronary arteries during 
the plication process to insure that it is not kinked or compro- 
mised during the course of plication. 

Right Reduction Atrioplasty 

There is almost always a significant right atrial dilatation in 
Ebstein’s anomaly; so we perform right reduction atrioplasty 
routinely at the time of atriotomy closure. We take great care 
to avoid suture placement in the crista terminalis at the time of 
atriotomy closure in order to decrease the incidence of atrial 
tachyarrhythmias (75,76). 

Surgical Treatment of Arrhythmias 

The most common atrial tachyarrhythmias in Ebstein’s anom- 
aly are atrial fibrillation and flutter. We have used successfully 
the right-sided cut-and-sew lesions of Cox-maze III procedure 
in Ebstein’s anomaly. With the availability of newer devices 
such as radiofrequency or cryoablation, the procedure time 
for maze procedure is shortened significantly. Consequently, 
our current preference is to perform a biatrial maze proce- 
dure, particularly when there is chronic atrial fibrillation, left 
atrial dilation, or concomitant mitral regurgitation. We follow 
the lesions in both atria that have been previously described 
(77,78) (Fig. 39.25). In the presence of atrial flutter, we prefer 
to add a “right atrial isthmus” lesion, which is the postero- 
lateral TV annulus to the coronary sinus to the inferior vena 
cava. We also make an effort to close the left atrial appendage. 

In patients with AV nodal re-entrant tachycardia who 
underwent unsuccessful ablation in the electrophysiologic lab- 
oratory preoperatively, we perform perinodal cryoablation on 
cardiopulmonary bypass after opening the RA and closure of 
the intracardiac shunt. This involves multiple applications of 
the cryoprobe around and in the ostium (os) of the coronary 
sinus, which is then carried anteriorly toward the proximal 
AV node until temporary complete heart block is noted, at 
which time the rewarming is begun; normal AV conduction 
returns shortly thereafter. In case of accessory conduction 
pathway as in WPW syndrome, mapping and ablation is per- 
formed routinely preoperatively. Intraoperative mapping and 
ablation is rarely performed in the current era. 



Figure 39.25. Diagram showing: location of cryoablation 
blocking lines for atrial flutter/fibrillation. TV, Tricuspid valve; 
AVN, AV node; CS, coronary sinus; SAN, sinoatrial node; 
SVC, superior vena cava; FO, foramen ovale; IVC, inferior 
vena cava. (Copyrighted and used with permission of Mayo 
Foundation for Medical Education and Research.) 


Heart Transplantation 

Heart transplantation rarely is necessary for Ebstein’s anomaly. 
In our experience, the indication for transplantation is usually 
the presence of severe biventricular dysfunction (left ventricu- 
lar ejection fraction <25%). On the other hand, patients with 
severe right ventricular dysfunction and normal or mild to 
moderately depressed left ventricular dysfunction are better 
served with a BDCPA at the time of TV repair or replacement. 
Other indications for transplantation include patients with 
significant left ventricular dilation and dysfunction and those 
with severe mitral regurgitation with significant left ventricu- 
lar dysfunction. To determine the feasibility of transplantation 
versus conventional surgery, hemodynamic cardiac catheteri- 
zation to ascertain left-sided filling pressures and pulmonary 
artery pressures is recommended. 


PREGNANCY AND EBSTEIN'S ANOMALY 


Pregnancy in the presence of Ebstein’s anomaly always poses 
a challenge. Fertility is not affected, but close observation 
always is required by the treating obstetrician and cardiolo- 
gist to optimize the best outcome. In an analysis of pregnancy 
outcome in four females, Chopra et al. (79) reported that preg- 
nancy was well tolerated and there were eight vaginal deliv- 
eries with two premature ones. The mean birth weight was 
2.54 ±0.88 kg. No cardiac anomaly was found in six babies, 
but there was an unexplained death in one and no data was 
available in the other one. One patient had right heart failure 
during early pregnancy, and another one had an arrhythmia 
during labor, which was managed medically. Among the Mayo 
Clinic experience (80), we recorded a total of 275 pregnancies 
among 82 women. The incidence of congenital heart disease 
in children of a parent with Ebstein anomaly was 3.9%, which 
is significantly higher than the expected incidence of 0.75% 
in the general population. However, it is nearly identical to 
the 4% incidence in Ebstein anomaly reported by Drenthen 
et al. (81) and previous reports from our institution (82). In 
addition, it is consistent, with the incidence in children born 
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Figure 39.26. Freedom from any reoperation is shown 
with the time zero being the first operation at Mayo Clinic. 
(Copyrighted and used with permission of Mayo Foundation 
for Medical Education and Research.) 


to a parent with aortic stenosis, pulmonary stenosis, or VSD 
(1.2% to 3.9%, Cl 0.01% to 7.5%) (81).” 


FUNCTIONAL OUTCOME AFTER SURGERY 

Most of the literature focuses on survival and reoperation with 
very little discussion about the functional outcome for patients 
with Ebstein’s anomaly after surgery. We recently reported our 
experience of 539 patients with Ebstein’s anomaly who under- 
went 604 cardiac operations (80). The mean age at the initial 
operation was 24 years (range 8 days to 79 years) and 53% 
were female. Survival at 5, 10, 15, and 20 years was 94%, 
90%, 86%, and 76%, respectively. Survival free of late reop- 
eration (Fig. 39.26) was 86%, 74%, 62%, and 46% at 5, 10, 
15, and 20 years, respectively. Two hundred and thirty-seven 
(83%) patients were in NYHA functional class I or II, and 
34% were taking no cardiac medication. The reported exer- 
cise tolerance was comparable to that of the patients’ peers. 
In a small subset of these patients, formal exercise testing 


was conducted (83,84). There was improvement in exercise 
tolerance (Fig. 39.27) after operation, but this improvement 
was believed to be a result of the elimination of the right-to-left 
shunt at the atrial level rather than improvement in ventricular 
function. Late reoperation, rehospitalization, and atrial tach- 
yarrhythmias continue to be a problem, with a rate of freedom 
from rehospitalization (for cardiac causes including reopera- 
tion) of 91%, 79%, 68%, 53%, and 35% at 1, 5, 10, 15, and 
20 years, respectively (72). Thus, further improvements in the 
durability of TV repair and replacement, as well as improved 
control of atrial arrhythmias, may lead to improved quality of 
life in patients with Ebstein’s anomaly. 


CONGENITAL NON-EBSTEIN TRICUSPID VALVE 
REGURGITATION 

Congenital TV regurgitation is a relatively uncommon condi- 
tion that includes a heterogenous group of lesions with a unique 
management strategy. There are wide anatomical variations 
that lead to TR in patients without Ebstein malformation. Pos- 
sible etiologies may include primary valve abnormalities, for 
example, congenital absence of chordae (85) or TV dysplasia 
in congenitally unguarded TV orifice (86), and patients with 
pulmonary atresia and intact ventricular septum (87), which 
can be similar to the valves of Ebstein’s anomaly, or second- 
ary regurgitation in association with other anomalies as in 
atrio VSDs (88), cc-TGA (24), congenital coronary arterial 
fistula with secondary right ventricular enlargement (89), and 
Uhl’s anomaly (90). Iatrogenic causes in infants, children, and 
adolescents include TR secondary to previous VSD closure 
(chordal or leaflet injury), pacemaker or internal cardiodefi- 
brillator lead-induced TR (91), and traumatic TR (ruptured 
chordae) (92). The presentations depend on the severity of 
the disease and it may be apparent in infancy, childhood, or 
adulthood (93). 

In general, there are two categories of TV dysplasia — those 
with and those without downward displacement. Cases with 
downward displacement, which is due to failure of delami- 
nation of valve leaflets from underlying myocardium, are by 
definition, Ebstein malformation. Although downward dis- 
placement often is given as the sole feature of Ebstein malfor- 
mation, dysplasia of the leaflets and subvalvar apparatus are 



Figure 39.27. Self-reported 
activity scale after operation 
for Ebstein anomaly is shown 
with the percentage of survey 
responders who rated their exer- 
cise tolerance related to other 
people their own age on a scale 
of 1 to 10. (Copyrighted and 
used with permission of Mayo 
Foundation for Medical Educa- 
tion and Research.) 
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an almost universal feature as well. The pathognomic findings 
of Ebstein malformation are downward displacement, whether 
or not features of dysplasia are present, and a myopathy of the 
RV as a result of failure of delamination. When downward 
displacement is absent, then the anatomic entity is referred to 
as “tricuspid valvular dysplasia (94).” 

Echocardiography confirms the diagnosis, determines the 
degree of TR, allows accurate evaluation of the tricuspid leaf- 
lets and subvalvar apparatus (displacement, tethering, dyspla- 
sia, etc.), size and function of the RV and LV, and detection of 
an ASD. 

Magnetic resonance imaging (MRI) is being used increas- 
ingly in all types of patients with cardiac disease, including 
those with Ebstein’s anomaly and other forms of congenital 
TR. Functional assessment can be made including quantitative 
measurements of left and right ventricular size and function. 
At the present time, we utilize echocardiography (2- and 3-D) 
for evaluation of TV anatomy and MRI for assessment of right 
ventricular size and function. 

TR has been considered a benign lesion for a long time, but 
recent studies suggest that irrespective of pulmonary artery 
pressure or left ventricular ejection fraction, TR negatively 
affects long-term survival (95). The reported 2-year postopera- 
tive event-free survival in the presence of severe preoperative 
right ventricular dysfunction is 57% (96), Severe TR induces 
chronic right ventricular volume overload, which leads to 
progressive ventricular dilatation, dysfunction, and eventu- 
ally right-sided heart failure. Timely correction of TR will 
preserve right ventricular function, improve functional capac- 
ity, and improve long-term survival. TV repair is the preferred 
treatment strategy when it is feasible, particularly in children. 
Optimal timing is now recommended before the onset of 
right ventricular dysfunction even in asymptomatic patients 
(97,98). The surgical indications in TR are not clearly identi- 
fied, but generally include symptoms or cyanosis (when ASD 
is present), decreased exercise tolerance, progressive cardio- 
megaly on chest x-ray, progressive right ventricular dilatation 
or reduction of right ventricular systolic function by echocar- 
diography, or appearance of atrial or ventricular arrhythmias. 
In borderline situations, the echocardiographic determination 
of high probability of TV repair makes the decision to proceed 
earlier with operation easier. This may be explained by the 
following: few data exist on postoperative outcomes; and the 
overall prevalence of TR as compared with left-sided valvular 
disease is low. 

The goal of operation is repair of the TV whenever pos- 
sible. In order to increase the number of successful TV repairs, 
particularly in children, we have been utilizing a cone-type 
reconstruction (58,99), which results in 360 degrees of tri- 
cuspid leaflet tissue surrounding the right AV junction. This 
allows leaflet tissue to coapt with leaflet tissue, similar to what 
occurs with normal TV anatomy. The hinge point of the recon- 
structed TV is at the true TV annulus (AV junction). Alterna- 
tively, a monocusp-type repair based on a large anterior leaflet 
has also been successful (57,64). It is important that the repair 
is tension free. In order to facilitate this, augmentation of the 
mid-anterior leaflet with an ellipse of autologous pericardium 
or other pliable synthetic material can increase the height of 
the anterior leaflet, which facilitates coaptation with the ven- 
tricular septum while minimizing tension at an inferior annu- 
loplasty line. Importantly, we avoid the creation of complete 
pericardial leaflets (from annulus to leading edge) because of 
poor durability. We use flexible annuloplasty C-shaped rings 
(from anteroseptal commissure to inferoseptal commissure) 
liberally since significant tricuspid annular dilation is often 
present and the possibility of iatrogenic tricuspid stenosis is 
low. Finally, closure of intra-atrial shunts and right reduction 
atrioplasty are routine, and the maze procedure is performed 
when atrial tachyarrhythmias are present. 


Prosthetic TV replacement remains a good alternative for 
the treatment of TR when valve repair is not feasible. Porcine 
bioprosthetic valve replacement, as opposed to mechanical 
valve replacement, is generally preferred because of relative 
good durability of the porcine bioprosthesis in the tricus- 
pid position and the lack of need for chronic warfarin anti- 
coagulation. Mechanical TV replacement should be advised 
in selected circumstances since there is a higher frequency 
of prosthetic valve dysfunction (thrombosis) compared to 
mechanical valves in other cardiac positions, particularly 
when right ventricular function is poor. In general, postop- 
erative management includes short term (3 months) warfarin 
anticoagulation for porcine bioprostheses and life long aspi- 
rin, 8 1 mg daily. When a mechanical valve is used, the target 
international normalized ratio (INR) is 3 to 3.5 in addition to 
aspirin, 8 1 mg daily. 

The wide and infinite variability of anatomic abnormal- 
ity with Ebstein malformation and congenital TV dysplasia 
demonstrate that every valve is a little different and no two 
hearts are alike... illustrating why this lesion continues to be 
one the most challenging valve lesions for the surgeon. There 
have been more reports in the literature of tricuspid valvu- 
loplasty techniques for Ebstein malformation and congenital 
tricuspid dysplasia than any other valve lesion in the cardiac 
arena. While the ability to obtain a competent, durable tricus- 
pid repair has improved in recent years, the surgical treatment 
of the congenitally abnormal TV is still considered palliative 
since the many patients will require more than one operation 
in their lifetime. 


UHLS ANOMALY 


History 

William Osier in 1905 described the term “parchment heart,” 
but Henry Uhl reported the first case in 1952 (100). 

Pathology 

In Uhl’s anomaly, there is complete or partial absence of the 
myocardial layer of the RV and the endocardium and the 
epicardium become opposed, but the septal component, sep- 
tomarginal trabeculation, and the papillary muscles of the TV 
are normally muscularized (101). The absence of myocardium 
may be the result of primary nondevelopment of myocytes 
or a form of selective apoptosis. Most cases are sporadic and 
Feucht et al. (102) suggested the role of vascular endothelial 
growth factor in the induction of this cardiovascular malfor- 
mation. 

Prevalence 

Uhl’s anomaly is extremely rare. Gerlis et al. (103) in 1993 
reported only 84 cases since the beginning of the 20th century. 
It is mainly sporadic although some familial occurrences have 
been reported. 

Clinical Presentation 

Congestive heart failure with associated peripheral edema 
and pleural effusion is the most frequent symptom. Arrhyth- 
mias and conduction disturbances are not common in Uhl’s 
anomaly as in arrhythmogenic right ventricular dysplasia 
due to the absence of foci that transmit abnormal electrical 
activity (103). 
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Associated Anomalies 

Pulmonary atresia with intact ventricular septum 


Differential Diagnosis 

■ Ebstein’s anomaly 

■ Arrhythmogenic right ventricular dysplasia: 

In arrhythmogenic right ventricular dysplasia, there is a 
patchy replacement of the right ventricular muscle with fibro- 
fatty tissue. Arrhythmia, palpitations, syncope, or sudden 
death are common presentations. 

Treatment 

Treatment includes medical management of congestive heart 
failure, and drainage of pleural effusions. Surgical options 
include: 

■ Right ventricular exclusion (104): with atrial septectomy, 
BDCPA, and closure of the TV orifice. 

■ One-and-half ventricle repair (105): with BDCPA and 
partial right ventriculectomy and atrial septectomy. 

■ Cardiac transplantation (106). 
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C ongenital obstruction to right ventricular outflow is most 
commonly due to pulmonary valve stenosis, but may also 
be intracavitary or supravalvar and involve the main and 
branch pulmonary arteries. Pulmonary stenosis at some level, 
with and without other associated lesions, occurs in 25% to 
30% of all patients with congenital heart disease. This chapter 
discusses all levels of pulmonary stenosis with intact ventricu- 
lar septum. 


ISOLATED VALVAR PULMONARY STENOSIS 

Isolated pulmonary valve stenosis is found in 80% to 90% of 
all patients with right ventricular outflow obstruction. It was 
described in 1761 by John Baptist Morgagni (1) and initially 
was thought to be rare. With improved diagnostic capability, 
however, pulmonary valve stenosis has been found in 8% to 
10% of patients with congenital heart disease. 

Familial occurrence of pulmonary stenosis has been 
reported. Campbell (2) found a 2.1% incidence of cardiac 
disease, usually pulmonary stenosis or tetralogy of Fallot, in 
siblings of patients with pulmonary stenosis. In the Second 
Natural History Study of Congenital Heart Defects, the occur- 
rence of definite and possible congenital cardiac defects in 
1,356 siblings of 449 patients with valvar pulmonary stenosis 
was 1.1% and 2.1%, respectively (3). 

Embryology and Pathology 

The process of cardiac valve development begins with migra- 
tion of a subset of endothelial cells lining the inner layer of 
the developing heart tube into the extracellular matrix that 
separates the inner endothelial layer from the outer layer of 
myocardium, forming cardiac cushions precisely in the areas 
overlying the future atrioventricular canal and outflow tract. 
The cells forming these cushions continue to proliferate and 
differentiate into mesenchymal cells. Whereas the mitral and 
tricuspid valves are derived only from endocardial cushion tis- 
sue, the final development of the aortic and pulmonary valves 
involves migration of neural crest cells from the branchial 
arches to the distal outflow tract where aortopulmonary sep- 
tation will take place (4,5). Further remodeling of these cush- 
ions culminate in the formation of thin, tapered leaflets with 
a single endothelial cell layer and a central matrix of collagen, 
elastin, and glycosaminoglycans. 

Normal valve development involves several signaling path- 
ways that tightly regulate endothelial cell differentiation and 
remodeling, and is also dependent on the interaction between 
these endothelial cells, the extracellular matrix, and the sur- 
rounding myocardium (6). The complex interaction between 


these pathways can be disrupted at various levels, resulting 
in a malformed valve. For example, deletion of CXCR7, a 
G-protein-coupled receptor found in cushion mesenchymal 
cells in the developing heart, resulted in aortic and pulmonary 
valve stenosis in mouse embryos due to excessive proliferation 
of mesenchymal valve cells associated with increased bone 
morphogenetic protein signaling (7). Deletion of Ptpnll exon 
2, which encodes the protein tyrosine phosphatase SHP-2 
involved in another signaling pathway, results in dysplastic 
outflow valves (8). Notably, PTPN11 mutations are found in 
patients with Noonan syndrome and LEOPARD syndrome, 
both manifesting pulmonary valve stenosis (9-11). Research 
to date has elucidated disruptions that affect the development 
of both the pulmonary and aortic valves, but factors resulting 
specifically in pulmonary valve abnormalities have yet to be 
recognized. The pathways controlling the later stages of valve 
remodeling that would affect one or the other semilunar valve 
are not yet known. 

In the classic form of pulmonary valve stenosis, the valve 
is conical or dome shaped, and two to four raphes may be 
visible, but there is no separation into valve leaflets (12) 
(Fig. 40.1). Less commonly, the valve may be diffusely thick- 
ened with one, two, or three leaflets and commissural fusion. 
A distinct pathology termed pulmonary valve dysplasia has 
been described in 10% to 20% of patients (13). Dysplastic 
valves are trileaflet with markedly thickened cusps composed 
of disorganized myxomatous tissue and little, if any, fusion 
(Fig. 40.2). The valve annulus is usually hypoplastic. This 
entity is found in most patients with Noonan syndrome and 
may be seen in nonfamilial cases. 

Secondary changes in the right ventricle (RV) and pulmo- 
nary arteries can occur as a result of pulmonary valve obstruc- 
tion. The RV, particularly the infundibular region, becomes 
diffusely hypertrophied. Hypertrophy of the infundibulum 
can produce dynamic subvalvar obstruction (Fig. 40.1). At 
autopsy, small myocardial infarctions frequently have been 
seen in the subendocardium of the right ventricular free wall 
and papillary muscles in patients with severe pulmonary ste- 
nosis. Thickening of the tricuspid valve and chordal attach- 
ments may be present, and the valve may become regurgitant. 
The right atrium may be thick and dilated as a result of the 
increased pressure necessary to fill the hypertrophic RV. In 
many cases, a patent foramen ovale or, less often, an atrial 
septal defect is seen. 

Most patients develop poststenotic dilation of the pulmo- 
nary artery trunk, sometimes extending to the proximal left 
pulmonary artery (LPA). One notable exception to this finding 
is in patients with dysplastic pulmonary valves. The degree 
of dilation is not necessarily proportional to the severity of 
obstruction, often being more pronounced in mild cases. Post- 
stenotic dilation may result from the high-velocity jet of flow 
ejected through the small valve orifice. 
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Figure 40.1. A schematic illustration of pulmonary valve ste- 
nosis with intact ventricular septum. A: Valvular stenosis with 
“doming” of the pulmonary valve. B: The secondary infundib- 
ular hypertrophy can be seen. LV, left ventricle; PA, pulmonary 
artery; RV, right ventricle. 


Physiology 

The main physiologic effect of valvar pulmonary stenosis is a 
rise in right ventricular pressure proportional to the severity 
of obstruction. This elevation of right ventricular pressure is 
accompanied by an increase in muscle mass that occurs by 
one of two mechanisms, depending on the stage of develop- 
ment. Work in animal models has shown that the fetal and 
neonatal myocardium responds to increased afterload by 
hyperplasia of the muscle cells with a concomitant increase in 



Figure 40.2. Right ventricular angiogram of a child with dys- 
plastic pulmonary valve stenosis. The view is anteroposterior 
with cranial angulation. Note the thickened, irregular leaflets 
and relatively small annulus. Supravalvar narrowing is present, 
and the main pulmonary artery is not dilated. 


the number of capillaries (14). In contrast, the adult myocar- 
dium responds with hypertrophy of the existing fibers, with 
no change in the capillary network. Thus, the neonatal myo- 
cardium may be better adapted to generate the high pressures 
necessary to overcome severe obstruction. Increased muscle 
mass may enable the hypertensive RV to maintain a normal 
stroke volume. If the size of the stenotic orifice remains fixed, 
however, the degree of obstruction becomes relatively more 
severe as the patient grows. The RV eventually may dilate 
and fail. This process is exacerbated by the development of 
tricuspid insufficiency in many patients with severe pulmo- 
nary stenosis. Right ventricular failure may occur in infancy 
if severe neonatal obstruction is present. As right ventricular 
output decreases with a failing ventricle, adequate tissue oxy- 
genation can be maintained only by increasing tissue oxygen 
extraction. Any increase in oxygen demand, such as during 
exercise, may result in frank peripheral cyanosis. In patients 
with a patent foramen ovale or atrial septal defect, central 
cyanosis is observed as a result of right-to-left atrial shunt- 
ing when the right atrial pressure exceeds the left atrial pres- 
sure. Progressive hypertrophy and decreased compliance of 
the RV, or myocardial failure with subsequent dilation, may 
lead to central cyanosis in some initially well-compensated 
patients. 

When the degree of valvar pulmonary stenosis is severe 
enough to cause a decrease in fetal right ventricular output, 
a larger-than-normal atrial right-to-left shunt is established 
in utero. This condition has been termed critical pulmonary 
stenosis (15). The RV is often hypoplastic because of severe 
hypertrophy and the effects of reduced flow through the RV 
during development (Fig. 40.3). At birth, affected infants are 
cyanotic and have systemic or suprasystemic right ventricu- 
lar pressure. Even if the stenosis is relieved, right-to-left atrial 
shunting and cyanosis often persist for months after the steno- 
sis is relieved, until there is a decrease in the right ventricular 
hypertrophy and an increase in right ventricular size. 

Manifestations 

Clinical Features 

Most patients with valvar pulmonary stenosis are asympto- 
matic, and the diagnosis usually is made when a pathologic 
murmur is detected on routine examination. Symptoms are 
rarely present in childhood but become more common with 
increasing age in patients with moderate to severe stenosis. 
Initial symptoms usually consist of exertional dyspnea 
and fatigue due to inability of the RV to increase its out- 
put in response to exertion. If the stenosis is not relieved, 
right heart failure may ensue. Cyanosis may be observed 
in patients with an atrial communication. Occasionally, 
patients with moderate to severe stenosis may experience 
chest pain, syncope, and even sudden death with strenuous 
exercise. Decreased myocardial perfusion caused by inad- 
equate cardiac output during exercise, leading to ischemia 
and ventricular arrhythmias, is thought to be the mechanism 
for these events. 

Children with valvar pulmonary stenosis usually exhibit 
normal growth and development regardless of the severity of 
obstruction. Squatting is extremely rare even in patients with 
significant central cyanosis. If squatting is present, other diag- 
noses, especially tetralogy of Fallot, should be sought. 

Infants with critical pulmonary stenosis are cyanotic 
at birth, and the cyanosis may be severe enough to be life 
threatening (15). Although the right ventricular cavity is 
often relatively hypoplastic, the atrial communication is 
usually large enough to maintain cardiac output and pre- 
vent right heart failure at the expense of cyanosis. Symptoms 
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Figure 40.3, Right ventricular angiogram of a 1 -day-old infant with critical pulmonary valve stenosis and intact 
ventricular septum. Right ventricular pressure was suprasystemic. A: The anterior view with cranial angulation 
shows a hypoplastic RV and a small, regurgitant tricuspid valve. B: The same findings are demonstrated in the 
corresponding lateral view. The pulmonary valve annulus is mildly hypoplastic, and the leaflets are thickened and 
“domed.” A thin jet of flow directed anteriorly is seen, and the main pulmonary artery is dilated. 


of right-sided heart failure may be seen in some newborns 
with significant tricuspid insufficiency or may develop in 
untreated infants if the atrial communication becomes inad- 
equate with growth. 

The auscultatory findings in valvar pulmonary stenosis 
are quite distinctive, often allowing the diagnosis to be made 
based only on the physical examination (16) (Fig. 40.4). The 
first heart sound is normal, and in patients with mild or mod- 
erate stenosis, it is followed by a pulmonary ejection click. The 
click corresponds to the time when the doming pulmonary 
valve reaches its open position. The more severe the stenosis, 
the earlier in systole the click occurs, until it merges with the 
first heart sound and becomes inaudible. The intensity of the 
click varies with respiration, decreasing during inspiration and 
increasing during expiration. 

The systolic murmur of valvar pulmonary stenosis is ejec- 
tion in quality and maximal at the upper left sternal border. 
It may radiate over the entire precordium and neck, but char- 
acteristically is heard in the back. In general, the intensity of 
the murmur increases with the severity of obstruction. Mild 
stenosis is associated with murmurs of grade 3 or lower, and 
moderate to severe stenosis with grade 4 or louder. Patients 
with severe stenosis and right heart failure may have an unu- 
sually soft murmur because of low cardiac output. The length 
of the murmur is proportionately related to the duration of 
right ventricular ejection, which is determined primarily by 
the severity of obstruction. With more severe obstruction, the 
murmur peaks later in systole. In mild stenosis, the murmur is 
relatively short and peaks at or before midsystole (Fig. 40.4). 
In moderate stenosis, the murmur ends at or slightly after the 
aortic component of the second heart sound, which remains 
audible. With severe obstruction, the murmur extends beyond 
the aortic closure sound, which may become inaudible. A soft, 
early diastolic murmur of mild pulmonary insufficiency is 
rarely heard and usually results from progressive pulmonary 
trunk dilation. 

Patients with mild pulmonary valve stenosis have normal 
“a” waves and therefore normal jugular venous pulsations. 


PULMONIC STENOSIS 
SM 





Figure 40.4. Schematic illustration of phonocardiograms in 
mild to severe valvular pulmonary stenosis. SI, first heart 
sound; E, ejection sound; SM, systolic murmur; A2, aortic 
component of the second heart sound; P2, pulmonic com- 
ponent of the second heart sound; S4, fourth heart sound. 
(Modified from Vogelpoel L, Schnre L. Auscultatory and 
phonocardiographic assessment of pulmonary stenosis with 
intact ventricular septum. Circulation 1960;22:55; Perloff JK. 
Congenital pulmonic stenosis. In: The Clinical Recognition of 
Congenital Heart Disease. 4th ed. Philadelphia, PA: WB Saun- 
ders, 1994:209.) 
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With more severe obstruction, the “a” wave becomes progres- 
sively larger, and abnormal pulsations may be felt both in the 
jugular venous pulse and in the liver. In infants and children, 
jugular venous pulsations are often difficult to appreciate, 
even in the presence of large “a” waves. 

A prominent right ventricular systolic impulse and a sys- 
tolic thrill almost always can be palpated in patients with 
severe pulmonary stenosis. Typically, the thrill is located at the 
second to third intercostal space, but it may also be felt at the 
suprasternal notch. The thrill may be absent in young infants 
with severe stenosis and in patients with congestive heart fail- 
ure and low cardiac output. When the stenosis is mild, the 
precordium is quiet and a thrill is not present. 

The second heart sound in pulmonary stenosis is usually 
split, and the degree of splitting is proportional to the degree 
of stenosis. The split may become fixed in severe stenosis as a 
result of a fixed stroke volume. The intensity of the pulmonary 
component of the second heart sound typically decreases with 
increasing obstruction, which may make the splitting difficult 
to appreciate. Occasionally, in mild stenosis, the pulmonary 
closure sound is louder than normal because of marked dila- 
tion of the pulmonary artery trunk. A fourth heart sound often 
is heard at the lower left sternal border in patients with severe 
stenosis. When a third heart sound is heard, the presence of an 
atrial septal defect should be suspected. 

The cardiac examination in infants with critical pulmonary 
stenosis may differ from that of older patients with severe 
obstruction. The systolic murmur of pulmonary stenosis may 
be deceptively soft as a result of decreased flow across the pul- 
monary valve in the presence of an atrial right-to-left shunt. 
A holosystolic murmur of tricuspid insufficiency may be present 
lower along the left sternal border, or a patent ductus murmur 
may be audible along the mid to upper sternal border. Either 
of these may be the predominant murmur. The pulmonary clo- 
sure sound is typically absent. Significant cardiomegaly may 
be detected by precordial palpation, most commonly due to 
right atrial enlargement. 

Electrocardiographic Features 

The electrocardiogram can be somewhat useful in assessing 
the severity of obstruction in patients with pulmonary valve 
stenosis. As many as 40% to 50% of patients with mild steno- 
sis have a normal electrocardiogram. Slight rightward devia- 
tion of the QRS frontal axis is often the only abnormality. The 
R-wave amplitude in the right precordial leads rarely exceeds 
10 to 15 mm. A right ventricular conduction delay is com- 
monly present. 

In moderate pulmonary stenosis, the electrocardiogram is 
almost always abnormal, with only 10% of patients having 
a normal tracing. Right axis deviation is usually present. The 
R:S ratio in VI is usually >4:1, and the R wave is typically 
<20 mm. The T waves in the right precordial leads are upright 
in approximately 50% of patients. 

In severe pulmonary stenosis, the electrocardiogram is 
rarely normal (Fig. 40.5). The mean frontal QRS axis is usu- 
ally >110 degrees, and not uncommonly, extreme right axis 
deviation is seen. A pure R, RS, or QR is the usual pattern in 
the right precordial leads, and the R wave is usually >20 mm. 
The R:S ratio in V6 may be <1.0. The T waves may be upright 
or inverted in the right precordial leads, and the P waves are 
abnormally tall and peaked in lead 2 and in the right precordial 
leads, indicating right atrial enlargement. 

It is possible to estimate the right ventricular pressure in 
patients between 2 and 20 years of age if a pure R wave is 
present in lead V4R or VI. The height of the R wave in mil- 
limeters, multiplied by 5, approximates the right ventricular 
systolic pressure in millimeters of mercury (14). Occasion- 
ally, infants with severe stenosis, in whom the RV may be 




Figure 40.5. Electrocardiogram of a child with severe valvar pul- 
monary stenosis. Note the qR complex and inverted T in V4R. 

hypoplastic, have a more leftward axis than expected (in the 
range of +30 to +70 degrees) as well as evidence of left ven- 
tricular hypertrophy. A superior axis, sometimes accompanied 
by a conduction abnormality of the left bundle, also has been 
described in some patients with pulmonary stenosis. There 
may be a correlation between these findings and Noonan syn- 
drome, with its associated cardiomyopathy. 

Radiographic Features 

The most distinctive feature in valvar pulmonary stenosis is 
a prominent main pulmonary artery segment resulting from 
poststenotic dilation of the pulmonary trunk and sometimes 
the LPA (Fig. 40.6). This finding is present in 80% to 90% 
of cases, but it may be absent in infants, in patients with 
dysplastic pulmonary valve, and in cases of rubella syn- 
drome. The apex of the heart is usually rounded and points 
downward. The right atrial segment may be prominent, more 
commonly in patients with associated tricuspid insufficiency 
or atrial septal defect. A left aortic arch is virtually always 
present. 

Heart size and pulmonary vascularity are usually normal in 
patients with mild to moderate stenosis. In the absence of right 
ventricular failure, even with severe obstruction, only mild 
cardiomegaly is seen. When heart failure develops, marked 
cardiomegaly results due to right atrial and right ventricular 
enlargement, and pulmonary vascularity is decreased as a 
result of a reduction in pulmonary flow. Cardiomegaly is com- 
monly present in infants with severe or critical pulmonary ste- 
nosis, and pulmonary vascularity is severely reduced because 
of the large atrial right-to-left shunt (Fig. 40.7). 

Two-Dimensional Echocardiography 

The 2-D echocardiogram clearly demonstrates the typical 
features of the stenotic pulmonary valve from the standard 
and high parasternal short-axis and long-axis views as well 
as the subcostal sagittal views (Fig. 40.8). The valve leaflets 
usually appear prominent because of thickening. Systolic 
motion is restricted, with inward curving of the tips of the 
leaflets, known as doming. Associated features, such as post- 
stenotic dilation of the main and branch pulmonary arteries, 
also are easily recognized. Right ventricular hypertrophy, 
contractility of the RV, as well as anatomy and function of 
the tricuspid valve should be assessed. Evidence of dynamic 
subpulmonary stenosis should be sought, but the severity may 
be impossible to estimate in the presence of more than mild 
valvar stenosis. 
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Figure 40.6. Roentgenogram of a boy with severe valvar pulmonary stenosis and suprasystemic right ventricu- 
lar pressure. A: Anteroposterior view. Note the prominent right cardiac border and rounded apex pointing 
downward. The main pulmonary artery segment is dilated. Pulmonary vascularity is normal. B: The lateral view 
demonstrates prominence of the RV with increased filling of the space between the thoracic wall and anterior 
border of the heart. 


The diagnosis of dysplastic pulmonary valve usually can 
be ascertained by echocardiography. The leaflets appear thick- 
ened and immobile, without the characteristic doming seen 
in typical cases. The pulmonary valve annulus is hypoplastic, 
and supraannular narrowing of the proximal main pulmonary 
artery is often present. The poststenotic pulmonary artery 
dilation seen in classic cases is absent. 



Figure 40.7. Roentgenogram of a 1 -day-old infant with critical 
pulmonary stenosis and congestive heart failure. The heart is 
markedly enlarged. The right heart border is due to severe right 
atrial enlargement. The pulmonary vascularity is diminished as 
a result of right-to-left shunting at the atrial level. 


Doppler Evaluation 

The Doppler echocardiogram allows quantitative assessment 
of severity of pulmonary valve stenosis by estimating the pres- 
sure drop across the pulmonary valve (Fig. 40.9). The sim- 
plified Bernoulli equation P = 4V2 2 is used, where P is the 
peak instantaneous pressure gradient (mm Hg), across the 
obstructed pulmonary valve, and V2 is the peak flow velocity 
(m/s), distal to the obstructive orifice. If significant subpulmo- 
nary stenosis coexists, VI (the peak flow velocity proximal 
to the obstruction) must be taken into account. The Doppler 
beam must be aligned parallel with the main pulmonary artery 
trunk or the direction of the flow jet as seen on color Dop- 
pler. If tricuspid insufficiency is present, the Doppler technique 
can be used to calculate the pressure difference (?) between 
the right atrium and RV by measuring the peak flow velocity 
(V) of the tricuspid insufficiency jet. Right ventricular pressure 
then can be estimated by adding the pressure gradient to the 
estimated right atrial pressure. 

Several studies have documented excellent correlation 
between the Doppler-derived gradient and that obtained by 
direct pressure measurement at catheterization (17,18). It 
should be recognized, however, that the Doppler-derived 
peak instantaneous pressure gradient exceeds the peak-to- 
peak pressure gradient measured at catheterization by a small 
amount. In pulmonary valve stenosis, this difference is clini- 
cally insignificant, and the two measurements are close enough 
to obviate the need for diagnostic catheterization in most 
patients until intervention becomes necessary. 

The development of color Doppler 2-D echocardiography 
has contributed to the diagnostic accuracy of pulmonary valve 
stenosis by demonstrating an abnormal flow pattern originat- 
ing at the stenotic valve (Fig. 40.8). Normal flow is coded as 
red or blue, depending on whether it is directed toward or 
away from the transducer, respectively. High-velocity, turbu- 
lent flow through stenotic lesions appears as a mosaic jet with 
green, yellow, and other shades. Visualization of the jet by 
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Figure 40.8. A: Parasternal short-axis view from a 1 -day-old infant with critical pulmonary valve (PV) 
stenosis (same patient as in Fig. 40.3). Note the thickened, “doming” leaflets in systole. The PV annulus is 
hypoplastic compared with the aortic valve annulus. There is poststenotic dilation of the main pulmonary 
artery (MPA). B: Color Doppler through the stenotic PV shows a mosaic pattern indicating high-velocity, 
turbulent flow originating at the level of the PV. A, anterior; AO, aorta; R, right; RV; right ventricle. 


color also facilitates optimization of the alignment between 
the Doppler sample volume and the direction of flow, increas- 
ing the accuracy of the measured gradient. 

Cardiac Catheterization 

The refinement of 2-D and Doppler echocardiography over 
the past three decades has had a dramatic impact on the use 
of cardiac catheterization in the management of pulmonary 
valve stenosis. Because diagnosis and exclusion of other sig- 
nificant lesions can now be accomplished noninvasively, the 
role of catheterization has become largely therapeutic. Balloon 
pulmonary valvuloplasty has supplanted surgical valvotomy 
as the treatment of choice for this lesion (19). 


Hemodynamics 

The most important measurements made at catheterization are 
the right ventricular pressure compared with systemic arterial 
pressure and the pressure gradient across the pulmonary valve. 
A resting right ventricular pressure >30 to 35 mm Hg and a 
pressure gradient across the pulmonary valve of >10 mm Hg 
are considered abnormal. An end-hole catheter is used to 
obtain carefully the withdrawal pressure recordings from the 
pulmonary artery to the body of the RV to assess the severity 
and location of any stenoses. In the presence of associated 
infundibular obstruction, pressure gradients are encountered 
across the pulmonary valve and also across the infundibulum. 
In the infundibular chamber, the pressure curve is usually 


Figure 40.9. Continuous-wave Dop- 
pler recording from the parasternal 
short-axis view of a patient with severe 
pulmonary valve stenosis. The high- 
velocity systolic flow with a negative 
deflection from the baseline results 
from a jet directed away from the trans- 
ducer from the RV to the main pulmo- 
nary artery. The peak velocity of the jet 
is 5.2 m/s, equivalent to a peak pressure 
gradient of 110 mm Hg across the pul- 
monary valve. 
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Figure 40.10. Right ventricular angiogram of a 17-year-old girl with severe pulmonary valve stenosis (RV pres- 
sure 122/16 mm Hg). A: Anteroposterior view with cranial angulation shows a thickened, “domed” pulmonary 
valve and poststenotic dilation of the main pulmonary artery. B: Lateral projection with similar findings. 


triangularly shaped, with a fall in the late systolic pressure 
resulting from progressive narrowing of the outflow tract 
during ventricular contraction (20). The right ventricular end 
diastolic pressure may be normal, but usually it is elevated 
with severe obstruction or right ventricular failure. The right 
atrial pressure is normal in mild to moderate obstruction, 
but tall right atrial “a” waves usually are seen with severe 
obstruction. Pulmonary artery pressure is normal in mild 
cases, but it is decreased and dampened in severe cases. This 
depression of pulmonary artery pressure is more marked in 
the main pulmonary artery just beyond the valve than fur- 
ther distally because of the Bernoulli effect. The increase in 
flow velocity across the stenotic valve causes more of the total 
energy to be expressed as kinetic energy, necessitating a drop 
in pressure to maintain the total energy constant. As blood 
velocity decreases further downstream, pressure recovery is 
observed. 

In patients with relatively normal cardiac output, classifica- 
tion of severity of pulmonary stenosis is routinely based on 
measurements of right ventricular pressure and valve gradient. 
Mild stenosis is characterized by a right ventricular pressure 
less than half the left ventricular pressure or a valve gradient 
<35 to 40 mm Hg. In moderate stenosis, the right ventricular 
pressure is greater than half but <75% of the left ventricular 
pressure, or the gradient is 40 to 60 mm Hg. Severe stenosis 
is defined as a right ventricular pressure >75% of the left ven- 
tricular pressure or a gradient >60 to 70 mm Hg. 

During exercise, an increase in the pressure gradient across 
the stenotic valve occurs primarily because an increase in the 
volume of flow and the rate of contraction of the RV leads to 
an increase in flow velocity across the obstruction. Patients 
with severe stenosis are unable to increase their stroke vol- 
ume and rely solely on an increase in heart rate to augment 
cardiac output during exercise. A marked increase in heart 
rate can be detrimental in patients with severe obstruction 
because of the resultant shortening of diastolic filling time. 
The impedance to filling of the hypertrophied, stiff RV can 


lead to a decrease in cardiac output and systolic blood pres- 
sure when marked tachycardia develops. Decreased right 
ventricular compliance is further evidenced by elevated 
right ventricular end diastolic pressure at rest and abnor- 
mal increase with exercise observed in patients with severe 
obstruction (21). 

Angiocardiography 

Angiocardiography provides information about the location 
and severity of pulmonary stenosis that is invaluable for diag- 
nostic and therapeutic purposes. The anatomy of the pulmo- 
nary valve and associated features can be shown best by right 
ventricular angiography in the anteroposterior view with the 
tube angled cephalad and in the lateral view (Fig. 40.10, 
Video 40.1). Characteristically, the pulmonary valve leaflets 
are mildly thickened and dome in systole, returning to the 
normal position in diastole. A narrow jet of contrast is seen 
crossing the valve, usually along the anterosuperior margin 
of the main pulmonary artery, resulting in poststenotic dila- 
tion of this vessel. The pulmonary valve annulus is typically 
of normal size, but it may be hypoplastic in infants with 
severe stenosis. The right ventricular cavity is usually of nor- 
mal size, but it may be hypoplastic in newborns with critical 
pulmonary stenosis, or it may be dilated in the presence of 
congestive heart failure. The walls usually are thickened with 
prominent trabeculations. Narrowing of the right ventricular 
outflow tract (RVOT) as a result of infundibular hypertro- 
phy is usually seen in severe obstruction. Right ventricular 
function is normal except in severe cases with ventricular 
failure. 

The angiographic features of dysplastic pulmonary 
valve stenosis differ in several ways from those of typical 
pulmonary valve stenosis (Fig. 40.2, Video 40.2) The valve 
leaflets are markedly thickened and relatively immobile, 
with little excursion during the cardiac cycle. The annulus 
is hypoplastic, and this hypoplasia usually extends to the 
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proximal main pulmonary artery. There is often the appear- 
ance of tethering of the valve leaflets to the main pulmonary 
artery wall at the sinotubular junction. Poststenotic dilation 
of the main or branch pulmonary arteries usually is not seen. 
Often the origin of the right pulmonary artery (RPA) from 
the main pulmonary artery has a more proximal than normal 
position. 

Differential Diagnosis 

The diagnosis of pulmonary valve stenosis with intact 
ventricular septum is usually readily made by careful auscul- 
tation and supportive electrocardiographic and radiographic 
features, but certain conditions must be considered in the 
differential diagnosis. Mild pulmonary stenosis should 
be differentiated from idiopathic dilation of the main pul- 
monary artery, atrial septal defect, peripheral pulmonary 
arterial stenosis, mitral valve prolapse, straight back syn- 
drome, mild aortic stenosis, and innocent murmurs. Moder- 
ate to severe pulmonary stenosis without cyanosis should be 
distinguished from ventricular septal defect (VSD) with or 
without associated pulmonary stenosis and moderate aortic 
stenosis. When cyanosis is present in severe stenosis, tetral- 
ogy of Fallot and pulmonary atresia with intact ventricular 
septum must be excluded. Ebstein anomaly of the tricuspid 
valve occasionally mimics severe pulmonary stenosis in the 
newborn. 


PULMONARY STENOSIS ASSOCIATED WITH 
SYSTEMIC DISEASES 


Congenital heart disease is seen in approximately 50% of 
patients with Noonan syndrome (10). The most common 
lesion is pulmonary stenosis due to pulmonary valve dyspla- 
sia. Hypertrophic cardiomyopathy of the left ventricle with 
or without pulmonary stenosis is also found in up to 25% of 
cases. The cardiac examination in these patients is often atypi- 
cal and does not reflect the severity of the pulmonary stenosis. 
The ejection click is usually absent, and a soft, relatively short 
murmur may be heard despite severe stenosis. The electrocar- 
diogram usually shows superior axis deviation even in patients 
without apparent cardiomyopathy. 

Intracardiac tumors or extrinsic lesions compressing cardiac 
structures are rare causes of pulmonary stenosis. Echocardiog- 
raphy or magnetic resonance imaging (MRI) usually can estab- 
lish the diagnosis. Multiple lentigines syndrome, or LEOPARD 
syndrome, has been associated with pulmonary valve and pul- 
monary artery stenosis. Neurofibromatosis rarely causes right 
ventricular outflow obstruction, as can deposits from glycogen 
storage diseases and gout. Carcinoid disease of the bowel may 
be associated with endocardial fibroelastosis of the RV with 
involvement of the pulmonary and tricuspid valves, leading 
to stenosis. 

Treatment 

Balloon Valvuloplasty 

The technique of percutaneous balloon pulmonary valvulo- 
plasty was described initially by Kan et al. (19). Since then, 
many other workers have reported the successful application 
of this technique to treat patients with moderate to severe 
pulmonary valve stenosis. This procedure led the way to 
the era of pediatric catheter intervention, which has been 
expanded to a multitude of other lesions over the past three 
decades. 



Figure 40.11. Schematic illustration of the balloon valvulo- 
plasty catheter positioned across the pulmonary valve. The 
wire should be positioned in the distal left or right pulmonary 
artery. 


The technique of balloon valvuloplasty is relatively 
straightforward (Fig. 40.11). After obtaining appropriate 
hemodynamic and angiographic information about severity 
and location of obstruction, an exchange guidewire is intro- 
duced through an end-hole catheter and positioned in the 
distal left or RPA. A balloon is chosen that is 20% to 30% 
larger than the angiographically measured pulmonary valve 
annulus, and it is positioned over a guidewire with the valve 
at its midpoint. As the balloon is inflated, a waist from the 
stenotic valve should be observed initially and disappear at 
full inflation (Fig. 40.12). In larger patients with an annulus 
diameter of more than 20 mm, the double-balloon technique 
may be necessary, with simultaneous inflation of two angio- 
plasty balloons. A method to calculate the effective diameter 
of two balloons was described by Radtke et al. (22). Following 
balloon dilation, a careful pullback with an end-hole catheter 
is performed to evaluate the degree and site of any residual 
obstruction. Not infrequently, a gradient is measured across 
the infundibulum that may have been masked before valvulo- 
plasty by the distal valvar obstruction. This type of dynamic 
infundibular stenosis typically resolves over time as the hyper- 
trophied muscle regresses. 

Shortly after the introduction of pulmonary valvuloplasty 
in children, the procedure was performed successfully in neo- 
nates with critical pulmonary valve stenosis (23). Before cath- 
eterization, these patients usually require stabilization and 
initiation of a prostaglandin El infusion to maintain ductal 
patency. Several of technical advances, such as the introduc- 
tion of low-profile balloons, have increased the success and 
safety of balloon dilation in this group of patients, such that 
it is now considered the treatment of choice (24-26). The use 
of angled-tip catheters and high-torque wires has facilitated 
crossing the tiny pulmonary valve orifice. Initial dilation with 
a small coronary angioplasty balloon to enlarge the orifice 
and subsequent dilations with progressively larger balloons 
allow adequate relief of obstruction in most neonates (27). 
Placement of the guidewire through the patent ductus into 
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Figure 40.12. Lateral view of a partially inflated valvuloplasty 
catheter positioned across the pulmonary valve. As the bal- 
loon is inflated, a “waist” appears at the site of the pulmonary 
valve. This waist should be centered in the mid portion of the 
balloon. 


the descending aorta, rather than in the LPA, allows a more 
stable wire position. Creating a “rail” by snaring the wire in 
the descending aorta can facilitate introduction of the desired 
balloon catheter through the orifice (Fig. 40.13) (28). 

The short- and intermediate-term results of pulmonary 
valvuloplasty in children and adults with typical pulmonary 
valve stenosis have been excellent (29-33). The most com- 
prehensive series to date reported on 533 patients with a 
median follow-up of 33 months and a maximum follow-up of 
8.7 years (33). The morphology of the pulmonary valve was 
typical in 82% of patients, dysplastic in 13%, and complex 
(postsurgical valvotomy, associated with other significant 
lesions) in 5%. A good outcome, defined as a residual Doppler 
gradient at follow-up of 36 mm Hg or lower without the need 
for repeat procedures, was achieved in 77% of the total group 
and in 85% of those with typical valve morphology. In con- 
trast, 65% of patients with dysplastic pulmonary valve had 
a suboptimal outcome. Independent predictors of suboptimal 
intermediate-term outcome were a small annular size (charac- 
teristic of patients with dysplastic valves), a higher immediate 
residual gradient, an earlier year of the initial valvuloplasty, 
and smaller balloomannulus ratio (BAR) in those with typical 
valves. Balloons used in this study were a mean of 112% ± 
20% of the annular diameter. The latter two predictors suggest 
that gradient reduction, at least for typical pulmonary valve 
morphology, could be improved by greater experience and the 
use of BARs > 1.2, as has been borne out by smaller studies 
(31,32). The use of excessively large balloons, however, has 
been associated with a higher rate of late severe pulmonary 
insufficiency (32,34). 

Long-term outcomes have been reported on smaller series 
of patients with a mean follow-up of 11.9 years and a range 
up to 19.3 years (35). In this group of 134 patients, in whom 
the average BAR was 1.3, the results have been similar with 
persistent gradient reduction in the majority of patients and 
a lower success rate in those with dysplastic valves. Freedom 



Figure 40.13. Schematic illustration of the technique of pul- 
monary valvuloplasty in a neonate as seen from the lateral 
projection. The guidewire was placed in the descending aorta 
through the patent ductus arteriosus. If necessary, the guide- 
wire can be snared in the descending aorta to facilitate intro- 
duction of the balloon through the tiny orifice. PDA, patent 
ductus arteriosus; PV, pulmonary valve; RV, right ventricle. 
(Modified from Latson L, Cheatham J, Froemming S, et al. 
Transductal guidewire “rail” for balloon valvuloplasty in neo- 
nates with isolated critical pulmonary valve stenosis or atresia. 
Am J Cardiol 1994;73:713-714, with permission.) 


from any reintervention at 1, 5, 10, and 15 years were 90%, 
83%, 83%, and 77%, respectively. Only 17 patients had sur- 
gical intervention at some point during follow-up to relieve 
valvar, subvalvar, or supravalvar obstruction, and 11 of those 
had dysplastic valves. Two additional children had surgi- 
cal intervention for severe tricuspid regurgitation at 11 and 
12 years of age. At operation, a flail anterior leaflet was found 
in both, possibly caused by a tear at the time of valvuloplasty. 
Repeat balloon valvuloplasty was performed in 11 children, 
2 of whom eventually underwent surgery due to the develop- 
ment of subpulmonary stenosis. Risk factors for reinterven- 
tion were younger age and lower body surface area, a smaller 
pulmonary valve annular diameter Z-score, a higher pulmo- 
nary valve gradient at the initial procedure, and the presence 
of Noonan syndrome. Clinical status for the entire cohort was 
excellent at a mean follow-up of 11.9 years, with no reported 
arrhythmias and only two patients in New York Heart Asso- 
ciation (NYHA) class II. 

The significantly lower success rate for patients with dys- 
plastic pulmonary valves is not surprising given the anatomic 
features of these valves. The mechanism of obstruction relief 
in patients with typical, doming pulmonary valves has been 
shown to be commissural splitting in the majority of cases 
(36,37). In dysplastic valves, the leaflets may be markedly 
thickened and myxomatous with little commissural fusion. 
In addition, the annulus and main pulmonary artery are usu- 
ally hypoplastic, further limiting the effectiveness of valvulo- 
plasty. Several studies, however, documented adequate relief of 
obstruction in 35% to 65% of patients with dysplastic valves 
(30,32,33). Accurate predictors of success before valvuloplasty 
have not been identified. Thus, although controversy remains, 
the usual practice is to offer balloon valvuloplasty as a first 
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line of treatment and proceed to surgical valvotomy if balloon 
valvuloplasty is unsuccessful. In neonates with critical pulmo- 
nary valve stenosis, the success of pulmonary valvuloplasty at 
intermediate-term follow-up also has been lower than in older 
patients, regardless of valve morphology (24-26,34,38,39). 
With a mean follow-up of approximately 3 to 6 years for most 
studies, varying success rates have been reported, depending 
on how success is defined. Early in the experience, procedural 
failure was often due to an inability to cross the severely sten- 
otic pulmonary valve, but with the availability of preformed 
catheters, better wires, and lower profile balloons, dilation 
can now be accomplished in nearly 100% of patients. If dila- 
tion was accomplished, immediate effective gradient reduction 
usually was achieved in more than 90% of patients. Despite 
successful relief of obstruction, 5 % to 10% of these patients 
were unable to sustain sufficient forward flow through the 
pulmonary valve to maintain adequate saturations because 
of their severely hypertrophic, noncompliant, and sometimes 
hypoplastic RVs. 

If discontinuation of prostaglandin El and subsequent 
ductal constriction are not tolerated immediately after valvu- 
loplasty, these infants can be maintained on prostaglandin for 
as long as 2 to 3 weeks while intermittently assessing whether 
constriction of the ductus is tolerated with 0 2 saturations 
remaining 70% or greater. If ductal dependency persists after 
that time, a surgical aortopulmonary shunt is placed. In rare 
instances, balloon atrial septostomy is also necessary to ensure 
adequate cardiac output. Neonates who remain cyanotic fol- 
lowing valvuloplasty, with or without a surgical shunt, often 
demonstrate progressive resolution of their cyanosis over 
weeks to months as right ventricular compliance improves and 
the atrial right-to-left shunt diminishes. Ultimately, those in 
whom a shunt was created can undergo shunt closure either 
surgically or by transcatheter techniques. Atrial septal defect 
closure also may be necessary, depending on the size of the 
atrial communication. Recurrent valvar stenosis necessitating 
repeat valvuloplasty may occur within months of the initial 
procedure in about 10% of these patients and subsequently 
may afford long-term relief of obstruction. 

Stenting of the ductus can be considered as an alternative 
to a surgical shunt in patients who remain ductal dependant 
following valvuloplasty. The use of a stent to maintain ductal 
patency was first reported in the early 1990s (40,41). Available 
data document gradual narrowing of the stent lumen over a 
period of months, during which time there is typically suffi- 
cient growth of the right heart and improved right ventricular 
compliance to obviate the need for ductal flow (42,43). Tran- 
scatheter techniques can also be used to close the atrial septal 
defect when necessary, potentially eliminating the need for any 
surgical intervention. 

Maintaining an unobstructed pulmonary valve is impor- 
tant in these infants to optimize forward flow through the RV 
as a stimulus for growth and to allow resolution of the right 
ventricular hypertrophy. About 15% to 20% of neonates with 
critical pulmonary stenosis ultimately undergo surgical inter- 
vention to relieve either valvar stenosis resistant to dilation or 
subvalvar obstruction (25,26,39,44). The strongest determi- 
nant of the need for surgical intervention has been found to 
be the presence of subvalvar stenosis, followed by the annular 
dimension and morphology of the pulmonary valve. A smaller 
indexed tricuspid valve annulus also confers a higher risk of 
surgical intervention (39). In a small minority, persistent right 
ventricular hypoplasia precludes a two-ventricle repair. 

The incidence of major complications from pulmonary 
valvuloplasty is exceedingly low in children and adults but 
is higher in infants and neonates. The largest study to date 
from the Valvuloplasty and Angioplasty Registry reported 
only two deaths from a total of 822 patients (0.2%) (29). 
The causes of death were laceration of the inferior vena 


cava-iliac vein junction during balloon withdrawal in a 5 -day- 
old infant and tearing of the pulmonary valve annulus during 
balloon inflation with a reportedly properly sized balloon in 
a 12-month-old infant. Other major complications occurred 
in three patients, including perforation of the RVOT result- 
ing in tamponade and tricuspid regurgitation requiring surgi- 
cal intervention. The incidence of minor complications was 
1.3%, including vein thrombosis, vein tears, and arrhythmias. 
In neonates, mortality was approximately 3% and was due to 
various causes, including venous injury, myocardial dissection, 
and development of necrotizing enterocolitis. The incidence of 
significant morbidity in neonates was on average around 10%. 
Specific complications reported include wire perforation of the 
RVOT with or without tamponade, stroke, seizures, necrotiz- 
ing enterocolitis, endocarditis, septic shock, and abrupt clo- 
sure of the ductus despite prostaglandin infusion requiring 
urgent aortopulmonary shunt placement. 

Most patients who have been treated with pulmonary val- 
vuloplasty have some degree of pulmonary regurgitation (PR) 
(31-33). The incidence of moderate PR early after valvulo- 
plasty has been variably reported as < 5 % to as much as 24% 
at intermediate-term follow-up. This relatively wide range is at 
least partially a result of the lack of standardized grading crite- 
ria for severity of PR. Longer follow-up and improved grading 
methods have shown greater degrees of PR (35,45), particu- 
larly in patients undergoing the procedure as neonates. PR has 
been shown to progress over time in the same group of patients 
(35). At a mean follow-up of 0.9 years, 22% of patients had 
moderate and 2% had severe PR, while at 11.9 years of fol- 
low-up, the percentage of patients with moderate PR increased 
to 40%, and with severe PR to 17%. Severe PR was diagnosed 
by echocardiogram when there was reverse flow in the branch 
pulmonary arteries and a nonrestrictive regurgitant Doppler 
signal across the RV outflow tract. Right ventricular enlarge- 
ment was significantly greater in children with severe PR. Mul- 
tivariate analysis identified only smaller body surface area at 
the time of intervention as being significantly associated with 
moderate or severe PR in follow-up. Moderate or severe PR 
developed in 74% of patients who underwent the procedure 
as neonates, in contrast to 44% of all other patients. Using 
cardiac MRI to obtain RV volumes, Harrild et al. (45) found 
that 34% of patients at a median follow-up of 13 years after 
pulmonary valvuloplasty had a PR fraction >15%, while in 
17% of the cohort, the PR fraction was >30%. In this series, 
PR fraction was associated with younger age at dilation and 
with BAR, particularly when the BAR was >1.4. The median 
PR fraction in patients with a BAR >1.4 was 26%. Other 
series have also found that a larger BAR and a higher degree 
of obstruction before dilation, in addition to younger age, are 
associated with the development of severe PR (32,44). 

Compared with surgical valvotomy, patients treated with 
valvuloplasty appear to have less regurgitation with clinically 
equivalent relief of obstruction, although duration of follow-up 
is significantly longer for the surgical patients (31,46), and 
there is no contemporaneous surgical series. It is well known 
that significant degrees of PR with no other hemodynamically 
significant lesions are well tolerated for long periods. However, 
moderate degrees of surgically induced pulmonary insufficiency 
affect the normal hemodynamic response to exercise, resulting 
in decreased exercise capacity (47). Similarly, it has been found 
that patients with a PR fraction >15% following balloon dila- 
tion have decreased exercise capacity when compared to those 
with a PR fraction <15% (percent predicted peak V0 2 85 ± 
17% vs. 96 ± 16%) (45). It would seem prudent to accept mild 
degrees of residual stenosis as opposed to complete relief of 
obstruction in exchange for avoiding significant PR. 

No patient outside of the neonatal group has been reported 
to have had pulmonary valve replacement following balloon 
dilation. In contrast, severe PR requiring surgery has been 
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reported in a handful of patients who underwent balloon 
valvuloplasty as neonates (34,44). In a series of 107 patients, 
6 had severe PR at a mean follow-up of 7.2 years (34). All were 
under 2 months of age at the time of valvuloplasty and had 
severe or critical obstruction. The postdilation gradient was 
significantly lower in these six patients (8 mm Hg) than in the 
whole group (19 mm Hg). One underwent pulmonary valve 
replacement, and the remaining five are likely to have surgery 
during childhood. The average BAR used in these six patients 
was 1.44, in comparison to 1.08 for the group as a whole. 
Perhaps even greater caution against overly aggressive dilation 
should be exercised in neonates than in their older coun- 
terparts, aiming for a BAR closer to 1.2, and not exceeding 
1.3 (48). This approach may lead to repeat balloon valvulo- 
plasty in a slightly larger number of patients with critical pul- 
monary stenosis, but this is preferable to the need for eventual 
pulmonary valve replacement. 

Surgical Valvotomy 

Since the advent of pulmonary balloon valvuloplasty, surgical 
valvotomy is reserved for patients with dysplastic pulmonary 
valves resistant to dilation or patients with multiple levels of 
fixed obstruction. Valvotomy can be achieved using either a 
closed or open technique through the main pulmonary artery. 
There is often a persistent pressure gradient immediately after 
surgery in patients with isolated valvar pulmonary steno- 
sis attributable to dynamic narrowing of the hypertrophied 
infundibulum (as also observed following balloon valvulo- 
plasty). A reduction in this gradient occurs in the first 24 hours 
after surgery, and continues at a slower rate as the hypertro- 
phy resolves over the subsequent months. In rare cases, fatal 
right ventricular failure occurs (suicidal RV) in the immediate 
postoperative period. Propanolol may be given and may dif- 
ferentiate dynamic from fixed obstruction. When infundibu- 
lar resection is necessary, it may be accomplished through a 
transatrial route via the tricuspid valve. 

Simple valvotomy is ineffective when the pulmonary valve 
is dysplastic. Partial or more often total removal of the pul- 
monary valve may be necessary. In addition, insertion of a 
transannular patch may be necessary to enlarge the hypoplas- 
tic annulus and main pulmonary artery. These patients are 
usually left with at least moderate PR, which is well tolerated 
in medium-term follow-up. However, it is now increasingly 
recognized that the long-term effects of significant PR are 
more harmful than previously suspected (44-47,49). 

Long-term relief of obstruction after pulmonary valvotomy 
is excellent, and restenosis is uncommon (50). The second nat- 
ural history study of patients with pulmonary stenosis demon- 
strated that 96% of surgically treated patients remained free 
of reoperation for 10 years. The incidence of postoperative PR 
is between 57% and 90% (50-52) and is classified as moder- 
ate to severe in 28% by echocardiographic estimation (50). 
Despite the presence of PR in most patients, 25-year survival is 
excellent at 97%, and 97% of surviving patients are in NYHA 
class I (50). As mentioned previously, formal exercise testing 
has shown a tendency toward mildly decreased exercise toler- 
ance. There is also a higher incidence of ventricular ectopy 
associated with exercise for postoperative pulmonary stenosis 
patients when compared to age-matched normal subjects (53). 

Longer-term follow-up has been reported in a smaller 
group of 53 patients followed at a large tertiary care center, 
but not necessarily operated at that same institution (46). At a 
mean follow-up of 33 years, 53% of patients underwent rein- 
tervention, most commonly pulmonary valve replacement for 
free PR. A significant increase in the percentage of patients 
needing reintervention was noted after 25 years of follow- 
up. Though 50% of patients were free from reintervention at 
40 years, 80% required repeat surgery by 45 years of follow-up. 


Univariate analysis identified closed pulmonary valvotomy 
at initial repair as the only factor predictive of the need for 
reintervention. Overall 40% of patients underwent pulmonary 
valve replacement at a mean interval of 33 years after the initial 
surgery. All of the remaining patients who had not undergone 
reoperation had PR, graded as moderate or severe in 70%. 
The unoperated group had a shorter duration of follow-up, 
suggesting that with longer follow-up, many more would also 
require pulmonary valve replacement. 

The incidence of arrhythmias in postoperative pulmonary 
stenosis patients was higher with longer follow-up than pre- 
viously reported, with 38% of patients suffering from atrial 
arrhythmias and 6% with ventricular arrhythmias (46). Sur- 
vival at a mean follow-up of 33 years was excellent with only 
two patients (3.8%) dying suddenly. Both had untreated atrial 
fibrillation, but neither had significant right ventricular dila- 
tion or a prolonged QRS complex on electrocardiography. 
Functional status was quite good, although again there was 
some decline with longer-term follow-up. Of the 53 patients, 
82% were in NYHA class 1, 16% in class 2, and 2% in class III 
at last follow-up. These findings must take into consideration 
the possibility of referral bias in this large tertiary care center. 

Indications for Either Pulmonary Valvotomy or Pulmonary 
Balloon Valvuloplasty 

Pulmonary valvuloplasty is currently the first line of treat- 
ment for pulmonary valve stenosis at any age and, most would 
agree, for any valve morphology. Valvuloplasty should be per- 
formed in any symptomatic patient as soon as the diagnosis 
is made. Infants with critical pulmonary valve stenosis also 
should undergo immediate valvuloplasty, but, if this is unsuc- 
cessful, surgery should be performed without delay. 

Even asymptomatic patients with severe obstruction should 
be treated semielectively with valvuloplasty shortly after diag- 
nosis. With the currently available low-profile balloons, there 
is little benefit to waiting for the patient to reach a certain size. 
On the contrary, the progression of infundibular hypertro- 
phy that may occur while waiting could make the procedure 
technically more difficult and prolong the duration of right 
ventricular hypertension following relief of the valve stenosis. 
Patients with moderate obstruction should undergo elective 
valvuloplasty if the right ventricular pressure is 50% systemic 
or higher. No intervention is necessary for patients with mild 
obstruction. They should not be restricted in their physical 
activity and should be treated like normal children. Endocar- 
ditis prophylaxis is not recommended for patients with pulmo- 
nary valve stenosis (54). 

Assessment of Severity, Course, and Prognosis 

The course and prognosis of patients with valvar pulmonary 
stenosis and intact ventricular septum are determined primar- 
ily by the severity of the obstruction. Symptoms are unreliable 
in reflecting hemodynamic severity because they usually are 
seen only in patients with severe or critical obstruction. Sever- 
ity of stenosis is best determined noninvasively by 2-D echo- 
Doppler techniques. Cardiac catheterization is performed 
when the obstruction is deemed severe enough to require bal- 
loon valvuloplasty. 

Mild pulmonary valve stenosis is generally defined as a 
gradient of <30 to 35 mm Hg across the valve and a right 
ventricular pressure less than half the left ventricular pressure. 
The course of mild stenosis is benign, and no intervention 
is required. The hemodynamic response to exercise in these 
patients is normal (55). No deaths occurred during a 4- to 
8-year follow-up of 214 patients with mild pulmonary stenosis 
(56). Of 261 patients with gradients <40 mm Hg included in 
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the First Natural History Study, only three had progression of 
gradients to 60 mm Hg or more after a 4- to 8-year follow-up 
(51). The Second Natural History Study documented that 
patients with gradients <25 mm Hg do not experience an 
increase in gradient (50). One exception to these findings is 
in young infants with mild pulmonary stenosis, defined as an 
echo gradient of <40 mm Hg (57). Of 56 patients younger than 
1 month of age with mild obstruction, 16 (29%) progressed to 
moderate or severe stenosis, and half of those did so in the 
first 6 months of life. Although in some of those neonates, 
the physiologic decrease in pulmonary vascular resistance may 
have accounted for the perceived progression, worsened ana- 
tomic obstruction seemed to occur in some. 

Controversy exists over the course and prognosis of patients 
with moderate pulmonary valve stenosis. Most available data 
suggest that infants and children with moderate stenosis may 
develop progressively greater outflow tract obstruction, espe- 
cially during periods of rapid growth (51,56). Patients with 
gradients between 50 and 79 mm Hg enrolled in the First 
Natural History Study (51) had excellent survival when evalu- 
ated as part of the Second Natural History Study (50) 20 years 
later, whether managed medically or surgically. By completion 
of the Second Natural History Study, most of these patients 
had surgery. In the same study, the likelihood of having sur- 
gery for patients with gradients of 25 to 49 mm Hg was about 
20%. Despite the absence of symptoms in most patients with 
moderate pulmonary valve stenosis, formal exercise testing 
demonstrated subnormal cardiac output response and abnor- 
mal increase in right ventricular end-diastolic pressure, espe- 
cially in adult patients, suggesting that both systolic and 
diastolic dysfunction may be caused by long-standing moder- 
ate obstruction (55). Currently, most centers recommend elec- 
tive balloon valvuloplasty for patients with Doppler gradients 
of 40 mm Hg or greater. 

Children with severe stenosis commonly develop increas- 
ingly severe obstruction, which may result from dispropor- 
tionate growth of the child relative to the pulmonary valve. 
Exercise hemodynamics in children and adults with severe 
obstruction before and after valvotomy suggest that irrevers- 
ible changes in cardiac function can develop if treatment is 
delayed beyond childhood. Children and adults with severe 
stenosis have a lower stroke index at rest and during exer- 
cise than patients with milder disease. They also have higher 
right ventricular end diastolic pressure at rest that abnormally 
increases with exercise (55). Following valvotomy in young 
patients, there is an improvement in stroke index and reduc- 
tion in right ventricular end diastolic pressure at rest and 
during exercise within 1 year of operation. In contrast, this 
improvement is not observed in older patients, implying that 
permanent changes, such as myocardial fibrosis, have occurred 
(58,59). Hence, relief of severe pulmonary valve stenosis with- 
out undue delay is recommended. 

The incidence of morbid events, such as bacterial endo- 
carditis, in patients with pulmonary valve stenosis is quite 
low (50). Of 592 patients enrolled in the First Natural His- 
tory Study and followed through the Second Natural History 
Study, only 1 patient developed endocarditis (60). Antibiotic 
prophylaxis is no longer recommended regardless of treat- 
ment, unless a prosthetic valve has been implanted. In such a 
case, prophylaxis should be used during any episodes of prob- 
able bacteremia for life (54). 

Indications for Pulmonary Valve Replacement for Induced 
Pulmonary Insufficiency Following Relief of Pulmonary 
Valve Stenosis 

The indications for pulmonary valve replacement for induced 
PR remain controversial, but most would agree that selected 
patients benefit from insertion of a competent pulmonary 


valve (61,62). Most of the available data on the effects of 
long-standing PR, and the outcomes after pulmonary valve 
replacement, have been derived from patients with repaired 
tetralogy of Fallot (63-66). Limited information on the nat- 
ural history of isolated congenital pulmonary valve regurgi- 
tation also documents eventual development of symptoms, 
particularly after age 40, as well as premature death from 
pulmonary valve regurgitation in a handful of patients (49). 
Current criteria for intervention typically include (a) the pres- 
ence of symptoms such as progressive decrease in exercise tol- 
erance or functional class or evidence of right heart failure; 
(b) progressive right ventricular enlargement, often accom- 
panied by increasing tricuspid insufficiency due to annular 
dilation; and (c) development or progression of atrial and/or 
ventricular arrhythmias (46,61). Most would agree that inter- 
vention should precede significant right ventricular systolic 
dysfunction, which would likely be irreversible despite pulmo- 
nary valve replacement. The argument against prophylactic 
early replacement of the pulmonary valve centers primarily on 
the lack of an excellent, long-lasting prosthetic valve. Because 
of the eventual need for reoperation after surgical insertion of 
a prosthetic valve in the majority of patients, the aim is to wait 
as long as possible before replacing the valve, but not so long 
that irreversible injury to the RV has occurred. 

Until recently, pulmonary valve replacement required open 
heart surgery under cardiopulmonary bypass. Various pros- 
thetic valves have been used including homograft valves, xeno- 
graft valves, pericardial valves, and mechanical valves. All of 
these have been shown to have a limited life span due to calci- 
fication or intimal proliferation causing stenosis and/or regur- 
gitation (64,67). Percutaneous pulmonary valve replacement 
with a bovine jugular venous valve sutured inside a stent was 
first described in a human in 2000 (68), and after refinements 
in the valve design and delivery system over the past decade, 
the procedure can now be offered to a subset of patients with 
an already existing prosthetic RV to pulmonary artery conduit 
(Video 40.3). It is not suitable for patients with a native or 
patched RVOT at the time of this writing. The Melody percu- 
taneous pulmonary valve (Medtronic Inc., Minneapolis, Min- 
nesota), as the prosthesis is named, consists of a bovine jugular 
venous valve sawn to a platinum-iridium balloon expandable 
stent that can be dilated to a diameter of 18, 20, or 22 mm. 
Children weighing at least 20 kg can undergo implantation of 
the valve, which requires a 22 Fr delivery system. In order to 
accommodate the valve and ensure proper function, the con- 
duit must have a waist of 14 to 20 mm on balloon sizing in the 
catheterization laboratory prior to valve insertion. 

At the time of this writing, over a thousand Melody valves 
have been implanted worldwide, and the valve is approved in 
the United States under HDE guidelines. The largest group of 
patients undergoing the procedure is postoperative tetralogy 
of Fallot patients who have had one or more surgical pul- 
monary valve replacement(s) (69). The valve has performed 
well with 70% freedom from reoperation at 70 months in a 
series that includes the learning curve from the first 50 patients 
(70). Further improvement in these results is expected with 
better patient selection and modifications in the valve design. 
A potentially lethal though rare complication is coronary 
artery compression by the valve stent. Careful assessment of 
the coronary anatomy in the catheterization laboratory while 
maintaining a fully inflated balloon at the site of planned 
implantation should identify patients at risk, in which case the 
valve would not be implanted. Conduit rupture may also occur 
in rare cases, and can be treated with insertion of either a cov- 
ered stent or the Melody valve itself that is a covered stent, 
but urgent surgical intervention may be required (71). Very 
few deaths have occurred with Melody valve insertion and 
most have been related to coronary artery compression, which 
should be avoidable with the currently recommended protocol. 
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A mild increase in pressure gradients has been observed 
over time, while the valve has remained remarkably competent 
even in patients followed as long as 5 to 10 years. Fractures of 
the valve stent felt to be due to compressive forces can result 
in stenosis (72,73). This problem is likely to be reduced by 
the current practice of prestenting the conduits prior to valve 
implantation when recoil is observed during balloon dilation 
(74,75). A second Melody valve can be implanted in patients 
who develop obstruction requiring reintervention (72,76). 

The Edwards SAPIEN valve, which is the same device as 
the Cribier Edwards transcatheter aortic valve, is another per- 
cutaneous pulmonary valve for which there is a much smaller 
clinical experience at this time (77). This valve consists of three 
bovine pericardial leaflets sawn to a stainless steel balloon 
expandable stent, and is available in 23- and 26-mm diam- 
eters. It also requires implantation within a prosthetic con- 
duit. At a median follow-up of 10 months for seven patients 
reported in 2010, the valves were functioning well with no 
stent fractures (78). A feasibility trial has been completed in 
the United States, but HDE status has not yet been granted. 

Currently, only about 15% of patients with pulmonary 
valve dysfunction can benefit from transcatheter pulmonary 
valve insertion, namely those with prosthetic conduits that 
meet the size requirements described previously. New technol- 
ogy in valve design will hopefully make the procedure avail- 
able to the larger group of patients with native outflow tracts 
in need of a functional pulmonary valve (79,80). 

To date, surgical pulmonary valve replacement for induced 
PR has not universally been shown to improve right ven- 
tricular hemodynamics or functional capacity, and there are 
no data addressing long-term survival (63,65). Similarly, fol- 
lowing percutaneous pulmonary valve implantation, RV end 
diastolic volume decreased significantly in patients who under- 
went the procedure for either pulmonary stenosis or regurgita- 
tion, but RV ejection fraction improved only in the group with 
pulmonary stenosis. In those with regurgitation, the RV ejec- 
tion fraction did not change either at 1 month or at 1 year of 
follow-up. Moreover, functional capacity measured by cardio- 
pulmonary stress testing improved significantly in the pulmo- 
nary stenosis group by 1 month after valve implantation, and 
the improvement was sustained at 1 year. Patients with PR had 
no improvement in their functional capacity at either 1 month 
or 1 year after valve insertion (81). It has been argued that the 
current criteria for intervention may be too conservative, with 
some patients already having irreversible disease. The avail- 
ability of a percutaneous method to replace the pulmonary 
valve may allow a more aggressive approach, and result in 
improved outcomes in selected patients. 

Recently published guidelines recommend endocarditis 
prophylaxis after either surgical or percutaneous pulmonary 
valve replacement (54). 


PULMONARY VALVE STENOSIS 
IN YOUNG ADULTS 


The vast majority of patients with pulmonary valve stenosis 
present during childhood. If the diagnosis is not made in child- 
hood, adult patients with hemodynamically significant pulmo- 
nary valve stenosis tend to be more symptomatic than their 
younger counterparts (82). Not infrequently, there is concomi- 
tant infundibular stenosis due to muscular hypertrophy in 
response to long-standing valvar obstruction. There may also 
be tricuspid insufficiency with severe pulmonary valve stenosis 
and right ventricular failure. In such cases, and in any sympto- 
matic patient, intervention should be performed at lower gra- 
dients than generally accepted, since decreased flow through 
the valve from low cardiac output may mask severe stenosis. 


As in children, balloon dilation of the pulmonary valve is the 
treatment of choice (83). In patients with a large annulus, the 
double-balloon technique may be utilized, but it is not always 
necessary to use a balloon larger than the annular diameter 
when the annulus is very large. A 25-mm-diameter balloon 
should suffice for most patients with typical pulmonary valve 
morphology. Acutely, right ventricular hypertension may per- 
sist due to infundibular hypertrophy and/or spasm after dila- 
tion, and some operators favor temporary treatment with 
beta-blockers in severe cases (84). Long-term results are excel- 
lent, and regression of infundibular stenosis over time is well 
documented (83,85,86). PR has not been reported to be a sig- 
nificant issue, but rigorous long-term assessment is lacking. 
Percutaneous pulmonary valve implantation can now be per- 
formed in adults with stenotic or regurgitant RV to pulmonary 
artery conduits following the guidelines described previously. 


SUBVALVULAR RIGHT VENTRICULAR OUTFLOW 
TRACT OBSTRUCTION 

Primary subpulmonary stenosis with intact ventricular septum, 
described by Elliotson (87) in 1830, accounts for only about 5 % 
of all cases of RVOT obstruction. This entity has been separated 
into two types. One type consists of an obstructive fibrous band 
or bands at the junction of the main right ventricular cavity 
and the proximal infundibulum, often referred to double-cham- 
bered RV or right ventricular muscle bundles. In the second 
type, narrowing of the infundibulum itself is due to fibromuscu- 
lar thickening of the infundibular wall, which may extend from 
immediately below the pulmonary valve to the proximal infun- 
dibulum. Infundibular stenosis is more commonly associated 
with tetralogy of Fallot or pulmonary valve stenosis. The physi- 
ologic and clinical manifestations of infundibular stenosis are 
almost identical to those for double-chambered RV. Infundibular 
stenosis associated with pulmonary valve stenosis may improve 
spontaneously over time after balloon pulmonary valvuloplasty 
but double-chambered RV tends to worsen with age (86). 


RIGHT VENTRICULAR OBSTRUCTION 


Double-Chambered Right Ventricle 

This congenital malformation, known as “double-chambered 
RV,” is characterized by aberrant hypertrophied muscular 
bands that divide the right ventricular cavity into a proximal 
high-pressure chamber and a low-pressure chamber distal to 
the hypertrophied muscle bands. 

Pathology 

Anatomically, the anomalous hypertrophied muscle bundles 
constitute a pyramidal mass of muscle that runs between the 
ventricular septum inferior to the insertion of the septal leaflet 
of the tricuspid valve to the anterior wall of the RV. There 
are usually two bundles: the ventral bundle, which attaches 
to the wall of the RV adjacent to the septum, and the dorsal 
bundle, which is larger and attaches to the base of the anterior 
papillary muscle (Fig. 40.14). The right ventricular cavity is 
divided into a proximal chamber, which consists of the sinus 
portion of the RV, and a distal chamber, which consists of the 
infundibulum. In tetralogy of Fallot, the obstruction involves 
the infundibular area, but the anomalous muscle bundles in 
double-chambered RV cross the right ventricular cavity and 
lie proximal to the infundibulum. The orientation of these 
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Figure 40.14. Right ventricular angiogram of a child with double-chambered RV. A: Anteroposterior projection 
demonstrates the anomalous muscle bundle (AMB) dividing the RV horizontally into inflow (RV,) and outflow 
(RV 0 ) portions. B: The anomalous muscle bundle and inflow and outflow chambers also are well seen on the 
lateral projection. A small VSD is faintly opacified. 


bundles differs from that of the moderator band. The septal 
attachment of the moderator band is usually in the apical third 
of the ventricular septum, whereas in anomalous muscle bun- 
dles, the septal attachments are near the base of the tricuspid 
valve ring. Although both types of muscle bundles attach to 
the anterior wall of the RV, the moderator band lies toward 
the septum and does not ordinarily obstruct the cavity. 

The origin of these anomalous bundles is unknown. It is 
believed that they may be due to a localized growth of the tra- 
beculated myocardium early in development. It also has been 
suggested that the right ventricular subdivision and obstruc- 
tion in this malformation represent an arrested incorporation 
of the primitive bulbus cordis into the right ventricular body 
(88). The improper expansion of the bulboventricular junction 
would therefore result in incomplete fusion of the bulbar and 
endocardial cushion elements that normally close the superior 
portion of the ventricular septum, which could explain the fre- 
quent association of a VSD with this malformation. The VSD 
is most frequently found in the perimembranous septum and 
occasionally in a subarterial location (89). Discrete subaortic 
stenosis also can occur with this lesion, supporting the concept 
of inadequate bulbar incorporation as an etiologic mechanism. 

Physiology 

The anomalous muscle bundles may cause varying degrees 
of obstruction within the RV, and the severity of obstruc- 
tion often will increase with time (90). Often nonobstructive 
anomalous muscle bundles in infancy become obstructive 
later. For blood to pass from the right ventricular inflow to 
the right ventricular outflow, it must course either above the 
muscle bundles, between the muscle bundles and the tricuspid 
valve, or through the narrow channel between the bundles and 
septal wall. During ventricular systole, the diameter of these 
channels is usually markedly reduced. The hemodynamic con- 
sequence of the obstruction is an elevated pressure within the 
proximal or sinus portion of the RV. 


Manifestations 

Clinically, patients with anomalous muscle bundles and intact 
ventricular septum closely resemble patients with isolated pul- 
monary valvar stenosis. When a VSD is present, the clinical 
features may be dominated by the ventricular septal defect. 

A loud pansystolic crescendo-decrescendo murmur, often 
accompanied by a thrill, is heard at the left sternal border. 
The murmur may be indistinguishable from that of isolated 
valvar pulmonary stenosis, but a click is not audible, and the 
pulmonary valve closure sound may not be as delayed or as 
soft as one would expect with a murmur of similar intensity 
in valvar pulmonary stenosis. The chest radiograph is simi- 
lar to that from other types of RVOT obstruction, unless a 
significant VSD is present. In most patients, the electrocar- 
diogram shows right ventricular hypertrophy, but may show 
evidence of diminished terminal right ventricular forces. In 
a report involving 30 patients with double-chambered RV, 
an upright T wave in V3R was the only finding suggestive of 
right ventricular hypertrophy in approximately 40% of the 
cases (91). 

Two-dimensional echocardiography is usually diagnostic 
in this lesion. The anomalous muscle bundles can be visu- 
alized best from either the subcostal or parasternal views 
(Fig. 40.15). Severity of obstruction can be assessed by the 
degree of anatomic narrowing and by Doppler interrogation 
of the obstructed region. Color-flow Doppler identifies the site 
of obstruction by the appearance of a mosaic pattern where the 
high-velocity flow originates (Fig. 40.15). In addition, the pres- 
ence or absence of a VSD can be documented. Abnormal flut- 
tering of the pulmonary valve is often a concomitant finding. 

Cardiac Catheterization 

Cardiac catheterization is sometimes performed to confirm 
the diagnosis of double-chambered RV. The catheter must be 
placed in the inflow portion of the right ventricular cavity, and 
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Figure 40.15. A: Subcostal view of the RV from a patient with double-chambered RV. The anomalus muscle 
bundle (MB) courses obliquely across the RV. B: Color-flow Doppler through the obstructing MB has a mosaic 
pattern consistent with high-velocity flow. PV, pulmonary valve; R, right; S, superior. 


a pressure gradient is demonstrated as the catheter is further 
advanced into the distal, low-pressure chamber. The pressure 
in the distal chamber is usually equal to that in the pulmonary 
artery unless there is associated pulmonary valve stenosis. Care 
must be taken first to place the catheter into the right ventricu- 
lar apex, because it is relatively easy to advance the catheter 
from the right atrium directly to the RVOT and “miss” the 
gradient. If a VSD is present, the location and resultant shunt 
should be determined. 


Angiocardiography 

Right ventricular angiography is an excellent method to 
demonstrate the anatomy of this lesion and always should be 
performed when a significant intraventricular pressure gradi- 
ent is detected. Anterior and lateral projections demonstrate 
filling defects within the RV below the crista supraventricu- 
laris, between the outflow and inflow areas (Fig. 40.14). Left 
ventriculography also can be performed if there is a ques- 
tion about an associated VSD or, less commonly, subaortic 
stenosis. 

Magnetic Resonance Imaging 

The role of MRI as a diagnostic tool in congenital heart 
disease has increased significantly over the past decade. Its 
role is particularly important in adult patients, in whom 
echocardiographic views are often limited, and who can 
best cooperate with the testing requirements of MRI to 
obtain optimal images. The anatomic features of double- 
chambered RV can be readily recognized by MRI (92), and 
it is even possible to obtain a quantitative assessment of the 
severity of obstruction by measuring flow velocities. MRI 
is likely to be superior to echocardiography in the older 
patient, and may obviate the need for cardiac catheteriza- 
tion in most patients. 


Treatment 

The treatment of this type of obstruction is usually surgical. 
Every effort should be made to define the anatomy correctly 
before surgery. Certain characteristic features of this condi- 
tion seen at surgery have been described (93). During ventricu- 
lar contraction, a visible “dimple” in the ordinarily smooth 
right ventricular surface strongly suggests the presence of an 
obstructing muscle bundle. The dimple deformity usually is 
found near the anterior intraventricular groove about midway 
between the base and the apex of the heart, and it corresponds 
to the parietal attachment of the ventral limb of the anomalous 
muscle bundle. A right ventriculotomy is usually not necessary 
to visualize the obstructing muscle mass adequately. The best 
approach is typically through the tricuspid valve. The papil- 
lary muscle attachments to one or the other end of the tra- 
beculum can be fully defined. Usually, one end or the other of 
the trabeculum can be divided. Occasionally, it must be left 
intact and channels in front and behind enlarged. A search for 
a VSD always should be carried out because of the frequent 
association of these two lesions (89). Stenting of the stenotic 
region in two high-surgical-risk patients with comorbidities 
has been reported. Results were favorable in the short term, 
but concerns about long-term stent integrity will need to be 
evaluated in a larger group of patients before this approach 
can be considered a reasonable alternative to surgery in stand- 
ard risk patients (94). 

Course and Prognosis 

Double-chambered RV appears to be a progressive disease 
with gradually increasing severity of obstruction from the 
anomalous muscle bundles. As the obstruction worsens, an 
associated VSD may become progressively smaller or close 
spontaneously. Cases presenting with intact ventricular sep- 
tum may in fact have had spontaneous closure of a ventricu- 
lar septal defect. Long-term follow-up to 20 years after repair 
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of double-chambered RV demonstrated only mild residual 
sequelae, and serious cardiac compromise has been infrequent 
(89,90,95). The residual lesions have included mild right 
ventricular outflow obstruction, insignificant residual VSDs, 
tricuspid regurgitation, and the presence of aortic valve regur- 
gitation. The need for reoperation for recurrent obstruction is 
exceedingly uncommon if adequate resection of the anoma- 
lous bundles is achieved (89). 


DOUBLE-CHAMBERED RIGHT 
VENTRICLE IN ADULTS 


Double-chambered RV is usually diagnosed and surgically 
corrected in childhood because patients come to medical 
attention with a loud systolic murmur. Left untreated, the 
severity of the obstruction in double-chambered RV tends to 
become progressively worse into adulthood. Patients with this 
lesion who first come to attention as adults tend to have higher 
pressure gradients than children and are very frequently symp- 
tomatic (96,97). The most common symptom is dyspnea on 
exertion, but angina, syncope, and right heart failure have 
been reported. Many adult patients have a perimembranous 
VSD but little left-to-right shunting because the VSD connects 
to the high-pressure inflow part of the RV. The systolic mur- 
mur in these patients is therefore predominately due to the 
right ventricular outflow narrowing rather than the VSD. Up 
to 40% of adults may have mild aortic insufficiency second- 
ary to either aortic valve prolapse into the VSD or mild sub- 
aortic stenosis (which can create turbulence and deformity of 
the aortic valve). Endocarditis has been reported in a number 
of older patients with this condition. Surgical repair in adults 
may be more likely to require a transventricular incision. 
Surgery usually improves the clinical status of symptomatic 
adults, and later development of recurrence, worsening aor- 
tic regurgitation, or arrhythmias is rare (96,97). Patients who 
undergo surgical repair in childhood appear to do very well 
as adults, but infrequent follow-up is recommended with sur- 
veillance for arrhythmias, valve dysfunction, and ventricular 
dysfunction. 


PERIPHERAL PULMONARY ARTERY STENOSIS 
WITH INTACT VENTRICULAR SEPTUM 


Stenosis of the pulmonary arteries, isolated or in association 
with other cardiac defects, occurs in 2 % to 3% of all patients 
with congenital heart disease. The stenosis may be single, 
involving the main pulmonary artery or either of its branches, 
or multiple, involving both the main and several smaller 
peripheral pulmonary artery branches (98). 

Isolated peripheral pulmonary artery stenosis was described 
first by Maugars (99) and later by Schwalbe (100), and numer- 
ous reports have followed since. Other associated cardiac 
defects, most commonly valvar pulmonary stenosis and VSD, 
are present in about two-thirds of the cases. Hypoplasia of 
the pulmonary arteries also is seen frequently with tetralogy 
of Fallot. Peripheral pulmonary stenosis is often seen as a fea- 
ture of several congenital syndromes. In the syndrome of con- 
genital rubella, peripheral pulmonary artery stenosis typically 
is associated with patent ductus arteriosus and atrial septal 
defect. The association of supravalvar aortic stenosis, multi- 
ple peripheral pulmonary artery stenosis, mental retardation, 
and peculiar facies has been described as Williams syn- 
drome (101). Peripheral pulmonary artery stenosis also is 
associated with Noonan syndrome, Alagille syndrome, cutis 


laxa, Ehlers-Danlos syndrome, and Silver-Russell syndrome. 
Although rare, familial and nonfamilial cases of isolated 
peripheral pulmonary stenosis with no underlying syndrome 
also have been described (102). 

Embryology and Pathology 

The pulmonary artery and its branches developmentally have 
their origin from three separate vascular components. The 
proximal portion of the main pulmonary artery just above the 
semilunar valve probably is derived from the bulbus cordis. 
The remainder of the trunk of the main pulmonary artery 
arises from the common truncus arteriosus. The proximal 
segments of the right and left branch pulmonary arteries are 
derived from the sixth branchial arches on either side. The 
distal portion of the right sixth arch disappears completely, 
whereas the one on the left persists as the ductus arteriosus and 
later as the ligamentum arteriosus. The peripheral portions of 
the pulmonary artery branches derive from the postbranchial 
pulmonary vascular plexus, which lies in close relationship to 
the growing lung buds. 

The pathogenesis of peripheral pulmonary artery stenosis 
is not completely understood but probably differs with the 
underlying process. It appears that multiple factors and many 
types of pathologic changes may produce narrowing of the 
branch pulmonary artery. When pulmonary artery stenosis is 
associated with significant intracardiac anomalies, the patho- 
genesis is likely to be developmental in origin. Certain tera- 
togenic agents may interfere with the development of any of 
the components of the pulmonary arterial tree and may lead 
to atresia, hypoplasia, or stenosis. At least one such agent, the 
rubella virus, appears to exert its teratogenic effect by interfer- 
ing with the normal formation of the elastic tissues. Relatively 
discrete branch stenosis can be seen in association with ductal 
closure, especially in cyanotic heart disease. 

Specific genetic abnormalities underlying many of the 
syndromes associated with isolated peripheral pulmonary 
artery stenosis are being increasingly recognized. A genetic 
deletion mapped to chromosome 7 resulting in abnormal 
elastin production was found in most patients with Williams 
syndrome (103). A deletion in chromosome 20 appears to 
be responsible for Alagille syndrome, but the resulting bio- 
chemical abnormality has not been identified (104). Several 
families with multiple relatives affected with Noonan syn- 
drome have had the genetic mutation mapped to chromo- 
some 12, and missense mutations in a specific gene on this 
chromosome are now known to account for more than 50% 
of cases (9,105). These genetic abnormalities can arise as 
sporadic mutations or can be familial with autosomal domi- 
nant inheritance. 

A useful classification of peripheral pulmonary artery 
stenosis was proposed by Gay et al. (98) (Fig. 40.16). They 
classified the stenoses into four types: stenoses involving the 
main pulmonary trunk or the right and left branches, stenoses 
involving the bifurcation of the pulmonary artery extending 
into both branches, multiple peripheral stenoses, and a com- 
bination of main and peripheral stenoses. In approximately 
two-thirds of cases, the stenoses involved the main pulmo- 
nary trunk, its bifurcation, or its main branches. When the 
stenosis is localized, dilation of the vessel distal to the narrow- 
ing is usually present. With long segment constrictions, only 
minimal poststenotic dilation, if any, is seen, and no dilation 
at all is noted with the hypoplastic form. The main pulmo- 
nary trunk usually is not dilated, even with severe stenosis 
involving its distal portions or with bifurcation and branch 
stenosis. Mild degrees of prestenotic dilation are seen occa- 
sionally, but never to the extent seen in obstructive pulmonary 
hypertension. 
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TYPE I SINGLE, CENTRAL STENOSIS 
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A single construction of varying length is confined to 

(A) The main pulmonary artery trunk 

(B) The right main pulmonary artery 

(C) The left main pulmonary artery 

The constrictions vary from a membranous diaphragm in 
the pulmonary artery to an elongated stenosis. 


TYPE II BIFURCATION STENOSIS 


STENOSIS 



ELONGATED 

STENOSIS. 


B 


The construction involves the distal end of the 
main pulmonary trunk in association with stenosis 
at the origin of the right and left main pulmonary 
artery branches. 

The constrictions range from 

(A) Short, localized ones to 

(B) Rather long narrow segments 
of the involved arteries. 


TYPE III MULTIPLE, PERIPHERAL STENOSIS 


TYPE IV CENTRAL + PERIPHERAL STENOSIS 


STENOSIS OF 
t PERIPHERAL SEGMENTAL 



STENOSIS OF 

| CENTRAL AND PERIPHERAL 
ARTERIES 


NORMAL MAIN, LEFT 
RIGHT PULMONARY ARTERIES 
The constrictions are multiple and involve only segmental 
pulmonary artery branches. The main, right, and left 
pulmonary arteries are normal. The constrictions usually 
occur at the origin of the segmental artery and there is noted 
a prominent post-stenotic dilatation just beyond the constriction 



The constrictions are multiple and involve the 
peripheral segmental pulmonary arteries in 
addition to having involvement of the central 
mam, right, and left pulmonary arteries. 


Figure 40.16. Classification of pulmonary 
artery stenosis. (From Gay BB, Franch RH, 
Shuford WH, et al. Roentgenologic features 
of simple and multiple coarctations of the 
pulmonary artery and branches. Am J Roent- 
genol 1963;90:599, with permission.) 


Physiology 

The physiology associated with peripheral pulmonary artery 
stenosis results in elevations of right ventricular and pulmonary 
artery (proximal to stenosis) systolic pressure that depends on 
the severity and distribution of the stenoses. In most cases, the 
obstruction is central and results in a limited volume capacity 
of the pulmonary trunk proximal to the obstruction. When the 
obstruction is severe, right ventricular ejection is prolonged, 
and the pulmonary artery trunk proximal to the obstruction 
behaves as an extension of the RVOT. The pulmonary arterial 
pressure proximal to the obstruction is the same as that of the 
RV, and the pulmonary valve remains open as long as there is a 
systolic pressure gradient between the RV and the distal pulmo- 
nary artery. This explains the delay in pulmonary valve closure 
despite the high systolic pressure in the pulmonary tree. The 
pressure tracing proximal to the stenosis resembles that of the 
RV, with high systolic and low diastolic pressure. In cases of 
severe multiple peripheral pulmonary stenoses involving many 
small branches, closure of the pulmonary valve occurs early 
and approximates closure of the aortic valve. When the steno- 
sis is unilateral and there is no left-to-right shunt, resting right 
ventricular pressure remains normal. In such cases, the normal 
contralateral pulmonary arterial tree can accommodate the 
cardiac output without an increase in pressure. Because flow 
to the stenotic side is lower than normal, the systolic pressure 
difference tends to underestimate the severity of obstruction; 


however, the diastolic pressure difference between the main 
pulmonary artery and the stenotic branch is proportional to 
the severity of obstruction. Measurement of flow distribution, 
rather than pressure gradients, is the best way to assess relative 
stenosis in the pulmonary branches. Relative flow to the vari- 
ous regions of the lungs can most easily be measured by quan- 
titative radionuclide pulmonary perfusion scans or by MRI. 

Manifestations 

Clinical Features 

Patients with mild or moderate bilateral pulmonary artery 
stenosis, as well as those with unilateral stenosis, are usually 
asymptomatic. Dyspnea on exertion, easy fatigability, and 
signs of right heart failure may occur in patients with severe 
obstruction. Several auscultatory findings differentiate pulmo- 
nary artery stenosis from other right-sided obstructive lesions. 
The first heart sound is usually normal, and there is no ejec- 
tion click. The second sound is usually normally split and of 
normal or slightly increased intensity. There is a systolic ejec- 
tion murmur in the pulmonary area that is well transmitted to 
the axilla and back. A continuous murmur occasionally may 
be present, indicating that the diastolic gradient across the 
obstruction is significant. In patients with multiple peripheral 
pulmonary artery stenoses, the second sound in the pulmonary 
area may be so loud that pulmonary hypertension is suspected. 
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The presence of soft, blowing systolic or continuous murmurs 
typically heard over both lung fields and in the back should 
point to the correct diagnosis. 

Electrocardiographic Features 

The electrocardiogram is normal in patients with mild stenosis 
and demonstrates right ventricular hypertrophy in those with 
moderate to severe obstruction. A relatively high frequency of 
left axis deviation has been noted in infants with the rubella 
syndrome and peripheral pulmonary artery stenosis, as well as 
in infants with Noonan syndrome. 

Radiologic Features 

The chest radiograph in patients with unilateral or bilateral 
pulmonary artery stenosis is almost always normal. There 
must be severe unilateral stenosis, and often an associated left- 
to-right shunt lesion, for there to be a detectable difference in 
the degree of vascularity between the two lung fields. When the 
stenosis is bilateral and severe, right atrial and right ventricu- 
lar enlargement may be seen. MRI is becoming increasingly 
useful in detailing pulmonary artery anatomy. It is superior 
to echocardiography and complementary to angiography for 
the detection of pulmonary artery abnormalities. Radionu- 
clide lung perfusion scans are very useful in quantifying flow 
to each lung before and after surgical or transcatheter therapy. 

Echocardiographic Features 

The anatomy of the proximal pulmonary arteries usually can 
be delineated fairly well by echocardiography, but the distal 
pulmonary arteries cannot be imaged reliably. The parasternal 
short axis view and suprasternal views are the most helpful 
(Fig. 40.17). Color-flow Doppler can contribute to the qualita- 
tive assessment of stenosis by the appearance of turbulence at 



Figure 40.17. Suprasternal notch short-axis view from an 
infant with Williams syndrome and mild proximal right pul- 
monary artery (RPA) and left pulmonary artery (LPA) steno- 
sis. The proximal branches are well seen, but the peripheral 
branches cannot be well imaged. AO, aorta; MPA, main pul- 
monary artery; R, right; S, superior. 


the area of obstruction. The pressure gradient can be estimated 
by Doppler but not always accurately. The echocardiogram is 
useful in detecting secondary manifestations of right ventricu- 
lar hypertension, such as right ventricular hypertrophy, tricus- 
pid insufficiency, or enlargement of the right-sided chambers. 

Cardiac Catheterization 

The clinical suspicion of peripheral pulmonary stenosis may 
require cardiac catheterization to confirm the diagnosis and 
determine the severity and exact anatomy. Carefully obtained 
withdrawal pressure tracings from the distal branches will 
demonstrate pressure gradients across the stenotic segments 
(Fig. 40.18). Systolic pressure gradients higher than 10 mm 
Hg should be considered abnormal in the absence of a left-to- 
right shunt with increased pulmonary blood flow. When the 
stenosis is unilateral, a pressure gradient is present at the site 
of obstruction, but the proximal pulmonary artery pressure is 
normal. The measured gradient may underestimate the severity 
of angiographic obstruction as a result of preferential flow to 
the unobstructed side. Physiologic gradients >10 mm Hg may 
be recorded in young infants, especially premature infants, 
between the pulmonary branches and the main trunk due to 
the size discrepancy between the two. Artifactual gradients 
may be created by an overly large catheter in a small vessel. 

With bilateral pulmonary artery stenosis, the pressure trac- 
ing proximal to the obstruction has characteristic features 
(Fig. 40.18). The systolic portion of the tracing is identical 
to that of the RV. The dicrotic notch is usually quite low with 
a slow descent, followed by low diastolic pressure similar to 
that distal to the obstruction. The pulse pressure is wide and 
increases with increasing severity of obstruction. These char- 
acteristics are attributed to the altered function of the pulmo- 
nary trunk, which becomes an extension of the RVOT. The 
wall of the pulmonary trunk is usually thick and fibrotic with 
reduced elasticity. As long as pulmonary artery pressure distal 
to the obstruction is lower than the right ventricular pressure, 
the pulmonary valve remains open. Closure of the valve occurs 
during the early phase of isometric relaxation of the ventricle, 
which results in a sudden increase in the volume capacity of 
the pulmonary trunk with a corresponding fall in pressure and 
formation of the dicrotic notch. The slow descent of the dias- 
tolic pressure is a consequence of the distal obstruction and 
the impaired elastic recoil of the main pulmonary trunk. When 
there is associated valvular stenosis, the severity of peripheral 
pulmonary artery stenosis may be difficult to determine by 
pressure measurements but can be assessed by angiography 
and flow scans. 

Angiocardiography 

Angiocardiography is the best tool for the assessment of ana- 
tomic features of peripheral pulmonary artery stenosis. The 
exact location, extent, and distribution of the lesions can 
be easily visualized with selective injections proximal to the 
site of obstruction (Fig. 40.19). The anterior view with cra- 
nial angulation and straight lateral views usually show the 
anatomy of the RPA and of the peripheral branches bilater- 
ally (Fig. 40.20). The proximal left main branch can be well 
visualized in the hemiaxial left anterior oblique and sometimes 
lateral views. The main pulmonary trunk is usually normal or 
hypoplastic. In severe unilateral obstruction, delayed filling of 
the respective pulmonary vein may be noted. 

Noninvasive Imaging: Magnetic Resonance Imaging 
and Computed Tomography 

Advances in noninvasive radiologic imaging modalities in the 
last decade have allowed excellent visualization of the pulmo- 
nary artery anatomy by these techniques, often complementing, 
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Figure 40.18. Pressure tracing during withdrawal of an end-hole catheter from distal right pulmonary artery 
(RPA) to proximal right pulmonary artery in a child with severe RPA stenosis. The pressure increases abruptly 
as the stenotic segment is crossed. Note the slow terminal descent and low diastolic pressure in the proximal 
RPA. Note also that there is no gradient between the proximal RPA pressure and right ventricle pressure (RVP). 


and sometimes replacing, angiography. Gadolinium-enhanced 
3-D magnetic resonance angiography (MRA) has been shown 
to correlate with angiographic findings with 100% sensitivity 
and specificity when assessing pulmonary artery stenosis or 
hypoplasia, absent or discontinuous pulmonary arteries (106). 
Measurements of pulmonary artery diameter also showed 
excellent correlation, with a mean difference of 0.5 ±1.5 mm 
between the two modalities. A limitation of MRA for pedi- 
atric patients is motion artifact requiring breath-holding 
for optimal image acquisition. General anesthesia and sus- 
pending mechanical ventilation may be necessary in very 


young patients. Anatomic delineation of the more peripheral 
branches, typically beyond the third and fourth generation, is 
not adequately achieved by MRA. Advantages of MRA over 
angiography include reduced risk, avoidance of radiation, and 
preservation of vascular access for future interventional pro- 
cedures. Electron-beam computed tomography (CT) has also 
shown excellent correlation with angiography (107). It is less 
sensitive to motion artifact and can often be performed with 
sedation alone, even in small infants. CT is more suited for the 
unstable patient because of the short time needed to acquire 
the information, and has better spatial resolution than MRA. 



Figure 40.19. Selective right and LPA angiograms of an 8-year-old girl with severe bilateral pulmonary artery 
stenosis and no other associated cardiac or systemic disease. A: Anterior view of the right pulmonary artery 
demonstrates long-segment severe hypoplasia of the first-order branches. Some of the more peripheral branches 
also appear small. Note the lack of significant prestenotic and poststenotic dilation. B: Long axial oblique view 
with cranial angulation of the LPA also demonstrates long segment hypoplasia of its mid portion and small 
peripheral vessels. 
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Figure 40.20. Lateral projection of a selective right pulmo- 
nary artery angiogram in a 23 -year-old woman with bilateral 
pulmonary artery stenosis and supravalvar aortic stenosis, 
but without the phenotype for Williams syndrome. Note the 
“starburst” appearance with origin stenosis of multiple periph- 
eral branches. 


Radiation exposure and contrast administration are necessary, 
but the dose of both is typically lower than needed for angi- 
ography to obtain the same information if study protocols 
are carefully chosen. Exact hemodynamic measurements still 
require cardiac catheterization. Judicious use of these different 
modalities should result in increased safety and efficiency for 
the patient. 


Differential Diagnosis 

The differential diagnosis of isolated peripheral pulmonary 
artery stenosis is similar to that of pulmonary valve stenosis. 
The characteristic systolic murmur that is widely transmit- 
ted to the axilla and the back should suggest the diagnosis. 
Because peripheral pulmonary artery stenosis is commonly 
associated with other intracardiac and extracardiac malfor- 
mations, the features of the predominant lesion will determine 
the clinical picture. A history of maternal rubella, familial 
congenital heart disease, prolonged neonatal jaundice, and 
the finding of facies or features suggesting Noonan syndrome 
or Williams syndrome should suggest the diagnosis of periph- 
eral pulmonary artery stenosis in a patient with a pathologic 
murmur. Pulmonary artery stenosis should be considered in 
patients with tetralogy of Fallot and other complex cyanotic 
congenital cardiac lesions. 


Treatment 

Mild to moderate isolated unilateral or bilateral peripheral 
pulmonary artery stenosis usually does not require treatment, 
but severe cases do require some form of therapy. Prior to 
1981, surgical reconstruction was attempted, but the results 
were suboptimal, prompting the development of catheter ther- 
apy. Despite significant improvements in surgical techniques, 
access to distal vessels remains difficult, and catheter treatment 
is sometimes the only option. 


Balloon Angioplasty 

The first use of percutaneous transluminal angioplasty for 
peripheral pulmonary arterial stenosis was described by Mar- 
tin et al. (108) in 1980. Subsequently, Lock et al. (109) used 
the technique in newborn lambs with experimentally pro- 
duced branch pulmonary arterial stenosis. These investigators 
demonstrated histologically that successful dilations resulted 
from intimal and medial tearing of the pulmonary artery wall. 
These experiments led to the initiation of clinical trials in the 
early 1980s. 

The technique for angioplasty consists of positioning a bal- 
loon dilation catheter across the stenotic segment of the pul- 
monary artery. The balloon diameter usually must be three 
to four times the narrowest pulmonary artery segment to 
be effective. Initially, the balloon is inflated to low pressure 
(1 to 2 atm) while confirming proper position, indicated by 
a “waist” representing the stenotic segment centered on the 
balloon. If the diameter of the waist in the balloon is <70% 
of the balloon nominal diameter at this pressure, the initial 
dilation should be performed with a different, slightly smaller 
balloon. Overstretching a tight, noncompliant lesion increases 
the risk of potentially catastrophic rupture. Under continuous 
fluoroscopic monitoring, the appropriate balloon is inflated 
further to higher pressure for a variable period (10 to 60 
seconds) until the waist disappears or the maximum pressure 
is reached. A postdilation angiogram should be performed 
either just proximal to the dilated area or by advancing an 
end-hole angiographic catheter over a guidewire left in place 
across the dilated segment (Fig. 40.21). 

Percutaneous balloon angioplasty of peripheral pulmonary 
artery stenosis has met with a significantly lower success rate 
than pulmonary valvuloplasty. The criteria used to determine 
success has been described arbitrarily as an increase of 50% 
or more in vessel diameter, an increase of more than 20% in 
flow to the affected lung, or a decrease of more than 20% in 
systolic right ventricular to aortic pressure ratio (110). The 
overall acute success rate for patients with varying diagnoses, 
most commonly tetralogy of Fallot with and without pulmo- 
nary atresia, has been reported as 50% to 60% and appears to 
be similar in the small subset of patients with isolated periph- 
eral pulmonary artery stenosis and intact ventricular septum 
(110,111). Hosking et al. ( 1 1 1 ) examined the clinical impact of 
balloon angioplasty using relatively low-pressure balloons on 
subsequent management and found that only 35% of patients 
were favorably influenced by the procedure, with no patient 
previously considered inoperable becoming operable follow- 
ing angioplasty. A similar study by Zeevi et al. (112) found 
a 50% rate of favorable clinical impact using more stringent 
criteria for technical success and high-pressure balloons on 
some patients. The rate of recurrent stenosis has been 15% 
to 20% in short to midterm follow-up (110,111); long-term 
follow-up is unknown. 

Because of the disappointing results obtained with low- 
pressure balloons, high-pressure balloons that can be inflated 
up to 20 to 25 atm are being used increasingly to dilate pulmo- 
nary arteries. The overall acute success rate, defined as 50% 
or greater increase in vessel diameter or a >20% decrease in 
right ventricular to aortic pressure ratio, is around 70% to 
80%, but still only 50% in patients with isolated peripheral 
pulmonary artery stenosis (113,114). Limited information 
is available regarding the frequency of restenosis, but it may 
be higher than had been previously suspected. Using high- 
pressure balloons whenever necessary and defining restenosis 
as >50% decrease in the gain in diameter achieved at the initial 
successful angioplasty, a restenosis rate of 35% was found at 
follow-up angiography in a group of 48 patients (115). The 
only statistically significant variable associated with the occur- 
rence of restenosis was weight at the time of follow-up. 
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Figure 40.21. Right ventricular angiogram of a 3-year-old boy with truncus arteriosus and right pulmonary artery 
stenosis before and after balloon angioplasty. A: Stenosis of the right pulmonary artery at its origin and at its 
midportion is visualized. B: Following angioplasty, the stenotic areas have increased in diameter and the caliber 
of the vessel is uniformly larger. The systolic pressure gradient from the distal right pulmonary artery to the main 
pulmonary artery decreased from 36 to 18 mm Hg. 


The continued effort to improve on the success rate of bal- 
loon angioplasty for resistant pulmonary artery stenosis has 
recently brought about the use of cutting balloons in this set- 
ting (116). These balloons have three or four microsurgical 
blades with a cutting depth of 0.15 mm mounted longitudi- 
nally at 90 degree angles to the balloon. The technique is best 
suited for small, lobar pulmonary artery branches not amena- 
ble to stenting. Vessels resistant to high-pressure balloon angi- 
oplasty have been shown to respond to either cutting balloon 
angioplasty alone or cutting balloon angioplasty followed by 
high-pressure ballooning (117,118). The longitudinal cuts 
made by the blades create sites for the tear to propagate when 
further dilated with a high-pressure balloon. Successful dila- 
tion, defined as >50% increase in vessel diameter, has been 
achieved in 92% of resistant vessels (118). Follow-up data are 
still very limited, but encouraging (119,120). Much further in 
the future is the possibility of gene transfer to the pulmonary 
artery vessel wall via balloon angioplasty techniques, which 
could result in the expression of angiogenic factors and vessel 
growth (121). 

Significant complications have been reported in 5% to 
15% of patients following percutaneous balloon dilation 
of peripheral pulmonary arterial stenosis (110-113). These 
complications include exsanguination from a ruptured pul- 
monary artery either by the dilating balloon or by the guide- 
wire, hemoptysis, ipsilateral pulmonary edema, obstruction 
of dilated vessels by intimal flaps, pulmonary artery aneu- 
rysms, and clotted iliac veins. Aneurysms typically occur in 
small distal vessels spanned by the balloon during dilation of 
a more proximal stenosis. Thus, it is recommended that the 
balloon be positioned in the largest available distal vessel. A 
high incidence of aneurysms due to lack of technical control 
led to abandonment of intraoperative pulmonary artery dila- 
tions in many centers (110). Limited midterm angiographic 
follow-up of these aneurysms showed that they tend to remain 
unchanged or decrease slightly in size over time, but late 
enlargement and catastrophic rupture have rarely been seen. 


Transient arrhythmias, cyanosis, and hypotension also may 
occur during pulmonary artery angioplasty. 

Special mention should be made of the experience with bal- 
loon angioplasty in patients with Williams syndrome (114). 
Despite a success rate of approximately 50% as defined by 
a >50% increase vessel diameter, it has been noted that the 
decrease in right ventricular to aortic pressure ratio is often 
disappointing. Diffuse hypoplasia of the pulmonary vascular 
bed, stenoses distal to the dilated segment, and difficulty in 
dilating central portions of the pulmonary arteries have been 
implicated. The complication rate is substantially higher than 
encountered in other subsets of patients with pulmonary artery 
stenosis, and the incidence of aneurysms has been reported to 
be as high as 18%. The mortality rate, measured at 7.7% in 
one series (114), is more than twice that reported in other set- 
tings. Interestingly, the cause of death was not associated with 
pulmonary artery trauma in any of the patients in this study, 
but rather occurred in patients with significant coronary artery 
stenosis or ventricular hypertrophy and concomitant subendo- 
cardial ischemia with transient hemodynamic perturbations. 
These findings, coupled with the recognition that spontaneous 
improvement is often seen in patients with Williams syndrome 
and pulmonary artery stenosis, have led most investigators to 
recommend watchful waiting, particularly in young, asymp- 
tomatic children, despite significant elevation of the right ven- 
tricular pressure. When necessary, a combined approach with 
distal balloon angioplasty and proximal surgical reconstruc- 
tion may be the best therapy in this difficult group of patients. 

Balloon-Expandable Intravascular Stents 

The lack of response to balloon dilation in a substantial num- 
ber of patients led to the search for more effective transcatheter 
treatment. The stainless steel balloon-expandable stent devel- 
oped by Palmaz et al. (122) dramatically improved the effec- 
tiveness of balloon angioplasty in a selected group of patients 
(123,124). Stent placement is accomplished by positioning 
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Figure 40,22, Right pulmonary artery angiogram of an adult patient with isolated bilateral pulmonary artery 
stenosis and right heart failure before and after stent placement. A: Right axial oblique view demonstrates 
severe stenosis in the midportion of the right pulmonary artery. B: Following stent placement, there is marked 
improvement in vessel caliber. The proximal LPA was also stented with a similar result. Right ventricular pressure 
decreased from 55/16 to 42/8 mm Hg with no significant gradients across the stents. Cardiac index increased 
from 1.9 to 2.7 L/min/m 2 . The patient’s symptoms of right heart failure resolved following the procedure. 


the stent, mounted on an appropriately sized balloon angio- 
plasty catheter, across the stenotic segment via a long sheath. 
The sheath then is withdrawn off the stent-balloon angio- 
plasty catheter assembly, and the balloon is inflated to its rec- 
ommended pressure, expanding the stent and anchoring it in 
place (Fig. 40.22). Premounted stents may be held securely 
enough to the balloon to negate the need for advancement 
through a protective long sheath. Because of the often tortu- 
ous course in patients with congenital heart defects, however, 
dislodgement of the stent can occur, so placement without a 
long sheath must be done cautiously. 

Several investigators reported excellent results acutely as 
well as in midterm follow-up of stent implantation for pulmo- 
nary artery stenosis (123-125), with an increase of more than 
100% in stenosis diameter and a >75% reduction in gradient. 
Most of the patients in these studies had associated congeni- 
tal heart disease, such as tetralogy of Fallot with and without 
pulmonary atresia and truncus arteriosus, and a smaller num- 
ber had isolated congenital pulmonary artery stenosis. Shaffer 
et al. (124) reported on a group of 15 patients with isolated 
pulmonary artery stenosis. There was a dramatic immediate 
decrease in the gradient across the stenotic areas but a less sig- 
nificant decrease in right ventricular pressure than seen in the 
rest of the group as well as an increase in the right ventricular 
pressure at midterm follow-up not seen in the other patients. 
The largest series to date evaluating the immediate and mid- 
term results of stent placement for pulmonary artery stenosis 
also documents less optimal outcome in this subgroup acutely 
as well as at a mean follow-up of 5.6 years (125). In a group of 
61 patients with isolated congenital pulmonary artery stenosis 
who underwent placement of 115 stents, the pressure gradient 
across the stenosis decreased from 50 to 8 mm Hg, on par with 
the decrease observed in patients with other types of pulmo- 
nary artery stenosis. There was also a decrease in the right ven- 
tricular to aortic pressure ratio acutely from 0.59 to 0.45. On 
follow-up, the gradient had increased to 19 mm Hg, similar to 
the increase observed in the other groups. However, the right 


ventricular to aortic pressure ratio had risen to 0.59 (the same 
ratio as before stenting), while the increase was less signifi- 
cant in other groups. In contrast, follow-up data for the entire 
cohort of 338 patients, in whom 664 stents were implanted, 
showed persistent reduction in right ventricular to aortic pres- 
sure ratio from 0.66 before stenting, to 0.45 immediately after 
stenting, and to 0.50 at a mean follow-up of 5.6 year. The rate 
of restenosis and the incidence of nonphysiologic neointimal 
proliferation (>1 mm lining on either side of the stent) were 
only 2% each. The difference in outcome between patients 
with isolated congenital pulmonary artery stenosis and others, 
such as patients with tetralogy of Fallot, is felt to be related to 
the underlying elastin arteriopathy in the former group, ren- 
dering the reaction of the vessel wall to the stent less optimal, 
and resulting in early restenosis (125). These patients are also 
at higher risk of complications from either balloon angioplasty 
or stenting of their pulmonary arteries. Of 5 deaths reported 
by McMahon et al. in their 338 patients, 2 occurred in patients 
with congenital pulmonary artery stenosis. One patient died of 
fulminant pulmonary edema after placement of two stents in 
the left lower lobe, and the other developed massive hemop- 
tysis, a bronchopleural fistula, and died despite lobectomy to 
control the bleeding. 

Complications from stent implantation include incorrect 
stent positioning or embolization, sometimes requiring surgi- 
cal removal; thrombosis of the pulmonary artery within the 
stent (mostly seen in patients with systemic vein to pulmonary 
artery anastomosis); and all the complications associated with 
balloon angioplasty alone, including pulmonary edema and 
pulmonary hemorrhage. Operator experience and technologic 
advances over the past two decades have been shown to sig- 
nificantly reduce the incidence of complications (125). Lessons 
learned have led to changes in practice, including avoidance of 
overdilation and conservative serial dilations in patients with 
isolated congenital pulmonary artery stenosis, and simultaneous 
stenting of several branches, or of the right and left pul- 
monary arteries where applicable, in those with systemic or 
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suprasystemic right ventricular pressure to avoid flooding a 
single segment. Technologic advances include shorter stents, 
improved balloon profiles, central inflation of the stents pre- 
venting protrusion of the stent struts into the vessel wall, refine- 
ments in techniques to assure stable positioning of the stent over 
the balloon as it is advanced to the lesion, and more recently, 
the introduction of premounted stents. These latter stents can 
be advanced over a wire even without the protection of a long 
sheath without slippage of the stent off the balloon (126). 

At follow-up catheterization, a small and usually hemody- 
namically insignificant decrease in diameter of the stented ves- 
sel has been noted that resulted from neointimal proliferation. 
McMahon et al. (125) noted an increase in luminal diameter 
from 5.4 to 11.2 mm immediately after stent placement, and 
a decrease to 9.3 mm after 5.6 years of mean follow-up. More 
significant narrowings can develop in areas of diameter mis- 
match between the stented and nonstented vessel (123) or in 
between nonoverlapping serial stents. In the majority of cases, 
the gradient measured on follow-up was due to growth of the 
vessel wall adjacent to the stent despite the absence of signifi- 
cant restenosis within the stent (125). Stent redilation has been 
performed safely and effectively in midterm follow-up (127); 
however, concerns about the unknown long-term effects of 
stent implantation and about the potential limitations of redi- 
lation prompted several investigators to recommend withhold- 
ing stent placement in very young children (124). In very small 
patients, stents should be avoided unless the stent utilized has 
the capacity to later be enlarged to adult diameter. For older 
children and adult patients, in whom stents can be dilated at 
the initial or subsequent catheterizations to the required adult 
size of the vessel, stent placement has become the preferred 
therapy for refractory branch pulmonary stenosis. Future 
technologic advances such as biodegradable stent designs may 
further expand the indications for pulmonary artery stent 
implantation to all age groups (128). 

Surgery 

Early attempts to relieve pulmonary artery stenosis were con- 
fined to the main pulmonary artery or origin of the branch 
pulmonary arteries with varying success. Multiple peripheral 
stenoses were first tackled by McGoon et al. (129) using an 
azygous vein graft to patch over the incised stenotic segments. 
Further surgical experience with pulmonary artery reconstruc- 
tion was gained primarily in patients with tetralogy of Fallot 
with pulmonary atresia and aortopulmonary collateral arter- 
ies. When native arterioplasty is not sufficient, stenotic seg- 
ments are enlarged, preferably with autologous pericardium 
and occasionally with azygous vein grafts. Isolated congenital 
peripheral pulmonary artery stenosis, often accompanied by 
long-segment hypoplasia, is difficult to treat successfully with 
either balloon angioplasty or surgery. In our institution, vari- 
ous techniques are used to deal with this lesion, including exci- 
sion of stenotic segments, augmentation of stenotic branching 
points using cutback angioplasty, and use of an autologous 
pericardial roll to restore arterial continuity when direct anas- 
tomosis is not possible. At least one patient with severe bilat- 
eral branch pulmonary artery stenosis was treated surgically 
with near normalization of right ventricular pressure (130) 
(Fig. 40.23). A combined approach, with surgical reconstruc- 
tion followed by transcatheter pulmonary artery intervention, 
is often the best form of treatment. 

Course and Prognosis 

Routine prophylaxis against endocarditis in patients with 
peripheral pulmonary stenosis is not recommended. Most 
patients with mild or moderate stenosis remain stable, and pres- 
sure gradients recorded early in life often decrease with growth. 



Figure 40.23. Pulmonary artery angiogram of the same patient 
depicted in Figure 40.19 following surgical reconstruction. The 
right ventricular pressure decreased from 102/6 to 40/5 mm Hg. 


This is particularly true in patients with associated syndromes 
such as Williams, Noonan, or congenital rubella; however, 
multiple peripheral pulmonary stenosis of severe degree may be 
progressive (102,131), and the prognosis is poor unless angio- 
plasty, stent placement, or surgery is successful. Complications 
include right ventricular failure, pulmonary artery thrombosis, 
and poststenotic aneurysmal dilation with pulmonary artery 
hemorrhage. Death in childhood has been reported (131). 


PULMONARY ARTERY STENOSIS IN 
YOUNG ADULTS 


Isolated peripheral pulmonary artery stenosis is rarely seen in 
adult patients, and often is misdiagnosed as chronic pulmo- 
nary thromboembolic disease (132). These patients typically 
present with exertional dyspnea and fatigue, and symptomatic 
improvement has been seen following balloon angioplasty. Sys- 
temic vasculitis with pulmonary arterial involvement should 
be excluded. The presence of murmurs consistent with pulmo- 
nary artery stenosis in many of these patients in childhood or 
adolescence suggests a congenital etiology with slow progres- 
sion. Inadequately repaired pulmonary artery branch stenosis 
may be seen in patients who underwent childhood repairs of 
lesions such as tetralogy of Fallot, truncus arteriosus, or trans- 
position of the great arteries (if arterial switch procedure was 
utilized). Abnormal distribution of pulmonary blood flow has 
been associated with reduced exercise capacity (133). 
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David G. Nykanen 


A discussion of pulmonary atresia (PA) and intact ventricular 
septum (IVS) would be incomplete without acknowledg- 
ing the legacy of Robert M. Freedom. As a clinical cardiac 
morphologist, his monograph described the diversity of this 
malformation, emphasizing the complexity of a disorder 
that appears so simple on the surface (1). His understanding 
of the nature of this condition has endured the test of time 
and continues to influence our treatment strategies today. To 
those who were fortunate to know him, he was a passionate, 
tireless teacher dedicated to the concept that the practice of 
knowledge-based medicine incorporates observations gained 
from both an understanding of the literature and the recog- 
nition of the value of cumulative experience. Scholars of pe- 
diatric cardiology will continue to identify Robert Freedom’s 
contributions to our understanding of PA and IVS for decades 
to come. It is appropriate that many of his insights continue to 
be reflected in the pages that follow. 

PA and IVS was first described in 1783 by Hunter (2) and 
then revisited 86 years later by Peacock in 1869 (3). While its 
name focuses primarily on membranous or muscular atresia of 
the right ventricular outflow tract, this disorder is character- 
ized by striking heterogeneity of the right ventricle, its inlet, 
and its functional size. Furthermore, many of these patients 
have connections between the right ventricle and subepicar- 
dial coronary arteries and a predisposition for an unusual 
coronary circulation. These connections were originally a 
pathologic curiosity; however, management can be dictated 
by their nature. Prognosis appears to relate to the nature of 
the coronary circulation in the right ventricle at high pressure 
or, alternatively, the presence of severe tricuspid regurgita- 
tion in the setting of a low-pressure right ventricle (4-6). It 
is truly a complex, diverse disorder that challenges surgical 
and catheter-based interventional strategies. Current interven- 
tional algorithms range from achieving a biventricular circula- 
tion and variations of the cavopulmonary circulation (Fontan 
operation or 1.5-ventricle repair) to cardiac transplantation. 


EPIDEMIOLOGY 


Data obtained from the New England Regional Infant Cardiac 
Program identified 75 patients with this disorder, accounting 
for 3.1% of all infants enrolled in the study. The Baltimore- 
Washington Infant Study defined the prevalence for this disor- 
der as 0.083 per 1,000 live births (7). Despite being uncommon, 
when integrated into the overall statistics of congenital heart 
disease, PA/IVS is one of the more common cardiac etiologies 
of cyanotic congenital heart disease in the neonate, along with 
transposition of the great arteries and PA with ventricular sep- 
tal defect. A published study from the United Kingdom and 
Eire defined the incidence of PA and IVS to be 4.1 per 100,000 
live births (8). Overall, by the best estimates, PA and IVS occurs 
at a rate of 0.6/10,000 live births. However, if one includes 


pregnancies that are aborted spontaneously or electively after 
20 weeks’ gestational age with live births, the rate has been 
reported as much as 10 times higher at 0.6/1,000. 

Fetal echocardiography provides a unique window to study 
the later phases of the fetal heart development recognizing that 
cardiac organogenesis is complete by about 8 weeks’ gestation. 
There is increasing evidence that fetuses with severe tricuspid 
regurgitation may not fare well. Such fetuses are known to 
develop right-sided heart failure with pleural and pericardial 
effusions, ascites, pulmonary hypoplasia, and fetal death. Thus, 
fetal loss might be anticipated in a specific subset of patients 
with PA, IVS, extremely severe tricuspid regurgitation, and a 
low-pressure right ventricle. The data collected from the United 
Kingdom and Eire also showed that termination of pregnancy 
once this diagnosis was established led to an important reduction 
in live-born incidence in mainland Britain (8). Prenatal echo- 
cardiography is becoming an important predictor of postnatal 
management of this patient population and likely will grow to 
include strategic application of in utero intervention (9-13). 


DEFINITION 


The usual form of PA and IVS occurs in a left-sided heart with 
normal atrial relations, concordant atrioventricular connec- 
tions, and concordant ventriculoarterial connections. As its 
name implies, the right ventricular outflow tract is imperforate 
and this can be either membranous or represented by a longer 
segment of muscular atresia. The ventricular septum function- 
ally is intact. A patent arterial duct usually mediates pulmonary 
blood flow. Very rarely, multiple direct aortopulmonary collat- 
erals originating from the descending thoracic aorta are the sole 
sources of pulmonary arterial supply. Nonconfluent pulmonary 
arteries, each supplied by a patent arterial duct, also have been 
recognized, but this situation also is uncommon (14). 


MORPHOGENESIS 


Kutsche and Van Mierop (15) suggested that PA with ven- 
tricular septal defect occurs earlier in cardiac morphogenesis 
than PA and IVS. This conclusion is based on an analysis of 
a number of morphologic factors, including the diameter of 
the pulmonary trunk, the morphology of the pulmonary valve, 
and the morphology and topography of the ductus arteriosus. 
They postulated that PA and ventricular septal defect occur 
early in cardiac morphogenesis at or shortly after partition- 
ing of the truncoconal part of the heart but before closure of 
the ventricular septum. Conversely, they suggest that PA and 
IVS probably occur after cardiac septation. For some forms 
of hearts with PA and IVS, it is possible that their conclusions 
about the timing of maturational arrest are correct, specifically 
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for patients with PA and IVS, a nearly normal-sized right ven- 
tricle, and an imperforate “tricuspid” pulmonary valve whose 
commissures are completely fused. 

Embryologically, this defect must occur after ventricular sep- 
tation is complete as the septum is, by definition, intact. An 
abnormality of intracardiac blood flow may result in atresia 
of the valve, thus further altering blood flow and ventricular 
growth. Animal experiments have demonstrated that reduced 
flow to a heart structure, even late in gestation, can have dev- 
astating effects on the development of associated structures 
(16,17). The concept is further evidenced by current (as yet 
unproven) experimental fetal interventional strategies for treat- 
ment during pregnancies that are aimed at restoring normal flow 
patterns in an effort to promote growth or prevent regression 
of cardiac chamber size. While human fetuses with PA and IVS 
demonstrate abnormalities in intracardiac blood flow, the spe- 
cific etiology of the blood flow abnormality remains unknown. 

The tricuspid valve in this condition usually is abnormal. 
This makes intuitive sense as any blood entering the fetal right 
ventricle has no egress; hence it must regurgitate. The annulus 
may become hypoplastic, the leaflets of the valve abnormal, 
and the chords supporting the valve malformed or damaged 
due to the high pressures in the ventricle created by the lack of 
an egress of blood from the right heart. Once the valve begins 
to leak, it is further altered structurally by turbulent flow. 

Another very important prognostic feature concerns the 
presence or absence of ventriculocoronary connections and 
coronary artery abnormalities. Conceptually, if the pressure 
is very high in the right ventricle and the blood has nowhere 
to go, the ventricle can develop these connections to partially 
decompress in fetal life. Once these connections have formed, 
they have not been demonstrated to disappear. Shear forces 
created by blood flowing at high pressure within these con- 
nections can result in progressive stenosis and interruption of 
the coronary arteries that effectively renders the circulation 
of major portions of heart muscle dependent on flow from 
the right ventricle. This is recognized after birth as a “right 
ventricular-dependent coronary circulation” and in its worst 
form is an absolute contraindication to decompressing the 
right ventricle by surgery or transcatheter methods. 

The pulmonary valve is derived from endocardial tissue 
within the conotr uncus. Abnormalities in morphology of the 
pulmonary valve can result from failure of normal develop- 
ment of the valve itself. In this setting, the valve consists of the 
usual three leaflets, but they have markedly thickened abnor- 
mal cusps of myxomatous tissue. It often is accompanied by 
abnormalities of the valve annulus and the sinotubular junc- 
tion. These types of valve abnormalities have been linked to 
genetic conditions such as Noonan syndrome and Williams 
syndrome as well as environmental exposures such as rubella. 
Here the problem clearly occurs early as a result of abnor- 
mal formation of the valve itself. This is in contrast to the 
valve that has been subject to abnormalities of flow after it has 
developed where the leaflets are thickened and fused together 
with a near-normal-appearing sinotubular junction. 


PATHOLOGY AND PHYSIOLOGY 


Gross External Inspection 

The heart may be only mildly enlarged, or it may be massively 
enlarged, with a hugely dilated right atrium occupying much 
of the right hemithorax. In this latter situation, the lungs may 
be compressed by the enlarged heart and may exhibit a varying 
degree of hypoplasia. When the heart is only mildly enlarged, 
the course of the anterior descending coronary artery in the 
anterior interventricular sulcus outlines a smaller than normal 



Figure 41.1. Intraoperative photograph of the epicardial sur- 
face of the heart of a patient with pulmonary atresia and intact 
ventricular septum with right ventricle to coronary connec- 
tions. The coronary arteries are dilated ( arrows ) with aneurys- 
mal dilation (asterisk). 

right ventricle. The right atrium usually is somewhat enlarged, 
accounting for the cardiomegaly. The right ventricle may be 
profoundly thinned, and this may be apparent even with the 
heart in situ. 

From external inspection of the heart, there may be obvi- 
ous clues that there are significant abnormalities of the coro- 
nary artery circulation. The coronary arteries may be obviously 
thickened and nodular, and rarely the coronary arteries may 
be seen connecting with the pulmonary trunk. Severe abnor- 
malities may be readily apparent with epicardial aneurysmal 
dilation (Fig. 41.1). So-called dimples may be observed on the 
epicardial surface of the heart, usually, but not exclusively, in 
association with the subepicardial coronary arteries. Such dim- 
ples may be considered the external stigmata of ventriculocoro- 
nary connections and may indicate the site of such connections. 

Nature of the Pulmonary Atresia 

Braunlin et al. (18) documented the morphologic bases for PA 
in this disorder, correlating the type of imperforate pulmonary 
valve with the character of the right ventricle and its infun- 
dibulum. In patients with a well-formed infundibulum, the 
imperforate pulmonary valve exhibits three semilunar cusps 
with complete fusion of the commissures (Fig. 41.2). The pul- 
monary valve is primitive in patients with a diminutive right 
ventricle and a severely narrowed or atretic infundibulum. The 
muscular nature of the infundibulum has received both mor- 
phologic and clinical and angiocardiographic attention, and 
the nature of those right ventricular muscle bundles contribut- 
ing to the infundibular atresia has been described. 

Great Veins, Atrial Septum, Coronary Sinus, 
and Venous Valves 

A peculiar relationship exists between persistent right venous 
valve, ventriculocoronary connections, and PA/IVS. It would 
be too simplistic, indeed incorrect, to speculate that a persis- 
tent venous valve is causal to right-sided heart hypoplasia. The 



CHAPTER 41 ■ Pulmonary Atresia and Intact Ventricular Septum 941 



Figure 41.2. Appearance of pulmonary valve in a patient with 
pulmonary atresia and intact ventricular septum. The valve 
leaflets are reasonably well identified. 


coronary sinus usually terminates in the right atrium. Stenosis 
and atresia of the coronary sinus ostium have been observed, 
with decompression through an unroofed coronary sinus-left 
atrium fenestration. 

Because of the obligatory right-to-left shunt at atrial level, 
with rare exception, there is either a patent foramen ovale or 
true secundum atrial septal defect. Premature closure of the 
foramen has been observed in this disorder, usually with fetal 
death. Rarely, if the interatrial septum is intact or nearly so, 
alternative pathways for systemic venous return have been rec- 
ognized, including coronary sinus-left atrial fenestration. The 
septum primum may assume aneurysmal proportions in patients 
with a restrictive atrial septal defect, and its herniation through 
or obstruction of left ventricular inflow has been observed. 


Tricuspid Valve 

The tricuspid valve rarely is normal in patients with PA and 
IVS. This atrioventricular valve demonstrates the continuum 
of abnormalities and a functional impact that ranges from 
extreme stenosis to profound regurgitation (19) (Fig. 41.3). 
The stenotic valve can demonstrate a hypoplastic obstructive 
annulus that may be muscularized with a very abnormal valve 
apparatus consisting of a thickened free valve margin, short- 
ened dysplastic chordae, and papillary muscle abnormalities. 
The severely regurgitant valve can be characterized by a dilated 
annulus. In this situation, the valve exhibits both profound 
displacement similar to the severest form of Ebstein anomaly 
and dysplasia. In some severely regurgitant valves, the valve is 
not displaced but it is extremely dysplastic. Rarely, the valve 
orifice may be virtually unguarded, a situation similar to pro- 
found Ebstein anomaly (20). The most severely stenotic and 
obstructive tricuspid valve is observed in patients with the 
most hypoplastic of right ventricles. Conversely, patients with 
a large right ventricle usually have severe tricuspid regurgita- 
tion with a valve exhibiting features of Ebstein anomaly and 
dysplasia. This latter malformation represents a major man- 
agement challenge with a poor overall prognosis. 


Right Ventricle 

Clinicians and pathologists have attempted to character- 
ize the size of the right ventricle in this disorder for decades. 


Methodologies have included angiocardiographic volumetric 
analysis, a variety of measurements of the inlet/outlet axis, and 
the convention advocated by the Congenital Heart Surgeons 
Study (CHSS), that is, the use of the so-called tricuspid diam- 
eter Z value (5). This is the diameter of the tricuspid valve 
normalized to body surface area and was based on an early 
pathologic study of the normal quantitative anatomy. Data 
from the CHSS showed that the Z value of the tricuspid valve 
was correlated with the size of the right ventricular cavity 
(r = 0.68, p < 0.0001), and this relationship has been con- 
firmed in more recent studies as well (21). This continues to be 
referenced to the present day. 

Others have advocated a semimorphologic approach to the 
right ventricle. Although there is no consensus as to whether 
the morphologically right ventricle is embryologically a bipar- 
tite or tripartite structure, there are examples of congenitally 
malformed hearts that may support the view of the right ven- 
tricle as a tripartite structure. Taking this latter approach, 
the normal right ventricle can be considered to be composed 
of confluent inlet, apical trabecular, and outlet components. 
This approach has been used widely in the categorization of 
patients with PA and IVS. Thus, some patients have PA and 
IVS, wherein the right ventricle is particularly well formed and 
all three components are well represented. In others, the right 
ventricle is extremely underdeveloped and seemingly limited 
to an inlet only (22) (Figs. 41.3C-E and 41.4). Attempts to 
characterize the size of the right ventricle are plagued by dif- 
ficulty in assessing the contribution of muscular hypertrophy 
of the apical and outlet myocardium (23). This has tremen- 
dous impact on clinical management as it appears that relief 
of outflow tract obstruction with associated pulmonary insuf- 
ficiency may result in remodeling with regression of hyper- 
trophy that can result in real or perceived growth of the right 
ventricle (23-30). 


Left Atrium, Left Ventricle, and Aortic Valve 

The left atrium usually receives the pulmonary veins in a 
normal fashion, although one or more pulmonary veins may 
connect anomalously to the systemic circulation. The left 
ventricle may exhibit variable degrees of hypertrophy, espe- 
cially in patients who survive past infancy. Some years ago, 
attention was given to a convexity of the outlet portion of the 
interventricular septum that occurred in those patients with 
small and extremely hypertensive right ventricles (Fig. 41.5). 
In this setting, severe left ventricular outflow tract obstruc- 
tion resulting in death occurring after surgical creation of a 
cavopulmonary connection has been observed when there is 
an unfavorable change in the ratio between left ventricular 
mass and end-diastolic volume (31,32). Aortic valve stenosis 
has been described in patients with PA and IVS, including the 
neonate with critical aortic stenosis and the somewhat older 
child with severe aortic valve stenosis (33). With rare excep- 
tions, the aortic arch is left sided. 


Pulmonary Circulation 

Confluent pulmonary arteries usually receive flow from a 
left-sided ductus arteriosus. Rarely, nonconfluent pulmonary 
arteries are supported by bilateral ductus arteriosus or aor- 
topulmonary collaterals (34). A main pulmonary trunk almost 
always is present. Unlike the patient with PA with ventricular 
septal defect, the caliber of the pulmonary arteries in patients 
with PA and intact ventricular septum is rarely a major deter- 
minant of outcome. This may be in part mediated by the obser- 
vation that the arterial duct tends to close earlier in patients 
with PA and intact septum than it does in patients with PA 
and ventricular septal defect (35). More recently, transcatheter 
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Figure 41.3. Spectrum of tricuspid valve anomalies 
in pulmonary atresia and intact ventricular septum. 
A: Severely stenotic tricuspid orifice (arrow) viewed 
from the right atrium. B: Stenotic and hypoplas- 
tic tricuspid valve with a very muscular annulus. 
C: Nearly normal tricuspid valve in a patient with 
a normal-sized right ventricle. D: Severely dysplastic 
tricuspid valve in a newborn with large right ventricle 
and severe tricuspid regurgitation; the right ventricle 
is very thinned. E: Profound Ebstein anomaly of 
the tricuspid valve in a newborn with large right ven- 
tricle and severe tricuspid regurgitation. 



means of maintaining pulmonary blood flow such as stenting 
of the arterial duct have necessitated increased awareness of the 
assessment of the neonatal anatomic details of the pulmonary 
artery at the insertion of the patent ductus arteriosus (36-39). 

Myocardial Abnormalities 

The myocardium of patients with PA and IVS can demonstrate 
a wide range of abnormalities. Ischemia, fibrosis, infarction, 


and myocardial rupture have been observed in these patients 
(40-45) (Fig. 41.6). Other abnormalities include myocardial 
disarray, the appearance of so-called spongy myocardium, 
and ventricular endocardial fibroelastosis. In this regard, an 
inverse relationship exists between ventricular endocardial 
fibroelastosis and extensive ventriculocoronary communica- 
tions. Perhaps this observation is fundamental to the frequent 
finding of ventriculocoronary connections in PA and IVS: 
dense, “sugar-coated” right ventricular endocardial sclerosis 
is uncommon. Conversely, dense, sugar-coated left ventricular 
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Figure 41.4. Severe right ventricular underdevelopment in a 
patient with pulmonary atresia and intact ventricular septum. 
Severely hypoplastic right ventricle with free-wall and septal 
hypertrophy (see also Fig. 41.2C-E). 


endocardial sclerosis is common in patients with a hypoplastic 
left heart syndrome; but a perforate mitral valve, and thus ven- 
triculocoronary connections, is uncommon. The right ventric- 
ular myocardium may be particularly thinned in babies with 
severe tricuspid regurgitation. 


Coronary Arteries 

It is important to gain an understanding of the status of the 
coronary circulation in patients with PA and IVS prior to 
proceeding with an interventional algorithm because myo- 
cardial ischemia may be related to the presence and extent 
of these ventriculocoronary connections. An extensive lit- 
erature has documented the vast array of changes in the 
coronary arteries among some patients with PA and IVS (46- 
50). Several articles have characterized the histopathologic 



Figure 41.5. Note septal convexity ( asterisk ) in a patient with 
pulmonary atresia and intact ventricular septum. It has the 
potential for promoting left ventricular outflow tract obstruc- 
tion after Fontan repair. 




Figure 41.6. Myocardial abnormalities seen in some patients 
with pulmonary atresia and intact ventricular septum. A: Acute 
myocardial infarction with rich inflammatory infiltrate and 
loss of cellular integrity. B: So-called spongy myocardium with 
endothelial-lined vascular lakes. 


alterations of the involved coronary arteries. This process 
is not characterized by inflammation, as once thought, but 
more appropriately as myointimal hyperplasia with a rich 
background of glycosaminoglycans. There is a wide spec- 
trum of histopathologic lesions of both the extramural and 
intramural coronary arteries. These lesions range from mild 
degrees of intimal and medial thickening in which a con- 
tinuous internal elastic lamina and normal lumen is present 
to a loss of normal arterial wall morphology with replace- 
ment of the arterial wall by fibrocellular tissue containing 
irregular, unorganized elastin strands and severe stenosis 
or obliteration of the arterial lumen. Some have designated 
these changes as fibroelastosis of the coronary arteries, but 
emphasis would be more appropriately focused on myointi- 
mal hyperplasia. Staining for glycosaminoglycans shows the 
prominence of ground substance formation by the activated 
smooth-muscle cells rather than the reduplicated elastica and 
collagen characteristic of fibroelastosis (Fig. 41.7). This path- 
ologic process leads to a profound distortion of the normal 
architecture, eventuating in endothelial irregularity, stenosis, 
or interruption. Such coronary arterial involvement occurs 
only in patients with ventriculocoronary connections and, 
by inference, with a hypertensive right ventricle. The patho- 
genesis of these arterial lesions likely is predicated on the 
repeated and sustained injury to the coronary arterial intima 
from high-pressure right ventricular systolic turbulent blood 
flow mediated by the presence of the ventriculocoronary con- 
nections. Intramural or extramural coronary arteries remote 
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Figure 41.7. Spectrum of severe coronary arterial lesions in 
infants with pulmonary atresia and intact ventricular septum. 
A: Virtual obliteration of coronary arterial lumen by a rich 
cellular process. B: Obliteration of extramural coronary arter- 
ies in a different patient with a right ventricular-dependent 
coronary circulation. 


from the ventriculocoronary connections do not demonstrate 
these arterial lesions, nor do hearts not exhibiting ventriculo- 
coronary connections. These lesions have been found in fetal 
hearts with PA and IVS and in hearts of the immediate new- 
born. Ventriculocoronary connections do not occur in thin- 
walled, low-pressure right ventricles. 

The coronary abnormalities in patients with PA and IVS 
embrace the same spectrum of abnormalities as those seen in 
patients with otherwise normal hearts, including abnormali- 
ties of origin, epicardial course, and number. A single coro- 
nary artery may originate from the aorta or, rarely, from the 
pulmonary trunk. Many congenital and acquired conditions 
of the coronary circulation are specific to PA and IVS and 
impact surgical management. These conditions include an 
absence of a proximal aortocoronary connection between one 
or both coronary arteries, coronary arterial stenosis or inter- 
ruption, or a so-called coronary-cameral fistula with a major 
fistula between the right or left coronary artery and the right 
ventricle. Peculiar arterial connections such as those from the 
descending thoracic aorta or the gastric artery to the coronary 
circulation very rarely have been described. 

Right Ventricular-Dependent Coronary 
Artery Circulation 

Intrinsic to awareness of ventriculocoronary connections 
in this disorder and their impact on the myocardium is the 
concept of a right ventricular-dependent coronary artery 
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A Right Ventricular-Dependent 
Coronary Circulation 




Coronary artery abnormalities requiring right ventricular 
blood flow: 


Absent aortocoronary connections 
Coronary artery interruption or stenosis 
Profound coronary-cameral steal or fistula 


circulation (Table 41.1). In the normal circulation, it is in 
large part the aortic diastolic pressure that is the driving 
pressure for coronary blood flow. Factors that reduce aor- 
tic diastolic pressure or shorten diastole will compromise 
coronary blood flow. The presence of ventriculocoronary 
artery connections may promote coronary artery stenosis 
and interruption, and aortic diastolic pressure may not be 
sufficient to drive coronary blood flow when obstructive 
lesions are present within the coronary circulation. It is 
important to remember that these infants are hemodynami- 
cally fragile, tachycardic, and often receiving prostaglandin 
or palliated with a systemic-to-pulmonary artery shunt to 
augment pulmonary blood flow. Notably these therapeutic 
maneuvers also will reduce aortic diastolic pressure. There- 
fore, retrograde coronary blood flow from the hypertensive 
right ventricle occurring during systole and mediated by the 
ventriculocoronary connections may be necessary to sustain 
adequate myocardial perfusion. In a coronary circulation 
that is wholly or in part right ventricular dependent, it is the 
blood that gets into the right ventricle at systemic or above- 
systemic right ventricular systolic pressure that supplies 
the dependent myocardium in a retrograde fashion. Unfor- 
tunately, this process can lead to further coronary arterial 
distortion. The management corollary to this is clear: inter- 
ference with blood flow into the right ventricle or reduction 
of right ventricular systolic pressure in situations in which 
the coronary circulation is right ventricular dependent may 
result in myocardial ischemia, infarction, and death. 

There is unequivocally a predisposition to ventriculocoro- 
nary connections among patients who have the smallest right 
ventricles. Thus, it is unlikely but not impossible to define 
such abnormal communications in patients with a normal- 
sized right ventricle or with a nearly normal right ventricle 
(51). It is much more likely to observe ventriculocoronary 
communications in patients whose ventricles have been cat- 
egorized as unipartite or bipartite. Using the convention of 
the tricuspid Z value, data from the CHSS demonstrated a 
positive correlation with ventriculocoronary connections: 
a negative tricuspid Z value correlates with the presence of 
ventriculocoronary connections. Data from this study sup- 
port the observation that the smallest tricuspid valve (i.e., the 
most negative Z value) is observed in patients with the small- 
est right ventricle (5). Data provided by the CHSS indicated 
that, of the 145 patients for whom this information was 
available, ventriculocoronary connections were observed in 
45%. In 9 % of the 145 patients, the coronary circulation 
was considered wholly right ventricular dependent. Ventricu- 
locoronary connections may involute after successful right 
ventricular decompression (whether by pulmonary valvot- 
omy or tricuspid valve excision or avulsion). Such involu- 
tion has been demonstrated in the newborn and in the older 
patient. With reduction in right ventricular pressure, there is 
always the possibility that flow from the coronary artery to 
the right ventricle might occur or become exaggerated, and 
this phenomenon has been recognized. 
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Perhaps of more concern is determination of the timing of 
the occurrence of coronary arterial obstructive lesions, coro- 
nary artery stenosis, or interruption. Such coronary arterial 
obstructive lesions can occur in fetal tissues, and these lesions 
have been identified clinically by both angiography and his- 
topathology in hearts from patients who die in the first few 
hours and days after birth. Thus, such changes should not be 
interpreted as a later, acquired postnatal phenomenon (47). 
Obviously, some changes may be acquired late, but clearly 
obstructive coronary arterial lesions may be identified in the 
immediate newborn. 


CLINICAL FEATURES 


Physical Examination 

Newborns with PA and IVS become cyanotic and hypoxemic 
coincident with functional and anatomic closure of the pat- 
ent arterial duct. In the rare patient in whom the interatrial 
communication is truly restrictive, the cardiac output may 
be affected as well by restricting the obligatory right-to-left 
shunt. 

There is no known sex predilection, and there is no identi- 
fied genetic predisposition, although familial cases have been 
described as well as an occurrence in monozygotic twins (52). 
It has been assigned to a single gene theory in at least one 
instance (53). Infants typically are born at term. Cyanosis usu- 
ally is apparent within hours of birth and is progressive. Dysp- 
nea is not conspicuous without significant acidosis, reduced 
cardiac output, or pulmonary hypoplasia, but tachypnea may 
be prominent. 

In the absence of profound cardiac enlargement, the left 
precordium will not bulge. The left ventricle may be enlarged, 
and at the apex, its impulse may be forceful. The first and 
second heart sounds are single. A pansystolic murmur often 
is audible at the left lower sternal border, consistent with tri- 
cuspid regurgitation. In infants with severe tricuspid regurgi- 
tation, the murmur of tricuspid regurgitation is conspicuous, 
sometimes associated with a thrill, and a tricuspid diastolic 
rumble may be audible. A murmur of the arterial duct may 
be distinguished in the second and third left intercostal space, 
especially after prostaglandin has been administered to pro- 
mote ductal patency. Unless the atrial septum is profoundly 
restrictive, affecting cardiac output, the caliber of the arterial 
pulses is normal. The liver is not particularly enlarged unless 
there is severe tricuspid insufficiency or a restrictive foramen 
ovale. 

The most striking and consistent finding before prostaglan- 
dins are administered is hypoxemia refractory to increased 
inspired oxygen concentration and a mild degree of hypocar- 
bia, reflecting the tachypnea. Significant metabolic acidosis 
usually indicates progressive hypoxic cellular damage signify- 
ing imminent death in the absence of intervention. 

Radiographic Features 

The chest radiograph may demonstrate a heart that is only 
mildly enlarged or one that fills the entire chest cavity. In 
the former, the pulmonary vascular markings are reduced, 
which may be confirmed on the lateral radiograph, where 
hilar pulmonary arterial markings are sparse. In the latter 
situation, with massive cardiomegaly, it may be difficult to 
define enough pulmonary parenchyma to evaluate the lung 
markings. The differential radiographic diagnosis of extreme 
cardiomegaly in the newborn includes the conditions shown 
in Table 41.2. 


Differential Diagnosis of Massive 
Cardiomegaly in the Newborn 

Pulmonary atresia and Ebstein anomaly 
Ebstein and functional pulmonary atresia 

Aortic atresia, A V and VA discordance, and severe left AV 
valve regurgitation 

Functional aortic atresia, AV and VA discordance, and severe 
left AV valve regurgitation 

Intrapericardial teratoma 

AV, atrioventricular; VA, ventriculoarterial. 


Electrocardiographic Features 

The classic electrocardiogram shows normal sinus rhythm, a 
frontal QRS axis of +30 to +90, a paucity of right ventricular 
forces, left ventricular dominance or left ventricular hypertro- 
phy, and right atrial enlargement. There frequently are abnor- 
malities of the ST-T segments, consistent with some degree of 
subendocardial ischemia. The differential diagnosis based on 
the electrocardiogram is shown in Table 41.3. The differential 
diagnosis of a cyanotic baby with a soft systolic murmur, mild 
cardiac enlargement, and oligemic lungs is fairly extensive 
(Table 41.4). 

Echocardiographic Features 

Although echocardiography has been advocated as the imag- 
ing modality for the diagnosis and treatment of many forms 
of neonatal congenital heart disease, both echocardiography 
and angiocardiography are often required for a complete 
evaluation of this disorder. It is not that echocardiographer 
cannot make the diagnosis of PA and IVS. Rather, important 
consideration in the treatment algorithm of neonates with PA 
and IVS is given to the presence of right ventricular to coro- 
nary artery connections and a right ventricular-dependent 
coronary circulation, especially if one is considering decom- 
pressing the right ventricle by creating continuity between the 
right ventricle and the pulmonary circulation. Identification 
of the extent of ventriculocoronary connections can be diffi- 
cult by echocardiography. Echocardiographic imaging has not 
allowed one to identify reliably coronary arterial stenosis or 
interruption in neonates. As a result of these limitations, angi- 
ocardiography can be very important in infants with severe 
hypoplasia of the right ventricle, in whom a high incidence of 
ventriculocoronary artery connections is anticipated. Because 
ventriculocoronary connections have been observed in the 



Differential Diagnosis of Paucity 
of Right Ventricular Forces and 

LV Dominance/LVH on Scalar 
Electrocardiogram 

■ . 



Pulmonary atresia and intact ventricular septum 


Tricuspid atresia 
Double-inlet left ventricle 

LV, left ventricular; LVH, left ventricular hypertrophy. 


TABLE 41.2 
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Differential Diagnosis of a Cyanotic 
Neonate with Soft Systolic 
Murmur, Mild Cardiomegaly, 
and Oligemic Lungs 


Pulmonary atresia and intact ventricular septum 
Critical pulmonary stenosis 
Tetralogy of Fallot 

Pulmonary atresia with ventricular septal defect 
Tricuspid and pulmonary atresia 

Complex univentricular atrioventricular connection and 
pulmonary atresia 

Hearts with right atrial isomerism and pulmonary atresia 
or pulmonary stenosis 


patient even with a normal-sized right ventricle, all patients 
should undergo angiocardiographic imaging prior to ventricu- 
lar decompression. This is not intended to underestimate the 
importance of echocardiography as a primary diagnostic tool 
in those neonates with PA and IVS. Indeed, the initial thera- 
peutic plan often is dictated by echocardiographic findings 
(Figs. 41.8-41.13). 

It is important to ascertain the functional status of the 
interatrial septum as the neonate relies on obligatory right-to- 
left shunting to maintain cardiac output. The interatrial com- 
munication can be assessed readily by the subcostal approach 
with a combination of imaging and Doppler interrogation. 
The atrial septum rarely may assume aneurysmal proportions, 
with septum primum herniating through the mitral valve. The 
size and morphology of the tricuspid valve must be assessed. 
It may be difficult to detect forward flow across an extremely 
stenotic, obstructive tricuspid valve and patency may be deter- 
mined best by the identifying tricuspid regurgitation. In the 
absence of Doppler detection of tricuspid regurgitation, the 
question of patency cannot always be resolved. The right ven- 
tricular size, which usually corresponds to the dimension of 
the tricuspid annulus, can be imaged by a combination of sub- 
costal and precordial views. Absolute volume measurements 
are of limited value at the present time, although in the future, 


three-dimensional echocardiography may provide further 
insights. Hypoplasia, if present, may involve all components 
of the right ventricle. Although the noninvasive identification 
of pulmonary infundibular and valve atresia is recognized 
readily (Figs. 41.9 and 41.11), it may be difficult to distinguish 
isolated valve atresia from extremely severe stenosis. Even 
with the application of Doppler echocardiography, this issue 
remains a problem because ductal flow potentially can mask a 
small jet of forward flow. 

It is important to distinguish anatomic from functional PA. 
In the former, the pulmonary valve is anatomically imperfo- 
rate, whereas in the latter, the lack of forward flow is due to 
high pulmonary artery pressure with poor right ventricular 
function or very severe tricuspid insufficiency. In general, the 
pulmonary valve is morphologically normal but function- 
ally closed. As discussed previously, it also is possible to have 
anatomic valve atresia with extreme tricuspid regurgitation 
and a low right ventricular pressure, hence the importance of 
differentiating the two conditions. With the use of Doppler 
echocardiography, it is possible to do this by detecting sys- 
tolic regurgitation of the pulmonary valve, which is caused 
by a jetting effect of the patent ductus arteriosus against the 
valve (Fig. 41.12). This is not observed in patients with ana- 
tomic pulmonary valve atresia. Another technique is through 
the use of Doppler echocardiography during positive pressure 
ventilation, which transiently results in opening of the pul- 
monary valve and forward Doppler flow. Finally, an attempt 
to document coronary artery connections from the right ven- 
tricle should be made, recognizing that this can be difficult 
(Fig. 41.13) (54). 


Cardiac Catheterization 

If one is considering decompression of the right ventricle, 
then a full hemodynamic and angiocardiographic investiga- 
tion is required for the interventional management of the 
neonate with PA and IVS. Although one can recognize echo- 
cardiographically the presence of large ventriculocoronary 
connections or fistulae, this technique does not allow for the 
recognition of coronary artery stenosis or interruption, both 
of which have been documented in the newborn. Significant 
coronary artery abnormalities with a right ventricle depend- 
ence for myocardial flow has been predicted by an evalua- 
tion of the size of the tricuspid valve relative to the patient 
size with a Z-score of < -2.5 predicting clinically important 


TABLE 41.4 


Figure 41.8. Subcostal echocardio- 
graphic view in pulmonary atresia 
and intact ventricular septum dem- 
onstrating an interatrial commu- 
nication with an aneurysmal flap; 
color Doppler (right panel) shows 
right-to-left shunting in blue. LA, 
left atrium; RA, right atrium; arrow y 
patent foramen ovale. 
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Figure 41.9, Subcostal view demonstrating an imperforate 
valve that was subsequently dilated at cardiac catheteriza- 
tion. Note the lack of forward flow in the infundibular region. 
Upper panel: Color flow Doppler. Lower panel: Confirmed 
with pulsed Doppler LV, left ventricle; PA, pulmonary artery; 
RV, right ventricle. (Figs. 41.8 through 41.11 kindly provided 
by Dr. Jeffrey Smallhorn, Director of Echocardiography, Divi- 
sion of Cardiology, University of Alberta, Canada.) 



Figure 41.10. The topography of the interventricular septum 
bowing into the left ventricular outflow tract. Upper panel: A 
precordial long-axis view. Lower panel: Short-axis view. AO, 
aorta; LA, left atrium; LV, left ventricle; RV, right ventricle 
(see also Fig. 41.4). 


abnormalities (51). Furthermore, using echocardiography, it 
may be difficult to document without any doubt those patients 
with tenuous proximal aortocoronary connections (55). 

The level of systemic arterial oxygen saturation data reflects 
the magnitude of pulmonary blood flow. Before the era of rou- 
tine administration of prostaglandin, these infants became 
progressively hypoxemic coincident with functional and ana- 
tomic closure of the arterial duct. All these infants experience 
an obligatory right-to-left shunt at the atrial level. Unless 
there is pulmonary disease, the pulmonary venous saturation 
is normal, or nearly so. The administration of prostaglandin, 
by virtue of its action on the arterial duct and the pulmonary 
vascular resistance, augments pulmonary blood flow, and thus 
arterial saturation increases. 

The hemodynamic evaluation of the patient with the hyper- 
tensive right ventricle establishes right ventricular pressure at 
or above systemic levels. When dealing with the patient with 
massive cardiac enlargement, right ventricular pressure may be 
substantially less than systemic. These patients raise the pos- 
sibility that the obstruction to pulmonary blood flow reflects 
functional rather than anatomic PA. 


In the presence of nonrestrictive interatrial communication, 
the atrial mean pressures equalize, although there is often a 
small “a” wave gradient from the right to the left atrium. If 
true restriction to atrial flow is demonstrated then it is impor- 
tant to consider a balloon atrial septostomy at catheterization 
to avoid a low cardiac output syndrome, especially if decom- 
pression of the right ventricle is not to be included in the thera- 
peutic track. The right ventricle is at systemic levels of pressure 
or higher, and the end-diastolic pressure may be abnormally 
high, consistent with a noncompliant ventricular chamber. 
Alternatively the right-to-left ventricular pressure ratio may be 
<1. The finding of a subsystemic right ventricular pressure is 
consistent with a globally disadvantaged right ventricle. The 
right ventricle is usually thinned, and severe tricuspid regur- 
gitation often is present. The functional disturbance of severe 
tricuspid regurgitation correlates with an Ebstein-like abnor- 
mality of the tricuspid valve or severe tricuspid valve dyspla- 
sia. Rarely, the tricuspid valve may be unguarded, or nearly so. 

Angiocardiography remains an important imaging modal- 
ity in patients with PA and IVS (Figs. 41.14-41.18). Although 
much of the intracardiac anatomy can be determined from a 





948 SECTION VI ■ Congenital Cardiovascular Malformations 



Figure 41.11. The pulmonary outflow tract in this patient with 
valvar atresia is imaged in the precordial short-axis view with 
slight clockwise rotation. Upper panel: Anatomic pulmonary 
“ annulus”. Lower Panel: The possibility of pulmonary insuffi- 
ciency (red flow) raises the possibility that the valve is severely 
stenotic and not atretic. LA, left atrium; LV, left ventricle; PA, 
pulmonary artery; RV, right ventricle; asterisk , atretic pulmo- 
nary valve. 


systematic approach to echocardiography, right ventricular 
angiocardiography provides information about the form and 
function of the tricuspid valve, the size of the morphologically 
right ventricle, the extent of the apical trabecular zone, and 
the dimensions and degree of expansion of the infundibulum 
of the right ventricle. Most importantly, right ventricular angi- 
ography will define the presence or absence of ventriculocoro- 
nary connections. Selective injection of the right ventricular 
outflow tract can differentiate severe stenosis of the pulmonary 
valve from membranous atresia (56). Selective left ventricular 
angiocardiography provides information about the form and 
function of the left ventricle and aortic valve, and this certainly 
complements echocardiographic imaging. Aortography in the 
neonate defines the laterality of the aortic arch, the caliber of 
the subclavian arteries, the site of insertion of the arterial duct, 
the caliber of the pulmonary arteries, and coarctation of the 
pulmonary artery at the insertion of the arterial duct that may 
preclude treatment with a stent to permanently maintain its 
patency or require a surgical patch at the time of placing a 


systemic-to-pulmonary artery shunt. A balloon occlusion tech- 
nique performed in the newborn’s ascending aorta will allow 
imaging of the coronary arteries, their origin, epicardial distri- 
bution, and caliber changes indicative of stenosis or interrup- 
tion. In some patients, including newborns, selective coronary 
arteriography may be necessary to characterize fully the coro- 
nary arterial involvement. When right ventricular angiography 
does not demonstrate ventriculocoronary connections, one 
can be reasonably certain that coronary arterial stenosis or 
interruption or major fistulae with coronary-cameral flow will 
not be evident. In some patients with ventriculocoronary con- 
nections, a balloon catheter inflated in the right ventricle or 
catheter-induced tricuspid insufficiency with concurrent obser- 
vation of the simultaneous electrocardiographic tracing may 
unmask a right ventricular-dependent coronary circulation. 

The angiocardiographic investigation of the patient with the 
hypertensive right ventricle requires right ventricular angiocar- 
diography in frontal and lateral projections (Figs. 41.14 and 
41.16). Further information can be obtained with angulated 
views of the right ventricular angiocardiogram in the setting 
of ventriculocoronary communications (Fig. 41.17). It remains 
to be seen whether advanced imaging techniques such as three- 
dimensional rotational angiography will augment the evalua- 
tion of coronary pathology in this condition (Fig. 41.19). 


TREATMENT 


Medical 

Immediate attention must be paid to maintaining ductal 
patency, which can be accomplished by the systemic admin- 
istration of prostaglandin. The reported surgical survival of 
27% prior to the availability of prostaglandins was poor (57). 
Rarely an urgent balloon atrial septostomy may be required for 
a restrictive septum as pulmonary flow improves and should be 
considered in any neonate that demonstrates persistent low car- 
diac output with the usual therapeutic maneuvers. For the pre- 
mature infant or the extremely small-for-gestational-age infant, 
a prolonged course of an E-type prostaglandin may be necessary 
before surgery is undertaken, although this is unusual in the 
current surgical era. Once pulmonary blood flow is established, 
it is important to recognize that systemic oxygen saturation is 
related to the amount of flow into the pulmonary circulation. 
A very low pulmonary vascular resistance and conversely high 
systemic vascular resistance can result in low cardiac output 
despite a high saturation. The patient has an obligatory right- 
to-left shunt at atrial level, hence a very high saturation usually 
reflects an enormous amount of pulmonary flow. The result- 
ing low diastolic pressure and low cardiac output syndrome 
can result in compromised splanchnic and renal flow as well 
as ongoing acidosis and, in the extreme, cardiogenic shock. In 
addition, this physiology can compromise oxygen delivery to 
the aortocoronary circulation resulting in myocardial ischemia. 


Surgical 

Surgical and other catheter-based interventional therapies 
have continued to change with an understanding of the het- 
erogeneity of this disorder. The diagnostic and therapeutic 
algorithms are now quite diverse, depending on a wide num- 
ber of morphologic variables (5,58-62). Among some centers, 
primary cardiac transplantation also is considered particularly 
when the coronary artery anatomy is complex. In evaluating 
an individual patient with this disorder and assuming a neo- 
natal presentation, different surgical strategies will be derived 
for the patient with massive cardiomegaly and a right-to-left 
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Figure 41.12. Functional pulmonary atresia in a newborn with pulmonary atresia and intact ventricular septum. 
The upper panel demonstrates retrograde systolic flow in the main pulmonary artery (MPA); the lower panel 
shows the systolic regurgitation through the pulmonary valve. LA, left atrium; RV, right ventricle. 


ventricular pressure ratio below 1.0 than for the neonate with 
a diminutive right ventricle and ventriculocoronary connec- 
tions as the former caries with it very poor outcomes. 

Most infants with PA and IVS will have some degree of 
right ventricular hypoplasia and hypertension, and thus the 
initial surgical considerations should include the following: 

1. Is the patient ultimately a candidate for a complete biven- 
tricular (including the so-called one-and-a-half ventricle) 
repair or a univentricular total cavopulmonary (Fontan) 
palliation? 

2. Does the patient have ventriculocoronary connections? If 
so, how much of the myocardial perfusion is right ventricu- 
lar dependent? 

3. Does the patient have an infundibulum? Is there a main 
pulmonary trunk in continuity with the imperforate pul- 
monary valve? 

4. Is left ventricular function preserved? 

Ideally, one would like to achieve a biventricular repair in 
these patients, and the initial approach should allow right ven- 
tricular decompression by some form of right ventricular outflow 
tract reconstruction, whether surgical pulmonary valvotomy, 


outflow tract patch, or catheter-based perforation and dilation 
of the pulmonary valve. If there are ventriculocoronary connec- 
tions and the majority or the entirety of the coronary circula- 
tion is right ventricular dependent, clearly the patient should be 
placed on a univentricular palliation algorithm (63-65). 

Data in a small number of patients have suggested that the 
right ventricle can enlarge if it is satisfactorily decompressed; 
however, no single institution has a sufficient number of con- 
temporarily treated patients in the current era to provide 
consistent therapeutic recommendations. When evaluating 
the literature, it is important to consider whether growth is 
measured in terms of absolute changes in size or normalized to 
growth of the individual. Conventional wisdom has suggested 
that if the right ventricle outlet remains atretic, growth of the 
right ventricle is unlikely to occur, and thus a two-ventricle 
heart is unlikely to be achieved (61). 

In a prospective, multi- institutional investigation, 171 neo- 
nates with PA and IVS were studied between January 1, 1987, 
and January 1, 1991 (5). Multivariable analysis of the data 
showed that small diameter of the tricuspid valve, a coronary 
circulation that was severely right ventricular dependent, birth 
weight, and date and type of initial surgical procedures were 
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Figure 41.13. A: Four-chamber apical view 
depicting a dilated right coronary artery 
(RCA) in the atrioventricular groove. B: 
Color flow Doppler of the same image 
confirms flow within the vessel. C: Sub- 
costal imaging of the epicardial right coro- 
nary artery confirms dilation to suggest 
increased flow. D: Pulsed Doppler con- 
firms systolic retrograde flow with diastolic 
antegrade flow in the coronary vessel with 
connections to the hypertensive right ven- 
tricle. LA, left atrium; LV, left ventricle; 
RA, Right atrium; RV, right ventricle. Red 
arrows: dilated RCA. 




Figure 41.14. Mild right ventricular hypoplasia, but the inlet, trabecular, and outlet zones of the right ventricle 
are well represented. Note the tricuspid insufficiency (black arrow) and the atretic pulmonary valve (white 
arrow). Systole (right), diastole (left). RA, right atrium; RV, right ventricle. 
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Figure 41.15. This right ventricle (RV) angiogram demon- 
strates dense opacification of the left anterior descending 
coronary artery (arrow) but no filling of the aortic root. This 
should be interpreted as consistent with lack of a proximal 
aortocoronary connection. The diminutive right ventricle is 
unipartite. 


risk factors for time-related death. Data from this study indi- 
cated that 49 patients had a surgical valvotomy with or without 
systemic-to-pulmonary artery shunt as the initial procedure, 
42 had a transannular patch, and 71 had only a systemic-to- 
pulmonary artery shunt. Survival for all procedures was 81% 
at 1 month after the first intervention and 64% at 4 years. 
Eighteen percent of living patients had received univentricular 
palliation within 3 years and 32% a two-ventricle repair. The 
remainder, 50%, had still incompletely separated pulmonary 
and systemic circulations. What, then, is the optimal initial 
surgical therapy? A systemic-to-pulmonary artery shunt has a 
low initial surgical mortality, but this procedure does not pro- 
mote the possibility of ventricular growth. Ideally, one would 
like to perform a valvotomy alone, but many, especially those 
with a small right ventricle and tricuspid valve, will require a 
systemic shunt as well. Even many patients treated by initial 
surgical transannular pulmonary outflow tract repair required 
an additional shunt. 

To survive, some patients will require a combination of a 
transannular right ventricular outflow tract patch and an arte- 
rial shunt as the initial surgical procedures. A proportion of 
these patients will go on to successful closure of the interatrial 
communication as well as closure of the shunt, thus resulting 
in a two-ventricle repair. In others, the tricuspid valve may 
not grow and repair will have to be combined with a bidirec- 
tional cavopulmonary connection, perhaps in concert with 
pulmonary valve replacement (66,67). In this latter group 
of patients, it may be necessary to try to balloon-occlude 
the atrial septal defect temporarily and to measure cardiac 
output as well as right atrial pressures before, during, and 
after occlusion. It is likely that a proportion of these patients 
can be treated in the cardiac catheterization laboratory with 



Figure 41.16. A unipartite right ventricle (RV) whose tricuspid Z value was -3.5. Extensive ventriculocoronary 
connections are demonstrated by frontal and lateral right ventriculograms. The anterior descending coronary 
artery demonstrates numerous caliber changes (arrows) consistent with arterial obstructions. (See also Fig. 41.6.) 
The connection from RV to the coronary circulation is noted by the curved arrow. Left: anteroposterior view. 
Right: lateral view. 
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Figure 41.17, Right ventricular angio- 
grams in a patient with pulmonary atre- 
sia and absence of an anterior descending 
coronary artery. A: The lateral projection 
demonstrates the presence of a communi- 
cation between the right ventricle and the 
coronary artery. Unlike Figure 41.14, the 
ostium of the coronary artery is not atretic 
(arrow). The left main coronary artery 
continues posteriorly as the circumflex ves- 
sel (Cx). B: In the frontal projection, the 
aortic origin of the left coronary artery is 
obscured; however, a network of fine ves- 
sels within the leftward and anterior myo- 
cardium is delineated. Left (C) and right 
(D) axially angulated projections fail to 
demonstrate an anterior descending vessel. 
This was confirmed on subsequent selective 
angiography. 



catheter occlusion of the atrial septal defect and occlusion 
of the systemic-to-arterial shunt. Some patients likely will 
require a so-called one-and-a-half ventricle repair, with the 
bidirectional cavopulmonary shunt effectively unloading 
the small right ventricle and potentially obstructive tricus- 
pid valve. Decompression of the hypertensive right ventri- 
cle can be accomplished by removing the tricuspid valve or 
performing a pulmonary valvotomy. Although both these 
maneuvers usually are considered within the domain of sur- 
gical influence, both can now be accomplished in the cardiac 


catheterization laboratory. Most centers have abandoned 
tricuspid valve avulsion or excision and right ventricular 
thromboexclusion. 

The CHSS database was reviewed for 40 S neonates with 
PA and IVS from 33 institutions (68). Survival for the cohort 
was 77% at 1 month, 70% at 6 months, 60% at 5 years, and 
58% at 15 years. The morphologic heterogeneity is illustrated 
by the prevalence of described end points at 15 years with 
33% achieving a biventricular repair, 20% a univentricular 
Fontan, 5% a one-and-a-half ventricular palliation, and 2% 


Figure 41.18. A: Right ventricular angiogram 
demonstrates the presence of a left coronary 
artery fistulous connection (arrow); however, 
the extent to which the right ventricle provides 
exclusive myocardial perfusion is not delineated. 
B: Retrograde selective injection of the left coro- 
nary artery in a long-axis oblique projection in 
the same patient clearly demonstrates the left ven- 
tricular myocardium perfused by the aortocoro- 
nary supply without significant coronary artery 
stenosis or occlusion. 







CHAPTER 41 ■ Pulmonary Atresia and Intact Ventricular Septum 953 



Figure 41.19. Three-dimensional rotational right ventricular 
angiogram depicting coronary artery connections for the right 
ventricle (RV). Epicardial coronary arteries ( arrows ) demon- 
strate interruptions. 


a transplantation. A further 2% were alive without definitive 
repair or palliation, and the remaining 38% died before 
achieving definitive repair or palliation. Not surprisingly, the 
end state was predicted by the adequacy of the right-sided 
structures, the degree of aberrancy of the coronary circula- 
tion, a low birth weight, and the degree of tricuspid regur- 
gitation. An important observation was the improved 5-year 
survival with surgical era reflected by an increase from 49% 
born to 1987, to 63% in 1992, and to 79% in 1992 to 1997. 
This improvement in surgical era is also supported by single 
institutional reviews (69,70). The documented improvement 
in outcome over time is, most likely, a reflection of improved 
understanding of neonatal and pediatric physiology and inten- 
sive care in the pre- and postoperative management of these 
medically complex patients and is important to consider when 
considering the literature. 


Management of the Patient Whose Coronary 
Circulation Is in Large Part Right Ventricular 
Dependent 

Decompression of the right ventricle in the setting of a signifi- 
cantly dependent myocardial circulation is unwise as any pro- 
cedure that reduces right ventricular systolic pressure or blood 
entering the right ventricle will unmask any right ventricle- 
dependent coronary circulation with massive, if not fatal, 
myocardial ischemia. These maneuvers include pulmonary 
valvotomy or right ventricular outflow tract reconstruction, 
tricuspid valve excision or catheter avulsion, and right ventri- 
cle thromboexclusion. These patients should undergo a ductal 
stent or a systemic-to-pulmonary artery shunt as the initial 
procedure, with a balloon atrial septostomy given consid- 
eration in the cardiac catheterization laboratory. The patient 
should be placed on a program eventuating in a one-ventricle 
total cavopulmonary (Fontan) palliation. In some centers, 
these patients are considered for primary cardiac replacement, 
especially if the coronary anomalies are particularly severe. 

The lateral-tunnel or extracardiac modifications of the total 
cavopulmonary (Fontan) principle with pulmonary venous 
blood having access to the tricuspid valve, right ventricle, and 
thus in a retrograde fashion to the coronary arteries have been 
applied to patients with an extremely disordered coronary cir- 
culation (71,72). It is probable that this approach is ultimately 
a bridge to cardiac transplantation. Indeed, some patients 
exhibit globally reduced left ventricular function that cannot 
be improved by a variety of medical and surgical maneuvers 
and are destined for cardiac replacement. Table 41.5 outlines 
some approaches to the management of patients with PA and 
IVS and an abnormal coronary circulation. 

Extreme Ebstein-like/Dysplastic Tricuspid Valve 
and Organic Pulmonary Atresia 

The previous conventional therapies of attempting to repair 
or replace the tricuspid valve and pulmonary valvotomy 
with or without a surgical shunt have carried a poor prog- 
nosis. Contemporary approaches include cardiac transplanta- 
tion and conversion to tricuspid atresia and construction of a 
systemic-to-pulmonary artery shunt with a later cavopulmo- 
nary palliation. Relatively little experience has been gained 
in the transplantation of infants with this particular variety 
of the lesion, but Starnes et al. (73) prepared an interesting 


Current Surgical Strategies Based on Abnormal Coronary Artery Anatomy 

Coronary Artery Anomaly 

Surgical Strategy 

Absence of bilateral proximal corona ry-aorto connections 

Consider transplant versus high-risk shunt or ductal stent 

Absence of aorto-left coronary artery connection 

Consider transplant versus high-risk shunt or ductal stent 

Severe coronary-cameral steal 

Consider fistula occlusion with RV decompression 

Ventriculocoronary connections with no stenosis or interruption 

Decompress RV 

Mild distal stenoses or ectasia in presence of ventriculocoronary 
connections 

Decompress RV (but at higher risk than in absence of 
stenoses/interruption) 

Proximal LAD interruption, proximal RCA stenosis, significantly 
RV-dependent myocardial perfusion 

Shunt or ductal stent, univentricular track 


LAD, left anterior descending; RCA, right coronary artery; RV, right ventricle. 
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alternative to conventional surgical wisdom with their surgical 
conversion of these patients to tricuspid atresia, construction 
of a systemic-to-pulmonary arterial anastomosis with a later 
Fontan. 

Transcatheter Techniques in the Management 
of Pulmonary Atresia and Intact Ventricular Septum 

Surgical algorithms for patients with PA and an IVS focus 
on the probability of avoiding the total cavopulmonary 
(Fontan) circulation. Many clinicians advocate establish- 
ing continuity from right ventricle to pulmonary artery with 
a right ventricular outflow tract patch or valvotomy early in 
the patient’s course to encourage growth of the hypoplastic 
ventricle as a means of achieving a biventricular or so-called 
one-and-one-half ventricle repair in carefully selected patients. 
This approach mandates prediction of the ventricle with the 
potential for growth and exclusion of patients with a right 
ventricle-dependent coronary circulation who are at risk for 


ischemic myocardial injury following ventricular decompres- 
sion. Initial results have been encouraging, but surgical mor- 
tality remains relatively high. The ideal patient would have a 
tripartite right ventricle of near normal size with valvar PA and 
a well-developed pulmonary arterial circulation (Fig. 41.20). 

Whereas several factors may contribute to high surgical 
mortality, myocardial insult incurred at surgery with ven- 
triculotomy and reperfusion injury in the setting of preexist- 
ing myocardial fiber disarray and diffuse fibrosis may play an 
important role. This has encouraged some centers to comple- 
ment the surgical algorithm with interventional catheterization 
techniques to achieve right ventricular to pulmonary artery 
continuity. Transcatheter perforation of the atretic pulmonary 
valve with subsequent balloon dilation can be employed as 
an alternative to surgical valvotomy in selected patients. Laser 
energy applied to the tip of a small wire has allowed controlled 
perforation of the atretic valve tissue and has been achieved in 
several patients with good results in short-term follow-up (74); 
however, laser therapy carries the disadvantages of increased 
risk to staff, the requirement for protective goggles, limited 




Figure 41.20. A: Right ventricular angiogram in frontal projection confirms a hypoplastic tripartite right ventricle 
with pulmonary atresia. B: Retrograde injection into the main pulmonary artery confirms membranous atresia of 
the pulmonary valve. C: Perforation of the membranous valve is achieved (in this case assisted by radiofrequency 
energy), thus allowing a balloon catheter to be positioned across the valve and inflated. D: Repeat angiography 
immediately following balloon valvotomy demonstrates a patent right ventricular outflow tract. 
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portability, and considerable capital expense in the setting of 
an uncommon defect. 

Radiofrequency energy, which can safely achieve well- 
defined lesions of coagulation necrosis, is now widely applied 
in the treatment of many cardiac dysrhythmias. Use of this 
energy source to perforate atretic valve tissue has the advan- 
tages of being considerably less expensive, more portable, and 
less hazardous to staff. Radiofrequency wires capable of con- 
fining the energy to the tip have been developed for this lesion 
based on proven utility in recanalization of arterial occlusions, 
and results have been encouraging. Where radiofrequency or 
laser wires have not been available, other means of attaining 
perforation have been used, including mechanical wire perfo- 
ration and standard electrode catheters. 

The reported literature attests to the fact that it is possible 
to establish continuity from right ventricle to the pulmonary 
artery in the catheter laboratory and thus avoid the need for 
cardiopulmonary bypass in many patients (21,38,74-96). The 
long-term results of the procedure remain largely unknown. 
Although early success defined by the ability to achieve perfo- 
ration has been demonstrated in >80% of patients reported, 
controversy remains regarding the growth of the right ventri- 
cle and outflow tract over time. In evaluating the literature, 
one must be careful to distinguish an absolute increase in the 
size of an anatomic structure such as the tricuspid valve from 
that of the indexed size. As an example, the tricuspid valve 
appears to enlarge over time with transcatheter perforation 
of the tricuspid valve (97); however, the indexed Z value does 
not appear to change significantly (21). In addition, the need 
for prolonged prostaglandin infusion, creation of a systemic- 
to-pulmonary artery shunt, or implantation of a stent in 
the ductus arteriosus to achieve the same end is a common 
occurrence in this group of patients and occurs in 33% to 
58%. Notably, however, these secondary interventions do 
not require the use of cardiopulmonary bypass that may be 
important when one considers the influence of myocardial 
abnormalities on outcome. To further frustrate clinicians, 
the timing of secondary intervention to increase pulmonary 
blood flow can be difficult to assess after transcatheter val- 
votomy as it appears that days to weeks are required for the 
decompressed right ventricular compliance to improve. If a 
systemic-to-arterial shunt is created too early, one can be in 
the paradoxical situation of embolizing the same shunt in 
the future once the ventricular compliance has improved. To 
further complicate matters, a systemic shunt in the setting of 
severe pulmonary insufficiency and tricuspid insufficiency can 
result in an ineffective “circular” circulation where flow of 
systemic arterial blood courses through the shunt to the right 
ventricle, regurgitates through the tricuspid valve to the right 
atrium, and courses across the atrial septum to the left atrium 
where the process repeats. Effective pulmonary blood flow 
is decreased, and the left ventricle is exposed to physiology 
similar to a large arteriovenous fistula. Myocardial oxygen 
demand is increased, diastolic aortic pressure is borderline, 
and the patient is cyanotic, all of which contribute to pro- 
gressively worsening myocardial performance. Indeed, this 
circulation may be more likely to occur with a stented ductus 
arteriosus as the flow through the shunt is directed through 
the perforated valve to the ventricle as opposed to the modi- 
fied Blalock-Thomas-Taussig shunt where flow to the ventri- 
cle must take a more indirect path through the pulmonary 
artery to the right ventricle. Still, consideration may be given 
to stenting the ductus concurrent with valve perforation in 
selected cases (98). It seems that the best outcomes are clearly 
achieved with an individualized cooperative creative tran- 
scatheter surgical approach including so-called hybrid inter- 
ventions (99-101). 

The role of transcatheter techniques in the management 
continuum of these patients is in evolution; however, com- 


parison to surgical outflow tract reconstruction is, at least in 
one series, favorable (75). With a relatively small number of 
patients affected by this condition, there is much to be learned 
from a multicentered approach to collecting a longitudinal 
experience in a combined transcatheter and surgical approach 
to a challenging clinical problem. Whereas a percutaneous 
approach may avoid or delay the use of cardiopulmonary 
bypass in the newborn period, it remains to be seen whether it 
results in a decrease in long-term morbidity or mortality. 


TREATMENT OF THE ADULT 


It should be clear from the preceding discussions that there is a 
great anatomic and physiologic diversity of patients surviving 
into adulthood with PA and IVS. Patients may have achieved 
a biventricular circulation, a univentricular circulation in the 
form of a total cavopulmonary circulation, or a permanently 
palliated shunted state. Outcome data for the adult population 
are few, and reported results may even be counterintuitive. For 
instance, it is unclear whether a biventricular circulation holds 
advantage over a univentricular circulation in the assessment 
of exercise capacity and indeed may be more influenced by 
pulmonary than cardiac issues as aerobic capacity appears to 
decrease in both groups (102). Myocardial perfusion abnor- 
malities persist well beyond definitive repair (palliation) (103). 
In the adult with a biventricular repair, right ventricular 
restriction may favor better physiologic status; however, many 
patients will go on to require a pulmonary valve replacement 
to restore competency of the right ventricular outflow tract 
(104,105). In a recent study (106) of 20 survivors into adult- 
hood (19 to 39 years old) with Fontan (n = 7), biventricular 
{n = 8), and palliated shunts (n = 5), there were 5 deaths at a 
mean age of 32 years. All patients required interventions in 
adulthood with tricuspid and pulmonary valve replacements 
being very common in the biventricular group. Atrial arrhyth- 
mias occurred frequently in the cohort (80%) but ventricular 
arrhythmias were not uncommon (15%). Although the litera- 
ture is sparse, it is clear that all of these patients will require 
continued specialized tertiary and quaternary follow-up, spe- 
cialized intervention, arrhythmia management, and ancillary 
support as they reach adulthood. The value of registry data to 
guide the care of the growing population of adults with con- 
genital heart disease cannot be overstated. 


SUMMARY 


Congenitally malformed hearts with PA/IVS demonstrate clini- 
cally important heterogeneity of the right-sided cardiac struc- 
tures, the coronary circulation, and the myocardium. Fetal 
recognition of this condition will affect newborn epidemiol- 
ogy due to the influence of elective termination of pregnancy 
(8,107,108). Rarely, survival beyond the neonatal period 
has been documented due to persistent patency of the arte- 
rial duct or more rarely by associated conditions that preserve 
pulmonary blood flow such as an aortopulmonary window 
or coronary to pulmonary artery connections. A variety of 
surgical and transcatheter interventions exist that culminate 
in eventual biventricular repair or in the univentricular total 
cavopulmonary circulation. An intermediate form of pallia- 
tion exists in the form of the so-called one-and-a-half ventricle 
repair where the right ventricle with a patent outflow tract is 
effectively unloaded with a bidirectional cavopulmonary con- 
nection, although the long-term advantage of this circulation 
remains to be seen (66,109-1 12). Where some have questioned 
whether it is possible to improve outcomes, the literature 
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supports cautious optimism by demonstrating improved sur- 
vival with more recent era of intervention. Understanding the 
nature of the coronary artery circulation, the application of a 
one ventricle or one-and-a-half ventricle repair, and the appli- 
cation of radiofrequency catheter perforation of the imperfo- 
rate pulmonary valve all have contributed to increased salvage 
of these infants, although there is still much to be achieved. 
Intrinsic, indeed congenital, abnormalities in the vascular 
supply and myocardial architecture ultimately may argue for 
a poor outcome in at least some of these patients. Sudden 
coronary death remains a worrisome long-term concern, but 
establishing risk is unclear (113). The role for cardiac trans- 
plantation of the neonate is unclear; however, consideration 
should be given to the patient with severe Ebstein-like malfor- 
mation and severe tricuspid insufficiency as these patients con- 
tinue to represent the worst surgical outcomes. Adult survivors 
will require specialized follow-up and frequent reintervention. 
It is clear that the anatomic and physiologic diversity of this 
patient population represented by the neonate will continue to 
challenge treatment strategy into adulthood. 
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T he combination of pulmonary valve atresia and ventricular 
septal defect (PA-VSD) can be considered to be the most 
severe form of tetralogy of Fallot (TOF). However, unlike TOF, 
the right ventricular outflow tract (RVOT) ends blindly, and all 
of the right ventricular stroke volume is directed to the aorta 
via the ventricular septal defect (VSD). In addition, the pulmo- 
nary arterial architecture is much more complex in PA-VSD 
than in TOF. As a result, delineating these arterial complexi- 
ties and planning the most effective management strategy are 
more difficult for this lesion than for TOR Although the pul- 
monary arteries in TOF occasionally are hypoplastic and can 
show anomalies of peripheral arborization, more commonly 
they are normal. Also, in TOF, systemic-to-pulmonary collat- 
eral vessels are extremely unusual. In PA-VSD, however, often 
there are severe abnormalities in the size and distribution of 
the pulmonary arterial branches and well-developed systemic 
collateral vessels that supply all or portions of the lung pa- 
renchyma. In extreme cases, the pulmonary vascular tree can 
even be composed of discontinuous segments, each with an 
independent source of flow. 

PA-VSD accounts for about 2 % of congenital heart dis- 
ease (CHD). It is one of the common causes of cyanosis and 
hypoxemia in the neonate. PA-VSD is slightly more prevalent 
in male than in female infants. In the Baltimore-Washington 
Infant Study (BWIS), a prevalence of 0.07 per 1,000 live births 
was observed for PA-VSD (1,2), and PA-VSD accounted for 
20.3% of all forms of TOF. 

Although corrective operation was first performed >30 years 
ago for patients with well-developed pulmonary arteries, 
patients with severe abnormalities of the pulmonary arter- 
ies initially were considered inoperable or only as candidates 
for surgical palliation. Surgical techniques have evolved to a 
stage that correction (with VSD closure) is possible for steadily 
increasing numbers of these patients. 


ENVIRONMENTAL FACTORS AND GENETICS 

Maternal diabetes, maternal phenylketonuria (PKU), and 
maternal exposure to retinoic acids and to trimethadione are 
associated with an increased risk of conotruncal defects in the 
infant (2-5). Investigators in the BWIS found that infants of 
diabetic women had nearly a 10-fold increased risk of devel- 
oping PA-VSD (2). 

Investigators have described families with multiple mem- 
bers with PA-VSD (6-11). In some families, each affected 
person has PA-VSD, whereas in other families, various types 
of conotruncal defects, or CHDs, occurred. Wulfsberg et al. 
(12) described one family in which two siblings from noncon- 
sanguineous parents had PA-VSD. Der Kaloustian et al. (13) 
described two siblings of first cousins with PA-VSD. Other 
families had members with TOF and a spectrum of pulmonary 
valvular abnormalities or conotruncal defects. These reports 


support different modes of inheritance and support a role for 
genetic factors in the etiology of PA-VSD. The recurrence risk 
for any individual family can vary tremendously, depending on 
the number of affected persons and whether the CHD is asso- 
ciated with a single gene defect or a chromosomal deletion. 

Many patients with PA-VSD have genetic syndromes and 
extracardiac anomalies. In the BWIS, 8.3% of cases with PA- 
VSD had chromosomal anomalies; 11.7% were syndromic 
(mendelian and nonmendelian), and 6.7% had other single 
organ defects (2). Thus, only 73.3% of patients with PA-VSD 
had no recognized associated anomalies. 

Investigators have identified the genetic cause of the 
DiGeorge/velocardiofacial syndrome (DGS/VCFS). The phe- 
notype associated with the 22qll.2 deletion syndrome 
(or DGS/VCFS) is highly variable and includes CHD, palatal 
anomalies, hypocalcemia, immunodeficiency, speech and 
learning disabilities, renal anomalies, psychiatric problems, 
and distinct facial features (14,15). The clinical features vary, 
not only among unrelated persons, but also among family 
members sharing the same 22qll.2 deletion. Furthermore, 
the clinical features can be subtle and go unrecognized. Eight 
percent to twenty-three percent of patients with TOF have a 
22qll.2 deletion (16-19). 

In a European collaborative study, 10% of patients with 
a 22qll deletion had PA-VSD (20). In two studies, it was 
found that a 22qll.2 deletion occurred in patients with PA- 
VSD more frequently than in patients with TOF (21,22). In 
a third study, however, no statistical difference in the fre- 
quency of a 22qll.2 deletion in patients with PA-VSD was 
found compared with TOF/pulmonary stenosis (PS) (19). 
Additional vascular anomalies, such as aortopulmonary col- 
laterals, right aortic arch, or aberrant subclavian artery, occur 
more frequently in patients with PA-VSD and a 22qll.2 dele- 
tion than in those without a deletion (19,23). Branch pulmo- 
nary arteries are smaller in patients with a 22qll.2 deletion 
than in those without the deletion (22,24). Clinical outcomes 
have been worse for patients with PA-VSD and the 22qll.2 
deletion (25). 


EMBRYOLOGY 

During early gestation, the lungs develop from the foregut, 
and therefore their nutrient blood supply arises initially from 
the paired dorsal aortas. About day 27, the arterial branches 
of the paired sixth aortic arches form an anastomosis with 
the pulmonary vascular plexus. As a result, the lungs initially 
have a dual blood supply. During normal development, the 
branches from the sixth aortic arches enlarge, and those from 
the descending thoracic aorta become smaller. The larger ves- 
sels will form the true pulmonary arteries and deliver blood 
to the alveoli or capillaries that are derived from the pulmo- 
nary vascular plexus. The smaller vessels form the nutrient 
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bronchial arteries. Bronchopulmonary anastomoses persist 
but are of small caliber and tend to disappear postnatally. 
In the normal heart, supply to the derivatives of the sixth 
aortic arches (the true pulmonary arteries) will be the right 
ventricle (RV). However, in PA/VSD there is complete dis- 
continuity of the RV and the central pulmonary arteries 
(Fig. 42.1). Therefore, the source of pulmonary blood supply 
is variable (26,27). 

In a sense, the embryologic development of the pulmonary 
arteries is analogous to that of the pulmonary veins. Thus, the 
variable origins of pulmonary blood supply in cases of PA- 
VSD are analogous to the variable sites of drainage in total 
anomalous pulmonary venous connection. When the normal 
connection between the heart and pulmonary arteries does not 
develop, the alternate blood supply to the lungs can be from 
the ductus arteriosus, bronchial arteries, or other systemic-to- 
pulmonary collateral arteries. 


PATHOLOGY 

The extent of pulmonary artery atresia is quite variable and 
involves the central pulmonary arteries (i.e., those outside 
the lungs) either proximally and/or distally. The atretic arte- 
rial segment can be recognized as a solid elastic cord in about 
75% of the cases but is unidentifiable in the other cases. Most 
commonly, the pulmonary valve and the proximal portion 
of the pulmonary trunk (PT) are involved. Rarely, only the 


pulmonary valve is imperforate. The central right and left pul- 
monary arteries and/or the segmental pulmonary arteries can 
be confluent or nonconfluent. In PA— VSD, the blood supply 
to the lungs is entirely from the systemic arterial circulation. 
The sources are the ductus arteriosus, systemic-to-pulmonary 
collateral arteries (henceforth designated simply as collateral 
arteries), occasionally a coronary artery, and plexuses of bron- 
chial or pleural arteries (26). Ductal and collateral sources 
may coexist in the same patient but only rarely coexist in the 
same lung (26). A single systemic arterial source to a lung is 
termed a unifocal blood supply, whereas multiple sources are 
termed multifocal blood supply. 

The caliber of the central pulmonary arteries varies con- 
siderably and appears to be directly related to the amount of 
blood flow (26). When the ductus or collateral arteries connect 
proximally to the central pulmonary arteries or their lobar 
branches, the central vessels may be only mildly hypoplastic 
or even normal in size. In contrast, when multiple collateral 
arteries are anastomosed more distally at segmental or subseg- 
mental levels, the central pulmonary arteries tend to be quite 
hypoplastic. Furthermore, stenosis of the systemic arterial 
channels, either congenital or acquired, can be associated with 
hypoplasia of the central pulmonary arteries (26). 

The various patterns of intrapulmonary arterial distribu- 
tion may be quite complex and are determined primarily by 
the types of systemic arterial blood supply (26). When a ductus 
supplies confluent central pulmonary arteries, the intrapul- 
monary arteries of both lungs are normal. When nonconflu- 
ent central pulmonary arteries are present, however, the lung 


Figure 42.1. Pulmonary atresia and 
ventricular septal defect. A: Ante- 
rior view of unopened specimen 
from an 18-year-old patient shows 
dextroposed aorta (Ao), right aortic 
arch, and severely hypoplastic pul- 
monary trunk (PT) and left pulmo- 
nary artery (LPA). B: Opened right 
ventricle from a 1 -year-old patient 
shows VSD (asterisk) cradled by 
limbs of septal band (SB) and left 
ductal origin (D) of the left pul- 
monary artery (LPA). C: Posterior 
view of mediastinal structures from 
a 4-year-old child with pulmonary 
situs inversus, right aortic arch, and 
right atrial isomerism shows origin 
of large systemic collateral artery 
(arrow) to left lung from descend- 
ing thoracic aorta. D: Anterior view 
of right aortic arch from an 8 -year- 
old child shows mirror-image bra- 
chiocephalic branching, aberrant 
retroesophageal left subclavian 
artery (LSA), and origin of two 
small collateral arteries (arrows) 
and one large trifurcating collateral 
artery (asterisk). (LCCA, left com- 
mon carotid artery; LV, left ven- 
tricle; RAA, right atrial appendage; 
RCCA, right common carotid 
artery; RSA, right subclavian artery; 
RV, right ventricle; Tr, trachea; TV, 
tricuspid valve.) 
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supplied by a ductus will have a unifocal blood supply and a 
normal arterial distribution, but the contralateral lung usually 
has a multifocal blood supply and a fragmented pulmonary 
arterial distribution (so-called arborization abnormality) (26). 
When both lungs are supplied by multiple collateral channels, 
intrapulmonary arborization abnormalities are the rule (26), 
and a ductus is absent. 

The ductus arteriosus, when present, usually is a unilateral 
structure and is associated with confluent pulmonary arteries 
in >80% of cases (26). Rarely, bilateral ductus may occur with 
nonconfluent pulmonary arteries. Unlike collateral arteries, 
the ductus does not branch before joining the central pulmo- 
nary arteries, and it tends to be less tortuous than collaterals. 
Because the ductus is widely patent during fetal life, the pul- 
monary arteries may be of normal size at birth. However, nor- 
mal postnatal ductal narrowing usually occurs and produces 
distal stenosis in 35% to 50% of cases (26). As a result, blood 
flow to the lungs is diminished, and relative hypoplasia of the 
pulmonary arteries becomes more severe as the child grows. 

Collateral arteries, when present, arise most commonly 
from the descending thoracic aorta, less commonly from the 
subclavian arteries, and rarely from the abdominal aorta or its 
branches or from the coronary arteries (26-28). Their num- 
ber varies from 1 to 6, and their diameter ranges from 1 to 
20 mm (26). Stenoses are present in nearly 60% of collateral 
arteries and tend to occur near the aortic or intrapulmonary 
anastomoses. The stenoses may be discrete or segmental, con- 
genital or acquired (26). Anastomoses between the central 
pulmonary arteries (or their branches) and the collateral arter- 
ies are observed in about 40% of patients and may occur at 
the hilum or within the lung (26,29). In the remaining 60%, 
the collateral arteries enter the pulmonary hilum, travel with 
the bronchi as pulmonary arteries, and supply a variable num- 
ber of bronchopulmonary segments (26). Although the central 
pulmonary arteries are confluent in about two-thirds of the 
cases, they usually supply only a portion of each lung owing to 
the coexistence of multiple collateral arteries and arborization 
abnormalities (26). 

Small arterial plexuses that follow the bronchi or spread 
over the pleural surfaces may be apparent angiographically in 
more than half of the patients (26). They may arise from the 
aorta and its thoracic branches or from the systemic collat- 
eral arteries (26). It is thought that these vessels enlarge and 
proliferate postnatally in response to regional reductions in 
blood flow. 

The ductus arteriosus is a precarious sole source of pul- 
monary blood supply, and its tendency to close necessitates 
surgical intervention in early infancy in more than half of the 
cases. Collateral arteries appear to be a more stable source 
of pulmonary blood flow, presumably because of multiple 
numbers. However, stenosis of collaterals may develop pro- 
gressively, and they may become inadequate as the patient 
grows. Furthermore, because of hyperperfusion of some bron- 
chopulmonary segments and hypoperfusion of others in the 
same patient, the pulmonary vascular bed may exhibit various 
histopathologic lesions, ranging from hypertensive pulmonary 
vascular disease to stasis thrombosis (26). 

The VSD may be membranous or infundibular. Because it 
is also a malalignment defect with an overriding aorta, it tends 
to be larger than isolated membranous or infundibular defects. 
Rarely, the VSD can be obstructed partially by accessory tri- 
cuspid valvular tissue (30). 

Although equal biventricular origin may occur, the aorta 
usually arises predominantly from the RV (31). The ascend- 
ing aorta characteristically is dilated, but the degree of dex- 
troposition usually is less than with TOF (31). Aortic valve 
insufficiency may result from annular dilation or infective 
endocarditis. A right aortic arch is present in 26% to 50% of 
the cases (31). 


The right atrium tends to be dilated and hypertrophied, 
and the left atrium usually is normal. A secundum atrial 
septal defect (ASD) or patent foramen ovale is present in 
about half of the cases (31). Generally, the tricuspid orifice 
is of normal size, but minor leaflet abnormalities occur com- 
monly. The mitral valve orifice tends to be normal or mildly 
hypoplastic (31). 

Right ventricular hypertrophy is moderate to severe. The 
infundibulum ends blindly and may range in length from 
normal to very short. In many instances, the displaced infun- 
dibular septum is fused to the right ventricular wall. The left 
ventricular wall thickness generally is normal, and the cham- 
ber size tends to be normal or somewhat small (31). Occa- 
sionally (usually in older patients), the left ventricle (LV) is 
hypertrophied and dilated. 

In most cases, the origin and distribution of the coronary 
arteries are normal. However, the conus artery tends to be quite 
prominent (31). Coronary anomalies include high origin of 
the coronary ostia, coronary-to-pulmonary artery fistulas, and 
origin of the right coronary artery from the left anterior aortic 
sinus, coursing across the right ventricular infundibulum (31). 

The sinus node is normal. The atrioventricular node occu- 
pies its normal position within the triangle of Koch. The non- 
branching proximal portion of the His bundle penetrates the 
central fibrous body and lies along the left ventricular aspect 
of the posteroinferior rim of the VSD. The His bundle is 
related closely to the rim of membranous VSD, but is relatively 
remote from the border of infundibular defects. The sheet-like 
left bundle branch spreads along the ventricular septal endo- 
cardium in a relatively normal fashion. However, the cord-like 
right bundle branch must travel through the septal muscula- 
ture to reach its subendocardial position along the septal band 
(SB) (septomarginal trabecula). It may be bifid or form several 
aberrant branches (32). Pulmonary atresia and VSD may be 
associated with other anomalies, including a persistent left 
superior vena cava to the coronary sinus, anomalies of the 
coronary sinus, partial or total anomalous pulmonary venous 
connection, tricuspid stenosis or atresia, complete atrioven- 
tricular septal defect, D- or L-transposition of the great arter- 
ies, dextrocardia, and heterotaxia syndromes (31). 

Clinical Features 

A patient with PA-VSD often presents as a cyanotic newborn. 
The infant may do well for a day or two, as long as there 
is substantial blood flow through a patent ductus arteriosus 
(PDA), but then becomes increasingly hypoxemic as the duc- 
tus constricts. If there are insufficient systemic-to-pulmonary 
artery collateral vessels, closure of the ductus will be lethal. 
Use of prostaglandin is critical in the early neonatal period 
to maintain ductal patency and stabilize the patient prior to 
surgery. 

Some neonates with PA-VSD are not severely hypoxemic, 
either because the ductus arteriosus remains patent or because 
systemic collateral vessels are sufficiently developed to provide 
adequate pulmonary blood flow. These babies may maintain 
good oxygenation for some time. However, over time, hypox- 
emia and cyanosis increase as the patient outgrows the rela- 
tively fixed sources of pulmonary blood flow. 

On rare occasions, an infant with PA-VSD may have 
heart failure and signs of increased pulmonary blood flow. 
This occurs most commonly at 4 to 6 weeks of age after the 
pulmonary arteriolar resistance has decreased. The increased 
pulmonary flow can be due to a large PDA or large systemic- 
to-pulmonary artery collateral vessels. This may be difficult to 
control medically, and surgical intervention may be necessary. 
In patients with a large PDA, the pulmonary arteries usually 
are well developed, and early complete repair may be feasible. 
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In the group of patients with large collateral vessels, however, 
the true pulmonary arteries frequently are hypoplastic with 
arborization abnormalities making definitive correction more 
difficult. 

Patients with microdeletion of 22qll.2 tend to have more 
complex collateral and pulmonary arterial anatomy than 
patients without this genetic abnormality. Absence or severe 
hypoplasia of the central pulmonary arteries and the presence 
of multiple major collateral arteries reduces the likelihood of 
successful biventricular repair in these patients (22). 

The presentation of patients with PA-VSD who have had 
palliative surgical procedures is quite variable. In the absence 
of significant valve regurgitation, heart failure is uncommon. 
Most patients are somewhat cyanotic, and some patients 
may be severely hypoxemic. As patients outgrow shunts per- 
formed early in life, they become increasingly cyanotic. These 
shunts usually improve oxygenation, but complications of 
shunts include distortion and stenosis of pulmonary arteries 
and occasionally lead to pulmonary vascular obstructive dis- 
ease. These vascular complications are common, particularly 
in patients who have had either a Waterston (the ascending 
aorta to the right pulmonary artery connection) or Potts shunt 
(descending aorta to the left pulmonary artery [LPA] connec- 
tion). As a result, these procedures, for the most part, have 
been abandoned. The classic or modified Blalock-Thomas- 
Taussig shunt is the preferred palliative shunt. Alternatively, 
initial palliation can be accomplished by establishing a direct 
connection between the ascending aorta and the remnant of 
the main pulmonary artery (33) or creating a nonvalved con- 
nection between the RV and hypoplastic confluent pulmonary 
arteries leaving the VSD open. These procedures produce 
more rapid enlargement of the central pulmonary arteries 
than systemic-to-peripheral pulmonary artery shunts and also 
produce less distortion of the peripheral pulmonary arterial 
architecture. However, in patients with inadequate distal dis- 
tribution from the central confluence or those with significant 
peripheral stenosis, these large central connections may pro- 
duce segmental pulmonary hypertension. Due to the fact that 
all palliative approaches are associated with potential com- 
plications, a substantial number of older patients will have 
arterial beds damaged by these procedures. The frequency of 
late arterial distortion also emphasizes the need to obtain a 
detailed understanding of the pulmonary vascular architecture 
prior to planning an interventional strategy. 


Physical Examination 

Profound cyanosis usually is present in the early neonatal 
period. The rare exception is the patient with a large PDA 
or well-developed systemic-to-pulmonary artery collaterals. 
Cyanosis may be mild immediately after birth, but it increases 
in severity during the first several days of life as the PDA 
closes. It is common for the degree of cyanosis and the arterial 
oxygen tension to fluctuate considerably during the first sev- 
eral days as the ductus arteriosus constricts and relaxes. After 
the neonatal period, the degree of cyanosis in these patients 
usually increases gradually as the patient’s growth outstrips 
the pulmonary blood flow. 

Growth and development can be delayed, but if pulmonary 
flow is adequate and systemic hypoxemia is only mild, this 
may not be the case. If growth is delayed, one should suspect 
the presence of a 22qll.2 microdeletion. Heart failure caused 
by excessive pulmonary blood flow is uncommon in these 
patients; therefore, growth failure on this basis is infrequent. 

The peripheral pulses and blood pressure usually are nor- 
mal in the neonatal period, even with a PDA, because the 
runoff into the lungs is not excessive during the first few 
weeks of life. In cyanotic patients, the pulses are normal. 


However, in patients beyond the first 4 to 6 weeks of age 
in whom pulmonary blood flow through a PDA, collaterals, 
or surgically created shunt is substantial, the pulses can be 
bounding, and only minimal cyanosis may be present. The 
cardiac impulse usually is most prominent at the lower left 
sternal border. The heart size is normal for patients with nor- 
mal or decreased pulmonary blood flow. 

There is a normal first heart sound and a single loud sec- 
ond heart sound. A systolic murmur may be audible along the 
lower left sternal border but usually is not more than grade 3/6 
in intensity. Because the RVOT is atretic, there is no separate 
loud systolic ejection murmur at the upper left sternal border. 
This is in contrast to the finding in TOF with antegrade pul- 
monary blood flow. If a PDA is present, a continuous murmur 
usually is heard after the first 4 to 6 weeks of life. If systemic- 
to-pulmonary collateral vessels are present, continuous mur- 
murs can be heard. These may be multiple and often are most 
prominent over the back because these vessels usually origi- 
nate from the descending aorta. 

Electrocardiographic Features 

Right ventricular hypertrophy and right-axis deviation are the 
rule. In patients with increased pulmonary blood flow (a small 
subgroup), combined ventricular hypertrophy and left atrial 
enlargement may occur. Electrocardiography often helps to 
differentiate this condition from pulmonary atresia with intact 
ventricular septum (VS), in which right ventricular hypoplasia 
usually is present and diminutive anterior QRS forces with left 
ventricular preponderance occur. 

Radiographic Features 

The heart frequently has a characteristic appearance likened to 
the shape of a boot (coeur en sabot). This is due to levorota- 
tion of the heart, which produces a prominent, upturned car- 
diac apex, secondary to right ventricular hypertrophy. There 
is also a concavity in the region of the main pulmonary artery 
produced by underdevelopment of the subpulmonary infun- 
dibulum. The frequency of a right-sided aortic arch is greater 
in patients with PA-VSD (26% to 50% of these patients) than 
in those with TOF (20% to 25%). The pulmonary vascular 
markings usually have a heterogeneous reticular appearance 
that does not conform to the usual arborization pattern of pul- 
monary vessels. This appearance is caused by collateral arter- 
ies from the systemic circulation that frequently are quite large 
and supply blood to the pulmonary artery. In patients with 
small systemic collaterals, the lung fields may have diminished 
vascular markings. In the patient with a large PDA and nor- 
mally developed central pulmonary arteries, chest radiogra- 
phy shows enlarged central pulmonary arteries with increased 
peripheral vascularity. 

Echocardiographic Features 

Echocardiography usually provides the initial diagnosis, can 
determine the presence (and size) of a central pulmonary arte- 
rial confluence, can detect large collateral vessels, and can 
define many associated cardiovascular malformations. Echo- 
cardiographic techniques cannot completely delineate the 
distal pulmonary arterial tree or the sources of pulmonary 
arterial supply. Therefore, cardiac catheterization is necessary 
prior to definitive repair. 

The 2-D echocardiographic appearance of PA-VSD is 
similar to that of TOF. Parasternal long-axis scans in both 
malformations show a large aortic valve that overrides a 
malaligned VSD (Fig. 42.2). The infundibular portion of the 
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Figure 42.2. This parasternal long-axis image from a patient 
with PA-VSD demonstrates a large malalignment VSD ( * VSD) 
and an overriding aortic valve. These features are also present 
in tetralogy of Fallot and truncus arteriosus. (Ao, aortic root; 
LA, left atrium; LV, left ventricle; RV, right ventricle; VS, ven- 
tricular septum.) 


VS is anteriorly malpositioned. The difference between these 
malformations is that the patient with TOF has a patent, 
although hypoplastic, RVOT anterior to the malaligned infun- 
dibular septum. This outflow tract is in continuity with the 
main pulmonary artery. In contrast, the infundibular septum 
has fused with the right ventricular free wall in patients with 
PA-VSD, and there is no separate outflow from the RV. All 
of the RV stroke volume enters the overriding aorta via the 
VSD. Another malformation that shares some characteristics 
with PA-VSD is truncus arteriosus. The distinguishing feature 
between these two anomalies is that in truncus arteriosus, 
the pulmonary arteries arise directly from the posterolateral 
aspect of the truncal root prior to the arch. 

Echocardiographic scans from the suprasternal notch and 
high parasternal windows (both right and left) frequently 
provide important information about the size and status 
of the proximal pulmonary arteries. When the pulmonary 
arteries are confluent and clearly identified by echocardiog- 
raphy, newborns with ductal-dependent pulmonary blood 
flow can undergo a palliative systemic-to-pulmonary artery 
shunt procedure without cardiac catheterization (34,35). 
The 2-D echocardiographic evaluation of these features 
can be difficult when the pulmonary arteries are noncon- 
fluent, the pulmonary arteries are extremely hypoplastic, 
or multiple collateral arteries are present in the area of the 
confluence. In these situations, color flow imaging markedly 
enhances evaluation of the pulmonary and collateral arteries 
(35). This technique has been especially helpful in neonates 
with hypoplastic but confluent pulmonary arteries (35,36). 
Regardless of the quality of echocardiographic data avail- 
able, we believe that angiography is required for a complete 
assessment of the pulmonary arterial tree in most patients 
with PA-VSD prior to attempting definitive biventricular 
repair with VSD closure. 

Although all collateral arteries cannot be defined using 
echocardiography, their presence should be noted and their 
origins delineated as precisely as possible. Knowledge of an 
unusual origin of a collateral vessel (such as from the abdomi- 
nal aorta, a brachiocephalic artery, or a coronary artery) 
(Fig. 42.3) can simplify subsequent cardiac catheterization and 
angiocardiographic procedures. 



Figure 42.3. This modified parasternal short-axis scan dem- 
onstrates an unusual origin of a collateral artery. The right 
coronary artery gave rise to a large coronary-to-pulmonary 
artery fistula (* Fistula). This fistula supplied most of the flow 
to the pulmonary artery confluence. Ao, aortic root; LA, left 
atrium; RA, right atrium. 

Echocardiographic examinations can define many of the 
other abnormalities associated with conotruncal malforma- 
tions. The position of the malalignment VSD, usually either 
membranous or infundibular, can be determined. ASDs and 
additional muscular VSDs can be detected with 2-D and color 
flow imaging. Short-axis parasternal and subcostal scans have 
been helpful in detecting coronary artery abnormalities, espe- 
cially in neonates. Color flow imaging and continuous wave 
Doppler techniques allow serial noninvasive assessments of 
surgically created shunts and right ventricular-to-pulmonary 
artery conduits (37,38). Suprasternal notch scans define the 
sidedness and branching pattern of the aortic arch. 

Cardiac Catheterization and Angiocardiography 

Patients with small central pulmonary arteries or multiple 
sources of pulmonary flow should have cardiac catheterization 
for pulmonary angiographic mapping before definitive repair. 
For the neonate undergoing palliation, it is our policy to refer 
patients with small, but echocardiographically detectable, cen- 
trally confluent pulmonary arteries for a shunt to establish a 
reliable source of pulmonary blood flow without catheteriza- 
tion. These patients, who often have hypoxemia and cyano- 
sis in the first few days of life, are treated with prostaglandin 
Ej to maintain ductal patency until they can have an opera- 
tion. In infants who require more pulmonary blood flow and 
in whom no proximal pulmonary arteries can be visualized 
echocardiographically, catheterization and angiography are 
performed to determine the source of pulmonary blood flow 
and to define the possible surgical options to increase pulmo- 
nary blood flow. 

Before a patient with PA-VSD and complex arterial anatomy 
can be considered for a definitive operation, cardiac cath- 
eterization is mandatory to delineate the size and distribution 
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of the true pulmonary arteries and to ascertain the extent of 
collateral blood supply to the lungs. Right atrial pressures are 
normal unless tricuspid regurgitation is present, and there is 
no increase of oxygenation at the atrial level unless an associ- 
ated ASD is present. RV pressure is equal to the LV pressure 
because of the large VSD. Since the RVOT is atretic, the cath- 
eter cannot be advanced into the pulmonary arteries from the 
RV, but can be manipulated easily from the RV through the 
VSD into the aorta. Aortic pressure is normal if pulmonary 
blood flow is normal or decreased. Widened pulse pressure 
may be present if there is a large runoff into the lungs through 
a PDA or a previously constructed shunt. Systemic arterial 
blood oxygen desaturation is present, and the degree depends 
on the volume of pulmonary blood flow. 

The true pulmonary artery pressure and resistance are nor- 
mal in most instances. In a few cases, however, patients with 
a large PDA, a large communication between a systemic col- 
lateral vessel and the true pulmonary arteries, a large fistula 
connecting the coronary artery to the pulmonary artery, or a 
shunt anastomosis that is too large (particularly common in 
Waterston and Potts shunts) have increased pulmonary artery 
pressure. These patients are at risk for developing pulmonary 
vascular obstructive disease. In such cases, usually it is easy to 
enter the true pulmonary arteries through the large communi- 
cation, measure the pressure, and estimate pulmonary flow by 
the Fick principle. With this information, pulmonary arteri- 
olar resistance can be calculated. 

Angiocardiography is useful during the preoperative evalu- 
ation of these patients. Documenting the existence of multi- 
ple VSDs and anatomy of the coronary arteries is extremely 
important, particularly in infants. Ventricular and aortic root 
angiography should be done if this information is unavailable 
from noninvasive imaging studies. Compound angulated views 
greatly enhance the angiographer’s ability to demonstrate this 
anatomy (39). Ventriculography should be performed with 
an injection into the left ventricular cavity while the cameras 
are positioned to record a 70-degree left anterior oblique 
view with 20 degrees of cranial angulation. This projection 
displays the middle portion and most of the upper interven- 
tricular septum tangentially. Figure 42.4 illustrates this view 
and demonstrates the superiorly located malaligned VSD and 
exclusion of additional septal defects. Although the coronary 
artery anatomy can be visualized during a ventricular injec- 
tion, it is better defined by an aortic root angiocardiogram 
and a 70-degree left anterior oblique view (with or without 
20 degrees of cranial angulation). This projection identifies the 
relevant coronary artery anatomy. Of surgical importance is 
the origin of the left anterior descending coronary artery from 
the right coronary artery, which occurs in approximately 5% 
of patients (39). It is particularly important to define the coro- 
nary artery preoperatively if there have been previous surgical 
procedures resulting in pericardial adhesions that obscure the 
coronary anatomy. We found it necessary to do selective injec- 
tion of individual coronary arteries only in patients with large 
aortic roots and high rates of flow (particularly in patients 
with Waterston shunts). 

Angiographic delineation of the anatomy of pulmonary 
blood supply is of critical importance. Although it may be pos- 
sible to accomplish this from a venous approach by crossing 
the VSD, the retrograde arterial approach is used most often 
because it allows easier access to surgically created shunts or 
systemic collateral vessels. A large-field radiographic format 
using biplane angiocardiography is advantageous in this situ- 
ation. The image should provide a large field of view, ideally 
visualizing both lung fields simultaneously. Subtraction tech- 
niques have also proved useful in demonstrating the anatomy 
of interest. 

Determining the presence or absence of a central pulmonary 
arterial confluence is of paramount importance. In addition, 



Figure 42.4. Long-axis oblique view of left ventriculogram. 
Note single large VSD just inferior to aortic valve. 


a detailed analysis of the systemic arterial collateral blood 
supply to the pulmonary arterial tree, which includes identi- 
fication of the degree of intercommunication among the vari- 
ous vascular pathways, must be done. If a pulmonary artery 
confluence is present, the systemic-to-pulmonary collateral 
vessels may communicate directly with it or connect to it indi- 
rectly by a connection to a peripheral branch of the pulmonary 
artery. In addition, systemic collaterals may not communicate 
with central pulmonary arteries at all, instead terminating by 
connections to peripheral pulmonary artery branches that are 
separate from the confluence (noncommunicating) (29). 

Angiographic evaluation should be tailored to the type 
of systemic-to-pulmonary collateral artery anatomy found 
in each patient. Historically, an initial aortogram was neces- 
sary to demonstrate the number and location of the systemic- 
to-pulmonary collateral arteries (Fig. 42.5). However, prior 
delineation of at least the origins of collateral vessels by echo- 
cardiography or other imaging studies allows one to proceed 
directly to selective injections in some cases. This avoids the 
larger- volume contrast injection used during nonselective aor- 
tography. Thus, nonselective injections now more frequently 
are performed later in a catheterization, if the pulmonary seg- 
mental arterial anatomy has not been defined completely by 
selective injections. The purpose of selective injections in the 
systemic-to-pulmonary collateral arteries usually is to delineate 
the extent of the pulmonary arterial tree supplied by each col- 
lateral vessel and to determine which type of pulmonary artery 
connection is present (Fig. 42.6). Such collateral injections can 
be enhanced by selective balloon occlusion techniques (40). 

Both the central and the peripheral pulmonary arteries 
must be demonstrated. This allows detection of discrete sten- 
oses or tubular hypoplasia involving the pulmonary arteries as 
well as the degree to which the central and peripheral pulmo- 
nary arteries communicate (41). Both the size and the periph- 
eral distribution of the pulmonary arteries are important in 
planning the surgical treatment of these patients. 
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Figure 42.5. Aortogram demonstrates relatively large pulmo- 
nary confluence (arrow) but fails to define connections of indi- 
vidual, systemically derived collateral arteries. 

Identifying communications between adjacent areas of the 
peripheral pulmonary arterial tree is particularly important 
and requires close attention to the sequential flow of contrast 
medium. Occasionally, an evanescent negative washout pat- 
tern can be appreciated that is due to a stream of unopacified 
blood from a connecting pulmonary artery flowing into an 
area of opacified pulmonary arterial tree. This may be the only 
indication of an existing communication (Fig. 42.6). If the ini- 
tial echocardiogram or aortogram does not allow identifica- 
tion of a pulmonary artery confluence and selective injection 
of systemic-to-pulmonary collateral arteries fails to identify 
such a confluence, a retrograde pulmonary vein wedge injec- 
tion may be helpful to identify hypoplastic central pulmonary 
arteries (Fig. 42.7). 


Some patients with complex patterns of pulmonary blood 
supply may require multiple injections of contrast material 
before the pulmonary vascular supply is documented. Because 
these patients often are hypoxemic and polycythemic, our 
policy is to inject a total dose of not more than 5 to 6 mL 
of contrast material per kilogram of body weight during any 
single procedure. This approach occasionally necessitates that 
the patient’s diagnostic catheterization be divided into two ses- 
sions separated by at least 24 hours. Adequate hydration of 
these patients before, during, and after the study is mandatory 
to prevent thromboembolic complication or a potential com- 
plication secondary to hyperosmolality caused by the contrast 
material. Magnetic resonance imaging of sources of pulmo- 
nary blood can reduce the amount of contrast material needed 
at the time of angiographic examination (42). 



DIFFERENTIAL DIAGNOSIS 


The differential diagnosis of the cyanotic infant includes TOF, 
transposition of the great arteries, tricuspid atresia, double- 
outlet RV with severe PS or PA, single ventricle with severe PS 
or PA, and total anomalous pulmonary venous connection with 
pulmonary venous obstruction. In the patient with PA-VSD in 
whom the pulmonary blood supply is normal or increased, 
the differential diagnosis includes lesions in which cyanosis is 
minimal and evidence of heart failure may be present. Such 
lesions include VSD, large PDA, atrioventricular septal defect, 
double-outlet RV or single ventricle without significant PS, 
persistent truncus arteriosus, and total anomalous pulmonary 
venous connection without pulmonary venous obstruction. 

Physical examination often gives important clues to 
the correct diagnosis. When the physical examination is 
complemented by an electrocardiogram and chest radiograph, 
an accurate clinical diagnosis often can be established. Echo- 
cardiography is the noninvasive means to make an accurate 
diagnosis. 


Figure 42.6. Selective injection into a collateral artery arising 
from middle portion of descending thoracic aorta (same patient 
as in Fig. 42.5). Opacification of a pulmonary artery conflu- 
ence by contrast medium indicates that a direct communication 
exists between the pulmonary artery confluence and the sys- 
temic collateral. Note stream of unopacified blood (arrow) 
washing out contrast medium in right pulmonary artery, an 
indication of competitive blood flow from a connecting vessel 
(see text). 


NATURAL HISTORY 


The natural history of PA-VSD depends primarily on the ade- 
quacy of the pulmonary blood supply. Infants in whom a PDA 
is the primary source of pulmonary blood supply may become 
critically hypoxemic within the first few days of life as the 
PDA begins to close. In patients in whom the pulmonary blood 
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supply primarily is through systemic-to-pulmonary collaterals, 
the natural history can vary greatly because it depends on the 
adequacy of pulmonary blood supply by these channels. Most 
patients would have had an operation to increase pulmonary 
blood flow; however, some patients can reach adulthood with- 
out having undergone palliative surgery. 


TREATMENT 

Medical treatment for heart failure may be indicated for the 
rare patient with PA-VSD who has excessive pulmonary flow. 
Phlebotomy may occasionally offer relief from the side effects 
of extreme polycythemia in extremely hypoxemic patients. 
However, the treatment of the vast majority of PA-VSD 
patients is surgical. 

It is critical to map the pulmonary artery architecture and 
sources of pulmonary blood supply. In addition, the degree of 
communication between the central pulmonary arteries and 
the major aortopulmonary collateral arteries (MAPCAs) must 
be determined preoperatively. 

The goals of operation can be palliative for those patients 
whose pulmonary artery anatomy precludes complete repair. 
Depending on the clinical presentation, palliation can be 
accomplished by procedures designed to augment pulmonary 
arterial blood flow (systemic-pulmonary artery shunts, uni- 
focalization) or by procedures designed to reduce pulmonary 
blood flow (interruption of unnecessary MAPCAs, unifocali- 
zation). In contrast, for patients whose pulmonary artery anat- 
omy appears amenable to reconstruction, procedures leading to 
complete repair are indicated. Such procedures have included 
right ventricular outflow reconstruction for inducement of 
central pulmonary artery growth. This involves connecting the 
RV to the central pulmonary artery using a conduit. Such a 
connection can promote growth of the hypoplastic central pul- 
monary arteries so that they are adequate for complete repair 
(43). Unifocalization procedures involve disconnecting MAP- 
CAs from their aortic origins, so that they can be positioned 
in the vicinity of the heart (or the central confluence) for final 
connection to the RV (Fig. 42.8). Connections between non- 
communicating segments are created, and a single source of 
flow is provided to the unifocalized lung. These unifocaliza- 
tions are designed to incorporate the maximum number of 
pulmonary artery segments into the eventual right ventricular 
outflow reconstruction. The ultimate goal of such reconstruc- 
tions is complete repair, defined as closure of all septal defects, 
interruption of all extracardiac sources of pulmonary arterial 
blood flow, and incorporation of at least 14 pulmonary arte- 
rial segments in a connection to the RV (44,45). Additionally, 
the central pulmonary artery size should be at least 50% of 
normal. At the end of operation, the right ventricular pressure 
should be <70% that measured in the LV (some evidence sug- 
gests that pressure ratios of <60% may offer a better long-term 
outlook). If higher, the VSD is fenestrated. 

Historically, a staged reconstructive surgical approach was 
applied in patients who did not meet the criteria for complete 
repair at presentation (46). This involved lateral thoracoto- 
mies for “unifocalization” procedures to deal with significant 
arborization abnormalities of the pulmonary arteries and to 
create a single, central arterial source for each lung. If these 
operations were successful, the two reconstructed central pul- 
monary arteries were connected. Complete repair was per- 
formed at a later date. 

Cho et al. (47) reported their experience with 495 patients 
treated with this approach. One hundred and sixty patients had 
preliminary surgical staging, including systemic-to-pulmonary 
artery shunts, right ventricular outflow reconstruction, and/or 
unifocalization procedures. Actuarial survival data are shown in 



Figure 42.8. A: Preoperative aortogram. Note two large sys- 
temic-to-pulmonary collateral arteries, absence of a pulmonary 
artery confluence, and abnormal branching pattern of right 
pulmonary artery. B: Postoperative angiogram with an injec- 
tion of contrast medium in right ventricular outflow tract dem- 
onstrates establishment of continuity between the branches of 
the right pulmonary arterial tree and creation of a pulmonary 
artery confluence. 


Figure 42.9. The presence of MAPCAs was a significant 
factor associated with late mortality (p = 0.0182). Most of 
the patients (68%, n = 335) eventually underwent complete 
repair. Age at the time of complete repair ranged from 1 day 
to 54.6 years (mean, 11.3 years). Surgical mortality was 4.5%. 
Twenty-four patients had repair during the first year of life. 
There were two surgical deaths in this group (8.3%). At the 
end of the operation, the systolic pressure ratio between the 
RV and LV was 0.66 (SD = 0.180). The VSD was reopened in 
22 patients who had excessively high right ventricular pressure 
(RV/LV systolic pressure > 0.85). Follow-up of 320 patients 
ranged from 1 month to 23 years (mean, 11.4 years). Fifty- 
two (16.3%) early survivors died during the follow-up period. 
Actuarial survival data are shown in Figure 42.10. The major 
predictor for late mortality was the need for reopening the 
VSD. Other investigators have reported similar results with 
the staged approach (48,49). We currently use this approach 
only in select patients. 
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Years after last operation 


Figure 42.9. Actuarial survival of patients who underwent pal- 
liative or reconstructive procedures, but had not yet undergone 
or were turned down for complete intracardiac repair. (From 
Cho JM, Puga FJ, Danielson GK, et al. Early and long-term 
results of the surgical treatment of tetralogy of Fallot with pul- 
monary atresia, with or without major aortopulmonary collat- 
eral arteries. / Tborac Cardiovasc Surg 2002;124:70-81, with 
permission.) 

McElhinney et al. (50) and Reddy et al. (51,52) have pro- 
posed an alternative single-stage unifocalization/complete 
repair approach for previously unoperated patients with 
PA-VSD. Using a median sternotomy and cardiopulmonary 
bypass, both the right and left pulmonary arteries and MAP- 
CAs are unifocalized directly to the RVOT. A valved conduit 
is used to reconstruct the atretic RVOT. Malhorta and Hanley 
(53) have reported that a “complete” unifocalization could be 
accomplished in 76% of 464 patients managed in this way. 
Immediate closure of the VSD was possible in 56% of their 
patients. Over time, VSD closure was performed in 90% of 
the initial cohort (within 5 years of the midline, “single-stage” 
unifocalization). Overall surgical mortality for the series was 
5.9%. The RV/LV systolic pressure ratio after VSD closure was 
<50% in over two-thirds of cases, and was stable during early 
follow-up (mean, 7 years). The earlier interventions inherent in 
this more aggressive approach may reduce the occurrence of 
segmental pulmonary vascular disease and progressive “loss” 



Years 

Figure 42.10. Actuarial survival of patients who underwent 
complete repair in a single setting or after preliminary surgical 
stages. (From Cho JM, Puga FJ, Danielson GK, et al. Early 
and long-term results of the surgical treatment of tetralogy 
of Fallot with pulmonary atresia, with or without major 
aortopulmonary collateral arteries. J Tborac Cardiovasc Surg 
2002;124:70-81, with permission.) 


of segmental pulmonary arteries. However, longer duration of 
follow-up is needed to be certain of these benefits. Resteno- 
sis of both the reconstructed pulmonary arterial tree and the 
RV outflow conduit continue to pose late problems for these 
patients regardless of the initial surgical approach. 

Our current approach at Mayo Clinic is similar favor- 
ing complete unifocalization via median sternotomy at 4 to 
8 months of age in newly diagnosed patients. When an accept- 
able bilateral unifocalization can be achieved, the VSD is 
closed and right ventricular pressure is measured intraopera- 
tively. An RV/LV ratio of >0.7 prompts VSD patch fenestra- 
tion. In patients who require patch fenestration or in those 
who do not have VSD closure, the reconstructed RVOT allows 
pulsatile flow to the central pulmonary arteries as a stimulus 
for growth and catheter access for subsequent interventions in 
anticipation of eventual complete repair. 


REPRODUCTIVE ISSUES 


Patients with PA-VSD who become parents run a higher- 
than-normal risk that their children will have a congenital 
heart lesion. Women who have had correction and who have 
pulmonary artery pressures that are normal or only slightly 
increased should tolerate pregnancy well. For women in 
whom significant pulmonary artery hypertension persists after 
correction, pregnancy probably is not advisable. Likewise, in 
palliated patients who remain hypoxemic, pregnancy carries a 
risk to both the mother and the fetus (54). 
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I n many ways, tetralogy of Fallot (TOF) could be consid- 
ered the archetype congenital heart disease (CHD); setting 
a pattern for the evolution of anatomical description, surgical 
management, pathophysiological understanding, and the ap- 
preciation of late outcomes in adult life. The origins of congen- 
ital cardiac surgery can be traced back to the early palliative 
procedures for TOF, and the triumph of efforts toward its sur- 
gical “correction” were quickly replicated in other conditions. 
Over the past 60 years, outcomes for patients with TOF have 
been transformed, so that now (assuming they have access to 
surgery) almost all infants born with TOF are expected to sur- 
vive. Through the careful long-term study of these patients, 
TOF has become a model for late pathophysiology after CHD 
repair, and as we have learned more, our approach to surgi- 
cal correction has adapted and changed. The late outcomes 
of patients with repaired TOF taught us the importance of 
providing lifelong follow-up for patients with CHD, and at the 
other end of the spectrum, TOF is leading the way in elucidat- 
ing the genetic causes of CHD. In this chapter, we review not 
just the epidemiology, anatomy, and treatment of TOF, but its 
history. We hope to highlight just how much progress has been 
made and how the contributions of many have revolutionized 
outcomes for patients with this condition and developed our 
understanding of CHD as a whole. 


EPIDEMIOLOGY 


TOF is the commonest form of cyanotic CHD. A 2002 meta- 
analysis of the incidence of CHD, which included 41 studies 
pertaining to TOF, suggested that the best estimate of incidence 
would be 577 cases of TOF per million live births (1). The prev- 
alence of TOF (number of patients living with the diagnosis at 
any given time) has significantly increased since the introduction 
of successful surgical repair. In the year 2000, the prevalence of 
TOF in the adult population of Quebec was -0.17/1,000, and 
in Quebec’s children, the prevalence was -0.49/1,000 (2). Con- 
sequently, it has been suggested that for many countries there 
are now numerically more adults with TOF than children. 

TOF has a nearly equal sex distribution with perhaps a 
slight predominance in males. In a study that included infor- 
mation from 2.5 million live born infants and stillborn fetuses 
over a 10-year period, the Californian Birth Defects Moni- 
toring Program reported a 1.1 relative risk of TOF in males 
compared to females (Cl 0.9 to 1.3) (3). Maternal race seems 
to have little effect on incidence (4). Several studies have 
considered recurrence risk, Several studies have considered 
recurrence risk, both in siblings and offspring of the proband. 
A patient with TOF has approximately 2% to 3% chance of 


having a sibling with CHD, although not necessarily TOF 
(5,6). Recurrence risk in the offspring of patients with TOF 
is undoubtedly affected by whether or not the proband has 
22q.ll.2 deletion. In the absence of 22q.ll.2 deletion, pro- 
spective parents might expect 3% to 4% risk of having a child 
with CHD (5,7). 


ETIOLOGY (GENETIC AND ENVIRONMENTAL 
FACTORS) 


Although familial disease contributes only a small fraction to 
the overall incidence of TOF, its increased frequency in con- 
sanguineous populations (8) and markedly increased recur- 
rence risk in some pedigrees (9) allude to a central role for 
genetics in the underlying etiology. While a chromosomal 
duplication or a microdeletion at the 22qll.2 locus occurs 
in approximately 20% of patients with TOF and single gene 
mutations have been identified in others, in at least 50% to 
60% of patients with TOF the causal genetic influences remain 
unknown (Fig. 43.1). However, this is a rapidly advancing field 
and with advances in both genomics and our understanding of 
human cardiogenesis, this percentage is likely to decrease. The 
relatively large number of distinct genetic loci that have been 
associated with TOF highlights the complexity and apparent 
genetic heterogeneity of cardiovascular development. 

TOF is found in two broad categories of patients: syndromic 
TOF , which occurs in the presence of additional noncardiac 
congenital anomalies and, the more common, nonsyndromic 
TOF , which occurs in apparent isolation, usually appearing 
sporadically in families with no history of CHD. Even within 
these two distinct classes, there is significant genetic overlap 
with mutations having been identified in the same gene in both 
syndromic and nonsyndromic patients (Fig. 43.2). 

Syndromic Tetralogy of Fallot 

To date, TOF is associated with 96 entries in the Online Men- 
delian Inheritance in Man (OMIM) database (http://www. 
ncbi.nlm.nih.gov/omim), and there are 32 listed syndromes 
that include the presence of TOF as a characteristic feature. 
Furthermore, there are many case reports and series of TOF 
in association with other syndromes in which the presence of 
a heart defect is more variable. The best known syndrome and 
most frequently identified cause of TOF occur as a result of 
a 22qll.2 microdeletion. This deletion has a prevalence of 
approximately 1 per 6,000 to 10,000 live births, with males 
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Figure 43.1. An illustration of the genetic causes of TOF. 


and females equally affected (10-12), although frequencies as 
high as 1 per 3,000 to 1 in 6,000 live births have been cited 
in some populations (13). A hemizygous deletion of chromo- 
some 22qll.2 or, rarely, point mutations within TBX1 itself 
cause haploinsufficiency of the transcription factor TBX1 and 
result in the 22qll.2 microdeletion syndrome also known as 
DiGeorge syndrome, the velocardiofacial syndrome, or by sev- 
eral other names (14-18). Today, the recommendation is that 
the syndrome be described using molecular terminology, that 
is, 22qll.2 microdeletion with the term DiGeorge syndrome 
reserved for those rare patients who have the clinical features 
but with no identified mutation (13). 

The most common mutation at the 22qll.2 locus is a 
3 megabase (Mb) deletion responsible for 90% of cases (19). 
Atypical deletions have also been described and increas- 
ing use of SNP arrays as an alternative to fluorescent in situ 
hybridization (FISH) for molecular diagnosis may enhance our 
knowledge regarding the frequency and effect of these atypical 
mutations (13). While most cases of 22qll.2 deletion arise 
sporadically as the result of de novo mutations, the inheritance 
of defects at this locus is autosomal dominant. Currently, 6% 
to 10% of new cases are familial, a percentage that is likely 
to increase due to the survival of individuals with previously 
lethal CHD (13). Since the phenotype is highly variable, even 
within families, it is not uncommon that genetic screening of 
a proband’s family identifies the microdeletion in parents or 
siblings with mild or no clinical evidence of the disorder. 

22qll.2 microdeletion syndrome is characterized by the 
presence of a conotruncal defect (TOF, pulmonary atresia 
with ventricular septal defect [VSD], persistent arterial trunk, 
interrupted aortic arch, isolated arch anomalies, and VSD), 
immunodeficiency, neonatal hypocalcemia, developmental or 
psychiatric abnormalities, facial dysmorphisms, and palatal 
defects (13). However, its precise features are highly variable. 
In a cohort of 251 patients with conotruncal lesions, a chro- 
mosome 22qll.2 deletion was found in 16% of TOF patients, 
50% of patients with interrupted aortic arch type B, 35% of 
patients with persistent arterial trunk, and 33% of patients 
with an outlet (malalignment) VSD (20). The likelihood of 
finding a 22qll.2 deletion in the presence of a conotruncal 
defect is further increased by the presence of anomalies of the 
aortic arch (right-sided or high arch), subclavian artery, pul- 
monary artery (PA) (atresia, absent central confluence, absent 
pulmonary valve, or multiple aortopulmonary collateral arter- 
ies), or absence of the arterial duct (14,21). Interestingly, 
22qll.2 deletion is very rarely found in association with other 
forms of CHD, such as transposition of the great arteries and 
hypoplastic left heart syndrome (10). 

The next most common causes of syndromic TOF are those 
associated with major chromosomal abnormalities including 
Down syndrome (Trisomy 21), Edward syndrome (Trisomy 18), 


Figure 43.2. Genetic mutations identified in patients with 
syndromic and nonsyndromic TOF. 


and Patau syndrome (Trisomy 13). These trisomies are 
estimated to cause 5% to 7% of syndromic TOF with Trisomy 
21 responsible for most cases (22). 

Smaller deletions and duplications have also been described 
as causes of syndromic TOE These copy number variants 
(CNVs) are larger than 1,000 base pairs but are submicro- 
scopic and, therefore, not detected on a routine karyotype. 
The importance of these rare variants in human disease has 
recently been appreciated due to technologic advances allow- 
ing genome-wide surveys at greater resolution than previously 
possible. These CNVs identify known or candidate TOF dis- 
ease genes (23,24). At the current time, these CNVs account 
for only a small fraction of syndromic TOF but, with increas- 
ing use of microarrays and high-throughput DNA sequencing, 
we can expect to identify genetic abnormalities in a larger pro- 
portion of TOF patients. Microarray testing for CNVs in the 
population of syndromic TOF patients may have a relatively 
high yield since approximately 25% of patients with syndro- 
mic CHD have an identifiable mutation (24,25). 

Single gene causes of syndromic TOF have been described 
and include mutations in TBX5 causing Holt-Oram syndrome, 
which manifests most commonly as forearm and thumb anom- 
alies with atrial septal defect (26). Mutations in ]AG1 and 
NOTCH2 cause Alagille syndrome, a disorder characterized 
by cholestasis, CHD, skeletal and ocular anomalies, and char- 
acteristic dysmorphic features (27-29). 

Nonsyndromic Tetralogy of Fallot 

Mutations in many genes have been linked with nonsyndro- 
mic TOF (Fig. 43.2). In some cases, gene discovery in syn- 
dromic patients has been helpful in identifying the cause of 
nonsyndromic TOF. For example, 22qll.2 deletion may be 
present in up to 6% of patients with nonsyndromic TOF and 
appears more frequently in those with pulmonary atresia (30). 
In addition, mutations in JAGl , initially identified in Alagille 
syndrome, have been found in patients with isolated TOF 
(31—34), and mutations causing nonsyndromic TOF have 
also been identified in TBX1 , which is deleted in the 22qll.2 
microdeletion syndrome (22,31). Few studies of nonsyndro- 
mic TOF have considered inheritance; in those that have, 
mutations were inherited from phenotypically normal parents. 
This observation suggests reduced penetrance and/or the pres- 
ence of additional cofactors and has lead to the proposal that 
nonsyndromic TOF may fit a “multiple-hit” model of etiol- 
ogy (5,35). A variety of environmental exposures have been 
identified that contribute a modest increased risk for TOF or 
other conotruncal defects and include maternal pregestational 
diabetes, febrile or viral illnesses, vitamin A exposure, and 
exposure to organic solvents (36). Perhaps the development 
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of nonsyndromic TOF requires both genetic susceptibility and 
one or more environmental insults. However, to date, evidence 
supporting this hypothesis remains weak and anecdotal. 

The contribution of CNVs to nonsyndromic TOF has also 
been examined (33,37). Similar to the loci identified in syn- 
dromic TOF, these CNVs identify known and putative TOF 
disease genes. Of the 12 CNVs identified, there were only 
three loci affecting known disease genes ( JAG1 , NOTCH1 , 
and TBX1). Furthermore, several of these loci affected regions 
of DNA that did not contain any known genes, suggesting 
that mutations in non-protein coding DNA may contrib- 
ute to the development of disease. The most common CNV 
affected the lq21.1 locus, which accounted for 1% of TOF 
cases in this study (33). This locus has been identified by other 
groups and has been associated with psychiatric and neuro- 
logic disease as well as TOF and other CHD (38-47). This 
potential link between “nonstructural” nervous system disease 
and TOF is certainly intriguing since it parallels the findings 
for the 22qll.2 deletion and syndromic TOF. 

To date, mutations in 12 single genes have been associated 
with nonsyndromic TOF but, thus far, each mutation appears 
to contribute to only a tiny percentage of cases. The disease 
genes identified primarily consist of transcription factors 
(NKX2.5 [48,49], GATA4 [50-52], ZFPM2 [53,54], GATA6 
[55,56], TBX1 [22,57], and TBX20 [58]) and receptors or 
ligands in the NOTCH ( NOTCH1 [59] and JAG1 [22,32]) or 
NODAL (FOXH1 [60], TDGF1 [60], GDF1 [61], and CFC1 
[60]) pathways. 

Current and Future Roles of Genetic Testing and 
Counseling in Tetralogy of Fallot 

The potential genetic links and implications of genetic testing 
in TOF should be discussed with the parents of each newly 
diagnosed patient, whether a diagnosis of TOF has been made 
in a fetus or postnatally. There is also a role for genetic coun- 
seling in older patients, who may have been diagnosed with 
TOF at a time before much was known about its potential 
genetic etiology. In each case, the patient or parents should 
decide whether or not genetic testing is appropriate after con- 
sidering the potential benefits and disadvantages. When com- 
bined with adequate resources for counseling, genetic testing 
can provide useful information for physicians, the parents of 
children with TOF, and the patients themselves. 

For physicians, genetic testing of patients with TOF may 
identify a syndrome associated with other abnormalities that 
should be considered when planning management and discuss- 
ing prognosis. For instance, there are potentially important rea- 
sons to identify a 22qll.2 deletion in infants with TOF before 
they undergo cardiac surgery (62). First, at the time of surgery 
and during the postoperative period, it is useful to anticipate 
and correct hypocalcemia, which can result as a consequence 
of the hypoparathyroidism seen in over 50% of patients with 
22qll.2 deletion (63). Second, a small percentage of infants 
with 22qll.2 deletion exhibit complete T-cell deficiency, a con- 
dition known as “complete DiGeorge syndrome.” Such patients 
are at risk of iatrogenic graft- versus-host disease (GVHD), 
which may occur due to transfusion of lymphocyte-containing 
blood components and is a potentially fatal, but preventable, 
complication (64). Transfusion-associated GVHD is usually 
only a risk if CD4 and CD8 T-cell counts are below 1,000 and 
800 cells/mm 3 , respectively (65). Guidelines suggest that infants 
with known or suspected 22qll.2 deletion should receive irra- 
diated blood products at the time of cardiac surgery unless 
T-cell lymphocyte deficiency has been specifically excluded (66). 

For the parents of a child with TOF, and for the patients 
themselves, another possible benefit of genetic counseling and 
testing is the provision of information that might inform future 
reproductive decisions. In addition, genetic testing may iden- 


tify a condition that is associated with learning difficulties. In 
such cases, obtaining a genetic diagnosis may help the family 
of a patient with TOF obtain additional educational support 
from an early age. As they age, patients with 22q.ll microde- 
letion remain at risk of symptomatic hypocalcemia and may 
also develop psychiatric disorders that would benefit from 
early recognition and treatment (67). 

Recommendations for genetic testing in TOF and other 
forms of CHD have been developed (21). Currently, these 
guidelines advocate genetic testing only in children with 
syndromic TOF (21). However, many centers have already 
adopted routine genetic screening for all patients with TOF. 
Although routine clinical genetic testing is currently limited 
to the detection of large chromosomal abnormalities either 
through karyotyping or through FISH, advances in technol- 
ogy and decreasing costs in DNA sequencing may lead to an 
increased prevalence of this approach together with improved 
diagnostic yields. Furthermore, approximately 6% to 10% of 
children with a 22qll.2 deletion will have no other features of 
the disorder and will be missed if screening is confined to those 
only with obvious external abnormalities. 


ANATOMY (MORPHOLOGIC, ECHOCARDIOGRAPHIC, 
AND ANGIOGRAPHIC CORRELATIONS) 

The journey towards anatomic understanding of this complex 
heart defect began well before the time of Etienne-Louis Arthur 
Fallot and continues to this day. In his 1888 papers concern- 
ing “la maladie bleue,” Fallot acknowledged earlier reports of 
patients with the same pathology, including the paper by Danish 
anatomist and Bishop, Niels Stenson, which is considered to be 
the earliest description (68). In 1671, Stenson reported his path- 
ologic findings in a fetus with multiple abnormalities, including 
cardiac features we would now recognize as TOF (69). One 
hundred years later, Eduard Sandifort, an anatomist at the Uni- 
versity of Leiden, published the first clinical-anatomical corre- 
late of this condition when he described the life and subsequent 
autopsy findings of a 12-year-old boy who had suffered from 
progressive cyanosis and breathlessness despite being “perfectly 
normal at birth” (70). Detailed anatomical diagrams accompa- 
nied his report and, unlike others present at the autopsy, Sandi- 
fort realized that the condition must have been congenital (70). 
In the 1800s, there were other reports including 15 cases pub- 
lished in John Farre’s textbook on cardiac malformations (71) 
and 64 cases referenced by Thomas Bevill Peacock (72). Fallot’s 
important contribution was to clearly define the clustering of 
four distinct anatomical features as a frequent cause of cardiac 
cyanosis and to introduce the term “tetralogy.” This defining 
contribution was forever acknowledged when Maude Abbott 
gave the disease its eponym. Fallot also dispelled the widely 
held belief that the blue discoloration of these patients was due 
to patency of the oval fossa (73). Fallot’s tetralogy, as described 
by him, is: stenosis of the PA, a VSD, hypertrophy of the right 
ventricle (RV), and rightwards deviation of the origin of the 
aorta (68); and, for over 120 years, generations of medical stu- 
dents have memorized these cardinal features. 

More recently, increasing knowledge of embryonic growth, 
understanding of cardiac morphology, and the development of 
rigorous nomenclature systems have resulted in a search for the 
pathognomonic features unique to a diagnosis of TOF. In today’s 
perception, TOF is generally considered a “monology” from 
which all four characteristic features result. The two great schools 
of cardiac morphology have somewhat different perspectives on 
this matter but the areas of controversy are relatively minor. In 
Anderson’s view, the characteristic abnormalities of TOF occur 
because the components that normally unite to form the outlet 
of the RV remain separate during development. He maintains 


SECTION VI ■ Congenital Cardiovascular Malformations 



Figure 43.3. Parasternal short axis view of an infant with TOF 
demonstrating: (1) anterior and cephalad deviation of the out- 
let septum, (2) the VSD, and (3) narrowing of the subpulmo- 
nary RV outflow tract. 

that the defining morphology is anterior-cephalad deviation of 
the outlet (infundibular) septum (which may sometimes be only 
a fibrous remnant) relative to the septomarginal trabeculation 
(SMT) together with malformation of the SMTs (74,75). In 
contrast, the Van Praaghs judge underdevelopment of the sub- 
pulmonary infundibulum to be the primary pathology; with all 
characteristics of TOF (including anterior-cephalad deviation of 
the outlet septum) being sequelae of this one pathologic feature 
(76,77). Whichever abnormality ultimately proves to be defin- 
ing, anterior-cephalad deviation of the outlet septum (which is 
a much larger structure in TOF than in the normal heart) is cer- 
tainly a cardinal feature. Since deviation of the outlet septum is 
often easily appreciated by echocardiography, identification of 
this anatomy is key to diagnosis (Fig. 43.3). 

The most frequent segmental anatomy in patients with TOF 
is normal abdominal situs with the heart located in the left 
chest, its apex pointing to the left (levocardia) and usual atrial 
arrangement with concordant atrioventricular and ventricu- 
loarterial connections. By contrast, the intracardiac anatomy 
is highly variable (78) and surgical planning for individual 
patients is facilitated by establishing the precise configuration 
of each of the cardinal anatomical components. Furthermore, 
it should be emphasized that TOF may coexist with other con- 
nections (e.g., double outlet RV) and indeed may be the under- 
lying diagnosis even when there is complete atresia of the right 
ventricular outflow tract (RVOT) with or without the presence 
of major aortopulmonary collateral arteries. 

The Interventricular Communication 

The large, unrestrictive interventricular communication of 
TOF is always “roofed” by the aortic valve (Fig. 43.4) but 
its remaining borders are somewhat variable and complicated 
to define since they depend on the tissue planes considered. 
In general, the defect is described from its RV aspect (which 
is the aspect the surgeon encounters when closing it). The 
crest of the ventricular septum usually terminates with the 



Figure 43.4. Typical parasternal long axis view in a patient 
with TOF. The aorta overrides the crest of the ventricular 
septum. VSD, ventricular septal defect; LV, left ventricle; RV, 
Right ventricle; LA, left atrium. 

Y-shaped division of the anterior and posterior limbs of the 
SMT In approximately one-fifth of Caucasian patients, a 
muscular rim, formed by the limbs of the SMT, the ventriculo- 
infundibular fold (VIF) and the muscular outlet septum, encir- 
cles the RV side of the VSD posteroinferiorly and thus protects 
the conduction axis from damage (74). More commonly, the 
VIF fails to reach the SMT and an area of fibrous continu- 
ity exists between the aortic cusps and the septal leaflet of 
the tricuspid valve to form the posteroinferior margin of the 
defect. In these cases, the defect incorporates a remnant of the 
membranous septum and is perimembranous (74). Its supe- 
rior margin is usually formed by the deviated muscular outlet 
(or infundibular) septum. In some patients, there is absence, 
or near absence, of the infundibular septum, and the cusps 
of the aortic and pulmonary valves are in fibrous continuity 
and together form the superior border of the VSD. In these 
cases, the VSD is described as both doubly committed and 
subarterial, and while usually there is a muscular posteroinfe- 
rior rim, the defect may also be perimembranous. This variant 



Figure 43.5. Subcostal right oblique section of TOF with a 
doubly committed VSD. The arrow points to point of fibrous 
continuity between the leaflets of the aortic valve and the 
hypoplastic pulmonary valve. RV, Right ventricle; Ao, Aorta; 
PT, Pulmonary trunk. 
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is rare in some populations, but relatively frequent in those 
of South American or South-East Asian descent (Fig. 43.5). 
In the past, it was argued that such patients should not be 
classified as having TOF since they have no muscular infun- 
dibular septum. It has been argued, however, that the outlet 
septum is present, albeit in the form of a fibrous remnant or 
raphe (79) and, since postnatally these patients exhibit all four 
classical features, this entity is now accepted to be a variant 
of TOF (75,80). TOF with a doubly committed VSD may be 
diagnosed preoperatively by echocardiography or angiogra- 
phy (79,81). Compared to the majority of patients with TOF, 
those with a doubly committed VSD are at higher risk for 
the development of aortic regurgitation, both before and after 
repair, and have a higher incidence of residual postoperative 
RVOT obstruction (RVOTO) (82). 

The large outlet VSD seen in TOF can extend into the 
inlet component of the ventricle, either with or without an 
associated common atrioventricular valve, and there may be 
additional muscular VSDs that can be difficult to image by 
echocardiography because of the equalization of RV and left 
ventricle (LV) pressures. In each case, effort should be made to 
exclude additional muscular defects by imaging the ventricular 
septum with reduced Doppler color scale. 

Aortic Position 

In TOF, if an imaginary line were drawn perpendicular to the 
long axis of the heart, upwards from the crest of the ventricu- 
lar septum, it would transect the cusps of the closed aortic 
valve and, when the valve opened, this line would extend 


onwards into the aortic root. This is what is meant by the term 
“overriding aorta.” In patients with TOF, the aorta overrides 
the VSD, a relationship best appreciated by echocardiography 
from the parasternal long-axis view (Fig. 43.4). The degree 
of aortic override varies significantly between 15% and 95% 
(83), a feature which has created some confusion. Contention 
remains as to whether or not hearts in which there is >50% 
aortic override should be classified as double outlet RV, irre- 
spective as to whether there is a bilateral infundibulum. The 
precise mechanics underlying aortic override in TOF remain 
incompletely understood. However, most authorities agree 
that, compared to normal, there is rightwards malposition and 
clockwise rotation of the aortic root (76,77,84-86). 

Right Ventricular Outflow Tract Obstruction 

Multilevel obstruction to pulmonary blood flow is a hall- 
mark of TOF although the severity of obstruction varies 
considerably from patient to patient (Fig. 43.6). In TOF, the 
length of the infundibular region is similar to that of nor- 
mal hearts (76,84), but its diameter is usually significantly 
reduced. Whether this reduction in diameter is primarily due 
to developmental hypoplasia (76,77) or is caused by anterior 
cephalad deviation of the outlet septum combined with hyper- 
trophy of the SMTs (74) remains of academic interest but, 
from the patients’ perspective, it is the effect of this narrowing 
that is important. The degree of narrowing of the subpulmo- 
nary infundibulum is variable in extent and timing. Progres- 
sion from a patent RVOT to atresia during fetal life is well 
described, resulting in TOF with PA (also termed pulmonary 



Figure 43.6. There is potential for multilevel obstruction of the RV outflow tract. This can occur because of ( 1 ) 
subpulmonary infundibular obstruction, (2) valvular pulmonary stenosis, and (3) branch PA stenosis. The RVOT 
is best imaged in a parasternal short axis view. Color flow Doppler can be used to demonstrate both the location 
and severity of obstruction. 
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atresia with VSD) (87) and, postnatally, the development of 
increasing obstruction leading to symptomatic cyanosis is 
commonplace. The typical pulmonary valve in TOF is thick- 
ened and obstructive, and is frequently bicuspid. The main PA 
and its branches exhibit highly variable anatomy with impor- 
tant abnormalities in up to 40% of patients (88,89). The high 
incidence of discrete stenosis at the origin of the left PA is 
related to constriction of a sling of ductal tissue at the site of 
its insertion (88). 

Coronary Arteries 

The prevalence of coronary artery abnormalities in TOF var- 
ies somewhat between surgical, pathologic, and angiographic 
series but is approximately 5% to 7% (90). The significance 
lies mainly in an increased vulnerability of the anomalous ves- 
sels to injury during surgical repair, particularly if they cross 
the RVOT (91-93). In approximately 4% of TOF patients, the 
left anterior descending artery (LAD), or an accessory LAD, 
takes origin from the right coronary artery (RCA) or right cor- 
onary sinus and crosses the RVOT in its course towards the LV 
(90). A single coronary artery (more often from the left coro- 
nary sinus) is the second most frequent variant and occurs in 
~1% of patients (90). The solitary artery usually divides early 
into left and right branches, one of which may pass behind or 
in front of the RVOT. When a single coronary arises from the 
left sinus, it is the right branch that lies in a vulnerable posi- 
tion, whereas when the single coronary arises from the right 
sinus, it is the left branch that is vulnerable (94). In patients 
with significant RV hypertrophy, there may be enlargement of 
the infundibular (or conal) branch of the RCA. Strictly speak- 
ing, this is not anomalous anatomy but, since this branch sup- 
plies the musculature of the subpulmonary infundibulum, its 
prominence may nonetheless challenge the surgeon. 

In previous eras, when ventriculotomy and transannular 
patching were frequent components of TOF repair, the risk 
of transecting an anomalous coronary vessel was high and 
patients with abnormal coronary anatomy had increased oper- 
ative mortality. Preoperative coronary angiography became 
routine and, if anomalies were suspected, corrective surgery 
was delayed until midchildhood by use of a palliative shunt 
procedure (93). Today, there are several surgical techniques 
for dealing with anomalous coronaries in patients with TOF 
and it is rarely necessary to delay surgery, even for abnor- 
malities that might previously have precluded repair. For the 
majority of patients who have a reasonably sized pulmonary 
valve annulus, the now standard transatrial-transpulmonary 
approach (see below) can be used successfully, even in the 
presence of coronary artery anomalies (95). Several options 
exist for infants who have both a coronary artery that crosses 
the RVOT and severe pulmonary annulus hypoplasia. These 
include RVOT reconstruction with single or separated patches 
(96,97), placement of an RV-to-PA conduit (96), and use of a 
native PA flap to protect the anomalous coronary by placing 
a glutaraldehyde-treated patch between a low ventriculotomy 
and the PA (98). The technique employed usually depends on 
surgical preference. It is not always possible to directly identify 
anomalous coronaries at the time of surgery, so it is important 
that the coronary anatomy be delineated by careful preopera- 
tive echocardiography. 

Aortic Arch 

In 20% to 25% of patients with TOF, the aortic arch is right- 
sided with mirror image branching (i.e., it crosses over the right 
main bronchus and the first branch is a left-sided brachioce- 
phalic artery, which divides into the left subclavian and left 
carotid arteries [76,99,100]). In isolation, a right-sided aortic 


arch in TOF causes no additional symptoms, since it does not 
produce a complete vascular ring. A right-sided aortic arch may 
be diagnosed on plain chest x-ray by the absence of the expected 
left-sided aortic knuckle. By echocardiogram, a right aortic arch 
is best diagnosed from the suprasternal notch. The standard 
suprasternal view (in which the scanning plane extends from 
the right nipple to left scapula with the probe’s marker directed 
towards the patient’s back) will demonstrate only part of a 
right aortic arch (101). To obtain a full arch image, the trans- 
ducer must be rotated clockwise from the standard position, so 
that the marker faces away from the patient and the plane of 
ultrasound extends from the left border of the sternum to an 
area just right of the spine (101). From this position, the first 
branch of a right aortic arch can be traced coursing leftward 
(in contrast to a left aortic arch where this vessel would course 
rightwards before bifurcating). A right-sided aortic arch may 
also be diagnosed by fetal echocardiography, when, in a trans- 
verse view, the “sausage-shaped” arch is located to the right of 
the trachea, rather than its usual left-sided position (102). 

Aortopulmonary Collaterals 

Collateral vessels from the aorta to the pulmonary arter- 
ies are unusual in TOF in the absence of pulmonary atresia 
but approximately 6% of patients have a patent arterial duct 
(88,89). 

Other Associated Cardiac Abnormalities 

Important variants of TOF exist and the different anatomy 
may impact differently on the patient’s physiology, clinical 
presentation, and surgical management. 

Tetralogy of Fallot with Pulmonary Atresia 

Morphologically, many clinicians (including the authors of 
this chapter) consider the combination of a VSD with aortic 
override and pulmonary atresia, to be part of the spectrum 
of TOF, albeit with the most extreme form of RVOT. Others 
believe this condition to be a separate entity. Regardless of the 
formal classification, this variant has such marked variability 
in pulmonary blood supply, clinical presentation, and surgi- 
cal management strategies that it warrants special considera- 
tion. In this textbook, this entity is described in detail in the 
Chapter 42 titled “Pulmonary Atresia and Ventricular Septal 
Defect,” and is not discussed further here. 

Tetralogy of Fallot with Origin of One Pulmonary 

Artery from the Right Ventricle and One from the Ascending 

Aorta 

In this rare variant, there is discontinuity of the branch pul- 
monary arteries with one PA (more often the left) originating 
from the ascending aorta (103-107). Although use of the term 
is generally discouraged (because it is teleologically incorrect), 
this anatomy is sometimes known as a “hemitruncus.” It is 
important to identify patients with this abnormality (which 
may be overlooked initially) and undertake surgical repair 
early, so as to prevent the development of left lung pulmonary 
arterial hypertension. 

Occasionally, there may be apparent complete absence of 
the left PA in the setting of TOF (108-110), although such 
cases (particularly if recognized in early infancy) should be 
investigated for possible origin of the left PA from a left-sided 
arterial duct (commonly arising from the base of the left bra- 
chiocephalic or subclavian artery), as this can sometimes be 
probed, dilated, stented, and rehabilitated, even after complete 
closure of the duct. 
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Figure 43.7. MRI of infant with TOF with absent pulmonary valve. Note the massive dilatation of main and 
branch pulmonary arteries. RV, Right ventricle; PT, Pulmonary trunk; LPA, Left pulmonary artery; RPA, Right 
pulmonary artery. (Images courtesy of Dr. Shi-Joon Yoo at The Hospital for Sick Children, Toronto.) 


Tetralogy of Fallot with Absence of the Pulmonary Valve 
Leaflets 

In approximately 3% to 6% of patients with TOF, the pul- 
monary valve leaflets are absent (78,100) or only a rudimen- 
tary ridge of tissue is present. This variant is associated with 
significantly aneurysmal main and branch pulmonary arteries 
that may compromise the airways and respiratory function 
(Fig. 43.7). The first description of this anomaly is attributed 
to Chevers (111) in 1847 and the first detailed case report 
was published in 1927 by Kurtz et al. (112) who described 
the clinical features and postmortem findings of an 11 -year- 
old boy. Despite an absence of pulmonary valve tissue, these 
patients usually exhibit some degree of RVOTO. This is 
almost always caused predominantly by a ring of tissue pre- 
sent at the level where the pulmonary valve leaflets would be 
expected, rather than by infundibular stenosis (113,114). An 
anatomical peculiarity of TOF with absent pulmonary valve 
is that the arterial duct is nearly always absent (113,115). 
In about 50% of patients with TOF and absent pulmonary 
valve, there is also a right-sided aortic arch, and the condi- 
tion may also be associated with absent or aortic origin of a 
branch PA. 

Discussion continues as to whether the massive PA dilation 
already present by the time of birth is primarily attributable 
to an abnormality of pulmonary vessel tissue, the orientation 
of the subpulmonary infundibulum, or severe in utero pulmo- 
nary regurgitation (PR) (consequent to absence of the arterial 
duct and pulmonary valve leaflets) (Fouron, 1990:829). Free 
PR makes the aneurysmal pulmonary arteries highly pulsatile 
and they often cause external compression of the airways, 
sometimes completely obliterating the bronchial lumens dur- 
ing systole. This leads to varying degrees of tracheobronchial 
malacia and air trapping. Rabinovitch et al. (116) described 
abnormal branching of the pulmonary arteries with “tufts” 
of arteries that entwined and compressed the intrapulmonary 
bronchi on autopsy of two patients with TOF and absent pul- 
monary valve. The authors suggested that their findings might 
explain why some patients continue to experience respiratory 


problems, despite relief of compression of the main stem 
bronchus by surgical repair (114). 

On examination, newborns with TOF and absent pulmo- 
nary valve exhibit “to-and-fro” systolic and diastolic murmurs 
and a single second heart sound, whereas patients with iso- 
lated TOF rarely have a diastolic murmur. Most are initially 
cyanotic, but this usually becomes less apparent during the first 
week of life (114). Around 40% of patients have some degree 
of respiratory distress at birth (113). Since there is usually less 
RVOTO than in other forms of TOF, as pulmonary vascular 
resistance falls, infants usually develop signs of increased pul- 
monary blood flow. The chest x-ray of these patients is dis- 
tinctive and is characterized by a moderately enlarged cardiac 
silhouette that has a prominent bulge at the upper left cardiac 
border, caused by the massively dilated proximal pulmonary 
arteries, and usually normal peripheral vascular markings. 
Some infants also demonstrate lobar emphysema (117). MRI 
or CT scanning may add further information about the extent 
and severity of airway disease (118). 

The clinical course and prognosis of patients with TOF and 
absent pulmonary valve is variable. Although there is probably 
a spectrum of disease, general consensus divides patients into 
two groups: those who exhibit severe respiratory problems in 
early in life and those who do not. Patients who present with 
severe respiratory compromise immediately after birth or in 
the first weeks of life will generally require urgent interven- 
tion and have a worse outcome than those who escape early 
intervention with relatively minor respiratory involvement. 
For severely affected infants, some clinical improvement may 
be gained by prone positioning, which allows the pulmonary 
arteries to fall forward and away from the bronchi. Other- 
wise, these patients usually require prompt intubation and 
positive airway pressure ventilation to maintain their airway. 
It is clear from early surgical series that infants who present 
with severe respiratory distress and require preoperative ven- 
tilation have the highest surgical mortality (119). However, 
modern surgical strategies and improvements in intensive care 
management may have improved outcomes in this group. The 
authors of a 2007 publication reported successful weaning 
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from ventilation and survival to eventual hospital discharge in 
all 61 consecutive neonates with TOF and absent pulmonary 
valve surgically repaired in the preceding 12 years (120). 

Several surgical options have been suggested for manage- 
ment of TOF with absent pulmonary valve and, to date, no 
clear consensus exists as to which is best. Strategies usually 
focus on intracardiac TOF repair in conjunction with plica- 
tion and reduction of the pulmonary arteries where necessary. 
The pulmonary arteries can be reduced by removal of tissue 
from either their anterior or posterior walls. Some surgeons 
also suspend the left PA to the anterior chest wall on closing 
the chest, hoping to further release pressure on the bronchi 
(119,120). An alternative is to perform the LeCompte maneu- 
ver, that is, transect the ascending aorta during repair and 
move the right PA anterior to it, away from the tracheobron- 
chial tree (121). The surgeon must also decide whether or not 
to implant a pulmonary valve at the time of the primary pro- 
cedure, which usually requires placement of a valved RV-to-PA 
conduit. Some groups also advocate stenting the airway at the 
time of surgical repair. However, there is no clear consensus 
about the best approach (122). Even after complete surgical 
repair with apparent relief of airway obstruction, patients 
may suffer long-term problems such as recurrent respiratory 
tract infection, wheezing, and reactive airways disease; some 
require reintervention for such symptoms (119). 

Tetralogy of Fallot with an Atrioventricular Septal Defect 

Around 2% of patients with TOF also have an associated atri- 
oventricular septal defect (AVSD) (123). These patients usually 
present more like patients with isolated TOF than they do like 
patients with isolated AVSD, since the RVOT limits pulmonary 
overcirculation and prevents symptoms of heart failure. Fur- 
thermore, they will often have left axis deviation on the elec- 
trocardiogram. The association should be actively excluded in 
children with Down syndrome and apparently isolated TOF. It 
is important to remember in this regard that a primum compo- 
nent may not always be present in such cases, and the presence 
of an associated AVSD may only be indicated by the presence of 
a trifoliate (“cleft”) left atrioventricular valve component of a 
divided common atrioventricular junction (which should be 
repaired at the time of correction, to avoid later valvar regur- 
gitation). The restriction to pulmonary blood flow protects 
the pulmonary arteries, and these patients can usually be 
repaired somewhat later than those with an isolated AVSD. 
Since surgical repair involves division of the inlet valve as well 
as closure of the interatrial and interventricular septal defects 
and reconstruction of the RVOT, this combination of cardiac 
defects is a particular surgical challenge. Nonetheless, it has 
been shown that primary repair of both the AVSD and TOF 
may be performed in the first few months of life and produces 
better outcomes than an initial palliative approach with full 
repair delayed until 4 to 6 years of age (123). 

CLINICAL FEATURES AND INVESTIGATION 
Prenatal Diagnosis 

Advances in fetal echocardiography, the development of struc- 
tured screening programs, and increasing sonographer experi- 
ence have resulted in increased prenatal diagnosis of CHD, 
including TOF and its variants (124,125). In expert hands, the 
prenatal diagnosis rate for TOF may be as high as 70% and 
the diagnostic accuracy can be as high as 90% (124,126). The 
main source of diagnostic inaccuracy results from diagnosing 
TOF with pulmonary stenosis in fetuses that are then postna- 
tally found to have TOF with pulmonary atresia (124,126). 


To some extent, this may be unavoidable since there is good 
evidence that the outflow tract obstruction seen in TOF may be 
progressive during fetal life and that some fetuses with patent 
pulmonary valves early in pregnancy will have developed com- 
plete pulmonary atresia by the time of birth (87,127). In 2008, 
Kaguelidou et al. (128) examined outcomes for 238 fetuses 
diagnosed with either TOF ( n - 153) or TOF with pulmo- 
nary atresia {n = 65). The median gestational age at diagnosis 
was 24 weeks, with 45% of cases diagnosed before 24 weeks. 
Ultrasonography detected coexisting extracardiac anomalies 
in 70/153 fetuses with TOF. Fetal karyotyping results were 
available in 132/153 TOF cases and 106/153 fetuses were 
screened for a 22qll.2 deletion. Of those screened, Trisomy 
21 was diagnosed in 4.5%, Trisomy 13 in 0.8%, and other 
rare (often sex chromosomal) abnormalities in 6%. A 22qll.2 
deletion was found in 15% of the 106 fetuses with TOF that 
were screened. As a result of the antenatal screening, 24% of 
parents with fetus diagnosed with TOF decided to terminate 
their pregnancy (a lower proportion than in cases where the 
diagnosis was TOF with pulmonary atresia). The authors 
reported that the presence of associated chromosomal abnor- 
malities or severe extracardiac abnormalities were factors that 
determined parental choice (128). 

Postnatal Presentation and Natural History 

The clinical signs and symptoms seen in infants born with 
TOF generally vary in accordance with the degree of RVOTO 
and frequently the diagnosis will be made following neonatal 
detection of an asymptomatic murmur. Infants with the most 
severe obstruction shunt right-to-left across the VSD and 
have reduced pulmonary blood flow. They often present with 
cyanosis in the first days of life. Cyanosis may be recognized 
at the time of delivery, during routine measurement of new- 
born oxygen saturation or perhaps only during episodes of 
crying. Infants with minimal RVOTO usually have a normal, 
or near normal, oxygen saturation after birth. These babies 
(“pink tets”) may present with heart failure symptoms (poor 
feeding, tachypnea, diaphoresis, and failure to thrive) at 
4 to 6 weeks of age due to increasing pulmonary blood flow 
as their pulmonary vascular resistance drops and they shunt 
left-to-right across the VSD. 

Typical auscultatory findings in a newborn with TOF 
include a normal first heart sound, a single second heart 
sound, and a loud systolic ejection murmur most clearly audi- 
ble at the left lower sternal border that radiates to the back. 
This murmur originates from turbulent blood flow across the 
narrowed RVOT and not from blood flow across the large 
nonrestrictive VSD, which produces equalization of ventricu- 
lar pressures. Generally speaking, the loudness of the murmur 
is proportional to, and the length of the murmur inversely pro- 
portional to, the degree of RVOTO (i.e., a loud short murmur 
indicates significant RVOTO). However, in those patients with 
severe RVOTO or who are actively spelling, the murmur may 
be both short and soft or virtually inaudible. 

Fallot’s three patients died at the ages of 19, 26, and 
36 years; interestingly not from their CHD but of tuberculosis 
(68). At the time, adult survivors of TOF would have been 
unusual since, without surgical intervention, the outcome from 
TOF is poor. There are two retrospective studies that consid- 
ered autopsy data from fixed geographical populations during 
time periods prior to the availability of any cardiac surgery 
and, as such, describe the natural history of TOF. The first, 
conducted in Denmark, found that without surgical interven- 
tion only 66% of babies born with TOF survived to 1 year of 
age, 49% until 3 years of age, and only 24% lived to the age 
of 10 years (129). Similar statistics were seen in the population 
of Central Bohemia where 64% survived the first year of life 
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but only 14% of children with unpalliated or unrepaired TOF 
survived beyond 15 years of age (130). 

Not only is the mortality from untreated TOF high but the 
child’s quality of life is also poor and the distress caused to 
families great. Although two-thirds of newborns with TOF are 
acyanotic and appear healthy at birth, by 6 months of age over 
half will have become desaturated at rest (131). This clinical 
progression occurs because of worsening infundibular steno- 
sis and RV hypertrophy, which further reduces pulmonary 
blood flow and increases right-to-left shunting across the VSD. 
Intermittent hypercyanotic episodes (“tet spells”) are one of 
the defining features of TOF, now seen less frequently due to 
earlier recognition and intervention. During hypercyanotic 
spells, which are often provoked by crying but then associ- 
ated with a quite different frantic cry during the episode that 
is probably due to the pain of skeletal muscle and myocar- 
dial ischemia, the patient develops abruptly worsening cya- 
nosis and breathlessness that may ultimately lead to loss of 
consciousness and, in severe untreated cases, death. In milder 
cases, postspell somnolence is characteristic. The mechanism 
for cyanotic spells remains unknown but the previous assump- 
tion that they were related to “infundibular spasm” is diffi- 
cult to reconcile with the lack of a “sphincter” function of 
the subpulmonary infundibulum and the frequent recognition 
of identical clinical features in those lacking a subpulmonary 
infundibulum (e.g., tetralogy with a doubly committed VSD). 
Rather, the physiology is more likely related to acute changes 
in inotropy (endogenous catecholamine release in response to 
pain), increased systemic oxygen consumption (secondary to 
pain and anxiety) leading to reduced mixed venous oxygen 
content, acute reduction in systemic vascular resistance (they 
are more frequent during febrile illness), and with decreased 
RV preload associated with tachycardia (they can be induced 
by atrial tachycardias), and this understanding underpins their 
treatment (see below). 

ECG Findings 

Preoperatively, the electrocardiogram in TOF characteristically 
shows sinus rhythm with normal or rightward axis deviation 
and right ventricular hypertrophy. As previously mentioned, 
there may be left axis deviation in TOF associated with AVSD. 
Surgical repair of TOF often disrupts the electrical conduction 
pathways and afterwards >90% of patients exhibit right bun- 
dle branch block (RBBB) (Fig. 43.8) (132-135), although this 
has become less marked with the transatrial and transpulmo- 
nary repair. As discussed below, in patients left with residual 
PR, the QRS duration (QRSd) tends to increase over time and 
may have prognostic implications (136,137). 


Chest X-Ray Findings 

The typical chest radiograph findings in TOF are well known 
and consist of a normal cardiac size but with an abnormal 
morphology characterized by an upturned apex (“boot- 
shaped” heart) related to RV hypertrophy, deficiency of the 
main PA segment (“PA bay” visualized as a notch in the upper 
left cardiac border), and reduced pulmonary vascularity (138). 
However, historically, an upturned apex was only actually pre- 
sent in two-thirds of cases and a more consistent sign of RV 
hypertrophy was said to be increased proximity of the anterior 
cardiac border to the sternum on a lateral film (139). Today, 
since most patients are operated during infancy and before 
they develop significant RV hypertrophy, the typical “boot- 
shaped heart” is much less commonly seen. It is usually pos- 
sible to diagnose a right-sided aortic arch from the chest x-ray 
by absence of the usual left-sided aortic knuckle, a bulge to the 
right of the upper mediastinum, and an impression to the right 
of the trachea (139). 

Echocardiography 

Echocardiography is one of the most important tools in 
the diagnosis and follow-up of patients with TOF. Obtain- 
ing images of intracardiac anatomy, as described above, can 
make the diagnosis of TOF and it is important to specifi- 
cally check for associated abnormalities. Echocardiography 
(either epicardial or transesophageal) also plays a role at 
the time of corrective surgery, particularly in checking the 
completeness of VSD closure and relief of RVOTO. During 
the immediate postoperative phase, echocardiography is rou- 
tinely used to assess LV and RV function, atrioventricular 
valve function, and the status of the RVOT. Its role in post- 
operative follow-up is primarily in the surveillance for late 
complications, particularly in patients with important PR 
(see the following section). 

Angiography and Magnetic Resonance imaging 

Preoperative cardiac catheterization and invasive angiography 
for TOF have been almost entirely supplanted by other imag- 
ing modalities, most commonly echocardiography. In rare 
circumstances, angiography may still be useful for imaging 
abnormal coronary artery or peripheral PA anatomy but, even 
in this situation, a high-resolution CT scan may be preferable 
since it is noninvasive and results in less radiation exposure. 

The use of cardiac MRI is limited in the preoperative 
evaluation of TOF patients, and is largely reserved for those 



Figure 43.8. Typical ECG after TOF repair. 
Note the RBBB with QRSd of 180 milliseconds. 
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with vascular abnormalities, in particular those with major 
aortopulmonary collateral arteries. However, MRI has become 
an important component of postoperative follow-up, particu- 
larly in the older adolescent and adult with repaired TOR The 
poor acoustic windows generally found in adults do not limit 
MRI and, furthermore, the ability to quantify RV volumes 
and PR is an important advantage. MRI can also be used to 
quantify RV (and LV) systolic function, assess differential pul- 
monary blood blow, quantify PR, and define the presence of 
restrictive RV physiology. 

MRI may be particularly important in the serial follow-up 
of TOF patients to monitor the potentially deleterious effects 
of chronic PR on RV volume and function and to identify 
patients whose RV compensatory mechanisms are failing even 
before symptoms develop (140). Sufficient data have accumu- 
lated that MRI measurements are routinely applied in clinical 
decision making regarding interventions such as pulmonary 
valve replacement (PVR) (see later section). The avoidance of 
ionizing radiation is another important advantage of MRI, 
particularly if patients are to be followed regularly over dec- 
ades. However, MRI is contraindicated in patients with pace- 
makers or defibrillators and may be limited by arrhythmia, 
patient claustrophobia, and the need to breath-hold effec- 
tively. In our experience, children under the age of 7 or 8 years 
of age usually require sedation or general anesthesia for MRI 
in order to prevent movement artifact during a study that may 
take 60 to 90 minutes. 


MEDICAL TREATMENT 

As will be discussed, surgical strategies for the management 
of patients with TOF have changed remarkably over the past 
few decades. In many centers, a move towards earlier correc- 
tive surgery has obviated the need for medical management 
in this condition. However, in some circumstances, a limited 
period of medical management may still be appropriate and, 
in the instance of an acute hypercyanotic spells, medical man- 
agement can be lifesaving. Depending on the nature of their 
outflow tract obstruction, infants with TOF may develop 
symptoms related to either too little or too much pulmonary 
blood flow. Those who develop heart failure usually derive 
some benefit from pharmacotherapy (141-143), and caloric 
supplementation with nasogastric tube feeds allows continued 
weight gain (144). Infants who develop gradual, but consist- 
ent, worsening of cyanosis usually do so as a result of increas- 
ing RVOTO and will benefit little from medical therapy. In 
contrast, infants who develop episodic cyanosis during hyper- 
cyanotic spells usually do respond to medical therapy, both as 
prophylaxis and for acute treatment. 

As discussed above, the pathophysiology of hypercy- 
anotic spells should be thought of as an acute imbalance 
between systemic and pulmonary blood flow resulting from 
a vicious spiral of changes in inotropy secondary to endog- 
enous catecholamine release, increased systemic oxygen con- 
sumption, reduced systemic vascular resistance, and reduced 
RV preload due to increased heart rate. The aim of therapy 
is to redress this imbalance and disrupt the pathophysiologic 
spiral by relieving pain and anxiety (to reduce heart rate and 
systemic oxygen consumption), increase systemic vascular 
resistance, and increase pulmonary blood flow. Since most 
hypercyanotic spells are provoked, or worsened, by crying, 
the infant should be picked up and comforted as soon as 
an episode begins, ideally while being held in a position of 
flexed knees and hips that kinks or compresses the femoral 
arteries and increases peripheral systemic vascular resist- 
ance. If no improvement is seen within a few minutes, oxy- 
gen should be administered and intravenous access obtained. 


The following measures (in order of increasing intensity of 
intervention) can then be tried, any of which may terminate 
the spell (145): 

■ An intravenous bolus of colloid or crystalloid fluid will 
increase intravascular volume, maximize preload, and 
improve cardiac output (thereby increasing mixed venous 
0 2 content) and may help prevent hypotension caused by 
other therapeutic interventions below. 

■ Intravenous (or intramuscular) morphine (0.1 to 0.2 mg/kg) 
should be given to relieve pain and anxiety, thereby revers- 
ing endogenous catecholamine release, reducing heart rate, 
and lowering respiratory rate. 

■ Intravenous propranolol (0.015 to 0.02 mg/kg) or the 
shorter-acting esmolol (0.5 mg/kg given over 1 minute, 
thereafter continued as an infusion). Beta -receptor antago- 
nists lower heart rate and improve diastolic ventricular fill- 
ing thus increasing preload and probably also act acutely to 
increase systemic vascular resistance. 

■ Intravenous sodium bicarbonate (1 mEq/kg) may be 
required if there is evidence of worsening acidosis despite 
the measures above. 

■ In unremitting cases, intravenous systemic vasoconstric- 
tors, for example, phenylephrine (boluses of 0.005 to 
0.001 mg/kg), or norepinephrine (0.05 to 1.0 jUg/kg/min) 
may be required. 

■ Anesthesia, intubation, and ventilation may ultimately 
be required to reduce the work of breathing and reduce 
oxygen consumption and improve mixed venous oxygen 
content. 

■ Very occasionally, severe life-threatening spells may require 
emergent surgical intervention or mechanical circulatory 
support. 

Most spells are self-limiting and do not require intensive 
medical therapy. Many groups consider their onset as an 
indication for surgical correction, but interval prophylaxis 
with beta-receptor antagonists (oral propranolol in a dose of 
0.25 to 1 mg/kg, 2 to 3 times per day) may be helpful if surgery 
is delayed (146). 


PERCUTANEOUS PALLIATION 

In an era when primary repair can be achieved in almost all 
infants, even during the neonatal period, with low operative 
mortality (147), the role of percutaneous palliation is yet to be 
fully determined. However, it is possible to palliate cyanotic 
neonates and young infants with TOF by percutaneous place- 
ment of a stent across the stenosed RVOT, which improves 
pulmonary blood flow and allows growth of the native pul- 
monary arteries (148,149). However, the procedure destroys 
the native pulmonary valve and so this technique should be 
reserved for the limited number of, usually very young, pre- 
mature or small, infants in whom a transannular patch will 
almost certainly be necessary in any case, or in whom the pul- 
monary arteries are diminutive and would increase surgical 
mortality or morbidity (150). 

THE EVOLUTION OF SURGICAL TREATMENT 
Palliative Procedures 

In 1930, Dr. Helen Taussig was put in charge of the newly 
founded Pediatric Cardiac Clinic at Johns Hopkins Hospi- 
tal and, although rheumatic fever was the biggest problem 
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of the time, she had a keen interest in the “little cyanotic 
babies (referred) to the clinic as nothing could be done for 
them” (151). It was not long before Dr. Taussig had an idea 
that would change not just the outlook for her own cyanotic 
patients but the face of CHD forever. It was the clinical and 
autopsy findings of two patients that brought Dr. Taussig to 
the realization that infants with severe pulmonary stenosis 
and right heart hypoplasia died not, as was widely believed, 
from heart failure but because of the sudden cessation of 
pulmonary blood flow that occurred with closure of their 
arterial duct (151). After realizing the importance of a pat- 
ent arterial duct to patients with limited pulmonary blood 
flow, Taussig recognized the potential benefit that might be 
possible from creation of an artificial duct. When, in 1939, 
Drs. Robert Gross and John Hubbard successfully ligated 
a persistently patent arterial duct (152), Taussig made the 
leap of imagination to think it “ought also to be possible 
to build one” (151). Subsequently (after she failed to inter- 
est Gross in the idea) she worked together with her surgical 
colleague in Baltimore, Dr. Alfred Blalock, and his techni- 
cian, Vivian Thomas, to develop a surgically created shunt 
that would siphon blood from the aorta into the pulmonary 
arteries (151) After trialing several different techniques, the 
team ultimately settled on a operation performed via a thora- 
cotomy on the opposite side to that of the patient’s aortic 
arch, where a direct anastomosis was formed between the 
subclavian branch of the innominate artery and the PA on 
that side (151). The first clinical shunt procedure, success- 
fully performed in 1945, was a monumental advance and the 
true beginning of surgical therapy for CHD (153). Dr. Denton 
Cooley, who at the time was a surgical intern present in the 
operating room, has provided a detailed description of this 
first procedure and an explanation of its significance in his 
2010 “Reflections of the Pioneers” essay (154). In recogni- 
tion of their vital contributions, this arterial-pulmonary shunt 
bears both the surgeon and cardiologist’s names: the Blalock- 
Taussig (BT) shunt. Recognizing Dr. Thomas’ contribution, 
this text calls it the Blalock -Thomas-Taussig shunt (ed.). 
A shunt formed in this original manner (making use the native 
subclavian artery) is now known as a “classical” B-T-T-shunt; 
but in the current era, when this procedure is required, the 
preference is to use a prosthetic tube graft interposed between 
the subclavian and pulmonary arteries forming a “modified” 
B-T-T-shunt. Within a short period of time, other systemic- 
to-PA shunts were devised and used successfully: the Potts 
shunt (connection between the descending aorta and left PA) 
in 1946 (155) and the Waterston shunt (connection between 
the ascending aorta and right PA) in 1962 (156). Although 
these procedures proved useful in specific anatomical circum- 
stances, their use never overtook that of the B-T-T shunt due 
to complications related to technical issues and pulmonary 
hypertension. 

Systemic-to-PA shunts dramatically improved a patient’s 
clinical condition and provided reasonable mid- to long- 
term palliation (157-159) but, since the intracardiac defects 
remained, the surgery could not be considered definitive 
therapy. Follow-up studies of TOF patients with shunts dem- 
onstrated gradual attenuation of the initial symptomatic 
improvement and the late occurrence of complications such 
as bacterial endocarditis, cerebral abscesses, and heart failure 
(157-159). In 1948, Dr. Russell Brock developed a technique 
for direct intracardiac relief of valvar pulmonary stenosis with 
a knife that was passed through an incision in the RVOT and 
onwards, across the stenosed valve to free its leaflets (160). 
Dr. Brock’s technique was quickly adopted for use in TOF 
(162) and, since it bestowed a degree of anatomical correc- 
tion, some groups favored it over shunt palliation. However, 
as acknowledged by all, the Brock procedure fell short of a 
full correction and was not without complications such as 


infundibular aneurysm (163), pulmonary edema (164), and 
recurrent RVOTO (165). 


"Complete" Surgical Repair 

In 1954, Dr. C. Walton Lillehei and his colleagues repaired 
a VSD in an 11 -year-old boy using the boys’ father’s circula- 
tion to take over the pumping and oxygenating capacity of the 
patient’s heart and lungs (166). “Cross-circulation” opened the 
doors to corrective surgery for complex CHD and, later that 
same year, 10-year-old Michael Eugene Shaw became the first 
patient with TOF to undergo successful surgical repair (167). 
Mr. Shaw survived to adulthood and had a successful career as 
a professional musician (168). Nevertheless, cross-circulation 
carried considerable risk to both the donor and the patient 
and work continued on the development of a completely artifi- 
cial means of supporting the circulation during surgery; a task 
that had occupied John H. Gibbon and others since the 1930s 
(169). In 1955, Dr. John Kirklin (170) of the Mayo Clinic 
reported the use of a modified Gibbon heart-bypass machine 
in the repair of complex CHDs, including TOF. Initial mor- 
tality was high, but as early as 1959, Dr. Kirklin (171) man- 
aged to achieve postoperative survival rates as high as 83% 
in young children and adults with TOF. By 1964, this figure 
had reached 93% (172) and results from the Cleveland Clinic 
depicted a similar rate of progress (173). Dr. Kirklin (171,173) 
published a series of detailed papers explaining the develop- 
ments that had contributed to these improved outcomes. He 
particularly commented on the need for “vigorous pursuit” 
of normalized postoperative blood gases and volume status, 
reduced use of outflow tract patches, myocardial protection 
strategies, and close attention to hemostasis (171,172). 

During this first epoch of cardiac surgery, TOF repair was 
performed via either a longitudinal or transverse incision in 
the RV. Through this, the hypertrophied subpulmonary mus- 
culature was resected and any valvar pulmonary stenosis was 
relieved. Patients with an insufficiently sized pulmonary annu- 
lus were managed by extending the ventriculotomy across the 
valve into the main PA, so that a pericardial patch could be 
used to augment the outflow tract and, where necessary, the 
pulmonary arteries. These “transannular” patches provided 
complete relief of outflow tract obstruction but at the cost of 
destroying competency of the pulmonary valve leaflets. The 
VSD was closed via the ventriculotomy after reconstruction of 
the outflow tract. During the 1960s, most centers reserved this 
type of full repair for TOF patients over 4 to 6 years of age. 
Since attempts at full repair in infants had accrued a high mor- 
tality (174,175), cardiologists and surgeons favored a staged 
approach, with initial palliation by B-T-T-shunt, for those who 
developed severe and early cyanosis (174,176). The first suc- 
cessful repair of TOF in a patient <1 year-of-age was achieved 
by a group from Guy’s Hospital, London in 1962 (177). How- 
ever, the techniques used by this group varied little from those 
used in previous unsuccessful attempts and throughout the 
1960s; infant survivors of TOF repair remained a rare curiosity. 

In the late 1960s, groups from Japan reported remarkable 
results from their attempts to correct CHD during the first 
year of life; with only 6 deaths in 78 infants, 9 of whom had 
undergone TOF repair (178,179). The key change was the use 
of deep hypothermic circulatory arrest, a technique developed 
by the Canadian surgeon, Dr. Bigelow (180), in the 1950s, 
reintroduced in Japan (178) and then popularized for use in 
infants and neonates with CHD by Dr. Barratt-Boyes (181) in 
New Zealand. However, it should be mentioned that, at the 
same time, Rees and Starr (182) also achieved excellent results 
from infant repair of TOF employing only modest hypo- 
thermia. By 1972, Dr. Barratt-Boyes’ group (183) had com- 
pletely corrected the cardiac defects of 12 infants with TOF 
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and, of those, 11 survived to hospital discharge. In the light 
of his results, Dr. Barratt-Boyes (181,184) questioned whether 
symptomatic infants with TOF continued to be best served by 
a staged repair and suggested that complete primary repair 
might be a better option. Comparison of mortality rates before 
and after the introduction of complete repair during infancy 
lent strength to his argument (185). In New Zealand, dur- 
ing the era of staged palliation, survival to hospital discharge 
after complete repair of TOF was <50% if an infant required 
a shunt under the age of 4 months, and 85% if palliation was 
required between 4 months and 2 years (185). After changing 
to a strategy of complete primary repair rather than pallia- 
tive shunting, mortality in the first 25 children aged under 2 
years at the time of repair was only 4% (185). Impressed, Dr. 
Kirklin and the team at University of Alabama Medical Center 
completely changed their view about the timing of intracar- 
diac TOF repair and, in 1971, all but abandoned the staged 
approach (186). Other centers followed suit, including the 
team at Boston Children’s Hospital who, up until 1972, had 
firmly believed palliative shunts to be the preferred option for 
symptomatic infants but later, after Dr. Castaneda’s arrival, 
became staunch proponents of neonatal primary repair for all 
infants with TOF (not just those who become symptomatic) 
(187-189). When follow-up studies suggested that early repair 
might carry hemodynamic and anatomical advantages, Dr. 
Castaneda and others at Boston Children’s Hospital came to 
believe that early primary repair for all patients would not 
only avoid risks associated with a shunt procedure but might 
also reduce RV hypertrophy and promote pulmonary blood 
vessel growth (190,191). 

Today, most centers perform elective repair of TOF in 
asymptomatic infants between 3 and 12 months of age (with 
atrend towards the lower end of the range in many large cent- 
ers). For patients who become symptomatic earlier than this 
practice continues to vary. Some groups are staunch advocates 
of complete primary repair in all patients, regardless of the 
age at which symptoms develop, believing that the benefits of 
avoiding a shunt include promotion of PA growth, elimina- 
tion of chronic hypoxemia, and reduced need for extensive 
RV muscle resection (147,192,193). Others remain concerned 
about the neurologic effects of neonatal cardiopulmonary 
bypass and hypothermic circulatory arrest and the possible 
increased incidence of transannular patching when operating 
on a very small and young baby and continue to prefer the 
staged (surgical or catheter-based) approach for very young 
symptomatic infants, with later full repair. 

Coincidental to the move towards earlier complete repair, 
but occurring over a similar time course, surgeons also 
changed their operating techniques. During the earliest era 
of TOF repair, it was noted that residual VSDs and pulmo- 
nary stenosis were predictors of postsurgical mortality and the 
main causes of reoperation. Accordingly, surgeons considered 
the complete elimination of RVOT obstruction one of the pri- 
mary aims of repair (91,171,194) and they liberally applied 
transannular patches to achieve this end (171). In 1963, Hud- 
speth et al. (195) were the first to suggest that a transatrial 
approach (with an atriotomy and exposure of the VSD and 
subpulmonary infundibulum after detachment of the septal 
leaflet of the tricuspid valve) might permit total correction of 
TOF without risk of coronary artery division, need for ven- 
triculotomy, or external enlargement of the RVOT. Initially, 
Hudspeth’s technique was little adopted but the method was 
reintroduced by Edmunds (196) in 1976 and was popularized 
during the 1980s with growing understanding of the long- 
term effects of ventriculotomy and destruction of the pulmo- 
nary valve. By the early 1990s, most centers preferentially 
performed TOF repair via a transatrial and transpulmonary 
approach, with transannular patching avoided whenever pos- 
sible (95,186,197,198). 


Surgical Outcomes 

Since the development of the B-T-T shunt, outcomes for infants 
with TOF who are born in countries that can provide neonatal 
and infant congenital cardiac surgery and postoperative inten- 
sive care have been revolutionized. Parents of a child born with 
TOF can now be reassured that their baby’s cardiac defect will 
be repaired in the first 6 months of life and that there is a >96% 
chance of survival to hospital discharge (132,134,199-201). 
Furthermore, of the surviving infants, >90% are expected to be 
alive 30 years after repair (202). During childhood, approxi- 
mately 5% of patients require reoperation and a further 6 % 
require catheter intervention (134). Late follow-up studies 
suggest a 0.8% risk per year of requiring PVR, with the high- 
est incidence of this reintervention in patients with TOF and 
pulmonary atresia or TOF with absent pulmonary valve (203). 
This impressive subversion of natural history means that there 
is a large, and growing, cohort of adult TOF survivors, and for 
these patients (many with families of their own) and their care 
providers, focus has switched to late outcomes. 

It is important to note that although TOF repair is now 
associated with little short- or medium-term mortality, long- 
term survival is not equal to that of the general population 
(197). For the 30-year-old with repaired TOF, there is a 0.5% 
annual risk of death (203), while according to the United 
States Social Security Ministry’s 2006 actuarial periodic life 
tables (www.ssa.gov), the baseline annual probability of death 
for a 30-year-old male is 0.15% and for a female is 0.06%. 
Therefore, a 30-year-old man with TOF faces a yearly risk 
of death threefold higher than baseline, while a woman’s risk 
is approximately eightfold higher. Furthermore, this increased 
risk of mortality increases with age (204). The most recent data 
suggest that the annual mortality risk for patients with TOF 
increases by 0.1% per decade (203). The reason that patients 
with TOF experience increasing adverse outcomes with age is 
the presence of a slowly evolving postoperative pathophysiol- 
ogy, which although it remains incompletely understood, has 
certainly become better recognized. 


POSTOPERATIVE PATHOPHYSIOLOGY 


While it dramatically alters a patient’s life expectancy, sur- 
gical repair of TOF is not a cure and the hearts of patients 
with repaired TOF remain anatomically, physiologically, and 
electrically abnormal. Potential anatomical problems include 
incomplete relief of RVOTO, residual VSDs, tricuspid regur- 
gitation, and RVOT aneurysms. Pulmonary insufficiency is 
probably the most important physiologic disturbance and 
electric problems may stem either from the RBBB or patchy 
ventricular fibrosis. Such abnormalities are usually well tol- 
erated during childhood and early adult life, but extended 
follow-up of patients with repaired TOF has revealed the 
presence of a slowly progressive postoperative pathophysi- 
ology that has a pervasive influence on late outcome, with 
effects seen decades after repair. Adults with repaired TOF 
demonstrate a high frequency of exercise impairment and a 
small, but increasing, risk of arrhythmia, biventricular dys- 
function, and premature cardiac death; outcomes that can 
all be related to the evolving postoperative pathophysiology 
(130,134,198,200-204). 

Pulmonary Regurgitation and the Fate 
of Right Ventricle 

Although many factors impact late outcomes after TOF repair, 
chronic PR is widely recognized as a key pathophysiologic 
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Figure 43.9. Pathophysiology after TOF repair — red boxes indicate known risk factors for late outcomes. 


driver (Fig. 43.9) (210-215). A common sequel of TOF repair, 
PR is especially likely, and most severe in patients with a 
transannular patch. Unfortunately, PR tends to increase with 
time (216,217) and places a volume load on the RV that is 
exacerbated by any distal PA stenosis (217,218). It has come to 
be understood that the RV responds to chronic volume loading 
with an adaptive remodeling, which while initially compensa- 
tory, ultimately proves detrimental. In the face of chronic PR, 
compensatory RV dilation and hypertrophy maintain forward 
flow and wall stress (Fig. 43.10). An association between pul- 
monary insufficiency and RV end-diastolic volumes in patients 
with TOF was first recognized in the 1980s (219,220) and the 
strong positive relationship became easier to demonstrate with 
the advent of MRI (221). RV dilation is not initially associ- 
ated with a reduction in RV ejection fraction (219,221) and 
stroke volume is maintained, so that patients experience a long 
preclinical compensated phase during which they rarely report 
symptoms (Fig. 43.9). Nevertheless, formal testing during these 
decades often reveals impaired exercise capacity (222) and 
neurohormonal activation that correlates with RV volumes 
(223-225). Ultimately, RV compensatory adaptations become 
inadequate and TOF patients with severe PR begin to develop 
RV contractile dysfunction (210,211,215). Pathophysiologic 
progression can be exacerbated by coexisting abnormali- 
ties. For example, tricuspid regurgitation (present in around 
30% of patients [226]) produces a cycle of worsening RV 


dilation, leading to worsening tricuspid regurgitation, leading 
to worsening RV dilation etc. (227). For a period of time, RV 
dysfunction remains reversible with intervention to abolish 
PR (140,227-230) but, eventually, the damage progresses and 
permanent myocardial injury ensues. This manifests as an ina- 
bility of the RV to regain normal dimensions, even after PVR 
(231) and as overt RV failure with increased risk of ventricular 
arrhythmia and sudden cardiac death (203,204,232). 


Ventricular Fibrosis 

Many studies have demonstrated ventricular fibrosis in patients 
with repaired TOF and several have linked the extent of fibro- 
sis to late complications such as arrhythmia, systolic dysfunc- 
tion, exercise intolerance, and neurohormonal activation 
(233-236). It seems that almost all adults with repaired TOF 
exhibit markers of RVOT fibrosis (whether or not a transannu- 
lar patch has been place) and this correlates with both regional 
and global abnormalities of RV function (233,235,236). Over 
half of the patients also have patchy LV fibrosis; sometimes 
correlating with the site of an apical vent from the time of 
cardiopulmonary bypass (233). Those repaired at older ages 
have the most fibrosis, suggesting that pre- and periopera- 
tive factors are the most important insults (233). The extent 
to which ongoing pathophysiologic processes (i.e., severe PI) 
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Figure 43.10. Three dimensional MRI rendered image of left 
and right ventricle 8 years after TOF repair. RV shaded yel- 
low, LV shaded red. Note the size disproportion between the 
ventricles caused by severe RV dilatation. (Image courtesy of 
Dr. Shi-Joon Yoo of The Hospital for Sick Children, Toronto.) 


cause the further development of postoperative fibrosis is not 
yet known. 

Mechanoelectrical Interactions 

A leap forward in understanding the late outcomes after TOF 
repair occurred with the realization that, along with direct 
mechanical effects, chronic PR also causes electrical deteriora- 
tion of the heart and that the two are pathophysiologically linked 
(136,237). In 1995, Gatzoulis et al. (237) correlated RV dila- 
tion with QRS prolongation and identified QRSd as an impor- 
tant predictor of adverse outcomes late after TOF repair. The 
group studied 41 randomly selected TOF patients 15 or more 
years after repair, then tested their findings in a second group of 
178 patients (237). They found a QRSd of >180 milliseconds to 
be a sensitive and specific predictor of later symptomatic ven- 
tricular tachycardia and/or sudden cardiac death (237). Patients 
with a QRSd of >180 milliseconds also had increased cardio- 
thoracic ratio (a surrogate for RV size) and increased longitu- 
dinal RV dimensions, whereas those without PR consistently 
demonstrated a QRSd of <180 milliseconds (237). Several years 
later, in collaboration with others, the same group conducted a 
multicenter investigation of nearly 800 TOF patients that con- 
firmed the importance of adverse mechanoelectrical interactions 
(136). Increased cardiothoracic ratio, QRSd prolongation, and 
the requirement for TAP were each associated with adverse out- 
comes and both a QRSd >180 milliseconds and the rate of QRSd 
progression (>5 milliseconds er year over a 10 year period) were 
predictive of sudden cardiac death (136). These studies changed 
not just the way the postoperative pathophysiology of TOF is 


understood but also the management of patients, since most 
centers now consider absolute or rapid rate of change of QRS 
prolongation in their algorithm for PVR. However, when con- 
sidering the implications of these studies, it is important to note 
that it followed patients repaired in an earlier era (91% of those 
in the multicenter study had been repaired via right ventricul- 
otomy [136]) and did not include MRI quantification of either 
RV size or PR. The thresholds for intervention in more contem- 
porary cohorts will almost certainly be different and deserve 
further study. 


Right Ventricular Diastolic Dysfunction 

While disruption of the pulmonary valve during surgi- 
cal repair usually initiates the pathophysiology described 
above, not all patients are affected in this way. Despite 
near absence of pulmonary valve tissue, there is a minority 
of TOF patients in whom pulmonary regurgitant volumes 
remain low and whose RVs do not dilate during the years 
of postoperative follow-up. The difference is explained by 
a phenomenon termed “restrictive RV physiology” that was 
first identified in infants during the immediate postopera- 
tive period but has also been seen in adults and children late 
after TOF repair (215). In the mid-1990s, Cullen et al. (238) 
identified a group of infants with postoperative RV dias- 
tolic dysfunction set apart by their more difficult postopera- 
tive course and a set of specific echocardiographic findings. 
When studied with pulsed-wave Doppler echocardiography, 
these patients demonstrated antegrade diastolic blood flow 
in the PA (238). The timing of PA antegrade flow matched 
atrial systole and was augmented during the expiratory 
phase of positive pressure ventilation (238). For reasons that 
remain incompletely understood but are suspected to relate 
to inadequate intraoperative RV myocardial protection 
(239), such patients exhibit restriction to RV late diastolic 
filling as a consequence of reduced RV compliance (240). 
When the atria contract, the pressure wave and blood flow 
are transmitted directly to the PA, because the resistance to 
pulmonary flow is less than the resistance to RV stretch. In 
the mid-term (2 years postrepair) postoperative restriction 
predicts later restrictive physiology (241) but long-term pro- 
spective studies with serial follow-up are lacking. 

A stiff RV resists not only filling through the tricuspid 
valve but also filling from PR theoretically limiting RV vol- 
ume loading and its subsequent deleterious effects. To this 
end, while restrictive RV physiology is disadvantageous in the 
early postoperative period, because it causes low cardiac out- 
put, it may be protective in the longer term. Gatzoulis et al. 
(237) demonstrated that adult TOF patients with restrictive 
physiology have a smaller cardiothoracic ratio, an improved 
exercise capacity, and a shorter QRSd than those without 
RV restriction. Interestingly, groups that used MRI to deter- 
mine the presence of restrictive physiology have found results 
somewhat at odds with those of Gatzoulis et al. (240,242). 
For example, Helbing et al. (242) found their patients with 
restrictive physiology to have reduced, rather than improved, 
exercise tolerance and, although Apitz et al. (240) were the 
first to demonstrate that TOF patients have increased RV stiff- 
ness, they found no difference in MRI measurements of RV 
volume between the “restrictive” and “nonrestrictive” groups. 
Their results might be explained by the fact that children were 
studied rather than adults (perhaps there had been insufficient 
time to detect the RV effects of chronic volume loading) but 
the discrepancies between Gatzoulis 5 and Helbing’s results are 
more difficult to explain. The answer may lie in the differences 
in the methodologies used to determine RV restriction. Indeed, 
this may go some way towards explaining the wide range of 
prevalence for restriction reported by the various studies, since 
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the reported prevalence of restrictive physiology in patients 
with TOF varies from 28% to 67% (238,242-245). 

The Role of Pulmonary Valve Replacement 

PVR is one of the commonest procedures performed in adults 
with CHD (246) with a risk of operative mortality generally 
quoted at around 1% (140). Today, given suitable anatomy, 
PVR can even be achieved without recourse to open heart sur- 
gery using percutaneous techniques (247,248), although this 
technique is currently largely reserved for those with an RV-PA 
conduit or previous stenting of the RVOT. Given the long- 
term adverse influences of chronic PR, insertion of a compe- 
tent pulmonary valve is clearly an attractive option. However, 
no replacement valve has an infinite lifespan and PVR usually 
commits patients to at least one additional operation or proce- 
dure during their lifetime. In addition, PVR remains a relatively 
expensive and invasive procedure and, while the risk of pro- 
cedural complications is low, it is not zero. So, before recom- 
mending PVR to an individual, the physician must first consider 
whether the benefits outweigh the risks and, if so, determine 
optimal timing for the procedure. These have become central 
questions for those caring for patients with repaired TOF. 
Unfortunately as yet, the literature contains no definite answers. 

Although two studies have made attempts at retrospective 
case-control “matching” (249,250), to date, there have been 
no randomized controlled trials examining the impact of PVR. 
It is fairly clear that PVR improves exercise tolerance and symp- 
toms in patients with PR after TOF repair (230,231,249,251- 
253) but there are no definitive data as to whether PVR also 
favorably modifies late clinical outcomes. For this reason, while 
most centers recommend PVR for TOF patients complaining 
of symptoms related to their hemodynamic load, criteria vary 
widely when considering PVR in asymptomatic patients. The 
key considerations are usually RV size, QRSd, formally docu- 
mented exercise capacity, and biventricular function. 

There is evidence that RV dilation reaches a threshold, 
beyond which reverse remodeling is unlikely even after PVR 
(228,254,255). Consequently, most centers consider PVR in 
patients with progressive RV dilation or RV end-diastolic vol- 
umes that approach 160 to 180 ms/m 2 , with the exact num- 
ber dependent on local policies. However, these thresholds are 
somewhat arbitrary since MRI methods for measuring RV 
volumes are not standardized, studies from which the cutoffs 
are drawn include fewer than 100 patients, and no study has 
shown that clinical outcomes are worse in patients whose RV 
volumes fail to normalize after PVR. 

Given the evidence that prolonged QRSd increases the risk of 
life-threatening arrhythmia and sudden cardiac death late after 
TOF repair, most centers consider a QRSd of >1 80 milliseconds, 
or one that is rapidly increasing, an indication for PVR. Studies 
that have specifically considered the electrical implications of 
PVR do suggest it reduces QRSd in association with a reduction 
in RV size and that PVR reduces the incidence of arrhythmia in 
individual patients (255-257). However, most studies included 
some patients who underwent electrophysiologic ablation in 
conjunction with PVR and it is difficult to tease out which pro- 
cedure had the most effect (257,258). Certainly patients who 
undergo ablation as well as PVR seem most likely to remain 
arrhythmia-free, with ablation particularly effective against 
SVT (257,258). 

Ventricular-Ventricular Interactions 
and the Fate of the Left Ventricle 

Of the thousands of papers published regarding TOF, hundreds 
discuss the RV, its outflow tract, and the pulmonary arteries. 


In contrast, fewer than 40 papers consider the effects TOF 
might have on the LV. In the minds of many, TOF remains 
a disease entirely of the right heart. This is a perception that 
needs to change, since it has become increasingly evident that 
the LV is intimately involved in the postoperative pathophysi- 
ology of TOF and plays an important role in long-term clinical 
outcomes. 

Apart from a few conflicting studies during the earliest era 
of TOF repair (259-261) and a handful from the 1980s and 
1990s (262-265), the fate of the LV after TOF repair received 
little attention until 2002, when Ghai et al. (206) discovered 
LV dysfunction late after TOF repair to be a risk factor for 
sudden cardiac death (201). Several years later, the same 
group used MRI to conduct a more quantitative study in an 
attempt to uncover the mechanisms of LV dysfunction (266). 
The investigators found that in a group of 75 adult patients 
with TOF, prolonged QRSd was associated with increased size 
and decreased ejection fraction of both ventricles (266). The 
QRSd was also associated with heterogeneous LV contraction, 
presumably induced by RBBB, and the authors proposed that, 
in combination with RV dysfunction, LV dyssynchrony and 
adverse LV mechanics might explain the link between QRSd 
and adverse clinical outcomes (266). Geva et al. (267) also high- 
lighted the importance of the LV in patients with repaired TOF 
when they found LV ejection fraction (LVEF) to be a primary 
determinant of late clinical status. The group’s results seem to 
suggest that although RV mechanics relate to functional status 
late after repair, moderate or severe LV impairment might yet 
be the strongest determinant of clinical symptoms (267). 

Since the right and left ventricles share common myocar- 
dial strands (268,269), an interventricular septum and peri- 
cardium, it is to be expected that processes affecting the RV 
may also impact the LV, a concept known as ventricular- 
ventricular interaction (see Chapter 22). As well as anatomical 
considerations, there are physiologic factors linking the ventri- 
cles. Blood moved through the lungs by the RV immediately 
becomes LV preload, so that problems such as pulmonary 
stenosis or regurgitation threaten LV preload and cardiac out- 
put. Furthermore, when the RV changes shape and/or size, it 
alters the shape and size of the LV. Even in health, the filling of 
one ventricle influences the compliance and filling of the other 
(diastolic ventricular- ventricular interaction). For instance, 
an elevation of RV end-diastolic pressure increases LV end- 
diastolic pressure (270) and shifts the septum towards the left. 
In 1983, Kingma et al. (271) demonstrated in an animal model 
that it is the transseptal pressure gradient that determines the 
position of the ventricular septum at end-diastole. Thus, if RV 
end-diastolic pressure is higher than LV end-diastolic pres- 
sure (as occurs with either RV volume or pressure overload), 
the septum flattens at end-diastole and moves towards the LV 
cavity that affects LV filling. In the subsequent systole, initial 
movement of the septum is back towards the neutral position 
(to the right) and this creates paradoxical septal motion. 
Ventricular-ventricular interactions (both systolic and dias- 
tolic) are certainly relevant to the postoperative pathophysi- 
ology of patients with repaired TOF as evidenced by several 
studies that demonstrate a strong positive correlation between 
RVEF and LVEF (266,267,272). However, the clinical mean- 
ing and the mechanisms underlying this relationship remain 
uncertain. Does it imply that intrinsic contractile function of 
the myocardium in each ventricle is interdependent? Or rather, 
given the known load dependency of ejection fraction, does it 
tell us more about the effects of a dilated RV and paradoxi- 
cal septum on LV filling? In patients with impaired LVEF and 
severe PR, demonstrable improvements in LVEF are seen 
after PVR supporting the concept that adverse ventricular- 
ventricular interactions may be reversible (273). 

Quite separate from the potential for adverse ventricu- 
lar-ventricular interactions are the unique anatomical 
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and perioperative factors that might directly affect the left 
ventricular myocardium of individual patients. For instance, 
it is conceivable that abnormal coronary artery anatomy, pro- 
longed periods of deep cyanosis (hypercyanotic spells), and 
LV volume overloading as a result of palliative shunting might 
cause LV hypoxic or ischemic damage. Davlouros et al. (267) 
found three independent predictors of LVEF, measured by MRI 
at a mean of 24 years after complete TOF repair, including 
RVEF, duration of palliation prerepair, and aortic regurgitation. 

If we are to understand the true mechanisms by which this 
primarily “right-sided” CHD is able to affect the LV and thereby 
increase the risk of sudden death and symptomatic heart failure, 
investigators must consider both the significance of periopera- 
tive and patient-specific factors as well as the role of adverse 
ventricular— ventricular and diastolic— systolic interactions. 

The Aortic Root 

In fetuses with TOF, the diameter of the ascending aorta is 
usually normal for gestational age at the time of diagnosis but 
serial measurements reveal accelerated growth during fetal 
life, particularly in those with most severe RVOTO (87). By 
the time of birth, the ascending aorta of infants with TOF is 
not just increased relative to the PA, its absolute diameter is 
enlarged (87). It is presumed that this enlargement occurs as 
a result of the increased volume load on the developing aorta, 
which must carry more of the blood ejected from both ven- 
tricles than in fetuses with a normal unobstructed RVOT. 
However, there are also aortic root histologic (274) and elastic 
(275) abnormalities in these patients, and it seems likely that 
these, too, play a role. While rarely a problem in childhood, 
dilation of the aortic root can cause clinical problems in adults 
with TOF. The most frequent issue is aortic insufficiency, with 
a reported prevalence of more than mild aortic regurgitation 
in 6.6% of patients 15 years postrepair (271) and the occa- 
sional requirement for aortic valve replacement (272). There 
are case reports of aortic dissection in patients with TOF and 
severe aortic dilation (278,279), but this is an extremely rare 
complication. In the two published reports of dissection, one 
patient’s aortic root measured 6.5 cm and his ascending aorta 
7.1 cm in diameter (278) and the other’s ascending aorta 
measured 9.3 x 8.3 cm (279). In 2010, Francois et al. (280) 
reported serial aortic root measurements adjusted for body 
surface area in 88 children who underwent TOF repair at a 
median age of 7 months. All aortic root measurements were 
enlarged at the time of repair, but within 7 years, the annulus 
and sinotubular Z-scores had returned to normal and the aor- 
tic sinus measurements showed significant regression (280). 
These retrospective data are interesting because they suggest 
that early repair might prevent aortic dilation; however, given 
the known abnormalities of aortic tissue in patients with TOF, 
further follow-up will be required before definite conclusions 
can be drawn. 


OTHER ISSUES FOR ADULT LIFE 


Monitoring for Late Complications 

Since the 1960s, after undergoing surgical intervention, most 
infants born with TOF have survived into adulthood. As a 
result, there are large numbers of adults living with this condi- 
tion and, since several programs have reported their long-term 
outcome data, much is known about what those born with 
this CHD might expect to face as they move through adult 
life. The European, American, and Canadian guidelines for the 


care of adults with CHD all recommend lifelong follow-up of 
patients with TOF in a specialist center by physicians with 
expertise in adult CHD. These guidelines suggest that for the 
majority of patients, the frequency of review should be annual, 
but those with an excellent surgical outcome or who remain 
stable might be followed less frequently. 

The purpose of routine follow-up is to anticipate and moni- 
tor potential complications and, when necessary, to intervene 
before these become clinically important. Regular visits also 
provide an opportunity for patient education and advice on 
maintaining a healthy lifestyle. In addition to an assessment of 
a patient’s general wellbeing, routine follow-up visits should 
specifically evaluate the presence and effects of: PR, residual 
RVOTO including branch pulmonary arteries, residual VSD, 
RV dysfunction, aortic root dilation, aortic insufficiency, and 
LV dysfunction. An ECG should be recorded at each visit, 
so that the QRSd can be recorded and any progression can 
be monitored over time. Routine Holter monitoring has not 
proven useful for predicting clinically important arrhythmias 
but patients should be asked about symptoms of palpitations 
and syncope. Echocardiography should be performed at each 
visit and regular cardiopulmonary exercise testing is useful 
to formally document changes in exercise capacity. Cardiac 
MRI should be performed at regular intervals, particularly in 
patients with severe PR to quantify RV volumes and biven- 
tricular function. Cardiac tomography (CT) is an alternative 
for patients with pacemakers/defibrillators. The frequency of 
cardiopulmonary studies and MRI/CT is determined on an 
individual patient basis. In patients for whom further interven- 
tions are planned, cardiac catheterization is sometimes neces- 
sary to assess hemodynamics and anatomy and, in middle-aged 
patients, to exclude atherosclerotic coronary artery disease. 

The Timing of Pulmonary Valve Replacement 

Patients with moderate to severe PR clearly need monitoring 
for possible PVR. However, as discussed earlier, at present 
there is no consensus as to the indications and optimal tim- 
ing of this procedure. Decisions surrounding PVR remain one 
of the biggest challenges in this population, with each adult 
CHD center having their own policies. Most centers would 
intervene in patients with symptoms attributable to PR, and in 
asymptomatic patients, RV size, exercise capacity, and QRSd 
are important factors in decision making. 

Monitoring after Pulmonary Valve Replacement 

Since no artificial valve has an indefinite lifespan, after PVR 
patients require regular (every 1 to 2 years) echocardiograms 
to monitor the function of their new bioprosthetic valve or 
RV-to-PA conduit. If they become significantly stenosed or 
regurgitant, surgically placed valves can often be re-replaced 
nonsurgically with the previous percutaneously implanted 
valve providing support for the new valve. A metallic valve is 
rarely chosen for PVR but, if it is, patients will require antico- 
agulation and appropriate monitoring. 

Endocarditis 

Endocarditis is rare after TOF repair but increases in frequency 
after PVR. At clinic visits, patients should be reminded of the 
symptoms of endocarditis and of the importance of main- 
taining excellent oral hygiene. Current guidelines should be 
consulted but, in general, antibiotic prophylaxis is only recom- 
mended for those patients with conduits and prosthetic valves. 
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Contraception and Pregnancy after Tetralogy 
of Fallot Repair 

Issues surrounding contraception and pregnancy should be 
introduced early to female adolescents with TOF and dis- 
cussed regularly. Issues regarding genetics, recurrence risk, 
and fetal screening should also be discussed with male TOF 
patients. The majority of women with repaired TOF will be 
able to choose from the full range of available contraceptive 
options. Caution with combined hormonal preparations is 
required in women with significant ventricular dysfunction or 
atrial arrhythmias because of the associated thromboembolic 
risks of estrogen (281,282). In general, pregnancy is well toler- 
ated in women with repaired TOF. For any individual patient, 
the risks of pregnancy depend on the severity of any residual 
lesions, the degree of any ventricular dysfunction, and the like- 
lihood of developing an arrhythmia. The long-term effects of 
pregnancy on women with TOF (if any) are, as yet, unknown. 
Ideally, all women with CHD who are considering pregnancy 
should be directed to specialists with expertise and experience 
in managing such patients, so as to discuss their individual 
risks and optimize their care through pregnancy and delivery. 
For further information, see this book’s chapter on pregnancy 
in CHD and other specialist resources, for example, www. 
heartdiseaseandpregnancy.com. 
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P ersistent truncus arteriosus is an uncommon congenital 
cardiovascular malformation. There is not a striking gen- 
der difference in frequency, although most series contained 
more male than female subjects. Truncus arteriosus usually 
occurs as an isolated cardiovascular malformation, although 
on occasion it has been reported in association with anomalies 
of other systems, particularly the DiGeorge or velocardiofacial 
syndrome (microdeletion chromosome 22qll.2) (1-4). Mater- 
nal diabetes has been implicated as a risk factor for truncus 
arteriosus. The anomaly has occurred in dizygotic twins (5) 
and siblings, and there is an increased incidence of cardiac 
malformations in relatives of children with this lesion (6-8). 
Because corrective operation for this malformation was first 
performed more than 30 years ago (9), ever-increasing num- 
bers of postoperative patients now are reaching adolescence 
and adulthood. Patients who have had truncus arteriosus cor- 
rected need continued follow-up care throughout life. During 
the last 25 years, surgical correction of truncus arteriosus dur- 
ing infancy has become routine (10,11). 


EMBRYOLOGY 


The embryonic truncus arteriosus lies between the conus 
cordis proximally and the aortic sac and aortic arch system 
distally. Partitioning of the truncus arteriosus, which is inti- 
mately associated with conal and aortopulmonary septation, 
was reviewed by Van Mierop et al. (12) and more recently 
by Bartelings and Gittenberger-de Groot (13). Truncus swell- 
ings, similar in appearance to endocardial cushions, divide 
the truncal lumen into two channels: the proximal ascending 
aorta and the pulmonary trunk. As the proximal portion of 
this truncal septum fuses with the developing conal septum 
(derived from conal swellings), the right ventricular origin 
of the pulmonary trunk and the left ventricular origin of the 
aorta are established. Valve swellings develop from truncal tis- 
sue at this line of fusion, and the excavation of these swell- 
ings leads to formation of the aortic and pulmonary valves in 
their respective sinuses. Along the aortic sac, the paired sixth 
aortic arches (primitive pulmonary arteries) migrate leftward, 
and the paired fourth aortic arches shift rightward. Invagina- 
tion of the aortic sac roof thereby forms an aortopulmonary 
septum that eventually fuses with the distal extent of the trun- 
cal septum. Accordingly, the right and left pulmonary arter- 
ies originate from the pulmonary trunk, and the aortic arch 
emanates from the ascending aorta. The spiral course of the 
truncoaortic partition produces the normal intertwinement of 
the great arteries. 


When conotruncal or truncoaortic septation does not pro- 
ceed normally, various congenital ventriculoarterial anomalies 
may result (12). One of these anomalies is truncus arteriosus, 
in which a single arterial trunk exits from the heart. Also, 
either deficiency or absence of the conal (infundibular) septum 
produces a large ventricular septal defect. Because the conal 
septum also contributes to the development of the anterior tri- 
cuspid leaflet and the medial tricuspid papillary muscle, these 
structures may be malformed. The single truncal valve may be 
deformed and functionally insufficient or, less commonly, sten- 
otic (14). If vestiges of distal truncoaortic septation develop, 
the pulmonary arteries may arise together from a short pulmo- 
nary trunk; otherwise, they arise separately from the truncal 
root. 


PATHOLOGY 


Truncus arteriosus is characterized by a single arterial vessel 
that arises from the base of the heart and gives origin to the 
coronary, pulmonary, and systemic arteries (Fig. 44.1). Ori- 
gin of the pulmonary arteries from this single artery serves to 
differentiate truncus arteriosus from pulmonary valve atresia, 
a condition in which a single arterial vessel also receives the 
entire output of both ventricles but in which the pulmonary 
arteries do not arise directly from the ascending portion of this 
single great artery. Collett and Edwards (15) recognized four 
types of truncus arteriosus on the basis of the anatomic origin 
of the pulmonary arteries. In type I, a short pulmonary trunk 
originating from the truncus arteriosus gives rise to both pul- 
monary arteries. When both pulmonary arteries separate from 
the truncus arteriosus, with no vestige of a main pulmonary 
artery (MPA), they may arise close to one another (type II) 
or at some distance from one another (type III). The type IV 
truncus arteriosus is now considered to represent a form of 
pulmonary atresia with ventricular septal defect and is not dis- 
cussed further in this chapter. 

Van Praagh and Van Praagh (16) have proposed an 
expanded classification system that also includes two com- 
monly associated abnormalities of the great arteries. Their 
type Al corresponds to type I of Collett and Edwards, and type 
A2 encompasses types II and III (Fig. 44.2). Type A3 includes 
cases with absence of truncal origin of one pulmonary artery, 
with blood supply to that lung from the ductus arteriosus or 
from a collateral artery. Last, type A4 is associated with under- 
development of the aortic arch, including tubular hypoplasia, 
discrete coarctation, or complete interruption. 
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Figure 44.1. Pathology of truncus arteriosus: Right ventricu- 
lar view showing truncal origin of aorta, right (R) and left 
(L) pulmonary arteries (type II), and coronary arteries. Ven- 
tricular septal defect (D) is cradled between superior (SL) and 
inferior (IL) limbs of septal band (SB). Fusion of inferior limb 
with parietal band (PB) separates tricuspid valve from bicus- 
pid truncal valve and mitral valve. Infundibular septum and 
medial tricuspid papillary muscle are absent. Aortic arch is 
right-sided. LBr, left bronchus; LPA, left pulmonary artery; 
Tr, trachea. 


The ventricular septal defect in truncus arteriosus is gen- 
erally large and results from either absence or pronounced 
deficiency of the infundibular septum. The defect is cradled 
between the two limbs of the septal band and is roofed by the 
truncal valve cusps (Fig. 44.1). In most instances, fusion of the 
inferior limb and the parietal band causes muscular disconti- 
nuity between the tricuspid valve and the truncal valve (15). 
Accordingly, the membranous septum is intact, and the defect 
is of the infundibular type. When such fusion fails to occur, 
tricuspid-truncal valvular continuity is present, and the defect 
(which now involves the membranous septum) is of combined 
membranous and infundibular types. Rarely, the ventricular 
septal defect in truncus arteriosus may be small and restrictive 
or even absent (17). 

Among 400 cases of truncus arteriosus from four publica- 
tions reviewed by Fuglestad et al. (14), the truncal valve was 
tricuspid in 277 (69%), quadricuspid in 86 (22%), bicuspid 
in 35 (9%), pentacuspid in 1 (0.3%), and unicommissural in 
1 (0.3%). The semilunar valve is in fibrous continuity with 
the mitral valve in all patients but is continuous with the tri- 
cuspid valve in only a minority. By overriding the ventricu- 
lar septum, the truncus arteriosus has a biventricular origin 


in 68% to 83% of patients (15,18). In 11% to 29% of 
patients, the truncal valve arises entirely from the right ven- 
tricle, whereas in 4% to 6% of patients, it emanates entirely 
from the left ventricle. 

The anatomic cause for truncal valve insufficiency is vari- 
able and includes thickened and nodular dysplastic cusps, 
prolapse of unsupported cusps or of conjoined cusps with only 
a shallow raphe, inequality of cusp size, minor commissural 
abnormalities, and annular dilation (14,19). Truncal valve ste- 
nosis, when present, usually is associated with nodular and 
dysplastic cusps (19). The truncal root frequently is dilated, 
and the truncal sinuses often are poorly developed. 

A right aortic arch with mirror-image brachiocephalic 
branching, occurring in 21% to 36% of patients (19,20), is 
associated more commonly with truncus arteriosus than with 
any other congenital cardiac malformation except pulmonary 
atresia with ventricular septal defect. Rarely, a double aortic 
arch persists. Hypoplasia of the arch, either with or without 
coarctation of the aorta, occurs in 3% of patients (18). Inter- 
rupted aortic arch occurs relatively frequently (11% to 19% 
of patients) (19,21) and is accompanied by ductal continuity 
of the descending thoracic aorta. It frequently is associated 
with the DiGeorge syndrome. 

The ductus arteriosus is absent in approximately half of 
patients with truncus arteriosus, but it remains patent post- 
natally in nearly two-thirds of patients in whom it is present. 
The relative sizes of the aorta and the ductus arteriosus tend 
to vary inversely, such that the ductus arteriosus is particularly 
large in patients with underdevelopment of the aortic arch 
(type A4 truncus). 

The pulmonary arteries most commonly arise from the left 
posterolateral aspect of the truncus arteriosus, a small distance 
above the truncal valve. Type I truncus arteriosus is observed 
in 48% to 68% of patients, type II in 29% to 48% (18), and 
type III in 6 % to 10% (15,18). In type II, the left pulmonary 
artery ostium generally is somewhat higher than that of the 
right pulmonary artery. Rarely, in the setting of interrupted 
aortic arch, this ostium may arise to the right of the right pul- 
monary artery ostium and cause crossing of the pulmonary 
arteries posterior to the truncus arteriosus (19). 

Stenosis of the pulmonary artery ostia or arteries is uncom- 
mon. In rare instances, deformed truncal valvular tissue may 
obstruct the pulmonary ostia during ventricular systole. 
In general, however, unless pulmonary arterial banding is 
performed, the pulmonary vascular bed will be exposed to 
systemic arterial pressure. 

In truncus arteriosus, one pulmonary artery may be absent. 
Of the Mayo Clinic’s previously published series of patients 
with truncus arteriosus, 16% (11 of 70) had only a single pul- 
monary artery (22). In 9 of the 11 patients, the pulmonary 
artery was absent on the side of the aortic arch. Thus, in trun- 
cus arteriosus, the pulmonary artery most frequently is absent 
on the side of the aortic arch, in contrast to tetralogy of Fallot, 
in which the pulmonary artery more frequently is absent on 
the side opposite the aortic arch. 

This chapter does not consider either so-called pseudotrun- 
cus arteriosus, which is actually a form of pulmonary valve 
atresia with ventricular septal defect, or “hemitruncus,” in 
which one pulmonary artery arises from the ascending aorta 
and the other emanates from the right ventricle and clearly has 
a well-developed pulmonary valve at its origin. The embryo- 
logic basis for these deformities appears to be different from 
that for true persistent truncus arteriosus. 

Knowledge of variations in coronary arterial origin and 
distribution, which are common in truncus arteriosus, is 
important to the surgeon. Because the left anterior descend- 
ing coronary artery frequently is relatively small and displaced 
leftward, the conus branch of the right coronary artery, in 
a compensatory manner, is usually prominent and supplies 
several large branches to the right ventricular outflow tract 
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Figure 44.2. Classification systems for persistent truncus arteriosus. Top: Type I to IV. (Collett RW, Edwards JE. 
Persistent truncus arteriosus: a classification according to anatomic types. Surg Clin North Am 1949;29:1245- 
1270.) Bottom: Types A1 to A4. (Van Praagh R, Van Praagh S. The anatomy of common aorticopulmonary 
trunk (truncus arteriosus communis) and its embryologic implications: a study of 57 necropsy cases. Am } Cardiol 
1965;16:406-425.) (See text for description for each type.) 





(23,24). The posterior descending coronary artery arises from 
the left circumflex artery (left coronary dominance) in 27% 
of patients with truncus arteriosus (25), which is about three 
times the frequency of this variation in the normal population. 
Anomalies of coronary ostial origin, involving 37% to 49% of 
patients with truncus arteriosus (25), are common, regardless 
of the number of truncal valve cusps. In general, however, the 
left coronary artery tends to arise from the left posterolateral 
truncal surface and the right coronary artery from the right 
anterolateral surface (18,25). 

In the setting of a single coronary ostium, frequently asso- 
ciated with left coronary dominance, all three major epicar- 
dial branches originate from this common site, or the right 
coronary artery may be absent (19). When two ostia exist, 
both may arise from the same truncal sinus; one may take 
origin from the expected site of the noncoronary sinus, or 
both may arise normally. High ostial origin, above the trun- 
cal sinotubular junction, occurs often, but when the origin is 
at or slightly above a truncal valve commissure, the involved 
ostium (most commonly the left) may be slit-like and function- 
ally stenotic. Conceivably, dysplastic valvular tissue also could 
obstruct an otherwise normal coronary ostium. Rarely, the left 
coronary artery originates from the pulmonary trunk (18,26). 
Combinations of the aforementioned coronary anomalies fre- 
quently are observed. 

The location of the conduction tissue in truncus arterio- 
sus is also of surgical importance. The sinus node and the 
atrioventricular node are normal in location and structure. 
The atrioventricular bundle courses to the left of the central 
fibrous body, and the left bundle branch emanates along the 
left ventricular septal subendocardium, just beneath the mem- 
branous septum (27). The right bundle branch travels within 
the myocardium of the ventricular septal summit, attaining 
a subendocardial course at the level of the moderator band. 
In most instances in which the ventricular septal defect is 
truly infundibular and the membranous septum is intact, the 


atrioventricular conduction tissue is somewhat distant from 
the rim of the defect. In patients with combined membranous- 
infundibular ventricular septal defect, however, the conduc- 
tion tissue passes along the left aspect of the posterior-inferior 
rim of the defect. 

The anomalies most commonly associated with trun- 
cus arteriosus are right aortic arch, interrupted aortic arch, 
absent ductus arteriosus, patent ductus arteriosus, unilateral 
absence of a pulmonary artery, coronary ostial anomalies, and 
an incompetent truncal valve. A secundum atrial septal defect 
has been noted in 9% to 20% of patients, an aberrant sub- 
clavian artery in 4% to 10%, a persistent left superior vena 
cava draining into the coronary sinus in 4% to 9%, and mild 
tricuspid stenosis in 6% (18,20). Total or partial anomalous 
pulmonary venous connection in association with truncus 
arteriosus also has been described (22,28). Rare associated 
anomalies that have been reported include tricuspid atresia, 
mitral atresia, ventricular inversion, and association with the 
asplenia complex. We have encountered one patient with both 
truncus arteriosus and complete atrioventricular septal defect. 
Extracardiac anomalies, present in 21% to 30% of autopsy 
cases of truncus arteriosus, include skeletal deformities, hyd- 
roureter, bowel malrotation, and multiple complex anomalies. 

Among the secondary complications of truncus arterio- 
sus, biventricular hypertrophy is frequent, and dilation of 
ventricular chambers is prominent when truncal valve insuf- 
ficiency exists. If there is massive cardiac hypertrophy, chronic 
subendocardial myocardial ischemia may develop (even with 
normal epicardial coronary arteries). As a result of chronic 
exposure of the pulmonary vasculature to systemic arterial 
pressure, hypertensive pulmonary vascular disease (plexogenic 
pulmonary arteriopathy) may develop. The arteriolar lesions 
often develop more rapidly and to a more severe extent in 
truncus arteriosus than in isolated ventricular septal defect. 
With chronic truncal valve insufficiency, pulmonary venous 
hypertension also may develop. 
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As patients with surgical repair survive into adulthood, pro- 
gressive dilation of their aorta (original truncal artery) often 
occurs but is rarely associated with complications, including 
dissection or rupture (29). 


MANIFESTATIONS 


Clinical Features 

In most patients with truncus arteriosus, congenital heart 
disease is recognized during early infancy, often during the 
neonatal period. During the 1990s, intrauterine diagnosis 
became possible with fetal echocardiography (30). The clinical 
features depend largely on the volume of pulmonary blood 
flow and whether associated significant truncal valve insuffi- 
ciency is present. 

During the first weeks of life, persistence of increased 
pulmonary arteriolar resistance present during fetal life may 
cause mild cyanosis with little evidence of cardiac decompensa- 
tion, unless severe truncal valve insufficiency also is present. As 
pulmonary resistance gradually decreases and flow through the 
lungs increases, the cyanosis may disappear. However, tachyp- 
nea, tachycardia, excessive sweating, poor feeding, and other 
signs of pulmonary overcirculation may appear. If truncal valve 
insufficiency is severe, the signs and symptoms of heart failure 
may appear shortly after birth. The additional volume load pro- 
duced by this associated problem always adds to the increasing 
demands placed on the heart as pulmonary flow increases. 

In the uncommon situation in which the infant has naturally 
occurring stenosis of the pulmonary arteries, cyanosis may be 
present at birth and may intensify with increasing age. How- 
ever, such stenosis protects the child from pulmonary overcir- 
culation that would otherwise occur with falling pulmonary 
resistance. Severe cyanosis, in addition to the signs of heart 
failure, may be present early if the child has both naturally 
occurring stenosis of the pulmonary artery and severe insuf- 
ficiency of the truncal valve. 

Physical Examination 

Physical findings are related primarily to the volume of 
pulmonary blood flow and the presence or absence of trun- 
cal valve insufficiency. Patients with increased pulmonary 
blood flow have little or no cyanosis. The peripheral pulses 
are accentuated and may be bounding. The pulse pressure usu- 
ally is increased owing to runoff into the pulmonary vascular 
bed during diastole and is accentuated in the setting of truncal 
valve insufficiency. A left precordial bulge may be noted, and 
a systolic thrill often is palpable along the left sternal border. 
The heart usually is overactive. The first heart sound is nor- 
mal and frequently followed by an ejection click, which echo- 
cardiographic studies have shown to coincide with maximal 
opening of the truncal valve. The second heart sound usually is 
loud and single. The occasional auscultatory or phonocardio- 
graphic observation of a split second sound in these patients 
with a single semilunar valve may be caused by delayed clo- 
sure of some of the cusps of the abnormal truncal valve. An 
apical third heart sound often is present. A loud pansystolic 
murmur maximal at the lower left sternal border and radiat- 
ing to the entire precordium most often is heard. An apical 
diastolic low-pitched murmur caused by increased flow across 
the normal mitral valve frequently is audible. 

The patient with truncal valve insufficiency usually has a 
diastolic high-pitched murmur that is heard best along the left 
sternal border. A truly continuous murmur is uncommon in 


truncus arteriosus and, when present, is usually suggestive of 
pulmonary artery ostial stenosis. Continuous murmurs are 
common in patients with pulmonary valve atresia/ventricular 
septal defect, however, where either a patent ductus arteriosus 
or systemic collateral arteries provide pulmonary blood flow. 
Because the differential diagnosis of truncus arteriosus includes 
this lesion, a continuous murmur is strongly suggestive of pul- 
monary atresia rather than of truncus arteriosus. Patients in 
heart failure may exhibit the additional signs of tachypnea, 
crepitant rales, hepatomegaly, and neck-vein distension. 

Cyanosis is present, and clubbing of the fingers and toes 
may be seen in patients with decreased pulmonary blood flow 
caused by naturally occurring pulmonary artery stenosis, 
pulmonary artery banding, or pulmonary vascular disease. If 
there is no associated truncal valve insufficiency, the periph- 
eral pulses and pulse pressure are nearly normal. The apical 
diastolic murmur often is not present. These patients are less 
likely to have signs and symptoms of cardiac decompensation. 

Electrocardiographic Features 

The electrocardiogram (ECG) usually shows a normal fron- 
tal plane QRS axis or minimal right-axis deviation. Gener- 
ally, normal sinus rhythm is present, and the conduction times 
are not prolonged. Combined ventricular hypertrophy occurs 
frequently. Left ventricular forces are particularly prominent 
in patients with increased pulmonary blood flow. Left atrial 
enlargement also is common in this group. Patients with nor- 
mal or decreased pulmonary flow may exhibit right ventricu- 
lar hypertrophy only. 

Radiologic Features 

Typically, radiography of the chest shows moderate cardiomeg- 
aly and increased pulmonary vascular markings (Fig. 44.3). 
The aortic arch is right-sided in approximately one-third 



Figure 44.3. Radiograph demonstrating typical features of 
truncus arteriosus in newborn with significant truncal valve 
insufficiency. Note the cardiomegaly and pulmonary vascular 
congestion. 
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of patients, and the combination of a right aortic arch and 
increased pulmonary vascularity is strongly suggestive of 
truncus arteriosus. Type I truncus arteriosus frequently is 
associated with a relatively superiorly located proximal left 
pulmonary artery, which usually can be distinguished on a 
frontal chest radiograph. A dilated truncal root is common. 
Although the pulmonary vascular markings typically are 
increased, variation in the pulmonary vascular pattern can be 
seen. In truncus arteriosus with unilateral absent pulmonary 
artery, the pulmonary vascular markings are markedly dimin- 
ished on the side without the pulmonary artery (usually the 
left side). In addition, pulmonary vascular obstructive disease 
is common in patients with truncus arteriosus and is reflected 
in the chest radiograph by disproportionate enlargement of 
the central pulmonary arteries associated with accentuated 
tapering of the distal pulmonary arterial tree. 

Echocardiographic Features 

The use of 2-D, Doppler, and color Doppler echocardiogra- 
phy has greatly increased the ability to determine accurately 
the cardiac anatomy and, in most cases, the hemodynamics 
in truncus arteriosus (31,32). Subcostal windows are used to 
document abdominal visceral situs and atrial situs, in addi- 
tion to the position of the cardiac apex. A single great vessel 
arising from the heart typically is seen from a subcostal image 
(Fig. 44. 4A), and assessment of the atrial septum is performed 
best from this location as well. Subcostal windows provide 
additional views for evaluation of the truncal valve function, 
truncal root, and pulmonary artery branch anatomy. The 
parasternal long-axis view demonstrates the deficiency in the 
ventricular septum and the overriding great artery, with conti- 
nuity between the truncal valve and the mitral valve. Slightly 
higher position in the parasternal long-axis view can be used 
to visualize the origin of the pulmonary trunk or branches 
(Fig. 44. 4B). Further imaging is required to document the 
presence of a single arterial trunk and lack of a pulmonary 
outflow tract from the ventricle. High parasternal short-axis 
views will provide visualization of the pulmonary arteries aris- 
ing directly from the posterolateral aspect of the truncal root, 
typically bifurcating into the right and left pulmonary arteries. 


Persistence of a short MPA segment is seen in truncus arterio- 
sus type I (Van Praagh type Al, Fig. 44.5). Separate origins of 
the pulmonary branches are seen in type II (type Al). When 
only one pulmonary artery is present, as in type III truncus 
(type A3), the remaining pulmonary artery origin must be doc- 
umented, typically originating from the aortic arch or ductus 
arteriosus. The short-axis view is also useful in evaluating the 
anatomy of the truncal valve leaflets (number and morphol- 
°gy), as well as visualization of the coronary arteries and their 
origins, and the location and extension of the ventricular sep- 
tal defect. Suprasternal notch imaging is critical for evaluation 
of the aortic arch anatomy, as interruption of the aortic arch 
may be associated with truncus arteriosus (type A4). Right- 
sided aortic arch also is common in truncus arteriosus and can 
be determined from short-axis imaging of the arch branch- 
ing pattern. In addition, the pulmonary artery branches also 
can be visualized from the suprasternal notch, excluding any 
important branch stenoses (33). 

Aortopulmonary window is in the differential diagnosis 
of truncus arteriosus and angiocardiographically may be con- 
fused with truncus arteriosus. Echocardiographically, however, 
these two entities easily can be differentiated. Aortopulmonary 
window usually is not associated with a ventricular septal 
defect, and the right ventricular outflow tract and pulmonary 
valve are in the expected positions. These features usually 
are recognized easily by 2-D echocardiography. Moreover, in 
aortopulmonary window, use of a high parasternal short-axis 
view usually allows its direct visualization. In patients with 
truncal valve stenosis, Doppler echocardiography usually ena- 
bles an estimation of this gradient. In patients with significant 
truncal valve insufficiency, the systolic Doppler gradient may 
overestimate the degree of valve stenosis owing to the volume 
of flow across the valve (2-D morphology must be correlated 
with the Doppler findings). Truncal valve incompetence also 
can be delineated and quantitated by Doppler technique; the 
color flow Doppler examination has been particularly help- 
ful in this assessment. Doppler flow reversal in the abdominal 
descending aorta may be due to either pulmonary artery run- 
off, truncal valve insufficiency, or both. In the rare patient with 
a pulmonary artery band(s) in place, Doppler evaluation also 
permits assessment of the pressure gradient between the trun- 
cal root and the pulmonary arteries beyond the band. 



Figure 44.4. A: Subcostal coronal view with anterior angulation in newborn with truncus arteriosus type I and 
moderately severe truncal regurgitation. Arrow indicates doming, thickened truncal valve; aortic root (Ao) con- 
tinues anteriorly/superiorly. Origin of the pulmonary trunk indicated by the asterisk. L, left; LV, left ventricle; 
S, superior. B: High parasternal long-axis view in same newborn with truncus arteriosus type I, with the dom- 
ing truncal valve (arrow) and posterior origin of the pulmonary trunk (asterisk). A, anterior; LA, left atrium; 
LV, left ventricle; RV, right ventricle; S, superior. 
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Figure 44.5. A: High parasternal short-axis view above the level of the truncal valve demonstrating posterior 
origin of pulmonary branches with very short main pulmonary artery segment ( short arrow) and normal left 
and right pulmonary origins. Ao, aorta; L, leftward; P, posterior. B: Slightly higher short-axis view with same 
orientation as (A) illustrates central pulmonary artery confluence. RPA, right pulmonary artery; LPA, left pul- 
monary artery. 


Truncus arteriosus may be diagnosed in utero with fetal 
echocardiography. The echocardiographer must be certain 
to identify the central MPA origin or proximal branch origin 
from the ascending truncal root to differentiate this condition 
from pulmonary atresia/ventricular septal defect. Associated 
interruption of the aortic arch also may be recognized in the 
fetus with truncus arteriosus. Severe truncal valve dysfunction 
(stenosis typically in combination with regurgitation) in utero 
may lead to fetal hydrops (30). 

Cardiac Catheterization and Angiocardiography 

With the introduction and advancement of accurate echocar- 
diographic diagnosis and the advent of surgical correction 
during early infancy, before irreversible pulmonary vascular 
disease is a concern, diagnostic cardiac catheterization and 
angiography usually are unnecessary in the patient with 
truncus arteriosus (32). Rarely, the patient with truncus 


arteriosus with associated interruption at the aortic arch or 
single pulmonary artery will need angiography to delineate 
aortic arch anatomy or the anatomy of the pulmonary arte- 
rial tree precisely. An example of a truncal root angiogram is 
seen in Figure 44.6. Magnetic resonance imaging (MRI), mag- 
netic imaging angiography (MRA), or computed tomography 
(CT) scanning may be adequate to delineate this anatomy (see 
below). 

Patients with truncus arteriosus are at risk of having pul- 
monary vascular obstructive disease develop at an early age, 
and this has driven the major impetus for early surgical cor- 
rection (10). Even more uncommonly in this era, a patient 
with truncus arteriosus will still present initially beyond early 
infancy for consideration of surgical correction, and cardiac 
catheterization may be necessary to assess the status of the 
pulmonary vascular bed (22). Although direct measurement 
of pulmonary resistance is not possible, the calculated indirect 
value, obtained by dividing the mean driving pressure across 
the pulmonary bed (in mm Hg) by the total pulmonary flow 



Figure 44.6. Anteroposterior (A) and lateral (B) views of truncal root angiogram in 10-month-old patient with 
truncus arteriosus, type I. Note common pulmonary trunk originating from posterolateral aspect of truncal root 
and bifurcating into right and left pulmonary arteries. Truncal valve is competent. 
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index (in liters per minute per square meter), provides a reli- 
able estimation of the status of the pulmonary arterioles. 

Patients with truncus arteriosus who have two pulmonary 
arteries and a pulmonary arteriolar resistance >8 units m 2 are 
at higher operative risk than patients with resistances below 
that level (20,22). Among the group with resistances >8 units 
m 2 , late deaths were due to progression of pulmonary vascular 
obstructive disease with secondary severe pulmonary hyper- 
tension and right ventricular failure. Among the survivors of 
operation in the group with preoperative resistance <8 units 
m 2 , no late deaths occurred secondary to progressive pulmo- 
nary hypertension. 

Fortunately, the trend toward early corrective surgery has 
reduced the number of patients who are inoperable because of 
pulmonary vascular obstructive disease. Our current policy is 
not to offer corrective surgery to patients with truncus arterio- 
sus who have two pulmonary arteries and whose pulmonary 
arteriolar resistance is >8 units m 2 . The exceptions are chil- 
dren younger than 2 years of age whose resistance decreases to 
<8 units m 2 , when 100% oxygen is breathed or after adminis- 
tration of a pharmacologic vasodilator such as inhaled nitric 
oxide. In such young patients, surgery still may be offered if 
the parents are willing to accept a higher surgical risk because 
it is possible that the increased resistances may result from 
arteriolar or medial smooth muscle hypertrophy and vasocon- 
striction rather than advanced intimal occlusive disease. These 
changes potentially may be reversible, and such patients can 
be treated with pulmonary vasodilator therapy after surgical 
repair is undertaken. 

Different criteria must be used to assess the feasibility of 
operation in patients with unilateral absence of a pulmonary 
artery (34). Severe pulmonary vascular disease is particu- 
larly likely to develop at an early age in patients with a single 
pulmonary artery (22,35). To achieve good surgical results 
in this subgroup, corrective surgery should be performed in 
the neonatal period. Even in patients who survive corrective 
operation, however, pulmonary vascular disease tends to pro- 
gress postoperatively more often than it does in patients with 
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corrected truncus arteriosus who have two pulmonary arteries 
(35). This difference may be related to the fact that the entire 
cardiac output still must pass through one lung so that the rate 
of flow through each arteriole remains approximately double. 
This may be a potential stimulus for the progression of pulmo- 
nary vascular changes. 

An accurate preoperative catheterization laboratory assess- 
ment of truncal valve insufficiency may be difficult because of 
contrast runoff into the pulmonary artery bed. 

Magnetic Resonance Imaging 

Cardiac MRI and MRA can provide additional noninvasive 
anatomic and hemodynamic information in the patient with 
truncus arteriosus (36,37). Visualization of the conotruncus 
and pulmonary artery anatomy is accomplished by multiple 
techniques, including black blood and white blood imaging 
techniques with gating, and with the use of gadolinium con- 
trast-enhanced MRA (Figs. 44.7 and 44.8). 


DIFFERENTIAL DIAGNOSIS 


In infants with truncus arteriosus and increased pulmonary 
blood flow, the differential diagnosis includes the other con- 
genital cardiac conditions that cause early heart failure and 
are associated with either mild or no cyanosis. Such malfor- 
mations include ventricular septal defect, patent ductus arte- 
riosus, aorticopulmonary window, pulmonary atresia with 
ventricular septal defect, and patent ductus arteriosus, or 
large collateral arteries, double-outlet right ventricle, univen- 
tricular heart, and total anomalous pulmonary venous con- 
nection. In truncus arteriosus with decreased pulmonary flow, 
other conditions to be considered include pulmonary atresia, 
tricuspid atresia, tetralogy of Fallot, univentricular heart with 
pulmonary stenosis, and double-outlet right ventricle with 
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Figure 44.7. Magnetic resonance noncontrast (bright blood) imaging in adult patient with untreated truncus arte- 
riosus, type II, with separate pulmonary artery branch origins. A: Anterior sagittal oblique image demonstrating 
the truncal root with origin of the left pulmonary artery depicted by arrow , leftward and superiorly, and continu- 
ation of the right aortic arch (Ao). RA, right atrium; RV, right ventricle. B: Slightly more posterior angulated 
view showing origin of the right pulmonary artery ( double arrow ) and continuation of the left pulmonary artery 
(single arrow). LA, left atrium; LV, left ventricle. 
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Figure 44.8. Magnetic resonance angiography with gadolinium contrast in same adult patient with unrepaired 
truncus arteriosus, type II. A: Anteroposterior view with the proximal leftward origin of the left pulmonary 
artery (single white arrow) and continuation of the right aortic arch (Ao). First arch branch coursing leftward 
(asterisk). B: Lateral view shows the posterior/inferior origin of the right pulmonary artery (double dark arrows) 
and leftward/superior origin of the left pulmonary artery (single dark arrow). 


pulmonary stenosis. Although certain physical findings, chest 
radiographic evidence, and electrocardiographic features may 
suggest the increased likelihood of a particular lesion, echocar- 
diography is necessary to establish the diagnosis definitively. 


NATURAL HISTORY 


Although patients with truncus arteriosus occasionally survive 
to adulthood without surgery, the natural history of this con- 
dition is generally dismal. In one autopsy series, the mean age 
of death was 5 weeks. Another series reported a survival of 
only 15% beyond the age of 1 year. Death in infancy most 
commonly is caused by heart failure. In patients who survived 
the first 4 years, death may occur from heart failure, but more 
frequently it results from the complications of hypertensive 
pulmonary vascular disease and infective endocarditis. 

Once severe pulmonary vascular disease is present (38), 
deterioration often is rapid, with severe morbidity and death 
frequently occurring in late childhood or early adolescence. 
This dismal natural history was the main factor that gave rise 
to the approach of early surgical repair that is now advocated 
for these patients. 


TREATMENT 


The diagnosis of truncus arteriosus, itself, is an indication 
for operation. Diagnosis ideally is made prenatally or soon 
after birth. Medical stabilization is performed in the intensive 
care unit, and operation with complete repair is preferred in 


the first weeks of life. Delay of operation results in chronic 
ischemia of the hypertrophied ventricle, which is perfused by 
desaturated blood at a low diastolic perfusion pressure caused 
by runoff through the pulmonary arteries, and, when present, 
“aortic” insufficiency. This hazard of ventricular dysfunction 
may explain, in part, the observation that repair of truncus 
at 6 to 12 months of age is associated with mortality twice 
that for repair between 6 weeks and 6 months of age (10). 
Pulmonary vascular obstructive disease also can develop 
early, which provides additional impetus for correction in the 
first few months of life. Pulmonary vascular obstructive dis- 
ease, no doubt, also is partly responsible for the increased sur- 
gical mortality in infants who undergo repair after 6 months 
of age. 

The preferred operation is complete repair during the neo- 
natal period. Although pulmonary artery banding may pro- 
vide palliation for young patients with truncus arteriosus, 
there are well-documented risks and potential complications 
of banding for this condition. In addition, successful banding 
has not guaranteed that these patients will be good candidates 
for later correction (39). During the past 15 years, improved 
surgical techniques and postoperative care have made correc- 
tion of truncus arteriosus during infancy possible at an opera- 
tive risk less than that previously reported for banding. 


SURGICAL CORRECTION 


Successful definitive surgical correction in a patient with trun- 
cus arteriosus was first accomplished by McGoon et al. in 1967 
(9). In the original operation, based on the experimental work 
of Rastelli et al. (40), continuity between the right ventricle and 
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the pulmonary arteries was established with an aortic homo- 
graft. Cryopreserved homograft tissue continues to be the con- 
duit of choice for repair of this defect in early infancy (41). 

The early and late results experienced by the initial 92 
patients who had correction at the Mayo Clinic were reported 
in 1977 (20). Although overall hospital mortality was 25%, the 
operative mortality decreased to 9% in the 33 patients operated 
on during the last 2.5 years of this early series. Since that time, 
an operative mortality of 5% was achieved in patients without 
severe associated abnormalities who subsequently have under- 
gone correction of truncus arteriosus. In 1984, Ebert et al. (10) 
reported results of 100 infants repaired prior to 6 months of 
age, emphasizing the importance of early repair to prevent the 
development of pulmonary vascular obstructive disease. Early 
mortality was 11%. At this time, the importance of complete 
repair in early infancy to prevent the development of pulmonary 
vascular obstructive disease was also emphasized. 

During the last three decades, there has been great progress 
in the surgical management of infants (42). In the current era, 
excellent results have been obtained with corrective operation 
during infancy (42-48). In patients who undergo successful 
correction during early infancy, the small right ventricular to 


pulmonary artery conduit eventually must be replaced with a 
larger one, but reoperation for conduit replacement alone car- 
ries a low risk (49-52). A 1993 late follow-up of 137 patients 
with truncus arteriosus corrected at the Mayo Clinic between 
1967 and 1992 showed no perioperative deaths in 39 patients 
who underwent reoperation for isolated conduit replacement. 
One death occurred in 15 patients who had isolated conduit 
replacement performed elsewhere (53). 

Although techniques of repair that do not include an 
extracardiac conduit also have been described (54), most 
surgeons prefer a valved conduit when complete repair is 
performed because of the presence of pulmonary hyperten- 
sion. Techniques for conduit replacement have evolved over 
the last two decades (49,55). It is our current preference to 
use the autologous tissue reconstruction (“peel operation”) to 
reconstruct the right ventricular outflow tract when conduit 
replacement is required (Fig. 44.9). The technique includes 
placement of a prosthetic roof (usually bovine pericardium) 
over the fibrous bed of the explanted conduit with insertion 
of a prosthetic valve (usually bioprosthesis). Early mortality 
has been low for conduit replacement, in our experience, even 
after multiple conduit revisions (49,55). Early mortality was 
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Figure 44.9. Technique of peel operation. A: Illustration depicting the obstructed extracardiac Dacron conduit 
being removed from the thick fibrous peel that surrounds it. Illustrations of the pericardial roof constructed and 
sewn to the lateral edges of the fibrous tissue bed. The routinely inserted porcine bioprosthesis is positioned 
either distally (B) or proximally (C), depending on the cardiac diagnosis, the anatomy, and the discretion of 
the operating surgeon (see text). Ant, anterior; Ao, aorta; lat, lateral; Pul, pulmonary; RV, right ventricle; SVC, 
superior vena cava. (Reprinted from Dearani J, Danielson G, Puga F. Late follow-up of 1095 patients undergoing 
operation for complex congenital heart disease utilizing pulmonary ventricle to pulmonary artery conduits. Ann 
Tborac Surg 2003;75:339-411, with permission from the Society of Thoracic Surgeons.) 
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Figure 43.10. Postoperative aortic root angiogram from a 7-year-old patient with severe aortic valve regurgita- 
tion following truncal (aortic) valvuloplasty in infancy at the time of complete repair. Anteroposterior (A) and 
lateral (B) views show dense opacification of the left ventricle following injection in the ascending aorta. Ao, 
aorta; LV, left ventricle. 


2% but was 0% for isolated conduit replacement. Overall sur- 
vivorship free of reoperation for the peel reconstruction at 10 
and 15 years was 90.7% and 82%, respectively. 

The presence of a regurgitant truncal valve almost always 
is amenable to various repair techniques, and replacement is 
rarely, if ever, done in the neonatal period. Numerous authors 
have described various truncal valvuloplasty techniques 
(43,56-62). Frequently used techniques include suturing 
of the prolapsing leaflet to adjacent leaflets. The prolapsing 
leaflet usually is thickened and adjacent leaflet edges also are 
thickened, which facilitates suture placement. The tops of the 
commissures often are splayed from dilation of the sinotu- 
bular junction. This can be corrected by wedge excisions of 
the aorta. If recurrent truncal valve incompetence occurs, our 
policy is to repair or replace the truncal valve at the time of 
reoperation for conduit replacement. 


Late results following complete repair are determined by 
the degree of truncal valve regurgitation and the need for con- 
duit replacement. The need for truncal valve repair at the time 
of complete repair is low (63). If reoperation is required for 
truncal valve regurgitation, intermediate-term results favor 
repair of the truncal valve (43,62). Serial echocardiographic 
examinations are essential during lifelong follow-up. Recur- 
rent truncal valve regurgitation may necessitate repair or 
replacement at a subsequent operation (Fig. 44.10). In our 
follow-up of 137 patients with truncus arteriosus who were 
operative survivors in our initial 25 -year experience, no one 
underwent truncal valve replacement when trivial or no trun- 
cal valve incompetence was present at the time of correction. 
In patients who had mild, moderate, or severe truncal incom- 
petence, the eventual need for truncal valve replacement was 
high. The difference between the two groups was highly sig- 
nificant (p < 0.001, Fig. 44.11). 
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Figure 44.11. Probability of late aortic (truncal) valve 
replacement after corrective operation: late survivors 
according to degree of assessed immediate post cor- 
rection aortic valve insufficiency. All reoperations for 
valve replacement were in patterns judged to have 
mild, moderate, or severe insufficiency. 
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Figure 44.12. Postoperative right ventricular angiogram from the same 7-year-old patient as in Figure 44.10 who 
underwent truncus arteriosus repair as neonate, followed by re-replacement of the original pulmonary homograft 
in the first year of life. Anteroposterior (A) and lateral (B) views show heavily trabeculated right ventricle (RV) 
with diffuse narrowing of the heterograft conduit. In addition, there is mild proximal right pulmonary artery 
narrowing seen in the AP projection (arrow). No significant tricuspid regurgitation is seen. 


The primary late problem related to extracardiac conduit 
operations is the need for conduit replacement because of 
somatic growth or progressive deterioration and calcification 
of the conduit (Fig. 44.12). Numerous reports have focused on 
issues of conduit size, valve degeneration, and conduit degen- 
eration (49-52,64-80). Late outcome of homograft (41,49,81- 
84) and prosthetic (49,85,86) conduits has been reported with 
variable results. Our attempt to reduce the incidence of late 
conduit failure was the construction of an autologous tissue 
conduit, with or without a valve. Advantages of this technique 
include an autogenous floor with a pericardial roof that does 
not form obstructive peels, and the diameter of the pathway 
can be as large as desired, allowing a large bioprosthetic valve 
to be inserted. We have examined the freedom from reopera- 
tion for conduit failure in an age-matched group of patients 
who have received a Hancock conduit, a homograft conduit, 


and a valved peel reconstruction (Fig. 44.13). The peel opera- 
tion had statistically significant better freedom from reopera- 
tion compared with the homograft ( p = 0.001). Although the 
peel operation had more favorable durability than the Hancock 
conduit, this did not reach statistical significance (p = 0.19) 
owing to the small numbers in the peel operation group at late 
follow-up. Percutaneous pulmonary valve therapy is now an 
alternative and complementary therapy for the postoperative 
truncus patient with a failing conduit (87-90). 

The search continues for the ideal extracardiac conduit. 
Although the need for reoperation is inevitable for most 
patients, the risk of reoperation is low and most patients 
enjoy a good quality of life. Presently, the peel operation 
provides the most favorable freedom from reoperation and 
is our procedure of choice when conduit replacement is 
required. 


Figure 44.13. Survival freedom from reoperation for conduit 
failure in an age-matched population, stratified according to 
conduit type (peel operation vs. Hancock, p = 0.19; peel opera- 
tion vs. homograft, p = 0.0001). (Reprinted from Bermudez C, 
Dearani J, Puga F. Late results of the peel operation for 
replacement of failing extracardiac conduits. Ann Thorac Surg 
2004;77:881-888, with permission from the Society of Thoracic 
Surgeons.) 
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CARE OF THE ADULT PATIENT WITH REPAIRED 
TRUNCUS ARTERIOSUS 


The adult patient with repaired truncus arteriosus will require 
lifelong follow-up by experienced adult congenital heart 
disease cardiologists. Truncus arteriosus is considered to be a 
complex form of congenital heart disease so that care of these 
patients in an experienced regional center is preferred (91). 
The primary issues for these patients include long-term func- 
tion of the right ventricular-to-pulmonary artery conduit and 
of the truncal (aortic) valve, the potential for branch pulmo- 
nary artery abnormalities, development of significant tricus- 
pid regurgitation, and aortic root dilation. In addition, genetic 
testing should be considered in patients who have not had 
evaluation for 22qll microdeletion syndrome (92). 

Follow-up of such patients generally is performed every 1 
to 2 years, and should include a thorough clinical examination, 
chest radiogram, and ECG. Echocardiography is recommended 
to assess the function of the right ventricle-to-pulmonary artery 
conduit and valve, paying close attention to stenosis and/or 
regurgitation. A peak gradient of over 50 mm Hg in the pulmo- 
nary conduit generally is considered to be indicative of severe 
stenosis, as is a right ventricular systolic pressure over 75 mm Hg 
(91). There may be evidence of decreased right ventricular func- 
tion and/or an increase in the degree of tricuspid regurgitation 
concurrent with a deterioration of conduit valve function. One 
should assess the degree of truncal or aortic valve insufficiency 
and consider replacing this valve if significantly incompetent. 
Aortic root dilation may occur. Pulmonary artery branch abnor- 
malities may be difficult to image with echocardiography, so that 
ancillary imaging techniques such as cardiac MRI often are help- 
ful in the assessment and management of these patients (93). 

Cardiac catheterization generally is reserved for assessment 
of abnormalities detected by noninvasive imaging techniques 
and may involve additional interventions, such as balloon 
angioplasty of pulmonary branch stenosis or implantation of 
endovascular stents in the branch pulmonary arteries. Percuta- 
neous implantation of a bioprosthetic pulmonary valve now is 
available for appropriate patients (88-90). Any surgical inter- 
vention should be carried out in an institution that specializes 
in the care of adults with congenital heart disease and per- 
formed by a surgeon trained in congenital heart disease (91). 


LONG-TERM ISSUES 


In summary, patients with repaired truncus arteriosus will need 
lifelong cardiovascular follow-up. Infective endocarditis pre- 
cautions are warranted. Primary issues that will require atten- 
tion, ongoing evaluation, and potentially further treatment after 
neonatal repair include truncal valve dysfunction (stenosis and/ 
or insufficiency), function of the pulmonary homograft/conduit 
in the right ventricular outflow tract, and the development of 
branch pulmonary artery stenosis. Left and right ventricular 
function, both systolic and diastolic, must be evaluated in an 
ongoing fashion. Echocardiography and cardiac MRI/MRA are 
useful tools for ongoing noninvasive evaluation of the patient 
with repaired truncus arteriosus (37). Seamless transition from 
the pediatric cardiologist to the adult congenital heart disease 
specialist is clearly warranted as this patient group ages. 
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Abnormalities in the Pediatric Population 
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This chapter deals with mitral valve (MV) abnormalities 
that are encountered in the pediatric population. We include 
abnormalities of the morphologic MV in corrected transposi- 
tion, but exclude abnormalities in the setting of a univentricu- 
lar atrioventricular connection, left side atrioventricular valve 
in atrioventricular septal defect, and MV abnormalities in 
rheumatic heart disease. As well, we exclude hearts with hypo- 
plastic left heart syndrome, as these patients follow a different 
clinical pathway. Although some MV abnormalities occur in 
isolation, many are part of a spectrum of left-sided congenital 
abnormalities. If missed, these associated lesions often have 
profound implications with regard to patient outcome, and 
hence a high index of suspicion is essential when evaluating a 
patient with abnormalities of the MV. 

Although clinical signs and symptoms are important, 
noninvasive imaging, in particular echocardiography, is the 
current cornerstone to detailed anatomical and physiologic 
assessment and subsequent management implications of con- 
genital MV disease. Three-dimensional echocardiography pro- 
vides novel anatomical and functional information above and 
beyond 2-D echocardiography and is emphasized throughout 
this chapter. 


MITRAL VALVE DEVELOPMENT 


Following rightward looping of the heart tube, the atrioven- 
tricular junction becomes prominent around the 25th day 
of gestation (1,2). The future left ventricle (LV) supports the 
larger part of the circumference of the atrioventricular canal 
by the end of the 5th week. The atrioventricular canal is 
occupied by the inferior and superior endocardial cushions 
that fuse during the 6th week, producing separate right and 
left atrioventricular junctions. Parts of these fused cushions 
remain on the left side of the muscular septum, forming the 
scaffold of the anterior or aortic leaflet of the MV. 

The normal MV proceeds when the aorta becomes commit- 
ted to the LV, permitting the development of fibrous continuity 
between one of the leaflets of the MV and two of the leaflets 
of the aortic valve. Initially, there is a cleft at the site of fusion 
of the superior and inferior cushions within the LV. The mural 
leaflet or posterior leaflet is formed by protrusion and growth 
of a sheet of atrioventricular myocardium into the ventricular 
lumen, with subsequent formation of valvar mesenchyme on its 
surface (3). The myocardial layer is then removed by apoptosis. 
The aortic leaflet of the MV develops from the mesenchyme of 
the superior and inferior atrioventricular cushions and is never 
attached to, or supported by, the myocardium apart from its 
attachment to the papillary muscles. The inferior quadrants 
of the left atrioventricular junction expand involving growth 
of the parietal wall of the LV, with comparable growth of the 
lateral cushion. This results in the lateral cushion occupying 


two-thirds of the circumference of the developing mitral valvar 
orifice, hence the larger mural or posterior leaflet that is seen 
during clinical or pathologic assessment. The papillary mus- 
cles develop from compacting columns in the trabecular layer 
of the ventricular muscle. Importantly, the MV develops and 
functions as a unit, which has profound implications during 
life. With the advent of 3-D echocardiography, we are mov- 
ing away from thinking of the MV as independent units, but 
rather as units that interact with each other and with the left 
ventricular myocardium. 

Reciprocal signaling between the endocardial and myocar- 
dial cell layers in the cushion is mediated in part by mem- 
bers of the TGF-p family, and induces a transformation of 
endocardial cells into mesenchymal cells. Sox 9 is activated 
when endocardial cells undergo mesenchymal transformation 
and Sox-9-deficient mesenchymal cells fail to express ErbB3, 
which is required for proliferation of the cells within the 
endocardial cushions. The mesenchymal cells migrate into the 
cushions and differentiate into the fibrous tissue of the valves. 
Several genes play a role in formation of the valvar leaflets, 
with signaling and downstream activation dependent on the 
NF-AT family of transcription factors. Absence of any of these 
genes results in fatal defects of valvar formation (4-6). 


INCIDENCE OF MITRAL VALVE 
ABNORMALITES 


Congenital MV abnormalities are rare. Congenital mitral 
stenosis (MS) accounts for 0.6% of congenital heart disease 
(CHD) in postmortem studies and 0.21% to 0.42% when 
examined in clinical series (7). Isolated congenital MV regur- 
gitation is even rarer and indeed if encountered should be con- 
sidered as potentially being secondary to another process such 
as rheumatic fever or in the younger patient, anomalous left 
coronary artery from the pulmonary artery (8). The male to 
female ratio of congenital MS is of the order of 1.5:1. It is 
important to consider associated MV pathology in any child 
presenting with a left-sided obstructive lesion, such as coarc- 
tation of the aorta or aortic valve stenosis. As well, MS may 
be associated with many other congenital lesions. Therefore, 
assessment of MV morphology and function should be part of 
the evaluation of all patients with CHD. 


MITRAL VALVE MORPHOLOGY AND FUNCTION 

Although the morphologist has previously been the master in 
this area, that role has now fallen to the echocardiographer, 
who can evaluate both morphology and function. 
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MITRAL ANNULUS 


The mitral annulus is mostly a muscular structure that is 
attached to the left atrium by fibrous connections. Three- 
dimensional imaging has demonstrated that it is saddle shaped 
(9), with two high and two low points (Fig. 45. 1A). The high 
points are at the site of aortic-mitral continuity and at the 
posterior aspect of the valve, while the two low points are 
along the lines of the commissure between the aortic and 
mural leaflets. The region of the mitral annulus that is not 


muscular is the site of aortic-mitral fibrous continuity. This 
is an important component, since changes in the mitral annu- 
lus during the cardiac cycle are heterogeneous, such that the 
outlet maintains maximum dimension during contraction to 
prevent any impediment to flow (10,11). 

The saddle shape of the mitral annulus has significant 
implications with regard to leaflet stress. If the annulus is more 
planar in shape, this increases leaflet stress, which has negative 
implications with regard to MV function (12,13). This in part 
explains why standard MV rings fail, as they do not address 
the primary problem, and flatten the MV annulus as well. 



Figure 45.1. A: Schematic diagram demonstrating the saddle shape of the mitral annulus with two high points, 
one at the aortic-mitral continuity end and the other posterior. The two low points are along the commissure 
lines of the anterior and posterior leaflets. The maximum bending of the MV occurs along the commissure line. 
A, aortic leaflet; AL, anteriolaterai; LV, left ventricle; P, posterior or mural leaflet. B: This montage demonstrates 
the normal features of the MV, as seen by 3-D echocardiography. Note the scalloped appearance of the posterior 
or mural leaflet. The commissures are seen in the image. Three-dimensional echocardiography shows the true 
features of the MV with its undulations that are readily appreciated in this en face view. The upper panel is taken 
in systole, while the lower one is in diastole. AL, aortic or anterior leaflet; AOV, aortic valve; PL, posterior or 
mural leaflet. C: These images demonstrate a normal MV seen in a 3-D and an MPR (multiplane reformatting) 
mode obtained from a full-volume data set. The upper two images are the 2-D views of the MV, taken at right 
angles to each other. The lower right hand image shows the reconstructed image of the valve and the two planes 
(red and green) can be seen. The lower left hand panel shows the MV from below. The commissures are well 
seen, as are the two leaflets. Note the detail in the 3-D image that is lacking in its 2-D counterpart. AL, aortic or 
anterior leaflet; AO, aorta; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract. 
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Starting at end diastole and with atrial contraction the 
annulus begins to contract, attaining its smallest area just 
before ventricular systole, presumably to aid in leaflet closure. 
During midventricular systole there is a dominant inward 
motion of the annulus in an anterior-posterior direction. This 
helps maintain an oval shape just when the orifice area is at 
its greatest, with the added advantage of helping to keep the 
leaflets together. During ventricular contraction, the annulus 
descends with a gradual increase in annular area, height, and 
bending angle. This reaches its maximum at end systole and 
during the period of isovolumic relaxation. With rapid ven- 
tricular filling there is a rapid reduction in MV area (14-17), 
more so in children, which may be related to their superior 
ventricular relaxation (14-17). These changes are most likely 
related to the torsional deformation of the LV from base to 
apex, demonstrating the importance of thinking of the MV as 
one unit, with important interactions with the LV 


MITRAL VALVE LEAFLETS AND SUPPORTING 
APPARATUS 


The normal MV has two leaflets, the anterior or aortic and 
the posterior or mural (Fig. 45. IB). The anterior leaflet is 
in fibrous continuity with the noncoronary cusp of the aor- 
tic valve and hinges from the annulus with support at two 
commissures by the anterior and posterior papillary muscles 
(1,18). The anterior leaflet has been arbitrarily divided into 


three components, A1 to A3, which is a useful description for 
both the echocardiographer and the surgeon. The mural or 
posterior leaflet is anchored along the parietal part of the left 
atrioventricular junction. As with its anterior counterpart, this 
is divided into three components, PI to P3. As with the ante- 
rior leaflet, it is supported by the two papillary muscles. The 
posterior or mural leaflet frequently has a series of scallops, 
which are supported by chordal structures (Fig. 45-lB,C). 

Three-dimensional echocardiography has provided the 
ability to assess not only the morphology but also the dynamic 
changes that are seen in the MV. This technique emphasizes 
that the leaflets are not flat, but consist of a series of undu- 
lations, which are in part related to the chordal attachments 
(13) (Fig. 45-1 A). There are several chordal support mecha- 
nisms that can be appreciated in pathologic specimens (19), as 
well as by real-time 3-D echocardiography. The strut chordae 
insert into the undersurface of the anterior leaflet and in part 
result in the appearance of a series of peaks and valleys in the 
anterior leaflet when seen in real time from the left atrial view 
(Fig. 45. 2 A). These chordae run onto the belly of the leaflet, 
whereas the rough zone chordae insert into the tip of the ante- 
rior leaflet (Fig. 45. 2 A). These latter chordae are responsible 
for preventing leaflet prolapse. The strut chordae are impor- 
tant in situations of ischemic MV regurgitation where they 
are displaced, resulting in leaflet tethering and regurgitation 
(20). Next, there are commissural chords, which by definition 
support the two MV commissures, while the cleft chordae 
support the scallops of the posterior or mural leaflet. When 
viewed from above by 3-D echocardiography during systole, 




Figure 45.2. A: These figures demonstrate the 
chordal structures of the MV in a specimen, 
as well as by 3-D echo. Note the thicker strut 
chordae that are indicated by the black arrow . 
These insert into the belly of the aortic leaflet of 
the MV. The thinner rough zone chordae insert 
into the edges of the leaflet. LA, left atrium; 
LV, left ventricle; PM, papillary muscle; RZC, 
rough zone chordae; SC, strut chordae. B: This 
montage shows the normal papillary muscle 
arrangement of the MV. The image on the left 
demonstrates the anterior papillary muscles with 
mitral chordal insertion. The image on the right 
shows the posterior papillary muscle and shows 
how it is blended in the posterior wall of the 
LV. APM, anterior papillary muscle; LA, left 
atrium; LV, left ventricle; PPM, posterior papil- 
lary muscle. 
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the leaflets appear to be a series of peaks and valleys, the 
coaptation of which prevents regurgitation (13). The zones 
of coaptation of the leaflets roll over each other, providing 
the maximum area of contact, which maintains valve compe- 
tence. It is when pathologic processes disturb this relationship 
that regurgitation is seen. Pathologic specimens and surgical 
inspection, along with saline testing of the valve provide a sub- 
optimal assessment of the functional nature of the MV; 3-D 
echocardiography overcomes this limitation (21). 

The two papillary muscles are evenly placed such that they 
maintain constant tension on the leaflets throughout systole 
(Fig. 45. 2B). The angle between the papillary muscle tips and 
the mitral annulus is about 70 to 80 degrees, as determined by 
3-D echocardiography. This is achieved by the ability to map 
the coordinates of all of the components of the MV throughout 
the cardiac cycle and relate them to each other. This papillary 
muscle angle does not change throughout the cardiac cycle, 
despite the influence of ventricular contraction and torsion of 
the LV. The chordae fan out as they insert into the leaflets, but 
the direction of pull on the leaflets is relatively vertical, avoid- 
ing tension on the leaflets. The papillary muscle morphology 
is also variable, in particular with regard to the number of 
heads. The papillary muscles are derived from left ventricular 
myocardium and blend in with the wall of the LV, playing an 
important role in maintaining normal left ventricular function 
(Fig. 45.2B). Indeed if they are removed during valve replace- 
ment, then this results in left ventricular dysfunction (22). 


MITRAL VALVE PATHOLOGY: AN INTEGRATED 
MORPHOLOGIC AND HEMODYNAMIC 
APPROACH 


Although it is tempting to divide pathology into regurgitant 
and stenotic lesions, this is artificial, since congenital MV 


abnormalities can result in both. We therefore describe the types 
of pathology and their echocardiographic appearances together. 

Mitral Valve Dysplasia and Hypoplasia 

In MV dysplasia, the leaflets are thickened, the interchordal 
spaces obliterated, and the papillary muscles deformed 
(7,23,24). The valve often shows global hypoplasia and is the 
most common lesion associated with isolated congenital MS, 
though this may occur in conjunction with regurgitation. The 
free edges of the dysplastic leaflets are thickened and rolled. 
Therefore, when viewed as a functional unit, the thickened 
leaflets and obliterated interchordal spaces result in tethering 
and deficient zones of coaptation. These features are readily 
appreciated by 3-D echocardiography, both from a left atrial 
and left ventricular view (Fig. 45.3A,B). As well, additional 
images can be obtained by cropping the heart from above, 
which demonstrate the MV and its support apparatus. This is 
of particular value for imaging the chordal apparatus, as they 
are imaged in the axial plane that provides optimal resolu- 
tion. The left ventricular view is of particular importance for 
imaging the commissures, because they are imaged more reli- 
ably from below than from the left atrial view. This is due to 
the fact that the normal mitral leaflets billow toward the left 
atrium, just as a parachute does when seen from the sky. 

With the addition of color Doppler, sites of mitral regur- 
gitation (MR) can be identified and related to valve pathol- 
ogy (Fig. 45. 3A). It is possible to image the vena contracta, 
which represents the en face view of the regurgitant jet. The 
area of this jet correlates well with absolute volume regurgi- 
tation, providing a semiquantitative assessment of the degree 
of regurgitation (Fig. 45.4 A). As well, it provides an accurate 
road map to the location of the regurgitation, providing vital 
information for the surgeon when contemplating repair. With 
the addition of pulsed or continuous wave Doppler the hemo- 
dynamic mean gradient can be determined. Recall that this is 
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Figure 45.3. A: These images are from a case with MS due to shortened chordae and thickened leaflets. The 3-D 
image from below shows the thickened leaflets with shortened chordae. Note the orifice of the MV. The image on 
the right is a 2-D Doppler and shows the turbulent jet through the valve. LV, left ventricle; LVOT, left ventricular 
outflow tract; PM, papillary muscle. B: This montage is from a case with MV stenosis due to thickened chordae, 
with virtual fusion of the anterior papillary muscle to the leaflets, as seen by the lower right hand 3-D echo. The 
upper left hand image shows the 2-D appearance of the anterior papillary muscle and leaflet. The restrictive func- 
tional orifice is clearly seen in the lower right hand panel (black arrow). LV, left ventricle; PM, papillary muscle. 
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Figure 45.4. A: This montage is from a case with a 
tethered mural leaflet of the MV, associated with 
thickening of both that leaflet and its aortic counter- 
part. The upper left image is viewed from front, look- 
ing down on top of the MV. Note that it is difficult 
to see separate chordae. The lower left hand picture 
shows the vena contracta from the MV regurgita- 
tion. Note that the relationship of this to the valve 
can be appreciated from this image. The upper right 
hand picture views the MV from the left ventricular 
aspect and shows the tethering of the mural leaflet as 
indicated by the black arrows . The lower right hand 
picture is a view of the MV from above at a level just 
below the mitral annulus. The mitral orifice and the 
thickened leaflets can be seen, as well as the tethering 
of the mural leaflet (black arrow). AL, aortic leaflet; 
AO, aorta; LVOT, left ventricular outflow tract; ML, 
mural leaflet; PM, papillary muscle; VC, vena con- 
tracta. B: This is from the same case as Figure 45. 4 A 
and shows the 2-D echo appearance of the tethered 
mural leaflet, as well as a 3-D long-axis view of the 
MV. The upper left hand image is taken in diastole 
and the right one in systole. The black arrow points 
to the annulus of the MV and shows that during sys- 
tole the leaflets are tethered below the annulus. This 
appearance cannot be appreciated in 2-D images. LA, 
left atrium; LV, left ventricle. 



directly related to cardiac output, with an underestimation in 
states of low output. Unfortunately, in the majority of chil- 
dren, it is not possible to calculate a pressure halftime that can 
provide an absolute valve area in adults. 

Dysplasia of the Posterior or Mural Leaflet 

Occasionally, a young child is seen who has significant MV 
regurgitation secondary to dysplasia of the posterior or mural 


leaflet (25). The leaflet is invariably tethered by shortened 
chordae, preventing normal coaptation with the anterior leaf- 
let (Fig. 45.4A,B). The regurgitant jet invariably extends along 
the total length of the valve orifice and may respond to surgi- 
cal repair by leaflet extension. Three-dimensional echocardi- 
ography provides optimal imaging of this entity, as well as an 
accurate assessment of the severity of regurgitation. Although 
the mural leaflet is tethered, the aortic leaflet of the MV is usu- 
ally thickened (Fig. 45.4A,B). 
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Figure 45.5 A: This montage shows a mild case 
of supramitral stenosis, which is more difficult to 
appreciate in the 2-D image in the left hand panel, 
compared to the 3-D image on the right viewed 
from the left atrium. B: The color Doppler image 
on the right shows that the flow acceleration is 
starting just above the annulus, consistent with 
supravalve stenosis. LA, left atrium; LV, left ven- 
tricle; SMR, supramitral ridge. 




Supravalve Mitral Stenosis 

Although this is often considered as a separate entity 
(Fig. 45.5A,B), it invariably coexists with associated abnor- 
malities of the leaflets and subvalve apparatus (26,27) 
(Fig. 45.6). Therefore, in the majority of cases, surgical inter- 
vention does not cure the problem, but simply provides some 
relief of the associated stenosis. The membrane starts at the 
annulus of the MV, thus differentiating it from cor triatri- 
atum, which sits above the left atrial appendage. It may or 
may not be circumferential and in some cases extends into the 
orifice of the MV, providing the appearance of subvalve MS. 
Physiologically, it usually results in MS, the hemodynamic 
consequence that can be determined by a Doppler assessment 
of the MV in conjunction with an assessment of pulmonary 
artery pressure from the tricuspid regurgitation and/or pul- 
monary insufficiency jets. This entity therefore has a physi- 
ologic impact on the mitral annulus, as well as the leaflets and 
subvalve apparatus. 

Mitral Arcade 

This is a rare entity, however one that has a significant impact 
on outcome. The morphologic and echocardiographic features 
are of muscularization of the chordal apparatus, such that it 
is difficult to differentiate between the leaflets, chordae, and 
their supporting papillary muscles (Fig. 45.7). The functional 
result is often regurgitation, which is due to a tethered valve 
with deficient zones of leaflet coaptation. This lesion usually 
presents early on in life and invariably results in a poor out- 
come (28,29). 



Figure 45.6. This is from a case with supramitral valve ste- 
nosis and associated significant pathology of the leaflets and 
subvalve apparatus of the MV. The upper left hand and lower 
right hand panels show the ring as indicated by the black 
arrows . The upper left hand and lower right hand demonstrate 
the thickened leaflets and chordae. The upper right hand panel 
shows the orifice of the MV as seen from the left atrium. AO, 
aorta; LA, left atrium; LV, left ventricle; LVOT, left ventricular 
outflow tract; PM, papillary muscle; SMR, supramitral ridge. 
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Figure 45.7. This montage shows a specimen with a mitral 
arcade with muscularization of the subvalve apparatus and a 
3-D echocardiogram showing similar features, but from a dif- 
ferent case. LA, left atrium; LV, left ventricle; PM, papillary 
muscle. 


Cleft Mitral Valve 

This involves the anterior or aortic leaflet of the MV and 
varies in degree with some hearts having a complete cleft, 
whereas in others it involves only the tip of the leaflet. The 
cleft points towards the left ventricular outflow tract, which 
differentiates it from that seen in an atrioventricular septal 
defect (30-35) (Fig. 45.8). The supporting papillary mus- 
cles are in the normal location, again which differs from an 
atrioventricular septal defect where the posterior muscle is 
rotated laterally (36). MV regurgitation is usually seen when 
the edges of the cleft are unsupported by chordae. In other 
cases, the edges of the cleft are supported by chordae with- 
out evidence of associated MV regurgitation (Fig. 45.9). The 
chordae invariably insert into the crest of the interventricular 
septum, while in other cases they may straddle an anterior 
ventricular septal defect. The degree of MV regurgitation is 
usually dictated by the extent of the cleft, with greater sever- 
ity in those where the cleft extends along the whole length of 
the anterior leaflet. While 2-D echocardiography is helpful in 
the diagnosis, it does not permit a complete evaluation of the 



Figure 45.8. These images are from a case with a cleft in the anterior leaflet of the MV, with the cleft pointing 
toward the left ventricular outflow tract. The upper left hand image is a 3-D echocardiogram seen from the left 
atrium, with the cleft being indicated by the black arrow . The upper right hand picture is from the same case, but 
viewed from the left ventricular aspect. The lower two images are from the same case, with the left one showing 
the papillary muscle distribution and the right one the 2-D appearance of the cleft. The extent of the cleft is better 
appreciated in the 3-D images. AL, aortic leaflet; AO, aorta; APM, anterior papillary muscle; LV, left ventricle; 
ML, mural leaflet; PPM, posterior papillary muscle; RV, right ventricle. 
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Figure 45.9. These images are from a case with 
postoperative tetralogy of Fallot and an eccentric 
MV cleft associated with accessory chordal appa- 
ratus that inserts from the cleft into the interven- 
tricular septum. The eccentric cleft is indicated 
by the asterisk . AL, aortic leaflet; AO, aorta; LA, 
left atrium; LVOT, left ventricular outflow tract; 
ML, mitral leaflet; RV, right ventricle. 



extent of the cleft: 3-D echocardiography does. Imaging the 
MV from the left atrial or left ventricular aspect provides a 
complete assessment of the extent of the cleft, the supporting 
apparatus, and the commissures. The site and degree of regur- 
gitation can be determined by an en face view of the valve 
using color Doppler. 

Parachute Mitral Valve 

Although cases exist with a solitary papillary muscle, the ini- 
tial description by Shone (26) included hearts with a domi- 
nant papillary muscle, which supported most of the chordal 
apparatus and a smaller secondary rudimentary muscle. The 
presence of a parachute MV does not infer stenosis or regurgi- 
tation, as medium-term data would suggest that many require 
no intervention (37). In general, it is the associated leaflet dys- 
plasia and chordal tethering that result in valve failure. This 
entity is readily recognized by 2-D echocardiography; how- 
ever, its 3-D counterpart permits a more detailed assessment 
of the valve leaflets and chordal apparatus. 

Double-Orifice Mitral Valve 

This entity is seen more frequently in hearts with an atrio- 
ventricular septal defect; however it is occasionally encoun- 
tered in an otherwise normal heart (38,39). In this setting, it 
is more common for each orifice to be supported by chordal 
apparatus and papillary muscle (Fig. 45.10A). This may be 
discovered as an incidental finding during an echocardiogram 
for another reason, while in other cases one of the functional 
orifices is regurgitant. These valves are rarely stenotic and 
in most cases never require any intervention. In general, this 
entity is readily recognized by both two and three-dimensional 
echocardiography. In some instances, one of the orifices is 


imperforate, and the supporting tension apparatus can be 
appreciated from the left ventricular aspect (Fig. 45.1 OB). 

Ebstein's-Like Anomaly of the Mitral Valve 

This is a rare entity that involves displacement of the posterior 
or mural leaflet without thinning of the atrialized portion of 
the LV. 


The Mitral Valve in Corrected Transposition 

Although the major atrioventricular valve pathology involves 
the morphologic tricuspid valve, abnormalities of the MV are 
encountered fairly frequently (40). It is important to recog- 
nize these abnormalities, as they can have a profound effect 
on outcome when a double switch or atrial switch and Rastelli 
pathway is chosen. There may be MV leaflet dysplasia, multi- 
ple papillary muscles, an associated cleft, or a straddling MV 
(Fig. 45.11A,B). Three-dimensional echocardiography pro- 
vides superior evaluation of the morphologic MV. The cleft, 
shortened chordae, and multiple papillary muscles are readily 
identified. In some cases, the valve is competent at presenta- 
tion; however, when an anatomical repair is performed, the 
MV is unable to accommodate the associated systemic pres- 
sure. Unlike the normal MV that can cope with left ventricular 
dilation in the setting of normal left ventricular function many 
of these valves cannot due to the pathologic abnormalities 
mentioned above. 


Straddling of the Mitral Valve 

This is an important lesion to identify and invariably occurs 
in hearts with an abnormal ventriculoarterial connection, 
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Figure 45.10. A: These two images are from a double-orifice left atrioventricular valve, where both orifices are 
of a similar size. The 3-D image is from the left ventricular aspect. OR, orifice; LVOT, left ventricular outflow 
tract; RV, right ventricle. B: These images are from a double-orifice MV with an imperforate anterior orifice. 
The 2-D echo images on the left show the large posterior orifice and what appears to be a large separate anterior 
papillary muscle. The upper right hand panel is a 3-D image from below and shows the main orifice indicated 
by the asterisk , and the tension apparatus that supports the imperforate anterior orifice. The lower right hand 
panel views the MV from above and shows the imperforate anterior orifice indicated by the black arrow. MV, 
mitral valve; RV, right ventricle. 


in particular ventriculoarterial discordance or double outlet 
right ventricle with an anterior aorta. The aortic or anterior 
leaflet is always involved with chordal apparatus from that 
leaflet having variable attachments within the right ventricle. 
In some instances, they insert into the crest of the interven- 
tricular septum while in others, they insert into a papillary 


muscle on the proximal or distal interventricular septum 
(Fig. 45.12A,B). Of note, there is invariably an associated cleft 
in the MV with an eccentric orifice, pointing more toward the 
ventricular septal defect. The MV is usually competent due 
to the chordal support; however, recognition is important, 
because if the chordae are inadvertently cut during repair, the 
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Figure 45.11. A: This montage 
is from a case with corrected 
transposition after a double 
switch. There is significant 
MV regurgitation that is seen 
in the right hand color Dop- 
pler panel. The left hand panel 
shows the thickened leaflets, 
but the precise mechanism is 
unclear. MLV, morphologic left 
ventricle; MRV, morphologic 
right ventricle; PVA, pulmonary 
venous atrium. B: This montage 
is from the same patient as in 
Figure 45. 11 A. This shows the 
3-D appearance of the morpho- 
logic MV. The image on the left 
shows the two atrioventricular 
valves from above during sys- 
tole, while the one on the right 
shows the MV from below. The 
MV is trileaflet due to a cleft in 
the anterior leaflet. The black 
asterisk indicates the three com- 
ponents of the MV. AO, aorta; 
MLV, morphologic left ventricle; 
MMV, morphologic MV; MTV, 
morphologic tricuspid valve. 



Figure 45.12. A: This montage shows a strad- 
dling MV as seen by two and three-dimensional 
echocardiography. The two lower images show 
the mitral chords inserting into a papillary mus- 
cle; however, the precise location is unclear. The 
upper right hand image is similar to the upper 
left one, but with slight angulation to show the 
anterior muscular ventricular septal defect with 
the chordae from the MV inserting into it. LA, 
left atrium; LV, left ventricle; PM, papillary 
muscle; RV, right ventricle; VSD, ventricular 
septal defect. 
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Figure 45.12. (Continued) B: This is from the 
same case as Figure 45.12A and shows the ante- 
rior muscular ventricular septal defect, as well 
as a second smaller perimembranous defect. 
The image on the left is with partial cropping of 
the heart, while the one on the right views the 
ventricular septal defect in front from the right 
ventricle. The precise location of the papillary 
muscle to which the MV is attached in the right 
ventricle is seen. MVSD, muscular ventricular 
septal defect; PM, papillary muscle; PMVSD, 
perimembranous ventricular septal defect; RV, 
right ventricle; TV, tricuspid valve. 


valve will become regurgitant. Although 2-D echocardiography 
has superior temporal resolution making identification of fine 
chordal structures more accurate, inferior spatial resolution 
can impede precise location of the abnormal chordae. Three- 
dimensional echocardiography, by combining the multiplanar 
reformatting (MPR) mode, with volume rendering overcomes 
this limitation. The MPR mode permits navigation through 
the full- volume data set, making it possible to relate the chords 
to their anatomical location (Fig. 45.13). As the MV and its 
straddling chords insert in an anterior location, they are read- 
ily identified in a full-volume data set obtained from the par- 
asternal long-axis view. Precise location of the straddling MV 
at its site of insertion is important, as this dictates whether a 
biventricular or single ventricle pathway is followed (41). 



Figure 45.13. This set of images shows the use of the MPR 
mode for imaging the thin chords in a straddling MV. The 
lower right hand image shows the component of the MV, 
which inserts into the right ventricle (black arrow). The lower 
right hand image is the reconstructed 3-D view that shows the 
straddling component of the MV as well. FO, foramen ovale; 
IVS, interventricular septum; LA, left atrium; LV, left ventricle; 
PV, pulmonary valve; RV, right ventricle. 


HEMODYNAMIC ASSESSMENT OF 
THE MITRAL VALVE 


In the current era, echocardiography provides most of the 
hemodynamic information that is necessary to make a clinical 
decision with regard to intervention and its timing. Many MV 
abnormalities have a combination of stenosis and regurgita- 
tion. This impacts on mean gradient evaluation, which is also 
dependent on cardiac output. Despite this, it is an invaluable 
measurement in pediatric patients, whereas pressure halftime 
is difficult to interpret due to the higher heart rates of children 
compared to adults (42). The advantage of pressure halftime 
(Fig. 45.14A) is that it is not dependent on cardiac output, but 
will be affected by moderate or severe aortic regurgitation that 
causes the MV to close prematurely (43). It is also possible 
to obtain an estimation of MV area by planimetry from 3-D 
echocardiography (Fig. 45.14B), with this being shown to be 
of value in adult patients (44). As well, tricuspid or pulmonary 
regurgitation jets can be used to assess right ventricular and 
pulmonary artery pressure, which is often increased due to left 
atrial hypertension. 

ASSESSMENT OF MITRAL VALVE 
REGURGITATION 

Vena Contracta Size 

We have already discussed the role of 3-D echocardiography 
in the evaluation of both the site and severity of MV regurgi- 
tation. Certainly, this technique provides superior data with 
regard to the site of regurgitation and can be incorporated into 
surgical decision making. The advantage is that the valve can 
be seen as a whole, and commissural and central regurgitant 
jets pinpointed (Fig. 45. 4A). In adult patients, there appears 
to be a good correlation with effective regurgitant orifice 
area (EROA) measured by 2-D color Doppler techniques in 
those with circular orifices, with a weaker relationship when 
the jets are eccentric (45,46). This is understandable as 2-D 
color techniques presume that the jets are circular in shape. Of 
interest, for the tricuspid valve, although there is a good cor- 
relation between vena contracta width by 2-D echocardiogra- 
phy and vena contracta area by 3-D echocardiography, only 
the latter has been shown to be predictive of outcome using 
multivariate analysis (47). Despite this, it is still not widely 
utilized and clinical utility needs to be established in large 
adult series where it can be related to outcome and volumetric 
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Figure 45.14. A: The upper Doppler trace is from an adolescent with a slower heart rate so that the pressure 
halftime could be used to calculate MV area (1.22 cm 2 ). The lower trace shows the right ventricular pressure from 
tricuspid valve regurgitation. RVP, right ventricular pressure. B: This is from the same case as Figure 45.14A and 
shows MV area calculation from 3-D echocardiography using the MPR mode. Note that the planimetered area 
of the MV is 1.4cm 2 , which is similar to the pressure halftime calculation. The lower right hand panel shows the 
true MV orifice as seen from the left atrium with 3-D echocardiography. AO, aorta; LA, left atrium; LV, left 
ventricle; MVA, mitral valve area; MVO, mitral valve orifice. 


measurements of regurgitation. Therefore, we still have to rely 
on other methods, as outlined below. 

Left Atrial and Left Ventricular Size 

These are good indicators of the severity of regurgitation, and 
indeed, left ventricular end-systolic dimension is considered 
when determining optimal timing for surgical intervention in 
those with primary MV disease (48). This is not the case in 


patients with associated left-to-right shunt lesions such as a 
ventricular septal defect or patent arterial duct, which affect 
not only chamber size but also flow dynamics through the 
MV. The main lesion that might be confused with primary MV 
regurgitation in the young population is regurgitation asso- 
ciated with anomalous left coronary artery, which results in 
subendocardial ischemia and papillary muscle dysfunction. In 
that setting, the papillary muscles are invariably sclerotic, and 
abnormal flow from associated coronary collaterals also can 
be identified (Fig. 45.15). 


Figure 45.15. These images are from a child with 
anomalous left coronary artery from the pul- 
monary artery with sclerotic papillary muscles 
resulting in MV regurgitation. The image on the 
left shows the sclerotic anterior papillary mus- 
cle, indicated by the black arrow. The image on 
the right shows the MV regurgitation. LA, left 
atrium; LV, left ventricle. 
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Figure 45.16. This Doppler profile is from a child 
with significant MV regurgitation in the presence 
of normal left ventricular function. Note the flow 
reversal in the pulmonary vein profile during ven- 
tricular systole. 


Pulmonary Venous Doppler Pattern 

Systolic flow reversal can be seen in cases with significant 
regurgitation; however, it is important that more than one pul- 
monary vein is sampled, as a jet may be directed into one par- 
ticular pulmonary vein (49) (Fig. 45.16). Limitations to this 
approach relate to the presence of diastolic dysfunction with 
raised left atrial pressure and blunted systolic forward flow. 

Continuous Doppler Regurgitant Jet Profile 

The more severe the regurgitation, the denser the continuous- 
wave Doppler profile (Fig. 45.14A). This must be taken in con- 
text as increased gain settings can enhance a Doppler signal. 

Mitral E Velocity Dominance 

A dominant pulsed Doppler E profile is seen in those with 
severe MV regurgitation. Once again, this will be affected by 
those cases with associated diastolic dysfunction (Fig. 45.17). 



Figure 45.17. This figure demonstrates the E wave dominance 
of mitral inflow Doppler in a case with significant mitral valve 
regurgitation and no associated stenosis. 


QUANTITATIVE ASSESSMENT OF MITRAL 
REGURGITATION BY DOPPLER 

Pulsed Doppler Assessment of Regurgitant Fraction, 
Volume, and Effective Regurgitant Orifice Area 

This technique measures the stroke volume (SV) through the 
mitral valve (MV) and aorta, the difference of which repre- 
sents the volume of regurgitation: SV = CSA x VTI = 7td 2 /4 x 
VTI = 0.785d 2 x VTI (CSA = cross-sectional area, SV = stroke 
volume, VTI = velocity time integral). Regurgitant volume 
(mL) = SV MV - SV lvot - Regurgitant fraction = (SV MR - SV LVOT )/ 
SV MV ). These are techniques that are widely utilized in adult 
populations and indeed play an important role in decision 
making (50). Limitations relate to CSA measurements in chil- 
dren, because any errors are squared. Similar measurements 
can be made by calculating the left ventricular SV by biplane 
Simpson’s rule and subtracting the left ventricular outflow SV 
determined by Doppler; however, reproducibility of the SV 
measurements is the main problem. 

Proximal Isovelocity Surface Area or Flow 
Convergence 

Proximal isovelocity surface area (PISA) is based on the prin- 
ciple that as blood approaches an orifice, it forms a series of 
concentric, roughly hemispheric shells that increase in veloc- 
ity, but decrease in area. In practical terms, the color Doppler 
Nyquist limit is set to a value at which aliasing occurs near the 
regurgitant orifice. From this the regurgitant flow is calculated 
as: 2nr 2 x V a where r = radius of aliasing velocity, V a = velocity 
at which aliasing occurs. From this EROA can be calculated 
as: Regurgitant flow/peak velocity of regurgitation. Limita- 
tions of this technique are related to the shape of the PISA shell 
which may not be semicircular, multiple jets, and the effect of 
adjacent boundaries as well as determining the precise loca- 
tion of the regurgitant orifice (51). Compared to real-time 3-D 
echocardiography the PISA technique underestimates the true 
volume in comparison to the actual volume (46). 


MITRAL VALVE PROLAPSE 

In the pediatric population MV prolapse is infrequently 
encountered in patients who do not have connective tissue 
disorders such as Marfan syndrome. Prior to the understand- 
ing of the 3-D aspects of the mitral annulus with its two 
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high and two low points, the diagnosis of MV prolapse was 
overestimated by M-mode and in part by 2-D echocardiogra- 
phy (8). It was finally resolved that if the parasternal long-axis 
view was used then this could be used to make the diagno- 
sis, because this view images the mitral annulus at its two 


high points (Fig. 45.18). On the other hand, the apical four- 
chamber view should not be used, because it images the valve 
at the two low points (52). Using such criteria, a report from 
the Framington study demonstrated an incidence of 2.4% in 
an adult population (53). 



Figure 45.18. A: This parasternal long-axis view 
demonstrates the 2-D features of mitral valve 
prolapse, with part of the anterior leaflet being 
behind the high point of the mitral annulus 
(black arrow). LA, left atrium; LV, left ventricle. 
B: This 3-D image of mitral valve prolapse was 
taken using transesophageal echocardiography. 
It is the same case as Figure 45.18A and shows 
the detail that is possible by this technique. The 
prolapsing segments of the valve can be seen, 
with the right hand panel showing the sites of 
regurgitation. The image with the color Doppler 
assessment also shows the division of the valve 
into segments A1-A3 and P1-P3. The mitral 
valve is viewed from the left atrium. AL, aortic 
leaflet; AO, aorta; ML, mural leaflet. C: These 
two images show the mitral valve from above 
and below, demonstrating the individual scal- 
lops of the leaflets, as well as their dysplastic 
nature and the commissures. AO, aorta; Al, A3, 
and P1-P3 represent the individual segments of 
the aortic and mural leaflets and is the nomen- 
clature that is used to describe them for surgical 
management. D: This series of images is obtained 
from a MPR format and represents the recon- 
structed 3-D image as seen in the lower right 
hand panel, with the 2-D images in the upper 
two panels, with each being at right angles to 
each other. The lower left hand panel is a recon- 
structed image that shows how the relationship 
of the annulus to the prolapsing segments can be 
calculated using QLab software. AO, aorta; LA, 
left atrium; LV, left ventricle; ML, mural leaflet; 
PM, papillary muscle. 
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The posterior or mural leaflet is involved more frequently 
in hearts with MV prolapse and may affect a single scallop 
or the entire leaflet. Annular dilation depends on the pres- 
ence and severity of associated MV regurgitation. Histologi- 
cally, there is obvious myxomatous proliferation of the spongy 
layer of the leaflet. The spongiosa layer is increased with an 
increase in glycosaminoglycans. In this setting, myxomatous 
valves show disorganization in their collagen content and elas- 
tin fibers (54-56). Their chordae show an increase in glycosa- 
minoglycans, in particular, chondroitin dermatan 6 sulphate 
and hyaluronan, which have the ability to bind more water, 
resulting in the gelatinous appearance of the leaflets and their 
supporting chordae. 

MV prolapse that is not syndromal may well be autoso- 
mal dominant with variable penetrance. It appears that there 
is a linkage of myxomatous MV prolapse to chromosome 
16 (MMVP1) in cases with an autosomal dominant form, 
while in others, there is a linkage to MMVP2 on chromo- 
some llpl5.4 and 13q31.3-q32.1 (57,58). It may turn out 
that MV prolapse is similar to hypertrophic cardiomyopathy 
with multiple genetic abnormalities responsible for a common 
phenotype (4). 


ECHOCARDIOGRAPHIC ASSESSMENT 
OF MITRAL VALVE PROLAPSE 

Three-dimensional echocardiography is currently the reference 
standard for this entity, as it provides instantaneous recogni- 
tion of not only the diagnosis but also the components of the 
leaflet involved (59-61). In the past, this role belonged to 2-D 
transthoracic and transesophageal echocardiography; how- 
ever, these provided a series of snap-shot views of the MV, 
rather than an overall picture (at 20 degrees, scallops A3-P1 
are seen; at 60 degrees scallops P3-A2-P1; at 90 degrees, scal- 
lops P3-A1; at 120-160 degrees scallops A2-P2 are seen) (62). 

In the pediatric population, transthoracic 3-D echocardiog- 
raphy is usually adequate; however, as patients move into their 
teenage and young adult years, transesophageal echocardiog- 
raphy is superior. The transesophageal approach is helpful as 
with the zoom mode a real-time evaluation is possible, which 
overcomes the problem with stitch artifacts seen from multiple 
slices (Fig. 45.18B,C). The disadvantage is that the frame rate 
is lower, but as the MV is in the near field, the resolution is usu- 
ally adequate. Importantly, it permits a precise identification 
of the component(s) that are prolapsing, as well as the rela- 
tionship to the site and degree of regurgitation (Fig. 45.1 8B). 
More recently, with the advent of newer analysis packages it 
is possible to quantify the degree of MV prolapse and relate 
it to annular height, coaptation, and annular and leaflet area 
(Fig. 45.1 8D). This can be performed pre-and postoperatively, 
providing objective data regarding the quality of the surgical 
repair and the relationship to any persistent MV regurgitation. 

It is possible to obtain multiple views of the MV leaflets 
and the annulus from a single four-chamber data set. This pro- 
vides optimal resolution as the leaflets are imaged in the axial 
plane. In other cases, if the four-chamber view is inadequate, 
a full-volume data set can be acquired from the parasternal 
long-axis view; however, this images the leaflets in a lateral 
plane, which provides lower image resolution. 


CLINICAL PRESENTATION 


The clinical presentation of MV disease in children is highly 
variable and is influenced not only by the degree of stenosis 
and/or regurgitation but also by the presence and severity of 


associated lesions when present. At one end of the spectrum 
are asymptomatic infants or children who have a heart mur- 
mur detected on routine examination. At the other end of the 
spectrum are infants who present early in life with poor feed- 
ing, growth failure, tachypnea, diaphoresis with feeds, and 
recurrent respiratory tract infections. Cardiogenic shock is 
typically a consequence of associated lesions such as coarcta- 
tion of the aorta rather than due to intrinsic abnormalities of 
the MV. 

Physical findings of MS include a middiastolic murmur and 
a late diastolic murmur during atrial systole. These murmurs 
are low pitched and better appreciated with the bell rather 
than the diaphragm of the stethoscope. They are often quiet 
and therefore easily missed unless there is a high clinical suspi- 
cion of MV disease. Unlike adults with rheumatic mitral steno- 
sis SI invariably is not increased in intensity. The pulmonary 
component of the second heart sound may be loud if there is 
pulmonary hypertension. Determining the contribution of a 
stenotic MV to clinical symptoms is difficult in the presence of 
an associated left-to-right shunting ventricular septal defect or 
patent ductus arteriosus, which by its very nature increases the 
flow across the valve if the atrial septum is intact. If an associ- 
ated diastolic murmur is louder than expected for the size of 
the associated defect, then suspect associated MV stenosis. 

Mitral regurgitation results in a high-pitched pansystolic 
SI -coincident murmur that may make it difficult to appreciate 
the first and second heart sounds. This murmur is best appreci- 
ated at the left lower sternal border and apex and may radi- 
ate to the left axilla and back. The murmur of MR may be 
associated with a third heart sound or even a flow rumble due 
to increased diastolic inflow into the LV. Hepatomegaly and 
increased work of breathing are other physical findings that 
may be present in children with either MS or regurgitation. 

MV prolapse is characterized by the presence of one or 
more midsystolic clicks. These are believed to be caused by 
sudden tensing of the mitral apparatus as the leaflets prolapse 
into the left atrium during systole. Clicks may be followed by 
a high-pitched late systolic murmur of mitral regurgitation, 
heard best at the left lower sternal border or apex. Rarely 
this murmur may be “honking” in quality. The timing of the 
click(s) and subsequent murmur of MR depends on left ven- 
tricular loading. For example, standing results in decreased left 
ventricular preload, resulting in prolapse that occurs earlier in 
systole with a click(s) that are close to SI. However, squatting 
increases preload and delays the prolapse, resulting in the click 
moving closer to S2. Decreased left ventricular contractility or 
increased afterload will also delay the click. Note that not all 
patients with MV prolapse (MVP) have these classic ausculta- 
tory findings. 

Electrocardiography 

The electrocardiogram (ECG) in children with isolated MV 
disease may be normal if the hemodynamic consequence of the 
stenosis and/or regurgitation is mild. In children with moder- 
ate or severe lesions, the EGG is not diagnostic but may be an 
early clue to the presence of MV disease on the basis of left 
atrial enlargement (LAE). Criteria for LAE include a broad, 
biphasic P wave in one or more of leads I, II aVF, V5, and 
V6 and in VI a terminal component of the P wave that is at 
least 40 ms in duration and at least 1 mm below the baseline 
(Fig. 45.19). There may also be evidence of right ventricular 
hypertrophy, right axis deviation, and right atrial enlargement 
if pulmonary hypertension is a complicating feature. 

Radiography 

Chest radiography is not sufficiently sensitive for the detec- 
tion of heart disease in children and should not be routinely 
performed as part of the initial investigation of children with 
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Figure 45.19. Electrocardiographic findings in a 12-year-old 
with MS. Note the broad, notched P waves (in leads II and 
VI), the P wave below the baseline (VI), and the prominence 
of right ventricular forces (VI) consistent with pulmonary 
hypertension. 


possible heart disease. Even among children with MV disease 
confirmed by echocardiography, chest radiography is not rou- 
tinely necessary, as the findings often do not influence clinical 
management. However, chest radiography is reasonable prior 
to surgical or catheter interventions. Findings among patients 
with MS or regurgitation include straightening of the left 
heart border, splaying of the carina, and pulmonary venous 
congestion. 

Magnetic Resonance Imaging 

Although MRI has a valuable role in the evaluation of some 
CHD lesions, MV morphology is better evaluated by echo- 
cardiography than MRI due to superior spatial resolution. 
However, MRI may contribute to hemodynamic assessment 
in some patients. For example, MRI is an accurate and robust 
technique for measuring mitral regurgitant volume, done by 
subtracting aortic flow volume from left ventricular SV. Fur- 
ther, ventricular volumes as measured by MRI show a stronger 
correlation with regurgitant volumes than echocardiography- 
derived linear dimensions (63). Although the 2008 American 
Heart Association/American College of Cardiology guide- 
lines for management of valvular heart disease in adults only 
describe left ventricular size in terms of linear dimensions, 
MRI-derived ventricular volumes (indexed to body surface 
area in children) may be of increasing value to guide the tim- 
ing of surgical intervention. MRI can also determine anatomic 
regurgitant orifice area using planimetry, which in adults cor- 
relates well with MRI-derived regurgitant fraction and with 
catheterization and echocardiographic assessment of regurgi- 
tation severity (64). 

Hemodynamic Evaluation 

Diagnostic cardiac catheterization is not routinely indicated 
in children with MV disease, even among those with severe 
lesions undergoing surgical intervention, because echocar- 
diography as an imaging modality of the MV is superior to 
angiography and the correlation between mean transmitral 
pressure gradients obtained by Doppler echocardiography and 
catheterization is acceptable (42). However, hemodynamic 
assessment may be valuable in children with mitral disease 
associated with other lesions. For example, in a symptomatic 
child with LAE, MS, and a ventricular septal defect, catheteri- 
zation to calculate QprQs may clarify the relative contribution 


toward left atrial hypertension of the MS versus the volume 
load of the left-to-right shunt. 

Findings at catheterization of a child with pure MS include 
the following. Oximetry may show mild desaturation in the 
setting of pulmonary edema or may indicate the presence of a 
left-to-right shunt (e.g., through a patent foramen ovale) in the 
setting of severe obstruction. Hemodynamic assessment may 
show pulmonary hypertension, elevated pulmonary capillary 
wedge pressures, and left atrial hypertension with elevated 
“A” waves. One exception is with supra-annular prosthetic 
stenosis, where the “V” wave is larger than the “A” wave 
and the left ventricular end-diastolic pressure is often elevated 
(65). Simultaneous pulmonary capillary wedge pressures and 
left ventricular pressures will demonstrate diastolic pressure 
gradients between the two. Angiography is associated with 
significant risk in patients with pulmonary hypertension and 
should be avoided unless balloon valvuloplasty is planned. 

Catheterization of a child with mitral regurgitation, even 
severe regurgitation, is not routinely indicated prior to surgi- 
cal intervention but may be helpful in patients with pulmonary 
hypertension or mixed obstruction and regurgitation. Findings 
will include elevated left ventricular end diastolic pressure, ele- 
vated left atrial pressure with large “V” waves, and increased 
pulmonary capillary wedge pressure. Angiography will show 
left atrial opacification that varies from minimal (grade I) in 
mild MR to complete opacification of the left atrium including 
the pulmonary veins with delayed emptying (grade IV) in severe 
mitral regurgitation. However, angiography poses the risk of 
a pulmonary hypertensive crisis in children with pre-existing 
pulmonary hypertension and therefore warrants great caution. 


MANAGEMENT AND PROGNOSIS OF 
CONGENITAL MITRAL VALVE STENOSIS 


Management of patients with congenital MS is influenced by 
the severity and mechanism of the obstruction and the pres- 
ence of associated lesions, if any. Patients with mild or mod- 
erate stenosis typically do not warrant surgical or catheter 
intervention but may benefit from diuretic therapy. Patients 
with severe stenosis require relief of the obstruction. Interven- 
tions for relief of MS include balloon mitral valvuloplasty by 
cardiac catheterization, surgical mitral valvuloplasty, or MV 
replacement (MVR). 


Medical Management 

All patients with congenital MS require regular and lifelong 
cardiology follow-up to monitor for progression of the mitral 
inflow gradient, for reassessment of MR and other associ- 
ated lesions, and for monitoring of possible secondary com- 
plications. Secondary complications include failure to thrive, 
increasing right ventricular and pulmonary artery pressures, 
atrial fibrillation, respiratory infections, and endocarditis. 
Children <2 years of age should be considered for monthly 
prophylaxis against respiratory syncytial virus (RSV) infection 
with palivizumab (66) during times of the year when com- 
munity RSV infection is prevalent. Influenza vaccine should be 
given annually. Endocarditis prophylaxis is not required unless 
the patient has a prosthetic valve (67) but good dental hygiene 
and regular dental follow-up are important. 


Balloon versus Surgical Management 

McElhinney et al. (68) recently reviewed their experience of 
108 children with severe congenital MS at Children’s Hospital 
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in Boston who underwent intervention between 1985 and 
2003. The initial MV intervention was balloon valvuloplasty 
in 64 (59%), and was typically done in children with typi- 
cal MS, double-orifice MV, or parachute MV. Balloon dilation 
resulted in a decrease in peak and mean transmitral gradi- 
ents by a median of 33% and 38%, respectively. However, 
significant MR developed as a complication of this procedure 
in 28% of the subjects. Surgical mitral valvuloplasty was the 
initial intervention in 33 (31%) and these patients were more 
likely to have a supravalvar mitral ring as the anatomic sub- 
strate of their MS or significant MR at baseline; the major- 
ity also underwent surgical intervention for other indications 
such as ventricular septal defect closure. Initial MVR was per- 
formed in 11 (10%), with the decision between surgical mitral 
valvuloplasty and MVR based on intraoperative assessment of 
the repairability of the MV. MVR was performed in an addi- 
tional 24 patients after primary balloon valvuloplasty (n = 18) 
or surgical valvuloplasty (n = 6). Approximately, three-fourths 
of subjects had the prosthesis placed in the supra-annular posi- 
tion. Due to significant baseline differences between patients 
in each of these three initial treatment groups, conclusions 
cannot be drawn about the relative outcome benefit of one 
treatment strategy over another. 

The surgical management of obstructive MV disease is chal- 
lenging. The heterogeneous nature of congenital MS, the pres- 
ence of associated lesions, and rarity of this clinical problem 
are likely contributing factors. Surgical, rather than balloon 
intervention is appropriate when the predominant mechanism 
of obstruction is a supravalvar mitral ring, when there are 
associated lesions that warrant surgical intervention (e.g., sub- 
aortic stenosis, coarctation of the aorta) or when significant 
MR is also present. Surgery may be in the form of chordal 
fenestration when fusion is an issue, resection of subannular 
accessory tissue, or splitting of a solitary papillary muscle. 

Recent retrospective cohorts published by large centers 
show that surgical intervention results in a 60% to 70% reduc- 
tion in transmitral Doppler gradients and can be achieved 
with in-hospital mortality of 10% or less (68,69). However, 
moderate or severe mitral insufficiency remains a postopera- 
tive challenge. Repeat surgical mitral valvuloplasty or MVR 
as a follow-up procedure is necessary in 10% to 25% (68,69). 
Supramitral rings in the absence of other anomalies of the MV 
have an excellent prognosis, with only 10% having significant 
postoperative MR and rarely needing reintervention (68,70). 
One of the problems with surgical intervention in the infant is 
that failure to relieve the stenosis is associated with increased 
morbidity and less than ideal options. These children often 
have associated pulmonary hypertension, which makes them 
a poor candidate for transplantation, and MVR is challeng- 
ing due to the small annular size. Therefore, it is preferable to 
identify those cases with significant MV stenosis early on in 
life when other options are more likely to result in a successful 
outcome. If recognized in the neonatal period, a Norwood/ 
Hybrid approach can be undertaken, thus abandoning the left 
side of the heart. Also, cardiac transplantation is more likely 
to lead to success prior to developing sustained changes in the 
pulmonary vascular bed. 

Mitral Valve Replacement 

MVR should be avoided as initial intervention for congeni- 
tal MS where possible. In young children, MVR is limited by 
the lack of small prostheses and the need for supra-annular 
implantation in some patients. However, supra-annular place- 
ment impairs left atrial compliance and results in pulmonary 
hypertension, even in the absence of significant prosthetic 
obstruction (65). The limited lifespan of prostheses, particu- 
larly bioprostheses, requiring repeated reinterventions later in 


life (71,72), is an additional drawback. The Pediatric Cardiac 
Care Consortium reported on 102 survivors of mechanical 
MVR in children <5 years of age, of whom 29 (28%) under- 
went a second MVR a mean of 4.8 years later (72). The most 
common indication for second MVR was prosthetic valve 
stenosis (83%). Highest-risk patients for second MVR were 
those who were <2 years of age with prosthesis <20 mm at first 
MVR (72). The need for anticoagulation with warfarin for 
mechanical prostheses is also a major challenge, particularly 
in young children. Finally, operative mortality, while improv- 
ing, remains a significant issue, particularly in young children 
(71,73). In a 30-year review of 118 children undergoing MVR 
at 5 years of age or less, factors associated with worse survival 
included MVR at <1 year of age, earlier need for redo MVR, 
and additional procedures at the time of MVR (74). Supra- 
annular placement was associated with a reduced likelihood 
of needing subsequent pacemaker placement, but in the latter 
half of the cohort (1991 to 2006) it was associated with worse 
survival (74). 

Patient-prosthesis mismatch is also a significant considera- 
tion with respect to MVR in children. Eble et al. (75) found 
that compared to nonsurvivors of MVR, survivors had place- 
ment of a prosthetic valve within one z-score of the echocar- 
diographically measured mitral annulus, while those with an 
oversized prosthesis had more adverse outcomes. Caldarone 
et al. (76) similarly reported that an increased ratio of pros- 
thetic valve size to patient weight was an independent predic- 
tor of death among children undergoing MVR before 5 years 
of age. Alsoufi et al. (77) also found that greater prosthesis 
size to body surface area-predicted mitral annulus ratio was 
an independent risk factor for death following MVR. Prosthe- 
ses that are too large may contribute to left ventricular out- 
flow tract obstruction, impaired prosthetic valve mobility, and 
conduction system injury. These data suggest that attempts to 
oversize prostheses in the hope of delaying second MVR are 
of little to no benefit. MVR may be particularly problematic 
in patients with a hypoplastic mitral annulus in which case an 
annular-enlarging operation may be necessary. 

The use of tissue prostheses in children is limited by lack of 
availability of small sizes, limiting their use in young children, 
and also by more rapid degeneration compared to mechanical 
prostheses resulting in a very high rate of reoperation (78). 
However, unlike mechanical prostheses, tissue prostheses do 
not require anticoagulation with warfarin and therefore may 
be a good option in female adolescents and in those who are 
unlikely to be compliant with oral anticoagulation. Pregnancy 
appears safe with a tissue bioprosthesis and the low rate of 
valve-related complications and good functional class of this 
patient population is such that bioprosthesis remains a good 
option in some patients. Homografts have rarely been used in 
the mitral position and are associated with a higher reopera- 
tion risk when compared to other bioprostheses. 

In summary, the management of severe congenital MS is 
challenging, and is associated with high reintervention rates 
and significant mortality. However, among children with mild 
to moderate MV obstruction, the prognosis is much better. In 
a recent review by Tierney et al. (79) of all comers diagnosed 
with MS before 6 months of age and managed with a biven- 
tricular strategy, independent predictors of MV intervention 
(catheter or surgery) or death were higher initial mean mitral 
inflow gradient and lower left ventricular diastolic length 
Z-score. Among those with an initial mean mitral gradient of 
<2 mm Hg, none had an intervention or died, whereas among 
those with an initial mean mitral gradient of >5.5 mm Hg, 
85% had MV intervention or died. MV morphology was 
not predictive of outcome, though this study excluded those 
with a supramitral ring (79). Among patients with a para- 
chute MV or a parachute-like asymmetric MV, approximately 
60% maintain a biventricular circulation, but >90% require 


1020 SECTION VI ■ Congenital Cardiovascular Malformations 


catheter or surgical intervention, predominantly for associated 
lesions (80), and of those with a biventricular circulation, only 
about half have MS at follow-up and one-third have MR at 
follow-up (80). Need for intervention among children with a 
parachute MV is rare (37,80). 


MANAGEMENT AND PROGNOSIS OF 
CONGENITAL MITRAL REGURGITATION 

As with congenital MS, infants and children with congenital 
MR should be managed “medically” delaying surgical MV 
intervention beyond the first year of life if possible in order 
to avoid the complications of MVR that are associated with 
small patient size, should MV repair not be feasible. However, 
elimination of any large left-to-right shunts may be of benefit 
early on, should left ventricular and mitral annular dilation be 
contributing to the severity of MR (81). Medical management 
includes optimizing caloric intake and weight gain, monitor- 
ing for the possible development of pulmonary hypertension 
and atrial arrhythmias, aggressive management of respiratory 
infections, influenza vaccinations, and prophylaxis against 
respiratory syncytial virus infection with palivizumab for chil- 
dren <2 years of age. Afterload reduction and use of diuretics 
may be of value, though data in children are limited. 

Surgical Management 

The goal of surgical management of congenital MR should 
be to restore normal valve function rather than normal valve 
anatomy (81,82). Mitral reconstruction for MR has been 
described by Carpentier et al. (83). Stellin and colleagues 
recently described 48 children undergoing MV surgery for 
mitral regurgitation, of whom only 2 were infants, reflecting 
the potential to delay surgery beyond the first year of life in 
many cases. Surgical techniques used were cleft closure (this 
study excluded atrioventricular septal defects), annuloplasty, 
chordal shortening, commissuroplasty, and accessory orifice 
closure. Freedom from reintervention was 80% at 10 years, 
and survival was approximately 95 % at 15 years and approxi- 
mately 85% at 20 years. These excellent results demonstrate 
the feasibility of a conservative surgical approach (i.e., MV 
repair rather than replacement) in carefully selected patients, 
avoiding the complications of MVR as discussed above. Fur- 
thermore, delay of surgery in children with significant MR 
until the onset of severe symptoms is not associated with late 
left ventricular dysfunction (84), supporting the practice of 
delaying any surgical intervention as long as possible. 


MANAGEMENT AND PROGNOSIS OF MITRAL 
VALVE PROLAPSE 


Surgical management of MVP may be appropriate in patients 
with severe MR, for example, in those with a flail mitral leaflet 
due to rupture or severe elongation of chordae tendineae. Sur- 
gical repair of MVP is associated with excellent outcomes and 
is recommended over MVR, though it should be performed in 
centers experienced in MV repair (85). Anterior leaflet repair 
is associated with a higher risk of reoperation than posterior 
leaflet repair. Factors to consider when contemplating surgi- 
cal intervention include not only the severity of the regurgita- 
tion but also left ventricular systolic function (usually normal 
in children and adolescents with MVP), left ventricular end- 
systolic and end-diastolic volumes, pulmonary artery pressure, 


symptoms if any, and presence or absence of atrial fibrillation, 
though atrial fibrillation is unusual in the pediatric age range. 
Well-accepted indications for MV surgery in adolescents with 
MVP are the same as for those with other causes of MR, 
and include (a) the symptomatic patient with severe MR and 
NYHA class III or IV symptoms or (b) the asymptomatic ado- 
lescent with severe MR and left ventricular systolic dysfunc- 
tion (ejection fraction <0.60) (48) In the unusual situation of 
a symptomatic patient with MR and severe LV dysfunction, 
cardiac transplantation may be preferable to either MV repair 
or replacement. 

Medical management of MVP primarily involves reassur- 
ance, as most patients with MVP have mild disease and no 
intervention is needed. Regular exercise is recommended for 
most subjects. Restriction from competitive sports is prudent 
for those with moderate or severe left ventricular enlargement 
and those with aortic root dilation. The presence of a con- 
nective tissue disorder such as Marfan syndrome or Ehlers- 
Danlos syndrome should be considered in all patients with 
MVP. Metabolic and storage disorders may also be associated 
with MVP. Asymptomatic patients with no significant MR can 
be seen infrequently (every 2 to 5 years), whereas those with 
moderate-severe MR, symptoms, or associated aortic root 
dilation should be seen more often. The potential for familial 
inheritance of MVP should be explained, and echocardiogra- 
phy of first-degree family members should be considered. 

Prevention of embolic complications is also a responsibil- 
ity of the cardiologist. Fortunately, these are very rare in chil- 
dren but may infrequently be observed in adolescents. Aspirin 
therapy (75 to 325 mg/day) is recommended in those with 
MVP who experience transient cerebral ischemic attacks or 
who have atrial fibrillation. Warfarin therapy is recommended 
in those with MVP who have a history of stroke (48) in the 
setting of mitral regurgitation, atrial fibrillation, or left atrial 
thrombus (Class I indications), in which case the international 
normalized ratio should be kept between 2.0 and 3.0. 
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INTRODUCTION 

The clinical spectrum of congenital aortic stenosis ranges from 
a nonstenotic bicuspid aortic valve to severe aortic stenosis in 
fetal life leading to hypoplastic left heart syndrome. Congeni- 
tal aortic stenosis occurs in different forms, usually classified 
with respect to the location of the obstruction relative to the 
aortic valve: valvular, subvalvular, or supravalvular. Because 
the clinical features and treatment of these forms of aortic 
stenosis differ, they are discussed separately in this chapter. 
Although this chapter deals primarily with congenital aortic 
stenosis and not hypoplastic left heart syndrome, the infant 
with severe aortic stenosis and small left ventricle presents 
important therapeutic issues that justify separate discussion 
(see Chapter 48). 


VALVULAR AORTIC STENOSIS 
Prevalence and Etiology 

The true incidence of congenital aortic valve abnormalities is 
not precisely known because minor malformations of the aor- 
tic valve (primarily bicuspid aortic valves) are common, and 
these abnormalities clinically are frequently unapparent dur- 
ing infancy and childhood. Autopsy studies have reported that 
congenital bicuspid aortic valve occurs in approximately 1.3% 
of the population (1,2), and therefore is one of the most com- 
mon congenital heart malformations. Given that the overall 
prevalence of congenital heart disease in infants is approxi- 
mately 0.8% (3-5), with aortic stenosis accounting for 3% to 
8% of these lesions (5-7), it is clear that minor malformations 
of the aortic valve are frequently undetected early in life. Only 
2% of patients with congenitally abnormal aortic valve will 
develop significant stenosis or regurgitation by adolescence 
(8). Although such valves usually function well during early 
life, a high percentage will develop progressive valve dysfunc- 
tion (stenosis and/or regurgitation) over time (9,10) and may 
require surgical intervention during adult life (11,12). 

About 60% to 75% of cases of congenital aortic steno- 
sis are valvular aortic stenosis (13,14). Males are affected 
more frequently than females, with a ratio reported to be in 
the range of 3:1 to 5:1 (14,15). Associated congenital heart 
defects occur in approximately 20% of patients with congeni- 
tal aortic stenosis (16). The most common associated lesions 
are ventricular septal defect (VSD), coarctation of the aorta, 
and patent ductus arteriosus. 

There is compelling evidence for an important genetic com- 
ponent in the etiology of aortic stenosis (17,18). Valvular aortic 
stenosis is known to occur in human genetic syndromes such 
as Turner syndrome (19) and Jacobsen syndrome (20). Non- 
syndromic aortic stenosis occurs sporadically or in familial 


patterns compatible with autosomal dominant or multifacto- 
rial inheritance (20-22). Affected individuals within the same 
family can have a spectrum of cardiovascular malformations 
ranging from isolated bicuspid aortic valve to hypoplastic left 
heart syndrome. This observation not only suggests that at 
least some cases are caused by single-gene defects, but also that 
the anomalies in the spectrum of left ventricular outflow tract 
obstruction lesions are developmentally related. A study of 
first-degree relatives of 38 patients with hypoplastic left heart 
demonstrated that 19% had congenital cardiovascular mal- 
formations, 72% of which were left heart obstructive lesions 
(23). Because the recurrence risk in offspring appears to be less 
if the father is affected than if the mother is affected, a role for 
cytoplasmic inheritance of congenital aortic stenosis has been 
suggested as well (24). 

Autosomal dominant transmission of NOTCH - 1 gene 
mutations has been shown to be associated with bicuspid 
aortic valve in some families (25). NOTCH genes encode 
transmembrane receptor proteins that are important regula- 
tors of cellular differentiation, proliferation, and specification. 
Genetic linkage analyses have identified several chromosomal 
loci associated with bicuspid aortic valve and other left ven- 
tricular outflow obstructions within pedigrees (26). Specific 
genes at these loci that are responsible for aortic valve devel- 
opment are yet to be identified. It is likely that multiple genes 
at different loci are involved, coding for transcription factors, 
extracellular matrix proteins, and signaling pathway elements 
that regulate cell proliferation and apoptosis. 

Mechanical factors, including abnormal fluid forces, have 
also been implicated in the etiology of anomalies in the spec- 
trum of left ventricular outflow tract obstruction (27). Prema- 
ture closure of the foramen ovale, with resultant diminution 
of fetal left heart flow volume, has been associated with hypo- 
plastic left heart syndrome (28). Manipulation of left heart 
flow in chick embryos leads to various forms of left ventricular 
outflow tract obstruction (29). It appears, then, that congenital 
aortic stenosis may arise from a complex interaction of genetic 
factors, with influence of environmental factors as well. These 
factors and mechanisms are not fully elucidated to date. 

Approximately one-half of patients with normally func- 
tioning but abnormal bicuspid aortic valves have significant 
aortic root dilation (30). Mechanical factors and genetic fac- 
tors have been implicated. Even without clinical stenosis, the 
flow velocity distribution in the ascending aorta is asymmetri- 
cal and eccentric in patients with bicuspid aortic valve, with 
uneven stress distribution on the aortic wall (31). The right- 
ward anterior aspect of the ascending aorta is typically subject 
to increased stress, and this area has been shown to exhibit 
pathologic changes in the vascular smooth muscle (32). Fur- 
ther evidence that abnormal flow patterns contribute to aortic 
root dilation is the fact that patients with fusion of the left 
and right valve cusps usually have normal-shaped aortic roots, 
whereas those with right and noncoronary cusp fusion more 
often have a dilated ascending aorta (33). However, aortic 
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nodule(s) of Arantius, which meet in the center when the valve 
closes. The valve is surrounded by a fibrous ring, to which the 
cusps are attached. 

The normal aortic valve is composed of three layers (38). 
The ventricular aspect of the valve leaflets is termed the ven- 
tricularis, and is composed of radially oriented elastin fibers. 
The aortic surface, the fibrosa, is composed of fibroblasts and 
circumferentially oriented collagen fibers. Between these two 
layers, at the base of the leaflets, is the spongiosa, a matrix 
composed primarily of fibroblasts, mesenchymal cells, and 
mucopolysaccharides. 

Stenosis of the aortic valve is due to decreased orifice size 
that results from cusp fusion and thickening and increased 
rigidity of the valve leaflets. The most common malformation 
is the bicuspid aortic valve (Fig. 46.3), with presence of only 
two cusps. Bicuspid aortic valve results from partial or com- 
plete fusion of two of the aortic valve cusps, with or without 
a central fibrous bridge (raphe) at the site of fusion, result- 
ing in absence of a functional commissure between the fused 
cusps (1). Enormous variation exists in the morphology of 
individual bicuspid aortic valves (11). The relative sizes of the 
conjoined and nonconjoined cusps may be equal or markedly 
asymmetrical, and the valve orifice may be central or eccentric. 
Most commonly, in approximately 75% of cases, the right and 
left cusps are conjoined. Most of the remainder have fusion of 
the right and noncoronary cusps, and a small minority have 
fusion of the left and noncoronary cusps. A raphe can be iden- 
tified in approximately 75% of bicuspid aortic valves, and the 
raphe can be short or long, cord-like or shallow, and solid or 
fenestrated. 

Although the majority of congenitally malformed aortic 
valves are bicuspid, other morphologic abnormalities account 
for some cases of congenital aortic valve stenosis. A unicuspid 
valve may result from fusion of more than one cusp, resulting 
in a single slit-like opening that extends to the annulus. All 
three cusps may be partially fused, resulting in a small cen- 
tral orifice. Rarely, the aortic valve cusps are relatively normal, 
but hypoplasia of the annulus results in stenosis (39). Myxoid 
dysplasia of a tricuspid nonfused valve is another uncommon 
pathologic substrate for congenital aortic stenosis (40). 

In addition to the primary morphologic abnormality of the 
valve cusps, other pathologic features play a significant role 
in aortic valve dysmorphology and dysfunction. These fac- 
tors include myxomatous degeneration, fibrosis, inflammatory 
changes, lipid accumulation, calcification, annular dilatation, 
and “acquired” fibrotic fusion of true commissures (41). 



Figure 46.2. Normal aortic valve, as viewed from above. Left panel: Closed. Right panel: Open. 
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Figure 46.1. Diagram of aortic valve anatomy. 


dilation is not strongly correlated with the degree of valve 
stenosis (34), suggesting a genetic basis. Pedigree analysis of 
relatives of patients with bicuspid aortic valve and dilated 
ascending aorta demonstrated a clear genetic link (35). Inter- 
estingly, a significant number of relatives had dilated ascend- 
ing aortas in the absence of bicuspid aortic valve, suggesting 
a common genetic etiology of these different phenotypes, but 
specific genes have not been identified. NOTCH- 1 mutations, 
associated with bicuspid aortic valve in some pedigrees, do not 
correlate with ascending aortic aneurysms (25). Mutations in 
fibrillin and transforming growth factor-beta genes are associ- 
ated with ascending aorta dilation and other connective tissue 
disease manifestations in Marfan and Loeys-Dietz syndromes 
(see Chapter 34). However, studies have not shown an associa- 
tion of these gene defects with bicuspid aortic valve (36,37). 


Embryology and Pathology 

The aortic valve develops from three swellings, or ridges, of 
subendocardial tissue that form when the aortopulmonary 
septum divides the bulbus cordis and truncus arteriosus into 
aortic and pulmonary trunks. Cavitation, or “hollowing out,” 
of these swellings results in transformation into thin and 
smooth pliable leaflets and the sinuses of Valsalva (Fig. 46.1). 
The normal aortic valve has three pocket-like cusps, which 
are approximately equal in size (Fig. 46.2). At the center of 
the free edge of each semilunar cusp is a fibrous nodule, the 
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Figure 46.3. Stenotic bicuspid aortic valve. Note fusion of the 
small right coronary cusp (R) and left coronary cusp (L), with 
thickened and dysplastic-appearing raphe. N, noncoronary 
cusp. 


These changes progress gradually over time, resulting in cusp 
thickening, stiffening, and progressive stenosis. Calcification 
is a rare finding in childhood and adolescence, but is almost 
universal in older adults with aortic valve stenosis. Calcific 
aortic stenosis is the third leading cause of adult heart disease 
(38). Progression of calcification, fibrosis, and degree of ste- 
nosis is more rapid in valves with unequal cusp sizes (11) and 
those with fusion of the right and noncoronary cusps (42). 
These progressive changes in the valve tissue are in part modu- 
lated by mechanical forces (43) and inflammatory processes 
(44). The mechanical stresses on the leaflets of a nonstenotic, 
clinically “normal,” bicuspid aortic valve are abnormal due 
to excessive folding and creasing, extended areas of leaflet 
contact, significant “morphologic” stenosis, and asymmetri- 
cal flow patterns with turbulence (31). Calcification of valve 
leaflets results from differentiation of mesenchymal cells into 
bone progenitor cells (45), but the triggers and mechanism 
of this osteogenic process are not fully elucidated. Increased 
biomechanical stress has been shown to initiate osteoblastic 
activity in cultured human aortic valve interstitial cells (46), 
and may be a major factor in the development of aortic valve 
calcification. Research is ongoing to delineate the molecular 
mechanisms that link mechanical stretch and shear stress to 
fibrosis and calcification of aortic valve leaflet tissue (47). 

In some patients with congenitally abnormal aortic valve, 
cystic medial necrosis leads to an inherently weaker ascending 
aorta compared to normal (2,3). The media is also thinner 
than in normal aortas. Patients with congenital aortic valve 
malformation, therefore, may develop annular dilation as well 
as dilation or aneurysm of the ascending aorta, with risk of 
dissection or rupture. These findings are independent of the 
degree of aortic stenosis (34), but aortic regurgitation is more 
frequently present in patients with annular dilation. Extracel- 
lular matrix protein changes have been demonstrated in the 
aortas of patients with ascending aorta dilation, but whether 
these changes represent cause or effect is not known. Metal- 
loproteinase activity is increased (48), and changes in collagen, 
laminin, and fibronectin have been demonstrated (32,49). 


Left ventricular hypertrophy and myocardial fibrosis are 
seen in some patients with aortic stenosis. These changes may 
be profound with endomyocardial fibroelastosis and papillary 
muscle infarction that may be present in infants with severe 
aortic stenosis. Myocardial fibrosis may also be present in 
asymptomatic children with hemodynamically moderate con- 
genital aortic stenosis (50). These findings are probably sec- 
ondary changes resulting from pressure overload, and there is 
evidence to suggest that they may be at least partially revers- 
ible after resolution of pressure overload (51). 


Physiology 

The fundamental physiologic impact of aortic stenosis is 
obstruction of left ventricular outflow, resulting in increased 
afterload. Whereas in patients with normal aortic valves the 
systolic pressure in the left ventricle approximates the systolic 
pressure in the aorta, in patients with aortic stenosis the left 
ventricular pressure exceeds the aortic pressure during ejec- 
tion. If the stroke volume is normal, the magnitude of the pres- 
sure difference reflects the severity of the stenosis. 

Despite the elevation in left ventricular peak systolic pres- 
sure, the development of wall hypertrophy results in mainte- 
nance of normal wall stress, even in relatively severe aortic 
stenosis (52). Stroke volume, cardiac output, baseline heart 
rate, and ejection fraction generally remain normal, although 
in patients with severe symptomatic aortic stenosis, indices of 
contractility are decreased, and left ventricular end diastolic 
volume and pressure are increased. 

Left ventricular subendocardial ischemia and infarction 
may occur in patients with valvular aortic stenosis and unob- 
structed coronary arteries (53). The cause of this ischemia 
appears to be an imbalance between coronary blood flow 
to the hypertrophic left ventricle and myocardial oxygen 
demand that increases due to pressure overload. Because 
intramyocardial compressive forces are greatest in the sub- 
endocardium, and this region is farthest from the epicardial 
coronary arteries, the subendocardium and papillary muscles 
are the most vulnerable myocardial regions. Patients with 
severe aortic stenosis and normal coronary arteries have near- 
maximum coronary vasodilation at rest (54). Therefore, the 
principal determinants of subendocardial blood flow, which 
occurs almost exclusively during diastole, are the length of 
diastole and the coronary artery driving pressure. Accord- 
ingly, the diastolic pressure time index (DPTI), which is the 
mean diastolic gradient between the left ventricle and aorta 
multiplied by the length of diastole, is an index of subendo- 
cardial blood flow (55). Mathematically, this is represented 
by the area between the aortic and left ventricular pressure 
curves during diastole (Fig. 46.4). Similarly, myocardial oxy- 
gen demand can be estimated by the systolic pressure time 
index (SPTI), which is the area under the left ventricular pres- 
sure curve during systole. The ratio of DPTI to SPTI has been 
used to quantify the oxygen supply/demand ratio of the left 
ventricle (56). 

Although, at rest, subendocardial perfusion may be ade- 
quate to meet demand, the effects of exercise promote the 
development of subendocardial ischemia. Since patients with 
severe aortic stenosis have near-maximal coronary artery vas- 
odilation at rest (54), there is little coronary reserve during 
stress. Heart rate is a critical factor in the development of a 
reduction in the oxygen supply/demand ratio. Although exer- 
cise stroke volume increases minimally, increased heart rate 
leads to shortening of both the systolic and diastolic periods. 
Since the left ventricle has to eject this stroke volume over 
a shorter time period, the left ventricular systolic pressure 
increases (57), and this results in increased oxygen demand. 
The diastolic period shortens even more than the systolic 
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Figure 46.4. Simultaneous pressure tracings from the left ven- 
tricle (LV) and aorta (Ao). The systolic pressure time interval 
(SPTI) is the area under the LV pressure curve during systole, 
and is a measure of myocardial oxygen demand. The diastolic 
pressure time index (DPTI) is the area between the aortic pres- 
sure and the left ventricular pressure during diastole, and is a 
measure of myocardial perfusion. 


period, resulting in decreased coronary perfusion. In addition, 
systemic vasodilation that occurs with exercise may result in 
decreased diastolic blood pressure, also impairing coronary 
perfusion. Therefore, the effects of exercise decrease the oxy- 
gen supply/demand ratio, leading to subendocardial ischemia 
and even infarction. 

Clinical Features and Diagnostic Methods 

Symptoms 

Outside of patients with symptomatic infantile aortic ste- 
nosis (discussed below), most patients with congenital 
aortic valve stenosis are asymptomatic during childhood. 
Normal growth and development are the rule. When symp- 
toms occur, those most commonly reported are fatigability, 
exertional dyspnea, angina pectoris, and syncope (16). Easy 
fatigability is the most commonly reported symptom. This 
symptom has been reported by about 15% of patients with 
mild aortic stenosis and 31% of patients with severe aor- 
tic stenosis (58). Interpretation of the clinical significance 
of this symptom therefore may be difficult. Even in severe 
aortic stenosis, angina or syncope is uncommon, reported to 
occur in <10% of patients even with peak-to-peak pressure 
gradients >80 mm Hg (59). However, when present, angina 
or syncope suggests severe stenosis and mandates prompt 
evaluation and treatment. 

Physical Exam 

Except in children with severe aortic stenosis and congestive 
heart failure, vital signs are normal. In mild aortic stenosis the 
apical impulse is usually normal, but with increasing severity 
of stenosis, the apical cardiac impulse becomes more force- 
ful. The presence of a presystolic tap indicates forceful atrial 


contraction and suggests elevated left ventricular end-diastolic 
pressure. A thrill is palpable in the suprasternal notch in 
as many as 85% of patients with valvular aortic stenosis. 
A precordial thrill is also usually present in patients with mod- 
erate or severe obstruction. 

The first heart sound is usually normal. Splitting of the sec- 
ond heart sound may not be present in severe stenosis due to 
prolongation of left ventricular ejection, but in most patients 
even with severe stenosis the second heart sound splitting is 
normal. In exceptionally severe cases, there may be paradoxi- 
cal splitting of the second heart sound. A fourth heart sound 
may be present, indicating severe stenosis with diastolic dys- 
function of the left ventricle and high end-diastolic pressure. 
Although the presence of a third heart sound is common in 
children and adolescents with normal hearts, it is more fre- 
quent in aortic stenosis. 

The systolic crescendo-decrescendo murmur of aortic ste- 
nosis usually follows an early systolic ejection click, which is 
loudest at the left lower sternal border or apex, and unlike a 
pulmonary valve ejection click, the timing and intensity of the 
click do not vary with the respiratory cycle. The presence of 
an ejection click and suprasternal notch thrill strongly suggest 
that the stenosis is valvular rather than subvalvular or suprav- 
alvular. The ejection murmur is generally loudest at the upper 
right sternal border, or in younger children at the upper left 
sternal border, and it radiates into the neck over the carotid 
arteries bilaterally. Increasing severity of stenosis is accompa- 
nied by a louder, harsher, and later-peaking ejection murmur. 
In patients with aortic regurgitation, an early diastolic decre- 
scendo murmur may also be present. 

Electrocardiography 

The resting electrocardiogram usually demonstrates voltage 
criteria for left ventricular hypertrophy if the aortic stenosis 
is severe. However, even in patients with peak-to-peak gradi- 
ent >80 mm Hg, the ECG may be normal in up to one-third 
of patients (59). In patients with aortic stenosis, ECG crite- 
ria for left ventricular hypertrophy do not correlate well with 
left ventricular mass computed by magnetic resonance imag- 
ing (MRI) (60). The resting ECG therefore appears to be a 
poor discriminator of aortic stenosis severity. The presence of 
left ventricular hypertrophy with ST segment depression and 
T-wave inversion in the left precordial leads (“strain” pattern), 
however, is fairly specific for severe stenosis despite the rela- 
tively poor sensitivity. 

Twenty-four-hour ambulatory ECG monitoring may dem- 
onstrate ventricular dysrhythmias in asymptomatic patients, 
and there is evidence of a strong relationship between ven- 
tricular arrhythmia and sudden death in patients with aortic 
stenosis (61). 

Radiology 

In children with aortic stenosis, the heart size on chest radio- 
graph is usually normal or minimally enlarged. In patients 
with left ventricular hypertrophy, the cardiac apex may be 
“rounded” in the frontal projection and there may be poste- 
rior displacement of the cardiac silhouette in the lateral pro- 
jection. Left atrial enlargement, if present, strongly suggests 
a severe degree of stenosis. Pulmonary venous congestion 
and other signs of congestive heart failure may be present 
in patients with severe stenosis and left ventricular dysfunc- 
tion. Enlargement of the ascending aorta is a common finding 
in older children and adolescents with valvular aortic steno- 
sis. Cardiac MRI or computed tomography (CT) scanning 
accurately delineates the anatomy of the ascending aorta 
(Fig. 46.5). Although rarely seen in children, adults with 
congenital aortic valve stenosis frequently have radiographic 
evidence of calcification of the valve. 
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Figure 46.5. Computed tomography 
images of dilated aortic root in a patient 
with bicuspid (but not stenotic or regur- 
gitant) aortic valve. The patient has 
had repair of coarctation of the aorta. 
A: Sagittal view. B: Axial view. Ao, 
aorta; LA, left atrium; black arrow, 
anterior mitral valve leaflet. 


Exercise Testing 

The severity of aortic stenosis has been correlated with exer- 
cise capacity, systolic blood pressure response, and signifi- 
cant ST segment depression during exercise testing (62-65). 
Unfortunately, the relatively poor sensitivity and specific- 
ity of these findings limit clinical utility. However, exercise 
testing is usually safe, and in many cases of moderate to 
severe aortic stenosis may add important and useful infor- 
mation to the clinical evaluation. Exercise-induced ischemic 
ST segment changes likely reflect subendocardial ischemia 
due to an imbalance in the oxygen supply/demand ratio pre- 
cipitated by exercise but not evident at rest (66). Success- 
ful gradient reduction by balloon valvuloplasty results in 
resolution of exercise-induced ischemic ST segment changes 
(67). In patients felt to have borderline indications for inter- 
vention, the exercise test findings may help guide manage- 
ment decisions. As many as 40% of “asymptomatic” aortic 



Figure 46.6. Echocardiographic parasternal short-axis 
B: Systole. R, right coronary cusp; L, left coronary cusp: 


stenosis patients will develop symptoms for the first time 
during exercise testing (68). Exercise Doppler echocardiog- 
raphy may provide additional information; patients with an 
18 mm Hg or greater increase in the mean Doppler gradient 
during exercise (compared to rest) may have higher risk of 
cardiac events than those who have <18 mm Hg increase 
(69). 

Echo Doppler 

Echocardiography with Doppler evaluation remains the 
most commonly utilized modality in defining the anatomy 
and assessing the severity of aortic stenosis. The normal 
aortic valve has three thin and mobile cusps that open and 
close symmetrically (Fig. 46.6). Imaging of the aortic valve 
in different planes allows characterization of the valve anat- 
omy and mechanisms of dysfunction. The long-axis view 
of the left ventricular outflow tract demonstrates decreased 



views of a normal tricuspid aortic valve. A: Diastole. 
; N, noncoronary cusp. 
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Figure 46.7. Echocardiographic parasternal long-axis views of a stenotic aortic valve. A: Diastole. B: Systole. LV, 
left ventricle; LA, left atrium; Ao, aorta; arrow, thickened valve leaflets that dome during systole. 


valve mobility and systolic doming of the cusps (Fig. 46.7). 
The aortic valve annulus dimension is best measured in 
the long-axis view. Imaging in the short axis demonstrates 
the anatomy of the valve cusps and commissures. Many 
bicuspid aortic valves have a raphe between the conjoined 
cusps, and during diastole the valve may appear tricuspid 
(Fig. 46.8). Careful analysis of the valve motion, however, 
frequently demonstrates that the valve opens and closes 
with the “fish mouth” appearance of a bicuspid valve. In 
addition to details of the aortic valve pathology, evaluation 


of left ventricular mass and systolic function are per- 
formed, as well as evaluation for other associated defects 
including other sites of left-sided obstruction. M-mode and 
two-dimensional measurements are performed to quanti- 
tate left ventricular dimensions and shortening fraction. 
Unfortunately, direct measurement of the orifice area from 
two-dimensional images has not proven accurate (70,71). 
Three-dimensional echocardiography may provide more 
detailed anatomical imaging of the valve morphology and 
more accurate measurement of the orifice area (72). 



Figure 46.8. Echocardiographic parasternal short-axis views of a bicuspid aortic valve. A: Diastole, with cusps 
closed and appearance of three separate cusps. B: Valve opening during systole, with fusion of the right and 
left coronary cusps (F) evident. R, right coronary cusp; L, left coronary cusp; N, noncoronary cusp; AS, atrial 
septum; LA, left atrium. 
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Although in most children the acoustic windows allow very 
good transthoracic imaging of the aortic valve, transesopha- 
geal echocardiography (TEE) is useful in patients whose tran- 
sthoracic imaging is suboptimal. TEE is more sensitive than 
transthoracic echocardiography for evaluation of vegetations 
in patients with endocarditis. TEE is also helpful in the perio- 
perative setting to evaluate valve morphology and mechanism 
of dysfunction prior to repair or replacement, and to evalu- 
ate the status of the valve (repaired, autograft, or prosthesis) 
immediately after weaning from cardiopulmonary bypass. 

Color Doppler and spectral pulse and continuous wave 
Doppler are performed to confirm localization of the obstruc- 
tion and to quantitate the degree of stenosis. Injecting a fixed 
stroke volume through a small valve orifice results in rapid 
flow velocity; this relationship is quantitated by the modi- 
fied Bernoulli equation, which states that the instantaneous 
pressure gradient across the valve (in mm Hg) is equal to 
the flow velocity (m/s) squared multiplied by four (73). The 
peak instantaneous pressure gradient is calculated using the 
maximum Doppler velocity, usually obtained by continuous 
wave Doppler interrogation. The angle of incidence of the 
Doppler interrogation is important; multiple tracings should 
be recorded from different views (suprasternal notch, right 
parasternal, apical, subcostal) and the maximum velocity 
should be used to calculate the peak instantaneous pressure 
gradient. 

Traditionally, the catheter-derived peak-to-peak pres- 
sure gradient has been used to estimate clinical severity of 
aortic valve stenosis and to guide management decisions. 
Because the peak pressure in the aorta occurs after the peak 
pressure is reached in the left ventricle, the Doppler-derived 
peak instantaneous pressure gradient represents a different 
physiologic parameter than the catheter-derived peak-to-peak 
pressure gradient (74) (Fig. 46.9). The peak instantaneous 
gradient is higher than the peak-to-peak gradient (75), and 
these two different measurements of pressure gradient are not 



Figure 46.9. Simultaneous left ventricular (LV) and aortic (Ao) 
pressure tracings demonstrating the difference between peak 
instantaneous pressure gradient (PIG) and peak-to-peak pres- 
sure gradient (P-P). 


interchangeable. In addition, the peak instantaneous Doppler 
gradient obtained from different echocardiographic windows 
are not equivalent; the suprasternal notch gradient was sig- 
nificantly higher than the gradient obtained from the apical 
position in a study designed to evaluate the predictive value of 
Doppler-derived gradients with respect to those measured in 
the catheterization laboratory (76). The mean systolic pressure 
gradient can be calculated from the Doppler spectral profile, 
and this correlates fairly well with the mean pressure gradient 
derived from simultaneous catheter recordings (75,77). Some 
investigators favor using mean pressure gradient to guide clini- 
cal decision making (78). 

The 2006 American College of Cardiology/American Heart 
Association Task Force Report Guidelines for the Management 
of Patients with Valvular Heart Disease (8) recommends the 
guidelines for grading the severity of aortic stenosis according 
to the Doppler-derived gradients. Mild stenosis is present when 
the peak instantaneous gradient is <36 mm Hg (jet velocity 

3 m/s) or the mean gradient is <25 mm Hg. Moderate stenosis 
is present when the peak instantaneous gradient is between 
36 and 64 mm Hg (jet velocity between 3 and 4 m/s) or the 
mean gradient is between 25 and 40 mm Hg. Severe stenosis 
is present when the peak gradient is >64 mm Hg (jet velocity 

4 m/s) or the mean gradient is >40 mm Hg. These guidelines, 
of course, are valid only in patients with normal ventricular 
function and absence of other defects, such as a VSD, which 
can result in a measured gradient that underestimates the true 
severity of the stenosis due to “pop off” of left ventricular ejec- 
tion through the VSD. 

All pressure gradient estimations depend not only on the 
severity of the obstruction, but also on underlying hemody- 
namic conditions, which may vary significantly at different 
times in the same patient. States of increased contractility or 
stroke volume will result in higher pressure gradients than 
states of decreased contractility or stroke volume, and for a 
given stroke volume, a faster heart rate (decreased ejection 
time) results in a higher pressure gradient. The same patient 
may have significantly different gradient measurements during 
general anesthesia as compared to an alert and anxious state. 
In addition, patients with severe obstruction may have abnor- 
mally low myocardial systolic performance and low cardiac 
output, resulting in low pressure gradients. For this reason, 
many clinicians advocate using valve area calculations rather 
than pressure gradient measurements to gauge the severity of 
obstruction and guide management decisions. 

The most commonly used method to calculate aortic valve 
area using echocardiography with Doppler involves use of the 
continuity equation, which simply states that the volume of 
flow per cardiac cycle is the same at the aortic valve orifice as 
it is at the mitral valve annulus (79) or in the left ventricular 
outflow tract below the valve (80). Using the left ventricular 
outflow tract, one may calculate the aortic valve area (cm 2 ) by 
multiplying the LVOT cross-sectional area (cm 2 ) and the mean 
velocity in the LVOT (cm/s) and then dividing this by the mean 
velocity through the valve orifice (cm/s). In children, the aortic 
valve area should be indexed to body surface area. In full- 
grown adolescents and adults, the normal aortic valve area 
is 3.0 to 4.0 cm 2 . The following guidelines classify the degree 
of stenosis based on valve area: area >1.5 cm 2 (mild stenosis), 
area between 1.0 and 1.5 cm 2 (moderate stenosis), and area 
<1.0 cm 2 (severe stenosis). In children, the normal aortic valve 
area is approximately 2 cm 2 /m 2 ; area <0.6 cm 2 /m 2 represents 
severe stenosis (8). 

Tissue Doppler imaging may be helpful in assessment of 
diastolic and systolic left ventricular myocardial dysfunction 
in patients with aortic stenosis. The presence of symptoms in 
patients with preserved ejection fraction has been attributed 
to diastolic dysfunction, with associated elevated filling pres- 
sures and increased myocardial stiffness (81). Traditionally, 


1030 SECTION VI ■ Congenital Cardiovascular Malformations 


Figure 46.10. MRI angiogram in a 
patient with valvular aortic stenosis. 
A: Diastole, with closed valve. The aor- 
tic root is dilated. Ao, aorta; LV, left ven- 
tricle. B: Systole. Doming of the valve 
leaflets (single arrow) and high-velocity 
jet ( double arrows) is demonstrated. 
(Courtesy of E.S. Rivera and T. Geva.) 



Doppler parameters derived from mitral or pulmonary vein 
flow have been used for estimation of left ventricular filling 
pressure, but these measurements are dependent on loading 
conditions, heart rate, and other factors that limit clinical use- 
fulness. Use of tissue Doppler imaging to measure systolic and 
diastolic mitral annular velocities allows quantification of sys- 
tolic long-axis function and diastolic function. In patients with 
aortic stenosis, the ratio of early mitral inflow velocity (E) to 
early diastolic mitral annular velocity (E') correlates with the 
left ventricular end diastolic pressure (82), thereby providing a 
clinically useful noninvasive method of assessing diastolic dys- 
function. In addition, measurement of the mitral annular sys- 
tolic velocity (S') by tissue Doppler imaging may demonstrate 
systolic long-axis dysfunction in patients with aortic stenosis 
even in the presence of normal ejection fraction and normal 
indexes of transverse function (82). Because longitudinally 
oriented fibers are present in the subendocardial region, and 
the subendocardium is most susceptible to ischemia in patients 
with aortic stenosis, these fibers are at greater risk than the 
circumferentially oriented fibers (83). Long-axis dysfunction 
therefore might be expected to precede transverse axis dys- 
function. 

Cardiac Magnetic Resonance Imaging 

Cardiac MRI (Fig. 46.10) is a useful noninvasive tool for 
assessment of left ventricular mass and function, and velocity- 
encoded MRI techniques allow quantification of pressure gra- 
dients and aortic valve area. Such measurements have been 
shown to correlate well with Doppler measurements of the 
same parameters (84). Cardiac MRI may also accurately define 
the anatomy of the valve morphology (Fig. 46.11), ascending 
aorta, annulus size, and coronary artery origins. 

Cardiac Catheterization 

Due to the evolution of noninvasive techniques that accu- 
rately diagnose and evaluate the anatomy and severity of 
aortic valve stenosis, cardiac catheterization is generally 
undertaken primarily for the purpose of therapeutic balloon 
valvuloplasty in patients with known aortic valve stenosis and 
noninvasive evidence of severe obstruction. However, diag- 
nostic catheterization may still be indicated if the clinical data 
and noninvasive evaluation are not consistent. Information 
obtained from cardiac catheterization has been considered 
to be the “gold standard” to which traditional and emerg- 
ing noninvasive modalities have been compared. Complete 
hemodynamic assessment in the catheterization laboratory 


includes measurement of cardiac output (Fick technique and/ 
or thermodilution), left ventricular end-diastolic pressure, and 
pressure gradients (mean and peak to peak). Access to the left 
ventricle may be either transseptal or retrograde. Angiogra- 
phy of the left ventricle permits evaluation of left ventricular 
cavity size and function, aortic valve annulus size, degree of 
leaflet thickening and cusp mobility, patency and origin of the 
coronary arteries, and the size and contour of the ascending 
aorta. 

Hemodynamic measurements can be used to calculate the 
effective valve orifice area by the method of Gorlin (85). The 
aortic valve area is calculated by dividing the aortic valve flow 
(AVF) by the product of 44.3 and the square root of the mean 
pressure gradient across the valve. 


Aortic valve area (cm 2 ) = , 

44.3 yj mean pressure gradient 

The AVF, which occurs during systole, is determined from the 
cardiac output and systolic ejection period (SEP). The sys- 
tolic ejection time (SET) for a single cardiac cycle is measured 



Figure 46.11. MRI image of bicuspid aortic valve. Although 
a raphe is not visualized, there is fusion of the right and left 
coronary cusps (R+L). N, noncoronary cusp; AS, atrial sep- 
tum. (Courtesy of E.S. Rivera and T. Geva.) 
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Figure 46.12. Pressure tracings from the aorta (Ao) and left 
ventricle (LV) used for calculation of the aortic valve area 
using the Gorlin equation. The systolic ejection time (SET) is 
the time period during which there is flow through the valve 
orifice into the aorta, and this occurs during the period of time 
when the left ventricular pressure is greater than the aortic 
pressure. The shaded area (AP) represents the pressure gradi- 
ent, from which the mean pressure gradient during systole can 
be calculated using planimetry. 


from simultaneous pressure tracings from the aorta and left 
ventricle (Fig. 46.12), which by multiplying by the heart rate 
gives the SEP per minute (s/min). 


SEP (s/min) = SET (s/beat) x HR (beats/min) 

The AVF (ml/s) is then determined by dividing the cardiac 
output (mL/min) by the SEP (s/min). 


T/v Cardiac output (mL/min) 

AVF (ml/s = 

SEP (s/min) 


The mean pressure gradient (mm Hg) is determined by planim- 
etry using simultaneous pressure tracings from the aorta and 
left ventricle. The aortic valve area (cm 2 ), then, is calculated 
by taking the square root of the mean pressure gradient and 
multiplying this by 44.3, then dividing this into the AVF. In 
theory, the aortic valve orifice area represents the most reliable 
index of stenosis severity, more reliable than other parameters 
(such as pressure gradients) that are dependent on loading 
conditions and heart rate. Unfortunately, the calculation of 
the valve area may not always accurately reflect the degree of 
obstruction seen clinically. Measurements used in calculation 
of aortic valve area must be made with extreme care and preci- 
sion, and the calculated aortic valve area should be considered 
along with the entire body of clinical data when formulating 
management decisions. 


Natural History 

The natural history of aortic stenosis is not completely known, 
due largely to the fact that techniques for diagnosing and quan- 
titating aortic stenosis have developed simultaneously with the 
evolution of surgical and transcatheter treatment modalities. 
The 1993 Report from the Second Joint Study on the Natural 
History of Congenital Heart Defects (NHS-2) represents the 
study with the largest number of patients and longest follow-up 
period. However, this report still only provides complete data on 
235 patients (51% of the original NHS-1 cohort) with median 
follow-up of 22.5 years (range 17 to 29 years; ages 17 to 49 years) 
(86). In addition, congenital aortic valve disease encompasses a 
wide spectrum from critical infantile aortic stenosis to normal 
functioning bicuspid aortic valve. Only about 1 in 50 of the 1.3% 
of the population with congenitally bicuspid aortic valves will 
develop significant valve dysfunction by adolescence (8). 

Despite the lack of very long-term intervention-free data, 
natural history studies have provided important information. 
Patients who present in infancy with aortic valve stenosis gener- 
ally have more severe stenosis and higher mortality with or with- 
out treatment (87-89). Twenty-five of the patients in the original 
NHS-1 cohort (90) were <2 years old; the 1-year survival rate 
was 64%, and most had undergone surgical intervention. In 
contrast, the 25-year survival in patients who were 2 years of age 
or greater at the time of original enrollment was 85%. An older 
study by Campbell (14), published in 1968, found that the mean 
age of death in patients with aortic stenosis was 35 years, with 
40% mortality by age 30 and 60% mortality by age 40. Over half 
of the patients who died had sudden unexpected death, whereas 
most of the remaining deaths were due to progressive congestive 
heart failure. The notion that sudden death is extremely rare in 
the absence of preceding symptoms has been challenged by sev- 
eral recent studies including NHS-2 (86,91,92). About half of 
sudden death cases from aortic stenosis occur during or immedi- 
ately after exercise (93). In the current era, children with aortic 
stenosis treated by balloon valvuloplasty have an extremely low 
risk of sudden unexpected death (94). 

Although mild aortic stenosis may remain mild for many 
years (86), progression over time is the rule (14,91,95-97). The 
rate of progression is highly variable in individual patients. The 
rate of progression may be greater in children than in adoles- 
cents and adults due to inability of the valve orifice to increase 
in proportion to somatic growth (98). Outcome is highly cor- 
related with the initial gradient, with those having higher gra- 
dients at the time of diagnosis developing symptoms, dying, 
or requiring valve replacement sooner than those with lower 
gradients (86,91). In addition to the progression of aortic ste- 
nosis, many patients will develop significant and progressive 
aortic valve regurgitation over time, particularly if they have 
had surgical valvotomy or percutaneous balloon valvuloplasty 
(86). Patients with fusion of the right and noncoronary cusps 
are at risk of more rapid progression of valve dysfunction (99). 

Risk of bacterial endocarditis has been reported to be as 
high as 1% per year (14), but the risk is probably less based on 
the data from NHS-2, where the incidence rate was 27. 1 cases 
per 10,000 person-years (100) (0.27% per year). Although 
bacterial endocarditis risk is present even in patients with 
bicuspid aortic valve without stenosis, the incidence of endo- 
carditis is higher in patients with more severe stenosis. 


Treatment 

Medical Treatment and Balloon Valvuloplasty 

Because progression of valve dysfunction is the rule, medical 
management is essentially expectant, with timing of interven- 
tion being the primary focus. There are currently no medical 
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therapies known to alter the progression of aortic valve 
dysfunction. Because adult aortic stenosis is a progressive pro- 
cess that resembles atherosclerosis, the effect of lipid-lowering 
medical therapy with statins has been studied, but has not 
been shown to be helpful in curbing the progression of aortic 
valve changes (101). In contrast to older adults with aortic 
stenosis, for whom intervention is recommended only when 
symptoms develop or are considered imminent (8,102), indi- 
cation for intervention in children and adolescents is more lib- 
eral. Whereas for older adults 20-year survival is considered 
long-term, in children and adolescents the goal is survival for 
many decades. In asymptomatic patients with severe congeni- 
tal aortic stenosis, relief of the obstruction likely reduces the 
risk of sudden cardiac death and decreases the extent of subtle 
and progressive myocardial injury and interstitial myocardial 
fibrosis (91,92,103,104). 

Although surgical valvotomy may still be performed, bal- 
loon valvuloplasty (105) has generally supplanted open surgi- 
cal valvotomy as initial treatment for congenital aortic valve 
stenosis in infants, children, and adolescents. Both procedures 
are generally safe and effective in relieving the obstruction 
(106), but in either case, subsequent progression of stenosis 
and/or valve regurgitation is anticipated (88,107-112), with 
valve replacement considered to be the eventual definitive treat- 
ment. Nevertheless, balloon aortic valvuloplasty in many cases 
postpones the need for surgery by several years, even decades 
(111,112). A retrospective study of late outcomes after bal- 
loon aortic valvuloplasty in children (109) showed a freedom 
from reintervention rate of 46% at 12 years. In infants and 
children, delaying the need for valve replacement can allow 
for growth, permitting insertion of a larger replacement valve 
when valve replacement becomes necessary. Predictors of less 
favorable outcome and need for early reintervention or sur- 
gery include small aortic annulus, depressed left ventricular 
function, and mitral valve dysfunction (110). 

Adults with congenital aortic valve stenosis generally have 
developed valve calcification, diminishing the chances of good 
results from either surgical valvotomy or balloon valvulo- 
plasty, and therefore valve replacement is the primary treat- 
ment beyond young adulthood. In older patients with severe 
aortic stenosis who are not surgical candidates, balloon valvu- 
loplasty is associated with poor survival (113), but has been 
shown to be a successful bridge to transcatheter aortic valve 
implantation (114). Children and adolescents with aortic ste- 
nosis who have significant aortic valve regurgitation (either 
native disease or after previous valvotomy or balloon valvu- 
loplasty) also require valve replacement therapy (or surgical 
repair) rather than valvotomy or balloon valvuloplasty. 

The American Heart Association 2011 Scientific Statement 
on Indications for Cardiac Catheterization and Intervention 
in Pediatric Cardiac Disease (115) provides guidelines for the 
management of infants and children with congenital aortic 
valve stenosis. Given the absence of clinical trial data, these 
recommendations are based on nonrandomized studies and 
expert opinion rather than data from randomized prospective 
clinical trials. For infants with isolated critical ductal-depend- 
ent valvular aortic stenosis, or any infant or child with iso- 
lated aortic stenosis with left ventricular systolic dysfunction, 
balloon valvuloplasty is indicated regardless of the measured 
pressure gradient. Most infants and children with aortic ste- 
nosis are asymptomatic, however, and the guidelines recom- 
mend that the catheter gradient should be measured. If the 
catheter-measured peak-to-peak gradient is >50 mm Hg, then 
balloon valvuloplasty is indicated. If the patient desires to play 
competitive sports, become pregnant, has ischemic or repo- 
larization changes on rest or exercise ECG, or has symptoms 
of angina or syncope, then balloon valvuloplasty is justified if 
the peak-to-peak gradient is >40 mm Hg. Other causes of the 
symptoms or ECG changes should be sought if the gradient is 


<40 mm Hg. Valvuloplasty is not recommended for asympto- 
matic patients with peak-to-peak gradient <40 mm Hg unless 
cardiac output is impaired, in which case, the gradient under- 
estimates the true severity of the obstruction. 

These guidelines are intended for patients under conscious 
sedation. For patients under deep sedation or general anes- 
thesia, the measured gradients are likely to be lower, and 
the guidelines state that it is reasonable to consider balloon 
valvuloplasty in asymptomatic patients if the mean Doppler 
gradient when not sedated is >50 mm Hg, even if the meas- 
ured catheterization-derived peak-to-peak gradient is <50 mm 
Hg. However, given the relatively slow rate of progression of 
stenosis outside of infancy (86), caution should be exercised 
in borderline cases due to the risk of introducing significant 
aortic regurgitation that might progress and necessitate valve 
replacement sooner than might have occurred without inter- 
vention. 

For patients with milder degrees of aortic stenosis, periodic 
follow-up with interval medical history, physical examination, 
12-lead ECG, and echo Doppler study is recommended (8). 
According to the American College of Cardiology/ American 
Heart Association 2006 Guidelines for the Management of 
Valvular Heart Disease (8), for adolescents and young adults 
with peak Doppler gradients <50 mm Hg or mean gradients 
<30 mm Hg, follow-up is recommended every 2 years. For 
those with peak Doppler gradients >50 mm Hg or mean gra- 
dients >30 mm Hg, follow-up should be yearly. These guide- 
lines seem reasonable for most children as well, although 
infants and young children should be followed more closely 
as progression of aortic valve dysfunction may be more rapid. 
Exercise ECG testing should be considered for patients who 
are interested in athletic participation. If the clinical findings 
and the echo-Doppler evaluation are disparate, then cardiac 
catheterization may be indicated for complete hemodynamic 
assessment including direct measurement of the peak-to-peak 
gradient. 

The 36th Bethesda Conference Task Force recommenda- 
tions for competitive athletics (116) defines patients to have 
mild aortic stenosis if the catheter-derived peak-to-peak gradi- 
ent is <30 mm Hg, the mean Doppler gradient is <25 mm Hg, 
or the peak instantaneous Doppler gradient is <40 mm Hg. 
Such patients are permitted to participate in all competitive 
sports if they are asymptomatic and have normal exercise tol- 
erance. Asymptomatic patients with moderate aortic stenosis 
(peak-to-peak gradient 30 to 50 mm Hg, mean Doppler gradi- 
ent 25 to 40 mm Hg, or peak Doppler gradient 40 to 70 mm 
Hg) may participate in sports with a low static component 
and low-to-moderate dynamic component (such as golf, bowl- 
ing, baseball/softball, and volleyball) so long as they have only 
mild or absent left ventricular hypertrophy, absence of repo- 
larization abnormality on ECG, and a normal exercise test. 
In addition, if such patients also have no history of supraven- 
tricular tachycardia or ventricular tachyarrhythmia at rest or 
with exercise, then they may participate in sports with moder- 
ate static component and low dynamic component (such as 
diving, archery, equestrian, and motorcycling). Patients with 
severe aortic stenosis (peak-to-peak gradient >50 mm Hg, 
mean Doppler gradient >40 mm Hg, or peak Doppler gradi- 
ent >70 mm Hg) should not participate in any competitive 
sports. For aortic valve stenosis patients who also have sig- 
nificant aortic regurgitation, these recommendations must be 
considered in concert with the Task Force recommendations 
for aortic regurgitation. 

Even in the absence of stenosis or significant regurgitation, 
patients with bicuspid aortic valve are at risk of progressive 
aortic root dilation and aortic dissection; the mortality risk 
is as high in younger patients as in those over 40 years old 
(117). The risk of aortic dissection is nine times greater in 
patients with a bicuspid aortic valve compared to those with 
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a tricuspid aortic valve (10). Because of the high prevalence of 
bicuspid aortic valve, it is a more common etiology of aortic 
dissection than Marfan syndrome (118). In children, dilation 
is usually mild and aortic complications are rare (119). How- 
ever, approximately half of young adults with a bicuspid aortic 
valve have significant aortic root dilation (30). Most patients 
with aortic dissection have hypertension (120,121), and this 
helps to explain the strong association of aortic dissection 
with bicuspid aortic valve and aortic coarctation (10). Aggres- 
sive and meticulous management of hypertension is there- 
fore the mainstay of medical treatment. Although the benefit 
of prophylactic /1-blocker or angiotensin converting enzyme 
(ACE) inhibitor therapy has not been proven in normotensive 
patients with aortic root dilation associated with congenitally 
abnormal aortic valve, such treatment is reasonable for those 
patients who tolerate beta-blockers or ACE inhibitors. The 
angiotensin receptor blocker losartan is an antihypertensive 
medication that also inhibits transforming growth factor-beta 
signaling, and is now frequently used in this setting. Increased 
transforming growth factor-beta signaling has been implicated 
as an important factor in aortic root dilation in Marfan syn- 
drome, Loeys-Dietz syndrome, and some patients with familial 
thoracic aneurysm and dissection (122), but this mechanism 
has not been demonstrated in patients with bicuspid aortic 
valve-associated aortic dilation. Nevertheless, the potential 
association in some patients may justify the use of losartan 
as the antihypertensive medication of choice in this setting. 
Because aortic root dilation is a precursor of aortic dissection, 
careful surveillance with serial noninvasive imaging examina- 
tions is warranted to detect progressive aortic root dilation 
so that prophylactic surgery can be performed preemptively 
before aortic dissection occurs. Prophylactic surgery is some- 
times recommended in asymptomatic adolescents or young 
adults if the aortic diameter reaches 4.5 cm (or 2.5 cm/m 2 ) in 
diameter (123), or if the rate of growth of the aorta is rapid 
and out of proportion to somatic growth (124). 

Pregnancy can be managed conservatively in women with 
mild aortic stenosis and normal left ventricular function (8). 
In women with moderate to severe aortic stenosis, pregnancy 
should be deferred until the stenosis is successfully treated by 
valvuloplasty or valve replacement. Women with moderate 
to severe aortic stenosis who become pregnant should be fol- 
lowed closely. If symptoms develop or left ventricular dysfunc- 
tion develops, consideration should be given to either balloon 
valvuloplasty or surgery (8). If significant aortic root dilation 
is present, there is risk of aortic dissection, particularly in the 
third trimester, and the aortic root size should be followed 
closely along with careful attention to blood pressure control. 

Infective endocarditis prophylaxis precautions are no 
longer recommended for patients with congenital aortic valve 
stenosis (125). However, those with prosthetic valves or sur- 
gically repaired valves with prosthetic material remain can- 
didates for premedication with antibiotics in the event of a 
procedure expected to induce bacteremia. 

Aortic Valve Surgery 

Aortic valve replacement is usually required in patients who 
develop progressive aortic valve regurgitation or recurrent ste- 
nosis refractory to balloon valvuloplasty. Surgical repair of the 
aortic valve (126) may be possible in some cases, although gen- 
erally such repairs are considered palliative, as with balloon 
valvuloplasty, with eventual expectation of valve replacement. 
Replacement with a mechanical prosthesis currently provides 
the most durable result, but the patient must be anticoagu- 
lated and there is no growth potential, both of which are very 
significant problems in small children. Use of bioprosthetic 
valves, either homograft or heterograft, prevents the need for 
anticoagulation, but growth potential is still a major issue, and 


the longevity of these valves is frequently poor, particularly in 
small children. In some centers, the Ross procedure (127) is the 
preferred procedure, particularly in infants and small children. 
In this procedure, the patient’s pulmonary valve is translocated 
to the aortic position, and a pulmonary homograft is implanted 
in the pulmonary valve position. The need for anticoagulation 
is avoided, and importantly the autograft (neoaortic valve) has 
growth potential. The major disadvantage of the Ross proce- 
dure is that pulmonary homograft dysfunction is universal, 
frequently relatively early in children. Given current tech- 
nology, children who undergo a Ross procedure can expect 
several additional procedures over their lifetime for recurrent 
pulmonary homograft dysfunction. In addition, progressive 
neoaortic valve dysfunction, with or without dilation of the 
neoaortic root, is not uncommon over time. However, modi- 
fications of the Ross operation have reduced the incidence of 
these complications, and in many cases, the function of the 
autograft valve remains excellent for many years (128-130). 

Percutaneous aortic valve implantation is a promising new 
technique that has been developed as an alternative to surgical 
valve replacement in adult patients with severe aortic stenosis 
who are deemed inoperable (131). Currently, this procedure 
is not an option for children and adolescents with congeni- 
tal aortic stenosis, but results in inoperable elderly patients 
and in patients with high surgical risk have shown significant 
improvement in survival compared to medical treatment (132) 
and similar rates of survival at 1 year compared to surgical 
replacement (133). As advances are made in device materials 
and design, and implantation techniques are refined, tran- 
scatheter aortic valve replacement may be a viable option for 
children and adolescents in the future. 

Long-Term Outcome 

Congenital aortic valve disease is a lifetime disease. Although 
interventional and surgical techniques have resulted in marked 
improvement in the prognosis of this disease, there is no cur- 
rently available medical, interventional, or surgical approach 
that renders the aortic valve normal. Given the relatively high 
incidence of congenitally abnormal aortic valve and the likeli- 
hood of eventually developing clinically important complica- 
tions, this condition may be responsible for more deaths and 
morbidity than all other forms of congenital heart disease com- 
bined (10,134). Lifelong follow-up of these patients is manda- 
tory. As new valve replacement technologies and techniques 
evolve, continued improvement in outcomes should follow. 


VALVULAR AORTIC STENOSIS IN INFANCY 

Clinical Features 

Although the majority of patients with congenital aortic valve 
stenosis are asymptomatic in childhood, approximately 10% 
present during infancy with symptoms and signs of congestive 
heart failure (89). Improvements in fetal imaging and diagno- 
sis have led to prenatal diagnosis of severe aortic valve stenosis 
in many cases (135). Anatomically, the valve may be bicuspid 
or unicuspid, with thickening and myxoid dysplasia. In some 
patients, there may be no identifiable cusps or commissures. 

In utero, the presence of mild or moderate aortic stenosis 
results in increased left ventricular pressure and possibly left 
ventricular hypertrophy, which may be well tolerated. With 
more severe stenosis, the left ventricular hypertrophy is more 
severe, and the resultant decrease in left ventricular compliance 
may lead to decreased flow through the left heart and ulti- 
mately in hypoplasia of the left ventricle, mitral valve, aortic 
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valve annulus, and left ventricular outflow tract. Coarctation 
of the aorta may also be present, with or without hypoplasia 
of the ascending aorta. Endomyocardial fibroelastosis and/or 
papillary muscle infarction may occur due to oxygen supply/ 
demand mismatch, and severe fetal aortic stenosis may evolve 
into hypoplastic left heart syndrome (136). The fetus usually 
tolerates severe aortic stenosis, even in cases of severe left 
ventricular hypoplasia, since the right ventricle is capable of 
handling the entire cardiac output. Once the fetus is born and 
separated from the placental circulation, however, symptoms 
may develop rapidly. 

If the left ventricular size and function are adequate to han- 
dle the entire cardiac output, symptoms and signs may be mild 
or absent even after closure of the ductus arteriosus. However, 
poor feeding, tachypnea, and growth failure may occur. A sys- 
tolic murmur is usually present, and gallop rhythm may be 
noted. Hepatomegaly may be present, and peripheral pulses 
may be weak. 

In more severe cases of neonatal aortic stenosis, the left 
heart may not have the capacity to handle the entire cardiac 
output and closure of the ductus arteriosus may result in circu- 
latory collapse. Such infants are pale and poorly perfused, with 
poor pulses, hepatomegaly, tachycardia, gallop rhythm, hyper- 
dynamic right ventricular impulse, tachypnea with retractions, 
and usually (but not always) a systolic heart murmur (88). 
Such infants may appear well prior to closure of the ductus 
arteriosus, which may not occur for several days after birth. 
Careful attention to the neonatal physical exam findings, such 
as hyperdynamic right ventricular impulse and differential 
cyanosis, is necessary to avoid presentation in extreme cardio- 
vascular collapse after discharge from the hospital. Routine 
neonatal screening with upper and lower extremity pulse oxi- 
metry has been recommended by some for early detection of 
ductal-dependent left heart obstructive lesions. 


Evaluation and Management 

Echocardiography with Doppler evaluation confirms the diag- 
nosis and delineates the details of the anatomy in infants with 
critical aortic stenosis. The aortic valve is frequently thickened 
with reduced mobility and a small orifice. The left ventricle is 
usually hypertrophic with relatively small cavity size, but it 
may be dilated and poorly contractile. Abnormally increased 
echogenicity of the endomyocardium and/or mitral valve pap- 
illary muscles may be present (Fig. 46.13), representing endo- 
myocardial fibroelastosis and/or papillary muscle infarction. 
The right ventricle is frequently enlarged. Careful assessment 
of the size and function of the left ventricle and mitral valve 
is imperative, as is evaluation for other left-sided obstruc- 
tions such as aortic coarctation, cor triatriatum, supraannular 
mitral stenosis, and pulmonary vein stenosis. The ascending 
aorta may be hypoplastic or dilated. 

Doppler interrogation of flow in the proximal ascending 
aorta demonstrates increased velocity and turbulence. The cal- 
culated gradient, however, may underestimate the severity of 
the stenosis if left ventricular function is depressed, a signifi- 
cant portion of the systemic cardiac output is provided by the 
right ventricle via the patent ductus arteriosus, and/or there is 
significant left ventricular ejection (“pop off”) through a VSD. 
The status of the ductus arteriosus and the direction and mag- 
nitude of ductal flow is an essential part of the evaluation, 
including the direction of flow in the distal aortic arch. 

Initial management of neonatal critical aortic stenosis 
consists of maintaining ductal patency with prostaglandin Ej 
infusion, inotropic support if the left ventricular function is 
impaired, and avoidance of supplemental oxygen if the sys- 
temic circulation is ductal dependent. If mechanical ventilation 
is necessary, hyperventilation should be avoided. 



Figure 46.13. Echocardiographic parasternal long-axis image 
in an infant with critical aortic stenosis demonstrating severe 
endomyocardial fibroelastosis (double arrows) and infarcted 
papillary muscle (P). LA, left atrium; LV, left ventricle; Ao, 
aorta. 


In neonates with critical aortic stenosis and small left ven- 
tricle, more definitive management involves a decision regard- 
ing adequacy of the left heart to support a two-ventricle 
circulation. Several studies have addressed methods of quan- 
titatively assessing the adequacy of the left heart to handle the 
entire systemic circulation. Infants with non-apex-forming left 
ventricle, small aortic annulus (<5 mm), and small mitral valve 
annulus (<9 mm) may have improved survival with Norwood- 
type palliation or cardiac transplant than with treatment strat- 
egies to achieve a two- ventricle circulation (137). Rhodes et 
al. (138) developed a predictive equation for success of two- 
ventricle management plan in neonates with isolated critical 
aortic stenosis. The parameters that were most predictive of 
success or failure included aortic root dimension indexed to 
body surface area, the ratio of the long axis of the left ventricle 
to the long axis of the heart, and the indexed mitral valve area. 
In a prospective multicenter analysis performed by the Con- 
genital Heart Surgeons Society (139), a regression equation 
was used to predict 5-year survival probability with Norwood- 
type palliation versus two-ventricle approach. Discriminating 
parameters included age, £-score of aortic valve, grade of endo- 
myocardial fibroelastosis, diameter of ascending aorta, pres- 
ence of significant tricuspid valve regurgitation, and z- score of 
left ventricular length. Significant retrograde flow in the distal 
aortic arch via the patent ductus arteriosus is also associated 
with lower likelihood of success with a two-ventricle approach 
(140). Cardiac MRI may provide more accurate quantification 
of left ventricular size, morphology, and function than echo- 
cardiography, and therefore might improve decision making 
regarding the choice of treatment approach (141). 

For infants with severe or critical isolated aortic valve stenosis 
deemed to have adequate left heart structures for two-ventricle 
circulation, initial therapy usually entails balloon valvuloplasty 
or surgical valvotomy (open or trans ventricular). Although some 
advocate open surgical valvotomy as the treatment of choice 
for critical neonatal aortic stenosis (142), studies have demon- 
strated similar outcomes with the less invasive percutaneous 


CHAPTER 46 ■ Aortic Stenosis 1035 


balloon valvuloplasty procedure (143,144), which in most cent- 
ers is the preferred procedure in the majority of cases. It appears 
that open surgical valvotomy may result in higher likelihood 
of residual or recurrent stenosis, whereas balloon valvuloplasty 
may be associated with a higher incidence of important aortic 
regurgitation (145). Techniques for balloon aortic valvuloplasty 
include antegrade approach via the foramen ovale from venous 
access, as well as retrograde approach via femoral, umbilical, or 
carotid artery access (146). As with children and adolescents, 
balloon valvuloplasty is considered palliative. In a retrospective 
review of 113 neonates who underwent balloon aortic valvu- 
loplasty, the reintervention-free survival was 48% at 5 years 
(147). The goal is to postpone the need for surgery, which likely 
is inevitable in the vast majority of patients. 

Given the issue of growth, as well as the poor durability 
of tissue valves in the aortic position in infants, aortic valve 
replacement with mechanical or bioprosthetic valves is an 
undesirable option in neonates and infants with congenital 
aortic stenosis. The Ross procedure (pulmonary autograft), 
with Konno-type enlargement of the aortic annulus, may 
offer a durable aortic valve with growth potential and is thus 
a viable option as primary therapy for severe aortic stenosis 
in infants (148). Resection of endomyocardial fibroelastosis 
may increase growth potential of the borderline left ventricle. 
Although the results of this technique have not been system- 
atically compared with surgical valvotomy or balloon valvu- 
loplasty, anecdotal success has been reported (149). Another 
surgical approach in neonates with critical aortic stenosis and 
borderline left ventricle is to perform a stage I Norwood oper- 
ation with subsequent reoperation to achieve a two-ventricle 
repair (150). More recently, temporary palliation has been 
accomplished by the stage I hybrid procedure (bilateral pul- 
monary artery band placement and stenting of the ductus arte- 
riosus) (151). Determination of left ventricular adequacy may 
be more reliable after this period of temporary palliation, and 
successful outcome may be enhanced when definitive surgery 
is postponed to outside of the neonatal period. 

Balloon dilation of aortic stenosis in the unborn fetus may 
prevent or reverse left heart hypoplasia in the fetus (135). Early 
attempts resulted in limited success with high mortality, but 
more recent advancements in patient selection and techniques 
offer the prospect that fetal intervention may one day have a 
role in the management of critical congenital aortic stenosis 
and possible prevention of hypoplastic left heart syndrome. 


SUBVALVULAR AORTIC STENOSIS 


Prevalence and Etiology 

Fixed subvalvular aortic stenosis accounts for approximately 
10% to 20% of cases of aortic stenosis in children, and the 
male to female ratio is 2:1 to 3:1 (152,153). Associated car- 
diac defects are present in more than half of cases (152,154). 
Common associated defects include VSD, coarctation of the 
aorta, atrioventricular septal defect, and valvular aortic ste- 
nosis. Mitral valve anomalies are also frequently present, and 
likely play a role in the pathophysiology of the obstruction in 
some patients (155,156). 

Except for cases of malalignment VSD with posterior 
deviation of the outlet septum into the left ventricular outflow 
tract, subvalvular aortic stenosis is rare in infants. Most cases 
seem sporadic, although familial subaortic stenosis has been 
reported (157,158). Although most cases appear to develop 
postnatally, there may be a genetic substrate in many cases, 
and interestingly, this genetic substrate appears to not be spe- 
cific for subaortic stenosis but rather also includes lesions of 
right ventricular outflow tract obstruction (159). 


Despite the evidence for genetic etiology in some cases 
(160), the fact that discrete fixed subaortic stenosis is rarely 
seen in the fetal or neonatal heart has led many investiga- 
tors to regard it as an acquired rather than a congenital 
lesion (161-165). The development and subsequent progres- 
sion of fixed subaortic stenosis in children without previ- 
ous evidence of left ventricular outflow tract obstruction 
supports this notion (166). It is likely that fixed subaortic 
stenosis develops due to an abnormal endothelial substrate 
that undergoes abnormal proliferation due to some stimu- 
lus. One such stimulus might be abnormal shear stresses 
caused by abnormal flow patterns that result from variations 
in geometric and anatomical features of the left ventricular 
outflow tract (167,168), such as increased mitral-aortic 
separation (161) and steeper aortoseptal angle (169-171). 
The tissue substrate for development of subaortic stenosis 
remains uncertain, although maldevelopment or persistence 
of embryonal endocardial cushion tissue has been hypoth- 
esized (153,172). 

Pathology 

The obstruction in fixed subvalvular aortic stenosis usually 
consists of a collar or ridge of membranous and/or fibro- 
muscular tissue encircling the left ventricular outflow tract, 
or in some cases it may be diffuse and tunnel-like (152,173). 
The membranous curtain may arise from a thicker, muscu- 
lar base. Histology of the fibrous tissue demonstrates dense 
collagen fibers, elastic fibers, and myocytes (174). Fibrous 
tissue may be closely related or “tethered” to the aortic valve 
or to the anterior mitral leaflet (165). Mitral valve anoma- 
lies are common, and these include insertion of a papillary 
muscle or chordal tissue into the septum or aortic leaflet, 
accessory mitral valve tissue, and “muscularization” of the 
subaortic portion of the anterior leaflet (155). The aortic 
valve may be thickened, and is usually tricuspid. The aor- 
tic valve abnormality appears to be acquired, and may be 
a consequence of the turbulent flow jet damaging the aortic 
valve cusps (175-178), but might also result from progres- 
sion of the underlying disease substrate. 

Physiology 

The physiology of fixed subaortic stenosis is similar to valvu- 
lar aortic stenosis, with pressure overload of the left ventricle 
resulting in hypertrophy. In most cases, the amount of hyper- 
trophy correlates with the degree of obstruction, but in some 
cases, it may be out of proportion to the degree of obstruction 
(179). As with valvular aortic stenosis, in severe cases, sub- 
endocardial oxygen demand may exceed supply and result in 
subendocardial ischemia and fibrosis. 

Clinical Features and Diagnostic Method 

The diagnosis of subaortic stenosis frequently surfaces dur- 
ing echocardiographic evaluation at the time of diagnosis or 
follow-up of associated congenital heart disease, such as VSD 
or coarctation of the aorta. Patients with isolated subaortic 
stenosis usually present with an asymptomatic heart murmur. 
Commonly, the patient initially is thought to have an inno- 
cent murmur, and as the stenosis progresses, the murmur 
becomes more typical of pathologic left ventricular outflow 
tract obstruction. As in the case of valvular aortic stenosis, 
chest pain and syncope may occur, but generally only when 
the stenosis is severe. 

The systolic ejection murmur is loudest at the mid left ster- 
nal border, and radiates to the upper sternal borders and into 
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the suprasternal notch. A systolic click is rare, and this helps 
to differentiate subvalvular aortic stenosis from valvular aortic 
stenosis. The left ventricular impulse may be hyperdynamic, 
and the associated findings of aortic regurgitation and/or 
mitral valve regurgitation may be present. The ECG usually 
demonstrates left ventricular hypertrophy, even in many cases 
with mild stenosis (179), although the ECG may occasionally 
be normal even in severe subaortic stenosis (152,153). Chest 
radiograph is generally normal, and dilation of the ascending 
aorta is much less common than in valvular aortic stenosis 
(153,154). 

Echocardiography with Doppler evaluation is highly sensi- 
tive and specific for making the diagnosis of subaortic stenosis 
and to define the anatomy of the lesion (180,181). Early sys- 
tolic partial closure and “fluttering” of the aortic leaflets may 
be present (182). Careful evaluation of the aortic and mitral 
valve anatomy and function is mandatory, as is a thorough 
search for other associated lesions. Pulsed Doppler demon- 
strates velocity acceleration and aliasing in the outflow tract 
beneath the valve, and continuous wave Doppler allows accu- 
rate calculation of the peak instantaneous and mean pres- 
sure gradients (183). Coexistent valvular aortic stenosis is 
confirmed by an additional velocity increase above the aortic 
valve by pulsed Doppler. TEE may be helpful in further defin- 
ing the anatomy of the left ventricular outflow tract, and is 
commonly performed intraoperatively to assist in the repair 
by evaluating the anatomy and valve function pre- and post- 
operatively. 

Diagnostic cardiac catheterization is not mandatory in 
the evaluation of subaortic stenosis, but may provide useful 
information in cases where the clinical data and noninvasive 
evaluation are not consistent. Peak-to-peak and mean pressure 
gradients can be determined, and left ventricular end diastolic 
pressure can be measured. In the case of coexistence of valvu- 
lar and subvalvular aortic stenosis, slow and careful pullback 
across the left ventricular outflow tract using an end-hole cath- 
eter will quantitate the degree of obstruction across both sites 
(Fig. 46.14). Angiography in the right anterior oblique and 
long axial oblique views may clearly demonstrate the anatomy 
of the lesion, but echocardiography (particularly TEE) also 
reliably delineates the anatomy of subaortic stenosis (181) 
(Fig. 46.15— 46.17). 


Natural History 

In infants and children with associated cardiac malformations, 
the natural history is influenced significantly by the coexisting 
disease. In general, subaortic stenosis is a progressive lesion 
(98,152,184) and occasionally progressive obstruction occurs 
rapidly (166). However, rate of progression of mild subval- 
vular aortic stenosis is variable, and the obstruction may 
remain mild and stable for many years in children and adults 
(185-187). Factors associated with more rapid progression of 
obstruction include higher initial pressure gradient, short dis- 
tance between the obstructive lesion and the aortic valve, and 
anterior mitral valve leaflet involvement (188,189). 

Aortic regurgitation is a frequent finding in subaortic steno- 
sis, most commonly mild but occasionally moderate or severe 
(176,190). Doppler peak instantaneous gradient >50 mm Hg 
and increased age at diagnosis are risk factors for moderate 
or severe aortic regurgitation, but these parameters are not 
sensitive and prediction of development and progression of 
aortic regurgitation in patients with subaortic stenosis is dif- 
ficult (178). Aortic regurgitation is common in adults with 
unoperated subaortic stenosis, but is rarely hemodynamically 
significant (186). Children at low risk for aortic valve dys- 
function are those with mild gradient, thin, and mobile aortic 
valve leaflets, and subaortic lesion not in close proximity to 
the aortic valve (178). 

Treatment 

Although balloon dilation has been reported, long-term suc- 
cess is limited, and treatment for subaortic stenosis is surgical. 
The indications for surgery are not universally agreed upon. 
Because obstruction can be rapidly progressive, and because 
aortic regurgitation may be the result of progressive damage 
to the aortic leaflets by turbulent flow, there is rationale for 
early intervention (191-193). The increased probability of aor- 
tic regurgitation at follow-up in patients with higher preopera- 
tive gradient and older age of operation supports this approach 
(194). However, in the era of echocardiography, patients are 
frequently diagnosed with very mild subvalvular aortic stenosis, 
and it is clear that progression of disease is highly variable. 


Figure 46.14. Pressure recording 
from an end-hole catheter as it is 
pulled back slowly from the body 
of the left ventricle (LV body) to the 
aorta. The left ventricular systolic 
pressure immediately beneath the 
valve is equal to the systolic pressure 
in the aorta, indicating absence of 
valvular aortic stenosis. 
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Figure 46.15. Echocardiographic images of discrete membranous subaortic stenosis. A: Apical five-chamber view. 
B: Parasternal long-axis view. (M, subaortic membrane; LA, left atrium; LV, left ventricle; AV, aortic valve.) 


Many patients with mild subaortic stenosis remain stable for 
many years, without progression and without aortic regurgita- 
tion (185,186). In addition, there is evidence that aortic regur- 
gitation may develop in operated and nonoperated patients 
(190), and in fact may be more prominent after surgical 


intervention than in nonoperated patients (186,195). It appears 
that children with subaortic lesions not in close proximity to 
the aortic valve, mild obstruction (peak Doppler gradient 
<30 mm Hg), and aortic valve cusps that are thin and mobile 
may be managed conservatively, with close follow-up to detect 




Figure 46.16. Echocardiographic parasternal long-axis views 
of fibromuscular subaortic stenosis, with broad-based subaor- 
tic fibromuscular ridge. A: Diastole, with aortic valve closed. 
B: Systole, with aortic valve open. 



Figure 46.17. Left ventricular angiogram demonstrating tun- 
nel-like subaortic stenosis. Note the symmetrically narrowed 
long-segment narrowing of the left ventricular outflow tract 
(LVOT). (LV, left ventricle; Ao, aorta.) 
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significant progression (178,195). Patients with progressive 
obstruction should have surgical relief of obstruction. 

Surgical management consists of resection of obstructive 
tissue in the left ventricular outflow tract. Muscle resection 
in addition to membrane excision may decrease the risk of 
recurrent subaortic stenosis (196), which may be as frequent 
as 20%. Some recurrences may be cases of inadequate relief of 
obstruction at the time of initial surgery (176). Surgical cor- 
rection of mitral valve abnormalities that contribute to the 
subaortic obstruction, such as anomalous papillary muscle 
insertion, should also be performed to reduce the risk of resid- 
ual or recurrent stenosis (155). In addition to residual obstruc- 
tion, complications of surgery include heart block, worsening 
of aortic or mitral valve regurgitation, and inadvertent crea- 
tion of a VSD. Patients with tunnel-like left ventricular out- 
flow tract obstruction have highest risk of complications, 
including inadequate relief of obstruction. In some cases of 
severe subaortic stenosis, particularly if the aortic annulus is 
small, more extensive tissue resection is necessary to achieve 
adequate relief of obstruction, and a Konno procedure (197) 
or Ross/Konno procedure (148) may be utilized. 

Long-Term Outcome 

Many patients with isolated membranous discrete subaortic 
stenosis have complete and lasting surgical relief of obstruc- 
tion without aortic or mitral valve dysfunction. However, 
many have mild aortic valve dysfunction, which may pro- 
gress despite adequate relief of obstruction, and recurrence 
or incomplete relief of subaortic stenosis is not uncommon. 
Periodic long-term follow-up is prudent for all patients with 
subaortic stenosis. In postoperative patients, further interven- 
tion may be indicated if recurrent stenosis or aortic regurgi- 
tation progresses. In addition, patients frequently require 
follow-up care for other associated cardiac defects. Some 
feel that endocarditis prophylaxis precautions are advisable 
indefinitely in most patients due to aortic valve thickening and 
regurgitation (even if very mild) and/or residual turbulence in 
the left ventricular outflow tract; however, the revised AHA 
guidelines do not recommend prophylaxis. 


SUPRAVALVULAR AORTIC STENOSIS 
Prevalence and Etiology 

Supravalvular aortic stenosis is the least common type of aor- 
tic stenosis. It is rare, estimated to occur in approximately 
1 of 25,000 live births (198), which accounts for approxi- 
mately 0.5% of congenital heart disease cases. Approximately 
30% to 50% of patients with supravalvular aortic stenosis 
have Williams-Beuren syndrome (199,200), features of which 
include supravalvular aortic stenosis, peripheral pulmonary 
stenosis, mental retardation, and characteristic facial appear- 
ance. About 20% of cases are familial but without other fea- 
tures of Williams-Beuren syndrome, and the remaining cases, 
about half, appear to be sporadic. 

The etiology of supravalvular aortic stenosis is reduced 
or abnormal expression of the elastin gene on chromosome 
7qll.23 (201). Familial “isolated” supravalvular aortic stenosis 
appears to result from a discrete mutation involving the elastin 
gene (202,203), whereas other features of Williams-Beuren syn- 
drome result from disruption of the elastin gene together with 
other neighboring genes (204). Genetic transmission is autoso- 
mal dominant, with heterozygotes expressing only 50% of the 
normal amount of elastin, resulting in reduced arterial elastin 
content and abnormal elastin fiber geometry. Sporadic cases of 


supravalvular aortic stenosis appear to be from either new muta- 
tions of the elastin gene or possibly from variable expression 
of the autosomal dominantly transmitted mutation (205,206). 
Large arteries such as the aorta and proximal pulmonary arter- 
ies have high elastin content in the media, and therefore are 
more commonly affected than smaller arteries (207). 

Pathology 

Reduced elastin in the arterial media results in reduced elas- 
ticity and markedly thickened media with smooth muscle 
hypertrophy, disorganization, and increased collagen deposi- 
tion (208). Most commonly, the stenosis is localized primarily 
to the sinotubular junction, but approximately one-fourth of 
patients have diffuse narrowing of the entire ascending aorta 
and in some cases the transverse aorta (209). The main and/ 
or proximal branch pulmonary arteries are frequently stenotic 
(210,211), and branches of the aortic arch may be involved 
(212). Stenoses of the renal and mesenteric arteries may also 
be present in as many as 30% of patients with supravalvular 
aortic stenosis (210-212). 

The peripheral attachment of the aortic valve commissures 
is at the level of the sinotubular junction, and in patients with 
supravalvular aortic stenosis the aortic valve cusps may be 
thickened and adherent to the narrowed sinotubular junction 
(213,214). Abnormalities of the aortic valve may be present in 
as many as half of patients with supravalvular aortic stenosis 
(207). Coronary blood flow may be impaired by adhesion of 
an aortic valve leaflet to the sinotubular junction, or by thick- 
ening of the aortic wall, especially if the orifice is located close 
to the sinotubular junction (209,215). The coronary arteries 
may also manifest primary structural changes related to the 
underlying elastin arteriopathy as well as secondary hyperten- 
sive changes resulting from the fact that they originate proxi- 
mal to the obstruction (216,217). 

Physiology 

Although the physiology of supravalvular aortic stenosis is 
similar to that of valvular and subvalvular aortic stenosis, the 
manifestations are exacerbated by the fact that the coronary 
arteries orifices are proximal to the obstruction. Not only 
does this expose the coronary arteries to high pressure dur- 
ing systole, with resultant secondary effects on the coronary 
vasculature, but also the stenosis may limit diastolic flow into 
the coronary arteries. Given that coronary ostial abnormalities 
are not uncommon as well, patients with supravalvular aor- 
tic stenosis are at significant risk of subendocardial ischemia, 
fibrosis, papillary muscle infarction, and sudden death due to 
oxygen supply/demand mismatch (56,218,219). 

Clinical Features and Diagnostic Method 

The majority of patients with supravalvular aortic stenosis 
are diagnosed during evaluation of an asymptomatic heart 
murmur. Published surgical series, which probably include 
the more severe spectrum of patients, report a high incidence 
of symptoms, which are present in more than half of cases 
(220,221). Symptoms include angina, syncope, cardiac arrest, 
and dyspnea on exertion. 

The systolic murmur is similar to that of valvular aor- 
tic stenosis, most prominent at the upper right sternal bor- 
der with radiation into the suprasternal notch and into the 
neck. Frequently, a suprasternal notch thrill is palpable. 
A systolic click is uncommon. Blood pressure in the right arm 
is frequently greater than that in the left arm due to the Coanda 
effect (222). Differences in upper extremity blood pressures 
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Figure 46.18. Left ventricular angio- 
gram in a patient with elastin arteriopa- 
thy demonstrating supravalvular aortic 
stenosis. A: AP projection. B: Lateral 
projection. The diameter at the sino- 
tubular junction (STJ) is considerably 
smaller than the diameter of the aortic 
annulus (AN), and the entire aorta (Ao) 
is small. Note the origin of the coronary 
arteries in close proximity to the sinotu- 
bular junction. (LV, left ventricle.) 


and carotid artery pulses may also result from stenosis of the 
aortic arch branches. 

Findings of associated cardiovascular anomalies are fre- 
quently present, and these include branch pulmonary artery 
stenosis, coarctation of the aorta, patent ductus arteriosus, 
mitral regurgitation, VSD, atrial septal defect, and tetralogy 
of Fallot (223-226). Patients with Williams-Beuren syndrome 
have “elfin” facies and other characteristic features. Many are 
musical savants. 

The ECG may be normal or demonstrate left ventricular 
hypertrophy, T-wave abnormalities, and/or ST segment depres- 
sion. These findings are not specific. The chest radiograph is 
usually normal. Echocardiography with Doppler is highly sen- 
sitive in making the diagnosis of supravalvular aortic steno- 
sis, but at times does not completely delineate the anatomy of 
the ascending aorta, aortic arch, and aortic branches. Cardiac 
catheterization with angiography will define the anatomy and 
physiology in detail (Fig. 46.18), particularly in cases where 
aortic valve disease coexists, but MRI (227) and multidetec- 
tor CT scanning are less invasive, lower risk methods of accu- 
rately defining the anatomy. The risk of cardiac catheterization 
is significant (212,220), with cardiac arrest presumably result- 
ing from impairment of coronary flow from contrast injection 
and/or catheter manipulation near the coronary ostia at the 
site of severe supravalvular stenosis. 

In addition to carefully delineating the anatomy of the sup- 
ravalvular aortic stenosis, it is imperative that other sites of 
possible elastin vasculopathy are also thoroughly evaluated. 
Noninvasive imaging of the aortic arch branches, pulmonary 
arteries, and renal arteries is mandatory prior to embarking on 
surgical treatment for supravalvular aortic stenosis. 

Natural History 

The natural history of supravalvular aortic stenosis is not well 
known, in part due to the rarity of the disease and also because 
of the rapid evolution of diagnostic modalities and surgical 
techniques over the past few decades. In general, supravalvu- 
lar aortic stenosis tends to progress, whereas coexistent pul- 
monary artery stenosis tends to improve over time (224,228). 
Sudden cardiac death has been reported (212,214). 

Treatment 

Although balloon dilation (229) and stent treatment (230) 
of supravalvular aortic stenosis have been reported, the close 
proximity to the aortic valve and coronary artery orifices are 


significant obstacles and currently, surgical management is the 
treatment of choice. Indications for surgery are not clearly 
defined, but most centers use pressure gradient criteria similar 
to those in valvular aortic stenosis. Certainly, the presence of 
symptoms warrants prompt consideration for surgery. Some 
feel that bacterial endocarditis prophylaxis precautions are 
advisable, but AHA guidelines do not include this lesion. 

Surgical techniques include simple patch enlargement of 
the sinotubular junction above the noncoronary sinus (231), 
extended aortoplasty with an inverted bifurcating patch into 
the noncoronary and right coronary sinuses (232), and Brom’s 
technique with insertion of separate patches in all three sinus 
after transecting the aorta (233). Any obstruction to coronary 
blood flow should be surgically corrected at the time of sup- 
ravalvular aortic stenosis repair, and this may include patch 
enlargement of coronary ostial stenosis and/or internal mam- 
mary artery bypass grafting (234,235). If there is diffuse steno- 
sis of the ascending and/or transverse aorta, the most common 
surgical technique is augmentation using an elongated patch, 
with the use of deep hypothermic circulatory arrest if neces- 
sary to extend the patch far enough to adequately relieve the 
obstruction (207). 

Long-Term Outcome 

Long-term outcome after surgical repair of supravalvular aor- 
tic stenosis is not known, but it appears that with current sur- 
gical techniques the rate of restenosis is very low (220,233). 
Because of the high likelihood of aortic valve abnormality, 
though usually mild, and other vascular lesions associated 
with elastin vasculopathy, long-term monitoring of the cardio- 
vascular status in patients with supravalvular aortic stenosis 
is prudent. 
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Coarctation of the Aorta 


Robert H. Beekman, 


I n its simplest form, coarctation of the aorta is a discrete ste- 
nosis of the proximal thoracic aorta (Fig. 47.1). However, 
considerable variation exists in coarctation anatomy as well as 
in its pathophysiology, clinical presentation, treatment options, 
and outcomes. For example, although often a discrete stenosis, 
coarctation may be a long segment in nature, may be associ- 
ated with hypoplasia of the transverse aortic arch (common in 
infancy), or may be abdominal in location. The pathophysi- 
ology of coarctation varies with the severity of the stenosis, 
and also is affected by the presence of associated lesions, such 
as patent ductus arteriosus, ventricular septal defect, or left 
ventricular outflow obstruction. The clinical presentation of 
coarctation also varies, ranging from heart failure in infancy to 
asymptomatic hypertension and/or a murmur in an older child 
or adult. Treatment options include surgery (most commonly 
resection and end-to-end anastomosis) and percutaneous bal- 
loon angioplasty and stenting. Finally, clinical outcomes and 
long-term prognosis after treatment vary widely and are not 
entirely benign. In many patients, the late prognosis is affected 
by residual coarctation stenosis or arch hypoplasia, associated 
intracardiac pathology, and resting or exercise hypertension. 
It is correct to conclude that coarctation of the aorta is not the 
simple lesion it often appears to be. 


PREVALENCE AND ETIOLOGY 

Coarctation of the aorta occurs in approximately 6 % to 8% 
of patients with congenital heart disease. The New England 
Regional Infant Cardiac Program (NERICP) (1) identified 
coarctation of the aorta as the fourth most common lesion 
requiring cardiac catheterization or surgery during the first 
year of life. Coarctation accounted for 7.5% of infants encoun- 
tered in the program between 1969 and 1974. The prevalence 
is actually higher because the NERICP reported only infants 
having intervention during the first year of life. As with most 
left-sided obstructive lesions, coarctation occurs more com- 
monly in males than in females, with a maleifemale ratio rang- 
ing from 1.27 to 1.74 (1,2). 

A genetic influence on the development of coarctation has 
long been recognized in patients with Turner XO syndrome, 
in whom about 35% are affected. More recent data suggest 
that there is an important genetic influence on the develop- 
ment of left-sided obstructive lesions (3-8). For example, 
linkage studies have identified multiple overlapping genetic 
loci for left-sided obstructive lesions, including coarctation, 
strongly supporting the notion that these lesions are caus- 
ally related (6,7). NOTCH1 mutations have been identified 
in some patients with bicuspid aortic valve, aortic valve ste- 
nosis, coarctation, and hypoplastic left heart syndrome (8). 
Environmental influence on the development of coarcta- 
tion also has been suggested by a study detecting a seasonal 


variation, with the incidence of coarctation peaking in the 
late fall and winter (9). 


PATHOLOGY 

Coarctation of the aorta is typically a discrete stenosis in the 
upper thoracic aorta, at or near the point of the insertion of 
the ductus arteriosus (Fig. 47.2). Most coarctations, therefore, 
are properly described as juxtaductal in location. The gross 
morphology of coarctation includes an intimal and medial 
malformation and a prominent posterior infolding (the pos- 
terior shelf), which, in some cases, extends around the entire 
circumference of the aorta (10). In fact, the gross pathology 
of coarctation varies considerably. Coarctation is most often 
a discrete stenosis (Fig. 47.3), but may be associated with 
isthmus and transverse arch hypoplasia (Fig. 47.4), or may 
be long segment and/or tortuous. In infants, particularly those 
with associated left-ventricular outflow obstruction or a ven- 
tricular septal defect, there may be diffuse hypoplasia of the 
transverse aortic arch (Fig. 47.5) and isthmus proximal to a 
discrete coarctation (11,12). Less commonly, coarctation of 
the aorta occurs in other locations, such as the ascending aorta 
or the abdominal aorta. Coarctation of the abdominal aorta 
is a complex long-segment stenosis that typically is associated 
with renal artery stenosis. 

Histologic examination reveals thick intimal and medial 
ridges that protrude posteriorly and laterally into the aortic 
lumen (Fig. 47.2). Associated intimal thickening and hyper- 
plasia are particularly prominent in older patients (10). The 
ductus or ligamentum arteriosus inserts at the same level 
anteromedially. Intimal proliferation and disruption of elastic 
tissue may occur distal to the coarctation (the jet lesion), at 
a site where high-velocity flow impacts the arterial wall. It is 
this distal site where infective endarteritis, intimal dissections, 
or aneurysms may occur. Cystic medial necrosis, consisting of 
depletion and disarray of medial elastic tissue, occurs com- 
monly in the aorta adjacent to the coarctation site (13) and 
in the ascending aorta as well. In some patients, cystic medial 
necrosis provides the histologic substrate for late aortic aneu- 
rysm formation or dissection. 

Coarctation of the aorta may be associated with intracardiac 
pathology in some patients. Children who present in infancy 
are much more likely than older patients to have an associ- 
ated ventricular septal defect and/or left ventricular outflow 
obstruction. Ventricular septal defects associated with coarcta- 
tion include the perimembranous, muscular, or malalignment 
types. With a malalignment ventricular septal defect, posterior 
deviation of the conal septum may cause significant left ven- 
tricular outflow tract obstruction (14,15). A bicuspid aortic 
valve occurs in up to 85% of patients with a coarctation, and 
the valve may be stenotic or the annulus hypoplastic. Mitral 
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Figure 47.1 Aortogram demonstrating a discrete coarctation 
of the thoracic aorta. A somewhat tortuous left internal mam- 
mary artery is apparent. 


stenosis also occurs in patients with coarctation and may be 
caused by a supravalvar mitral ring, thickening and dyspla- 
sia of the mitral leaflets, short dysplastic chordae tendineae, 
or the presence of a single “parachute” papillary muscle (16). 
The association of multiple left-sided obstructive lesions with 


coarctation has been referred to as Shone syndrome (17), and 
constitutes a challenging group of lesions when treatment is 
required in infancy. Other intracardiac anomalies that may 
be associated with coarctation include atrioventricular septal 
defects, D-transposition with or without tricuspid atresia, the 
Taussig-Bing type of double-outlet right ventricle, and congen- 
itally corrected transposition of the great arteries. Coarctation 
also is an important component of the hypoplastic left heart 
syndrome. 

Extracardiac vascular anomalies are present in many 
patients with coarctation and include variations in brachio- 
cephalic artery anatomy, a collateral arterial circulation, and 
aneurysms of the circle of Willis. Thoracic coarctation usually 
occurs just beyond the origin of the left subclavian artery, but 
variations in the brachiocephalic arterial vessels may occur. 
The left subclavian artery may arise at the site of coarcta- 
tion and may be stenotic at its origin. The right subclavian 
artery arises anomalously below the coarctation as the last 
brachiocephalic branch in 4% to 5% of cases. Reversed ver- 
tebral artery flow to a subclavian artery arising at or below 
a coarctation may produce the subclavian steal syndrome, 
A collateral arterial circulation, augmenting perfusion to the 
descending aorta, may develop by childhood or adolescence 
but is rarely present in infancy. This collateral system has two 
components: an anterior and a posterior collateral circula- 
tion. The anterior circulation develops between internal mam- 
mary arteries and the external iliac arteries via the epigastric 
arterial system. The posterior collateral circulation develops 
between the thyrocervical arteries and the descending aorta 
via retrograde flow through enlarged intercostal arteries. 
These intercostal arteries may become dilated and tortuous, 
producing palpable thoracic thrills, continuous murmurs, and 
rib notching on the chest roentgenogram. Finally, saccular 
(“berry”) aneurysms occur in the circle of Willis in 3% to 
5% of patients with coarctation. These may be responsible 



Figure 47.2 Upper left: Autopsy 
findings in a typical juxtaductal 
coarctation. The posterior shelf 
{arrow) is seen opposite a pat- 
ent ductus arteriosus (DA). 
Upper right: Discrete coarctation 
{arrow) with DA distally. Lower 
left: DA inserts distal to a hypo- 
plastic transverse aortic arch. 
There is poststenotic dilation of 
the aorta distally. Lower right: 
Elastic stain demonstrating disor- 
ganized media and intimal prolif- 
eration on the discrete “posterior 
shelf” on the right, opposite the 
DA; P, proximal aortic lumen; D, 
distal aortic lumen. 
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Figure 47.3 Aortogram demonstrating a discrete coarctation 
of the thoracic aorta in a 12-year-old child. The transverse arch 
and isthmus are well developed. A catheter is positioned in the 
left ventricle via an atrial transseptal puncture. 

for cerebral vascular accidents in some patients with arterial 
hypertension. 

Extracardiac nonvascular anomalies are also common in 
patients with coarctation of the aorta. In addition to Turner 
XO syndrome, abnormalities of the musculoskeletal system, 
genitourinary system, gastrointestinal system, or respiratory 



Figure 47.4 Aortogram demonstrating a very severe coarcta- 
tion with hypoplasia of the aortic isthmus and transverse arch. 
A tiny ductus is seen entering at the site of the coarctation. 
A catheter is positioned in the ascending aorta via an atrial 
transseptal puncture. 



Figure 47.5 Left ventricular angiogram (lateral projection) 
in an infant with coarctation of the aorta and hypoplasia of 
the transverse aortic arch. The transverse arch is moderately 
between the carotids and the left subclavian artery. There is a 
patent ductus arteriosus which inserts beyond the coarctation. 


system are present in as many as 25% of children with 
coarctation (1,18). There is also an increased incidence of 
head and neck abnormalities in patients with coarctation, 
raising the possibility that a neural crest abnormality may be 
involved in the embryogenesis of coarctation (19). 


EMBRYOLOGY 

The aortic arch and its branches develop during the sixth to 
eighth week of human gestation. The embryologic third aortic 
arches persist as the common carotid arteries. The left fourth 
aortic arch forms the thoracic aortic arch and isthmus, and the 
right fourth arch normally involutes. The embryologic sixth 
aortic arches persist as the proximal pulmonary arteries, with 
the left sixth aortic arch developing distally into the ductus 
arteriosus. Thoracic coarctation is, therefore, a manifesta- 
tion of abnormal development of the embryologic left fourth 
and sixth aortic arches (20). The underlying cause is not well 
understood. Two concepts have been advanced, neither of 
which is entirely satisfactory: the ductus tissue theory and the 
hemodynamic theory. 

Coarctation occurs most commonly at the site of insertion 
of the ductus arteriosus. The ductus tissue theory proposes 
that coarctation develops as the result of migration of ductal 
smooth muscle ceils into the periductal aorta, with subsequent 
constriction and narrowing of the aortic lumen (21). This con- 
cept is concordant with the clinical observations that coarcta- 
tion often becomes manifest after ductus closure and that it 
may be palliated in the newborn with prostaglandin E x infu- 
sion. However, the ductal tissue theory does not adequately 
explain aortic coarctation that occurs distant from the inser- 
tion of the ductus arteriosus, such as in the transverse arch or 
abdominal aorta. 

The hemodynamic theory proposes that coarctation devel- 
ops because of hemodynamic disturbances that reduce the 
volume of blood flow through the fetal aortic arch (22). In the 
normal fetus, the aortic isthmus receives only 10% of the com- 
bined ventricular output, which explains the observation that 
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Figure 47.6 Simultaneous pressure recordings from the ascending and descending aorta in a child with coarcta- 
tion, before and immediately after balloon angioplasty. Prior to angioplasty (left panel) typical pressure contours 
are demonstrated: The systolic and pulse pressures are elevated in the ascending aorta and diminished in the 
descending aorta. A pressure gradient is present throughout systole and diastole. After angioplasty (right panel), 
the pressure contours are normalized, with the peak systolic gradient decreasing from 50 to 5 mm Hg. 


the normal isthmus diameter is only about 70% to 80% of 
the diameter of the neonatal ascending aorta (22). According 
to the hemodynamic theory, intracardiac lesions that dimin- 
ish the volume of left ventricular outflow promote develop- 
ment of coarctation in the fetus by reducing flow through the 
aortic isthmus. This theory does help to explain the common 
association of coarctation with ventricular septal defect, aortic 
stenosis, and hypoplasia of the transverse aortic arch. It is also 
consistent with fetal echocardiographic studies demonstrating 
that hypoplasia of the transverse arch and isthmus are com- 
mon in fetuses with coarctation (23). An interesting variation 
of the hemodynamic theory has been proposed to account for 
the occurrence of coarctation in girls with Turner syndrome. It 
is suggested that fetal lymphatic obstruction, which may cause 
the webbed neck in Turner syndrome, also leads to distended 
thoracic ducts that compress the fetal ascending aorta and 
promote the development of coarctation (24). 


HEMODYNAMICS 

Fetal hemodynamics are rarely disturbed by the presence of 
a coarctation because normally only 10% of the combined 
ventricular output traverses the aortic isthmus in utero. After 
birth, with closure of the foramen ovale and ductus arteriosus, 
a substantially larger volume flow must cross the stenotic aor- 
tic segment. Therefore, important hemodynamic disturbances 
may occur postnatally. Depending on the severity of coarc- 
tation and the presence of associated cardiac lesions, these 
hemodynamic changes range from mild systolic hypertension 
to severe heart failure and shock. 

Coarctation of the aorta increases impedance to left ven- 
tricular outflow and elevates systolic pressure in the left ven- 
tricle, the ascending aorta, and its branches. Depending on the 
severity of the stenosis, the cardiac output, and the extent of 


the collateral circulation, the systolic pressure gradient gener- 
ated across a coarctation may be as high as 50 to 60 mm Hg 
at rest. In many patients, a pressure gradient from ascending 
to descending aorta exists throughout systole and diastole 
(Fig. 47.6). Multiple compensatory mechanisms assist the left 
ventricle in response to the increase in outflow impedance. Left 
ventricular myocardial hypertrophy is perhaps the most impor- 
tant. Myocardial hypertrophy tends to normalize myocardial 
wall stress and ventricular afterload (25) and helps maintain 
normal systolic ventricular function. In isolated coarctation, 
left ventricular end-diastolic volume is typically normal, and 
the end-systolic volume may be reduced. Thus, left ventricular 
ejection fraction is normal to increased in most children with 
coarctation of the aorta (in the absence of heart failure). 

If a coarctation is severe or develops rapidly, as in a new- 
born upon ductal closure, left ventricular systolic dysfunction 
and heart failure may ensue. The hemodynamic consequences 
include diminished stroke volume, increased left ventricular 
end-diastolic pressure, elevated left atrial pressure, pulmonary 
venous congestion, and pulmonary artery hypertension. If car- 
diac output is severely compromised, diminished myocardial 
perfusion and the development of acidosis further depress 
myocardial contractility. This clinical scenario is particularly 
common in the first weeks of life. Compensatory mecha- 
nisms include activation of the sympathetic nervous system 
(to increase heart rate and enhance myocardial contractility) 
and the Frank-Starling mechanism (to increase left ventricu- 
lar end-diastolic volume and help maintain a normal stroke 
volume). The immature myocardium, however, is relatively 
ineffective in using these compensatory responses (26). The 
neonatal myocardium lacks mature sympathetic innervation 
as a result, in part, of a decrease in sympathetic beta-receptor 
density. Further, compared with the adult myocardium, the 
neonatal left ventricular myocardium is poorly compliant and 
less able to enlist the Frank-Starling mechanism to preserve 
ventricular stroke volume. Finally, with severe coarctation in 
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the newborn, left ventricular pressure overload occurs rapidly 
upon closure of the ductus arteriosus, without time for myo- 
cardial hypertrophy to develop. Thus, left ventricular afterload 
and wall stress increase in a relatively uncompensated fashion. 
Many factors, therefore, make the immature myocardium of 
infancy particularly vulnerable to the hemodynamic distur- 
bances imposed by severe coarctation and explain the observa- 
tion that systolic dysfunction and heart failure in coarctation 
are confined primarily to the first weeks of life. 

Coarctation also may cause left ventricular diastolic dysfunc- 
tion. Echocardiographic studies have demonstrated a decreased 
rate of early left ventricular diastolic relaxation, with conse- 
quent abnormalities in diastolic filling characterized by a shift 
of left ventricular filling into late diastole (27). These abnor- 
malities in diastolic function are believed to relate to diminished 
left ventricular compliance caused by myocardial hypertrophy, 
myocardial fibrosis, and, in some patients, an increase in the 
inotropic state of the myocardium. An important functional 
consequence is an increase in left ventricular end-diastolic pres- 
sure at any given filling volume. Thus, left atrial hypertension 
and pulmonary venous congestion may occur, particularly in 
patients with an increased left ventricular end-diastolic volume. 

The presence of an associated cardiovascular defect com- 
pounds the hemodynamic burden in some patients with a coarc- 
tation. Valvar or subvalvar aortic stenosis will increase the left 
ventricular systolic pressure and ventricular afterload further. 
A large ventricular septal defect, patent ductus arteriosus, or 
mitral regurgitation will increase left ventricular end-diastolic 
volume and ventricular preload. In concert with diminished left 
ventricular compliance, the augmented diastolic volume leads 
to an increase in left ventricular end-diastolic pressure. Sub- 
sequently, left atrial pressure will rise, and pulmonary venous 
and arterial hypertension may develop. Therefore, heart failure 
and pulmonary artery hypertension are relatively common in 
children with coarctation and associated aortic stenosis and/or 
ventricular septal defect as a consequence of disturbances in 
left ventricular preload, afterload, and diastolic function. 

Abnormalities in vascular physiology also occur in patients 
with coarctation of the aorta. Systolic arterial hypertension is 
a manifestation of the aortic constriction, but it also reflects 
changes in vascular reactivity, arterial wall compliance, and 
baroreceptor reflex function. Studies of patients after coarc- 
tation repair have demonstrated abnormal arterial vascular 
function (28-30), as well as resetting of the baroreceptor 
reflex in some patients with persistent hypertension (31). Such 
abnormalities in arterial physiology, which may be present 
after successful anatomic relief of coarctation, help to explain 
the occurrence of systolic hypertension in some patients many 
years after coarctation repair. 


CLINICAL FEATURES 


The clinical presentation of coarctation generally follows 
one of three patterns: an infant with congestive heart failure, 
a child with a heart murmur, or a child or adolescent with 
systemic arterial hypertension. When coarctation manifests 
in infancy, it often presents as a catastrophic illness. Con- 
gestive heart failure and shock often occur suddenly as the 
ductus arteriosus closes. A large proportion of these infants 
have coarctation with important associated lesions such as a 
ventricular septal defect or aortic stenosis. In an infant with 
severe coarctation and a large ventricular septal defect, acute 
heart failure, shock, and acidosis classically develop suddenly 
around 8 to 10 days of life. Multiorgan system failure, particu- 
larly renal failure and/or necrotizing enterocolitis and death 
occur rapidly unless definitive medical and surgical interven- 
tions are provided immediately. 


Coarctation of the aorta may present later in childhood 
as systolic upper extremity hypertension or as a heart mur- 
mur. Delayed diagnosis beyond infancy is common as physical 
findings may be subtle, and most of these patients are asymp- 
tomatic. On careful investigation, some will report lower 
extremity claudication with exercise or frequent headaches. 
In a review of children (older than 1 year) presenting with 
coarctation at Columbia University between 1969 and 1978, 
the median age at diagnosis was 10 years (32). The most com- 
mon causes for referral were hypertension or a heart murmur. 
The correct diagnosis of coarctation was made by the referring 
physician in only 14% of cases. 


Physical Examination 

The general appearance of a child with coarctation will vary 
depending on the mode of presentation. In an infant with heart 
failure, one encounters a pale, irritable child in respiratory dis- 
tress. Tachycardia, dyspnea, diaphoresis, hepatomegaly, and 
poor perfusion signal the presence of congestive heart failure 
and low cardiac output. Differential cyanosis may be observed 
(cyanosis confined to the lower extremities) if a right-to-left 
ductal shunt is present. In contrast, an older child with coarc- 
tation may appear entirely healthy. The characteristic findings 
of Turner syndrome are evident in some girls, and include 
short stature, widely spaced nipples, and a webbed neck. Not 
all girls with the Turner genotype manifest the phenotype. 

The hallmark physical findings in coarctation consist of 
discrepant arterial pulses and systolic blood pressures in the 
upper and lower extremities. Arterial pulses below the coarc- 
tation are diminished in amplitude and delayed in timing 
compared with the proximal pulses (pulsus parvus et tardus). 
Systolic blood pressure is elevated proximal to the coarctation, 
and a systolic pressure gradient is present between the arm and 
leg. Several clinical circumstances may make detection of arte- 
rial pulse and pressure discrepancies difficult. First, the coarc- 
tation pressure gradient may be minimal, sometimes as a result 
of a mild coarctation, but also with heart failure and dimin- 
ished cardiac output or with a large patent ductus arteriosus. 
Descending aorta flow may be maintained by a right-to-left 
ductal shunt and, in the presence of a large ventricular septal 
defect, the perfusion may be well oxygenated and pulsatile. 
Second, detection of arterial pulse and pressure differences 
may be difficult because of variations in brachiocephalic artery 
anatomy. An anomalous right subclavian artery arises distal to 
the coarctation in approximately 3% to 4% of cases. In these 
patients, the arterial pulse and blood pressure are identical in 
the right arm and leg, and discrepancies are detected only in 
the left arm. In other patients, the left subclavian artery arises 
adjacent to the coarctation, and its orifice may be stenotic. In 
such patients, a bounding arterial pulse and elevated systolic 
pressure will be detected only in the right arm. Rarely, patients 
may present with an anomalous right subclavian artery and a 
stenotic left subclavian artery. In these patients, arterial dif- 
ferences in the four extremities will not be detected, although 
carotid artery pulsations will be bounding. 

Several findings may be noted on palpation of the precor- 
dium. Left ventricular pressure and volume overload may pro- 
duce a prominent, heaving ventricular impulse at the apex. 
A prominent right ventricular impulse at the lower left sternal 
border or xiphoid area occurs if there is associated pulmo- 
nary hypertension. A systolic thrill may be palpable in the 
suprasternal notch, but the presence of a precordial thrill is 
unusual in isolated coarctation and should raise suspicion of 
an associated intracardiac lesion. If a robust collateral system 
exists, a common occurrence in older children and adolescents, 
prominent collateral artery pulsations may be palpable in the 
intercostal areas and/or between the scapulae posteriorly. 
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Auscultation generally reveals normal first and second heart 
sounds. A constant systolic ejection click may be heard at the 
apex, signaling the presence of a bicuspid aortic valve. Several 
murmurs may be present, depending on the nature of the coarc- 
tation, associated intracardiac lesions, and the arterial collat- 
eral system. A grade 2-3/6 systolic ejection murmur originating 
from the coarctation itself is usually best heard at the upper 
left sternal border, at the base, and in the left interscapular area 
posteriorly. If the coarctation is severe, this systolic murmur 
may be long and spill into diastole. The interscapular location 
of the murmur helps to identify the site of coarctation as the 
upper thoracic aorta. Continuous murmurs may be prominent 
throughout the chest anteriorly, laterally, and posteriorly in 
patients with a well-developed arterial collateral system. Asso- 
ciated intracardiac lesions create other murmurs. Aortic valve 
stenosis will produce a systolic ejection murmur at the upper 
right sternal border. A ventricular septal defect or mitral regur- 
gitation will produce an SI -coincident holosystolic murmur at 
the lower left sternal border or apex. Associated mitral stenosis 
or a large left-to-right ventricular shunt will give rise to a mid- 
diastolic rumble at the apex. Finally, a gallop rhythm may be 
heard in an infant with congestive heart failure. If the cardiac 
output is severely diminished, murmurs may be subtle and the 
gallop rhythm may be the most prominent auscultatory finding. 

Electrocardiographic Features 

An infant presenting with coarctation of the aorta generally 
has a normal electrocardiogram (33). The finding of left ven- 
tricular hypertrophy in infancy, particularly with a strain pat- 
tern of ST segment and T-wave depression, strongly suggests 
associated aortic stenosis or primary myocardial disease. The 
electrocardiogram of older children and adolescents will reflect 
the effects of long-standing left ventricular pressure overload. 
Left ventricular hypertrophy and left atrial enlargement may 
be present. Associated intracardiac lesions will affect the elec- 
trocardiographic findings. The frontal-plane QRS axis may be 
left and anterior with associated atrioventricular septal defects, 
double-outlet right ventricle, or primary myocardial disease. 
Left ventricular hypertrophy with strain may indicate the pres- 
ence of severe valvar or subvalvar aortic stenosis. Right ventric- 
ular hypertrophy that persists beyond infancy may indicate the 
presence of pulmonary hypertension resulting from associated 
lesions, such as a ventricular septal defect or mitral stenosis. 

Radiologic Features 

The chest roentgenogram of an infant with coarctation who 
presents with congestive heart failure is nonspecific. Moderate 
to severe cardiomegaly is evident, and the pulmonary vascular 
markings are increased. Pulmonary vascular congestion may be 
indistinct and passive in nature, related to left ventricular failure 
or mitral stenosis with pulmonary venous hypertension, or it may 
be active and related to increased pulmonary blood flow from a 
large left-to-right shunt. Rib notching is not present in infants 
because the collateral circulation is not yet well developed. 

In older children and adolescents with coarctation of the 
aorta, the chest roentgenogram typically shows normal or only 
mildly enlarged heart size. The pulmonary vascular markings 
are normal unless there is an associated defect present. An 
abnormal contour of the aortic arch is common on the frontal 
film and consists of a localized indentation of the aorta at the 
site of coarctation (3 sign). Immediately below the 3 sign, the 
descending aorta may be prominent due to poststenotic dila- 
tion. Rib notching may be found in older patients. It is caused 
by erosion of the inferior surfaces of posterior ribs by dilated 
and tortuous intercostal arteries (Fig. 47.7). Rib notching may 
be unilateral if one subclavian artery is stenotic or arises distal 
to the coarctation. 



Figure 47.7 Chest radiograph of a woman with unrepaired 
coarctation demonstrating rib notching from dilated and tor- 
tuous intercostal arteries. 


Magnetic Resonance Imaging and CT Angiography 

High-quality images of coarctation can be obtained by mag- 
netic resonance imaging (MRI). MRI images in the sagittal 
and parasagittal projections can clearly define the location 
and severity of coarctation (Fig. 47.8), and the anatomy of the 
aortic arch. Information about the presence of a patent ductus 
arteriosus and the collateral arterial circulation also may be 
obtained. Three-dimensional surface rendering can provide 
exquisite anatomic detail in these patients (34). MRI studies 
are particularly suited to patients who require high-resolution 



Figure 47.8 Magnetic resonance image in a sagittal projection 
demonstrating a discrete coarctation of the aorta just distal 
to the left subclavian artery. There is mild dilation of the 
descending aorta. 
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Figure 47.9 Three-dimensional reformatted CT angiogram in a 
left-lateral projection in a 19-month-old infant with a discrete 
coarctation and a tortuous, somewhat hypoplastic transverse 
arch and isthmus. 

serial imaging, such as before and after surgical repair, angio- 
plasty, or stenting (35). MRI studies can also provide an assess- 
ment of aortic flow, and can estimate pressure gradients (36). 
Multidetector CT angiography can also provide excellent ana- 
tomic diagnosis in patients with coarctation and aortic arch 
anomalies (Fig. 47.9). CT angiographic data are acquired very 
rapidly (typically in 4 to 5 seconds) as gating is not required 
as with MRI studies. Unlike MRI examinations, however, 
CT angiography does expose the patient to ionizing radiation. 

Echocardiography 

Two-dimensional echocardiography and Doppler studies 
provide an accurate, noninvasive assessment of coarctation 
anatomy and physiology in most patients. High-quality ultra- 
sound images of coarctation can be obtained in infants but 
may be somewhat difficult to obtain in larger children and 
adolescents. From the suprasternal long-axis view, typical 
thoracic coarctation appears as a localized narrowing of the 
thoracic aorta just beyond the origin of the left subclavian 
artery (Fig. 47.10). The narrowing appears as a shelf of fibrous 
tissue protruding from the posterior aspect of the aorta and 
oriented toward the ductus arteriosus (the “posterior shelf”). 
Associated findings such as isthmus hypoplasia, poststenotic 
dilation, and diminished systolic pulsations in the descending 
aorta serve to confirm the presence of a significant coarctation. 
Color-flow Doppler assists in localizing the site of obstruction 
and is particularly helpful in cases where 2-D imaging is dif- 
ficult or inconclusive. 

Doppler echocardiography can assist in determining the 
hemodynamic severity of a coarctation. A continuous-wave 
Doppler study from the suprasternal window will detect 
high-flow velocity across the stenosis (Fig. 47.11). A peak 
instantaneous pressure gradient may be determined from the 
maximal flow velocity using the modified Bernoulli equation. 
The Doppler-flow display across the coarctation often dem- 
onstrates a pattern of diastolic runoff, particularly in patients 
with a severe stenosis or with a robust collateral circulation. 
The continuous wave Doppler flow profile across a coarcta- 
tion is composed of two superimposed signals representing 
low- velocity flow in the proximal descending aorta (proximal 
to the coarctation) and higher-velocity flow across the coarc- 
tation itself. A corrected gradient is obtained by subtracting 
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Figure 47.10 Two-dimensional echocardiogram obtained in the 
suprasternal long-axis view demonstrating a discrete coarcta- 
tion of the aorta. Aao, ascending aorta; Dao, descending aorta. 


the proximal gradient (VI) from the gradient at the coarcta- 
tion site (V2). 

Two-dimensional and Doppler echocardiography is partic- 
ularly important in evaluating intracardiac lesions that may be 
associated with coarctation. High-quality echocardiographic 
studies yield sufficient anatomic and physiologic data to ena- 
ble the clinician to make a comprehensive diagnosis without 
the need for further diagnostic imaging in most patients. 

Cardiac Catheterization and Angiography 

Cardiac catheterization can serve both diagnostic and thera- 
peutic purposes in patients with a coarctation. Diagnostic 
cardiac catheterization is unnecessary if noninvasive evalua- 
tion clearly delineates the lesions that are present. If important 
clinical questions remain regarding the nature and severity 
of a coarctation or possible associated intracardiac lesions, 
a diagnostic cardiac catheterization may be performed. The 
objectives of a diagnostic cardiac catheterization in a patient 
with coarctation are to define the anatomy and severity of the 
coarctation, the nature of the arterial collateral circulation, 
the presence and severity of associated lesions, left ventricular 
function, and pulmonary artery pressure and resistance. 

The hemodynamic severity of a coarctation often is assessed 
by the magnitude of the systolic pressure gradient. Coarctation 
causes an elevated systolic pressure and pulse pressure within 
the ascending aorta and a diminished systolic pressure and 
pulse pressure in the descending aorta (Fig. 47.6). In a child 
with an isolated coarctation and a normal cardiac output, a 
systolic gradient <20 mm Hg is often indicative of mild coarc- 
tation. However, pressure gradient alone may underestimate 
the hemodynamic importance of a coarctation. The pressure 
gradient may be diminished with left ventricular dysfunc- 
tion and low cardiac output, by a large patent ductus arte- 
riosus, by multiple left-sided obstructive lesions in series, or 
by a well-developed collateral circulation that decompresses 
the ascending aorta. Thus, the hemodynamic importance of a 
measured coarctation gradient must be assessed in the context 
of the patient’s overall anatomy and hemodynamic status. 

Angiography remains a gold standard for evaluating coarc- 
tation and aortic arch anatomy. The anatomy of the coarc- 
tation and collateral circulation generally is best imaged by 
an ascending aortogram filmed in the anteroposterior and 
straight lateral projections. In some patients, the anteropos- 
terior camera is rotated 10 to 15 degrees left anterior oblique 
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Figure 47.11 Typical continuous-wave Doppler display across a severe coarctation. The peak velocity is 3.4 m/s. 
Note the diastolic runoff pattern consistent with a pressure gradient throughout diastole. 


(LAO) to unwrap the ascending from the descending aorta. If 
the ascending aorta is not catheterized, the coarctation anat- 
omy may be visualized satisfactorily in some patients with a 
left ventricular angiogram alone. 


TREATMENT 

Untreated coarctation of the aorta has a poor natural history. In 
his classic 1970 study, Campbell reported natural history data 
obtained from necropsy and clinical records on 465 patients 
with coarctation (37). Only subjects who survived the first 
year of life were evaluated, thus excluding infants with critical 
coarctation and congestive heart failure. Nevertheless, Camp- 
bell’s natural history data for untreated coarctation beyond 
infancy documented a mean age at death of only 34 years 
(median, 31 years); 75% of patients died by 46 years of age. 
The most common causes of death were congestive heart fail- 
ure (26%), aortic rupture (21%), bacterial endocarditis (18%), 
and intracranial hemorrhage (12%). Given such a poor prog- 
nosis untreated, it is apparent that intervention is indicated in 
virtually all patients with coarctation of the aorta. The timing 
of therapy depends on the nature of the patient’s presentation. 

Presentation in Infancy 

Coarctation presenting with heart failure in infancy requires 
immediate and aggressive treatment. Medical management 
consists of initially stabilizing the patient with inotropic sup- 
port and diuretic therapy. A critically ill newborn also may 
benefit from prostaglandin El to promote ductal patency and 
improve perfusion of the descending aorta, renal, and mesen- 
teric beds (38). Metabolic disturbances, such as acidosis, hypo- 
thermia, hypoglycemia, or anemia must be treated promptly. 
After a brief period of medical management to stabilize the 
child, definitive repair should be performed (39). In experi- 
enced centers, the mortality rate for surgical repair of isolated 
coarctation in infancy is extremely low (40-47). 


The surgical risks are higher for infants with coarctation 
who have associated major intracardiac anomalies. Never- 
theless, after a period of medical stabilization, early repair of 
the coarctation also is indicated in these children. The surgi- 
cal mortality rate for these infants ranges from 2% to 10% 
and is highest for children with the most complex intracardiac 
defects (40-43,45). The need for intracardiac repair (or pul- 
monary artery banding) at the time of coarctation repair is not 
always clear. In some circumstances, coarctation repair alone 
is sufficient and actually may improve the pathophysiology of 
the associated lesion. For example, following repair of coarcta- 
tion an infant with a ventricular septal defect may demonstrate 
a diminished left-to-right shunt and resolution of congestive 
heart failure. Subsequently, some will experience spontaneous 
diminution in size of the ventricular septal defect sufficient to 
avoid future intracardiac surgery. Modest hypoplasia of the 
aortic or mitral valves may improve in follow-up after surgical 
repair of the coarctation in the newborn period (48). Intracar- 
diac repair at the time of coarctation repair is appropriate in 
infants with a large ventricular septal defect or with a more 
complex lesion such as D-transposition with ventricular septal 
defect or double-outlet right ventricle. A single-stage, anterior 
approach to complete repair in newborns with coarctation 
and intracardiac anomalies is an effective and relatively safe 
option in many centers (49,50). 

Presentation in Childhood 

Coarctation more commonly presents in childhood or ado- 
lescence as upper extremity hypertension and/or a heart 
murmur, but without overt symptoms. The timing of coarcta- 
tion repair in this setting is relatively elective. Coarctation 
repair is commonly recommended at 1 to 3 years of age 
in asymptomatic children without severe upper-extremity 
hypertension. This practice is based on several considera- 
tions. First, the risk for late recurrence of coarctation appears 
to be increased when repair is performed on patients under 
1 year of age (40-42,51-54). The influence of age at repair 
on restenosis is explained in part by the smaller diameter of 
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the surgical anastomosis when repair is performed in younger 
children (55). Second, even in the absence of residual steno- 
sis, there is an increased risk for persistent hypertension and 
early atherosclerotic cardiovascular disease if coarctation 
repair is delayed into late childhood and adolescence (56). In 
a long-term follow-up study of 234 patients, the prevalence 
of residual hypertension was 6% in patients who underwent 
coarctation repair between 1 and 5 years of age compared 
with 30% to 50% in patients whose coarctation was repaired 
at an older age (57). An informative retrospective follow-up 
study (54) used multivariate analysis to assess influence of 
age at operation on composite outcomes of survival, residual 
hypertension, and recurrent stenosis. The study concluded 
that these outcomes are optimized if elective coarctation 
repair is performed at approximately 1.5 years of age. 

Surgical Repair 

Many surgical techniques have been used to repair aortic 
coarctation, and each has advantages and disadvantages. 
Surgical approaches to coarctation include resection and end- 
to-end anastomosis, subclavian flap aortoplasty, prosthetic 
patch aortoplasty, and bypass grafts between the ascending 
and descending aorta. Regardless of the technique, surgical 
coarctation repair generally is performed through a left lat- 
eral thoracotomy incision. If necessary, as when combined 
with repair of an intracardiac lesion, coarctation repair can 
be performed from an anterior approach. Regardless of the 
surgical technique used, most children with a discrete coarc- 
tation will have a residual resting systolic pressure gradient 
under 10 to 15 mm Hg immediately after repair. 

The mortality rate for surgical coarctation repair varies 
depending on patient age and associated lesions. The surgi- 
cal mortality for repair of isolated coarctation in infants and 
older children currently approaches 0% (45,46,58), rises to 
2% to 10% for infants with an associated large ventricular 
septal defect, and is higher in the presence of more complex 
intracardiac lesions. Surgical morbidity includes postoperative 
paradoxical hypertension, spinal cord ischemia and paralysis, 
recurrent laryngeal or phrenic nerve injury, chylothorax, bleed- 
ing, and infection. Paradoxical hypertension (the postcoarctec- 
tomy syndrome) may occur during the first 2 to 5 days following 
coarctation repair, with systolic and diastolic pressures rising 
above pretreatment levels (59). In severe cases, mesenteric 
arteritis and bowel ischemia may develop. The mechanism is 
related to rebound activation of the sympathetic nervous sys- 
tem and the renin-angiotensin system with mesenteric arterial 
vasoconstriction. Postoperative paradoxical hypertension can 
be prevented with beta-blocker therapy (60) and by aggressive 
antihypertensive therapy during the immediate postoperative 
period. Spinal cord injury and subsequent paralysis may occur 
if aortic cross-clamping severely compromises perfusion to the 
descending aorta and spinal arteries. This rare complication 
appears to be limited to patients with a poor arterial collat- 
eral circulation. It is avoided by ensuring adequate descending 
aorta perfusion when the aorta is cross-clamped, limiting total 
cross-clamp time to under 30 minutes, minimizing the number 
of intercostal arteries sacrificed, avoiding hyperthermia, and 
using hypothermia if necessary (61). Left heart bypass may be 
necessary in some patients to maintain adequate descending 
aorta perfusion when the aorta is cross-clamped. 

Reoperation for postoperative residual or recurrent coarc- 
tation is technically more difficult and carries a higher risk 
for morbidity and mortality than initial surgery for native 
disease (51,52). The surgical techniques used have included 
prosthetic or subclavian patch aortoplasty, bypass grafts from 
the ascending to descending aorta, and less commonly simple 
resection. Residual coarctation gradients and upper-extrem- 
ity hypertension may persist postoperatively in a substantial 



Figure 47.12 Coarctation resection and end-to-end anastomo- 
sis. The circumferential anastomosis is completed with inter- 
rupted sutures anteriorly. 


portion of patients. The reported experience with reopera- 
tion, which is less satisfactory than initial surgery for native 
coarctation, is explained in part by patient selection. Patients 
requiring reoperation are older and more likely to have com- 
plex arch anatomy, such as long-segment coarctation or arch 
hypoplasia, compared with patients undergoing initial repair. 

Surgical repair of coarctation of the aorta was first reported 
in 1945 by Crafoord and Nylin (62), who described the tech- 
nique of resection and end-to-end anastomosis (Fig. 47.12). In 
most centers, this procedure remains the surgical treatment of 
choice for patients with a discrete coarctation. An extended 
end-to-end anastomosis using a broader longitudinal incision 
across the proximal aorta (Fig. 47.13) improves the effective- 
ness of this operation in infants with hypoplasia of the isth- 
mus or transverse arch (63), and has decreased the risk of late 
restenosis (45,46,58). The advantages of resection include 
removal of the coarcted segment and adjacent areas of ductal 
tissue, avoidance of prosthetic materials, and sparing the left 
subclavian artery in most instances. Disadvantages of resec- 
tion relate primarily to the presence of a circumferential suture 
line, which led to a high incidence of restenosis in early stud- 
ies. The use of interrupted and absorbable sutures anteriorly 
and an extended anastomosis in patients with isthmus or arch 
hypoplasia have improved clinical outcomes after resection in 
more recent studies (45,46,49,58,63). 

Prosthetic patch aortoplasty was the second surgical tech- 
nique described for coarctation repair, by Vosschulte in 1961 
(64). A longitudinal incision is made across the coarctation, if 
necessary extending onto the proximal left subclavian artery 
and the area is enlarged with a patch of Dacron or Gore-Tex 
(Fig. 47. 14). The posterior shelf of the coarctation may or may 
not be resected. Compared with coarctation resection, patch 
aortoplasty has the advantages of requiring less extensive 
aortic mobilization, preserving intercostal arteries, and avoid- 
ing a circumferential suture line. Patch aortoplasty also can be 
used for some long-segment coarctations. The disadvantages 
of this technique include the use of prosthetic material and 
a relatively high incidence of late aortic aneurysm formation 
(34,65-67). 
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Figure 47.15 Left subclavian flap aortoplasty repair of 
coarctation. 


The vertebral artery is ligated to avoid subclavian steal. The 
subclavian flap procedure has the advantages of requiring 
less extensive aortic mobilization, avoiding prosthetic materi- 
als, using living subclavian tissue as a patch with theoretical 
growth potential, and avoiding a circumferential anastomosis. 
It also can be used for some long-segment coarctations and 
coarctation associated with isthmus hypoplasia. An obvious 
disadvantage is that the procedure requires sacrifice of the left 
subclavian artery. Early studies suggested that the subclavian 
flap operation was the treatment of choice for infants with 
coarctation because of an apparent reduction in the incidence 
of late restenosis. More recent studies, however, failed to con- 
firm this advantage (40,41,53). Therefore, because of the occa- 
sional untoward effects on the left upper extremity (69,70) 
many centers prefer resection if the anatomy is suitable. 


Percutaneous Balloon Angioplasty and Stenting 

Percutaneous balloon angioplasty is a less invasive alterna- 
tive to surgical repair for patients with a discrete coarctation 
of the aorta. Balloon angioplasty has gained wide acceptance 
as effective therapy for a recurrent postoperative coarctation, 
but remains controversial as a primary treatment strategy for 
a native coarctation. The mixed reception for this less invasive 
procedure is best understood by considering the surgical alterna- 
tives. Surgical repair of an isolated native coarctation carries low 
risks and a high expectation of success. In contrast, reoperation 
for recurrent postoperative coarctation is technically more dif- 
ficult and is associated with increased morbidity and mortality. 

Balloon angioplasty has been used for coarctation since 
1982, and a modest literature documents angioplasty safety 
and effectiveness in patients with a native coarctation (71-77) 
and with recurrent postoperative coarctation (78-84). The 
balloon dilation procedure typically is performed in a retro- 
grade fashion from the femoral artery, although the antegrade 
transvenous approach may be used, and is particularly suit- 
able in infants following the Norwood procedure (83). 

The mechanism by which balloon angioplasty relieves 
coarctation stenosis has been elucidated in several postmortem 


' 1 

Figure 47.13 Resection with an extended end-to-end anasto- 
mosis. The anastomosis extends onto the transverse arch under 
the left common carotid. 


The subclavian flap aortoplasty procedure was introduced 
in 1966 by Waldhausen and Nahrwold (68) in an attempt to 
improve on the high rates of restenosis originally reported 
following resection. The left subclavian artery is ligated and 
divided, and a longitudinal incision is extended through the 
proximal subclavian artery and beyond the coarctation. The 
proximal subclavian stump then is turned down onto the coarc- 
tation and used as a patch of autologous tissue (Fig. 47.15). 


Figure 47.14 Prosthetic patch aortoplasty repair of coarctation. 
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Figure 47.16 Angiograms in the lateral projection before (A) and immediately after (B) balloon angioplasty of a 
native coarctation in a 3-year-old girl. Prior to angioplasty (A) there is a severe discrete coarctation completely 
occluded by the catheter. Immediately after angioplasty (B), the aortogram documents improvement in the steno- 
sis, with an intimal irregularity anteriorly. Two years later, CT angiography documented an excellent anatomic 
outcome without aneurysm. There was no residual pressure gradient in follow-up. 


and experimental studies (85-88). Angioplasty enlarges the 
coarctation lumen by expanding the lesion diameter and pro- 
ducing linear intimal and medial tears at the coarctation site 
(and in the normal distal aorta as well). In most instances, 
the medial tears are shallow, but rarely some may extend to 
the adventitia. Histologic evaluation in animal models have 
shown vascular healing to have occurred by 8 weeks after 
angioplasty (88). 

Angioplasty for Native Coarctation 

The acute effectiveness of balloon angioplasty for discrete 
native (unoperated) coarctation has been demonstrated in 
numerous studies (Fig. 47.16). The early multicenter report 
from the Valvuloplasty and Angioplasty of Congenital 
Anomalies (VACA) Registry (71) described the procedure 
in 140 patients whose age ranged from 3 days to 29 years. 
Angioplasty acutely decreased the systolic gradient from 
48 to 12 mm Hg, with an increase in the coarctation diameter 
from 3.9 to 8.8 mm. A residual gradient exceeding 20 mm 
Hg was reported in 14% of the patients. In a follow-up study 
of 59 children >2 years after native coarctation angioplasty, 
repeat cardiac catheterization found a residual systolic gradi- 
ent of >20 mm Hg or more in 27% of patients (75); in the 
remaining patients, the mean residual systolic gradient was 
6 mm Hg (median gradient 8 mm Hg). A more recent long- 
term follow-up study (up to 22 years) in 58 patients reported 
similar late effectiveness (77). 

Angioplasty of native coarctation has not gained wide accept- 
ance because of concerns related to residual or recurrent stenosis 
and to aneurysm formation at the dilation site. It is difficult to 
discern the difference between residual and recurrent stenosis 
in many reports. Published data suggest that the incidence of 
a residual gradient exceeding 20 mm Hg ranges from 8% to 
27% (71,75,77). Recurrent stenosis after an initially successful 
angioplasty appears to be uncommon during intermediate-term 


follow-up in children and adolescents, but is relatively common 
in infants younger than 6 months of age (73-76,89). The inci- 
dence of aneurysm formation at the dilation site varies widely 
in published reports, possibly reflecting varying definitions of 
an aneurysm. The larger follow-up studies suggest that the inci- 
dence of aneurysm formation is approximately 5 % to 10% 
(75-77). An aneurysm was identified in three of 59 children 
(5.1%) in our angiographic follow-up study >2 years after angi- 
oplasty. Serial angiography showed no progression in aneurysm 
size in two of these children over a 2- and 6-year period (75). 
In Fletcher’s series of 102 patients, an aneurysm was identified 
in only 2 patients (1.9%), but longer follow-up for possible late 
aneurysm development was advised (76). 

A number of acute complications has been reported with 
balloon angioplasty of native coarctation of the aorta. Mor- 
tality is rare beyond the newborn period. In the VACA Regis- 
try, one death (a neonate) was reported in 140 cases, yielding 
a mortality rate of 0.7% (71). The most common acute com- 
plication has been femoral artery injury. This appears to be 
more common in infants under 12 months of age and has 
decreased in frequency with the development of smaller 
angioplasty catheters (90). Other less common complications 
have included femoral artery hemorrhage requiring transfu- 
sion and cerebrovascular accident. Paradoxical hypertension 
is uncommon following percutaneous balloon angioplasty of 
coarctation (91). 

Angioplasty for Recurrent Postoperative Coarctation 

The acute effects of balloon angioplasty for recurrent post- 
operative coarctation are similar to those reported for native 
coarctation. The VACA Registry reported data on 200 patients 
undergoing balloon angioplasty for recoarctation (79). The 
systolic gradient decreased acutely from 42 to 13 mm Hg, and 
the diameter of the recurrent coarctation increased from 5.2 to 
8.9 mm. Residual pressure gradients exceeding 20 mm Hg 



CHAPTER 47 ■ Coarctation of the Aorta 1055 


were present in 20% of the patients. Similar outcomes have 
been reported from several centers (78-84). In general, the type 
of prior surgical repair has not affected angioplasty outcomes. 

Follow-up data from several centers have addressed the 
longer-term effectiveness of balloon angioplasty for recurrent 
coarctation (80-82,84). As with native coarctation, restenosis 
does occur after angioplasty of postoperative recoarctation. 
Yetman et al. (81) reported follow-up data of 3 to 144 months 
(median, 39 months) in 74 patients with a good early result of 
angioplasty. Nineteen (26%) patients had repeat angioplasty 
or surgery for recurrent stenosis. Hypoplasia of the transverse 
aortic arch was the best predictor of the need for later reinter- 
vention. The incidence of aneurysm formation after balloon 
dilation of recurrent coarctation appears to be similar to that 
reported after native coarctation angioplasty (81,82,84). 

Acute complications of balloon angioplasty for recurrent 
postoperative coarctation are similar to those for native 


coarctation, although the reported mortality rate has been 
somewhat higher. Five deaths occurred among the 200 patients 
with recoarctation reported by the VACA Registry, giving a 
mortality rate of 2.5% (79). One death was caused by aortic 
rupture, and one was related to a cerebrovascular accident. 
The remaining three deaths were believed to be related to the 
associated cardiac disease. Other complications include fem- 
oral artery thrombosis, rare paradoxical hypertension, and 
transient neurologic events. 

Coarctation Stenting 

Balloon-expandable stents provide an effective therapy for 
many patients with coarctation of the aorta (Fig. 47.17). 
A stent implanted concurrently with balloon angioplasty func- 
tions as an endovascular buttress to support to the dilated 
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aortic segment. Stents decrease coarctation restenosis related 
to vessel recoil and may also diminish the late incidence of 
aneurysm formation. Covered stents may provide important 
added safety for patients with a vulnerable aortic wall, as in 
Turner syndrome or older adult patients. 

The safety and effectiveness of percutaneous stent therapy 
for native or recurrent coarctation have been documented 
in numerous clinical series (92-101). Stenting provides very 
effective relief of stenosis and generally decreases the rest- 
ing systolic gradient to <5 mm Hg in patients with a discrete 
coarctation. Furthermore, stent therapy may be beneficial in 
some patients with transverse arch hypoplasia as well (102). 
Several studies with modest intermediate-term follow-up data 
suggest that restenosis is uncommon following coarctation 
stenting. Stents implanted in growing children, however, are 
likely to require redilation to a larger diameter when the chil- 
dren grow. For this reason, even in children it is important 
to implant stents with a diameter potential suitable for the 
adult aorta. 

Late aneurysm formation at the coarctation site may 
occur after stenting, but seems to be less frequently encoun- 
tered than after balloon angioplasty alone. The primary use 
of covered stents may decrease the aneurysm risk further, 
and may be particularly valuable in patients with a very 
small coarctation lumen (<3 mm) or with increased aortic 
wall fragility (e.g., genetic syndromes, advanced age) (103). 
Larger follow-up studies are necessary to more precisely 
quantify the risk of aneurysm formation in patients who 
have undergone coarctation stenting, with either bare-metal 
or covered stents. 


PROGNOSIS 


The prognosis for a normal life following successful repair 
of coarctation in childhood is excellent. Normal growth and 
development are to be expected, and only minimal restric- 
tions should be placed on physical activity. In treated patients 
without a significant residual systolic gradient (<10 mm Hg at 
rest), with normal upper-extremity blood pressure at rest and 
with exercise, and without an aortic aneurysm or significant 
associated intracardiac lesions, participation in sports is gen- 
erally permitted with the exception of activities with a high 
static (isometric) component (104). 

Nevertheless, the long-term prognosis after coarctation 
treatment may be affected by a number of clinical and hemo- 
dynamic conditions (Table 47.1). Residual or recurrent coarc- 
tation may occur, particularly after repair in infancy, regardless 
of whether the primary treatment was surgery or balloon angi- 
oplasty. The term residual coarctation implies the presence of 
an aortic arch gradient immediately after repair. The causes 
include inadequate repair of the coarctation and/or hypoplasia 
of the isthmus or transverse aortic arch. There is evidence to 
suggest that the transverse aortic arch may grow in some chil- 
dren following coarctation repair in infancy (105). The term 
recurrent coarctation implies the development of restenosis 
after an initially successful repair. Recurrent coarctation most 
commonly occurs because of inadequate growth at the coarcta- 
tion repair site, consistent with the observation that recurrent 
coarctation is uncommon if surgical repair is performed after a 
child is 2 years of age. More recent surgical experience suggests 
that the use of an extended end-to-end anastomosis in infants 
may substantially decrease the risk of late recurrent coarcta- 
tion (45,46). Residual and recurrent coarctations after balloon 
angioplasty also occur more commonly when the procedure is 
performed in infancy. Recurrence of stenosis is likely to occur 
with somatic growth after coarctation stenting in childhood, 
and will commonly require stent redilation to a larger diameter. 


Clinical and Hemodynamic 
Conditions that May Affect Long- 
Term Prognosis after Repair of 
Coarctation 


Residual or recurrent coarctation 
Hypertension (rest and exercise) 

Aortic aneurysm 

Aortic dissection 

Intracranial hemorrhage 

Diminished left arm growth/subclavian steal 

Endocarditis/endarteritis 

Associated intracardiac lesions 


The long-term prognosis following repair of coarctation 
may be adversely affected by systemic arterial hypertension 
and an increase in premature atherosclerotic cardiovascular 
events (56,106). Even in the absence of a residual coarcta- 
tion gradient, patients may exhibit late systolic and diastolic 
hypertension. This is most common in patients whose coarc- 
tation repair is delayed beyond late childhood. The risk for 
late hypertension may be as high as 10% to 20% however, 
even if a coarctation is repaired in infancy (54,107). The eti- 
ology of late postoperative hypertension in patients without 
a residual coarctation gradient may relate to anatomic and 
functional changes in the arterial vasculature. Animal stud- 
ies document abnormal intimal thickening and medial hyper- 
trophy in the proximal aortic arch late following successful 
relief of experimental coarctation (108). Such morphologic 
changes would be expected to decrease arterial compliance 
and provide an anatomic basis for the functional abnormali- 
ties in vascular reactivity and baroreceptor function that have 
been reported following coarctation repair (28,30,31,109). 
Systolic hypertension after coarctation repair also may occur 
during dynamic exercise, even in patients without rest- 
ing hypertension or a resting coarctation gradient (110). 
Although alterations of vascular physiology may play a role, 
exercise-induced upper-extremity hypertension often is asso- 
ciated with an increase in the coarctation pressure gradient 
during exercise. The increase in blood flow across a relatively 
nondistensible aortic repair site that occurs with dynamic leg 
exercise may be primarily responsible for exercise-induced 
elevations in coarctation gradient and upper-extremity sys- 
tolic pressure following coarctation repair. Patients with 
exercise hypertension, but without a significant residual 
coarctation gradient at rest, may benefit from beta-blocker 
therapy (111). 

An aortic aneurysm may develop at the site of surgical 
coarctation repair (Figs. 47.18 and 47.19). The incidence 
of postoperative aortic aneurysm is highest following pros- 
thetic patch aortoplasty (65-67), although aneurysms have 
been reported following other surgical procedures as well. In 
a prospective study, the presence of an aortic aneurysm was 
documented in 24% of patients evaluated 1 to 19 years after 
patch aortoplasty repair of coarctation (65). Once present, 
such aneurysms may progress rapidly and may be responsible 
for aortic rupture and sudden death (112). Aortic aneurysms 
also occur following balloon angioplasty of coarctation and 
have been largely responsible for the reluctance of some car- 
diologists to recommend angioplasty for a native coarctation. 
The risk of aortic aneurysm following coarctation angioplasty 


TABLE 47.1 
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Figure 47.18 Chest radiograph 3 years (left panel) and 8 years (right panel) after prosthetic patch aortoplasty 
repair of coarctation, documenting progressive aneurysmal dilation at the repair site. (Reprinted from Men- 
delsohn AM, Crowley DC, Lindauer A, et al. Rapid progression of aortic aneurysms after patch aortoplasty 
repair of coarctation of the aorta. / Am Coll Cardiol 1992;20:381-385, with permission from Elsevier.) 


varies widely in published reports, with the larger follow-up 
studies estimating its incidence to be approximately 5% to 
10% (75-77). Late aneurysms may occur less commonly after 
coarctation stenting (Fig. 47.20), particularly if a covered stent 



Figure 47.19 Large (65 x 76 mm) aortic aneurysm in a 
28-year-old patient 16 years after prosthetic patch repair of 
coarctation. The anatomy of the arch and aneurysm are delin- 
eated by a 3-D surface rendered image reconstructed from a 
magnetic resonance angiography study. (Courtesy of W. James 
Parks, M.D., The Children’s Heart Center, Emory University, 
Atlanta, GA.) 


is employed primarily, but more follow-up data are necessary 
to precisely define this risk. 

Other vascular abnormalities that affect long-term out- 
comes in some patients after coarctation repair include aortic 
dissection, intracranial hemorrhage, and diminished left arm 
growth or subclavian steal syndrome. Aortic dissection may 
occur with or without the presence of an aortic aneurysm at 
the coarctation repair site. Factors predisposing to dissection 
include cystic medial necrosis of the aortic wall, atherosclero- 
sis, persistent arterial hypertension, and dilation of the ascend- 
ing aorta, which is particularly common in patients with Turner 
syndrome. Intracranial hemorrhage may occur late following 
coarctation repair, with or without associated hypertension, 
and may be related to the presence of berry aneurysms in the 
circle of Willis. Cerebrovascular accidents have been an impor- 
tant cause of late morbidity in the larger studies of long-term 
coarctation outcomes (56,113). Procedures such as left subcla- 
vian flap aortoplasty that sacrifice the subclavian artery may 
be responsible for detrimental long-term effects. Late studies 
following subclavian flap aortoplasty documented diminished 
arterial blood supply to the left arm with a diminished reactive 
hyperemia response (69). These patients may experience arm 
claudication with exercise and diminished growth of the left 
arm (40,69,70). The subclavian steal syndrome may occur if 
the vertebral artery remains intact distally. 

Bacterial endocarditis or endarteritis is responsible for 
important morbidity in some patients with coarctation of the 
aorta. Endocarditis may occur on a bicuspid aortic valve or 
other associated intracardiac lesions. Endarteritis typically 
occurs at or just distal to the site of coarctation repair in the 
area of turbulence and intimal thickening and has resulted in 
mycotic aneurysms in some patients. 

Finally, the long-term prognosis after coarctation repair 
may be affected by the presence of associated intracardiac 
lesions such as aortic or mitral valve disease (106). Patients 
who required repair of associated intracardiac defects earlier 
in life (e.g., ventricular septal defect (VSD) closure) may have 
long-term issues related to a residual VSD, postoperative heart 
block, or progressive left ventricular outflow obstruction. Such 
patients require lifelong cardiology follow-up and surveillance 
for the late evolution of residual postoperative lesions and 
sequelae of therapy. 
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Figure 47.20 Moderate saccular aneurysm 8 months after bare-metal stenting of a severe native coarctation in a 
16-year-old boy (A). After implantation of a covered stent (B), the aneurysm was completely excluded from the 
aortic lumen. There was no residual coarctation gradient. 
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EPIDEMIOLOGY AND ETIOLOGY 

Hypoplastic left heart syndrome (HLHS) makes up 1.4% to 
3.8% of congenital heart disease, an incidence of 0.016% 
to 0.036% of live births. Despite this low incidence, HLHS 
causes 23% of cardiac deaths during the first week of life 
and 15% of cardiac deaths within the first month of life 
(1-6). A male predominance has been reported for HLHS 
(55% to 67%) (1,2, 7-9). 

While no gene abnormality is specific to HLHS, there is 
strong evidence supporting a genetic etiology for HLHS. The 
recurrence risk in families with one affected child is 0.5% 
to 2%. Additionally, the recurrence risk for other forms of 
congenital heart disease in families with one affected child 
with HLHS is 2.2% to 13.5% (10-12). In addition, pedigree 
analyses have demonstrated a 12% prevalence of cardiac 
abnormalities involving the left ventricular outflow tract in 
first-degree relatives of patients with HLHS (13,14). Lewin et al. 
(15) studied 278 first-degree relatives of 113 patients with 
nonsyndromic left ventricular outflow obstruction and found 
that 4.6% had a bicuspid aortic valve; an additional 11.5% of 
relatives had anomalies of the aorta, aortic valve, left ventricle 
(LV), or mitral valve (MV). 

Extracardiac anomalies and genetic syndromes have been 
recognized in patients with HLHS with a reported incidence 
of 15% to 30% (16-19). Identified heritable syndromes associ- 
ated with HLHS include Kabuki syndrome, Noonan syndrome, 
Smith-Lemli-Opitz syndrome, Holt-Oram syndrome, Ellis-van 
Creveld syndrome, oral-digital-facial syndrome, and CHARGE 
syndrome (1,20-27). Additionally, several chromosomal abnor- 
malities have been identified in patients with HLHS, including 
Turner syndrome, trisomy 13, trisomy 18, trisomy 21, duplica- 
tion of short arm of chromosome 12, 2q-, a balanced 3:7 trans- 
location, 4q-, 4p-, 7q-, llq-(Jacobsen Syndrome), duplication 
of 16q, and 18p- (1,25,28). Mutations have been implicated in 
specific genes including GJA1 (Connexin Protein 43), NKX2-5, 
NOTCH1, and HAND1 (29-33). Linkage analyses have sug- 
gested additional loci on chromosomes: 2p23, 10q21, 16pl2, 
2pl5, 10q22, and 6q23 (34-36). Future work in molecular 
genetics may allow determination of the cause of HLHS and 
will be assisted by population registry information, tissue bank- 
ing, and improved gene sequencing technology. 

Environmental factors have been implicated in the develop- 
ment of HLHS. The Baltimore- Washington Study identified a 
geographic cluster of HLHS in a region of Baltimore charac- 
terized by industrial land use and release of solvents, poly- 
chlorinated biphenyls, and dioxin into air (37). Environmental 
factors were also implicated in a study finding an increased 
incidence of HLHS in southeastern Wisconsin (38). A link 
between maternal group A beta-hemolytic streptococcal phar- 
yngeal infection and HLHS has been suggested (39). Antibod- 
ies formed from Streptococcal pharyngitis cross the placenta 


and are associated with injury to the developing left ventricu- 
lar outflow tract of the fetus resulting in HLHS. A recent study 
found a seasonal occurrence to HLHS again implicating an 
infectious-environmental cause (40). 


THE DEVELOPING FETUS: ECHOCARDIOGRAPHY 
AND INTERVENTION 

Prior to the advent of fetal echocardiography, the embryologic 
cause of HLHS was not entirely clear. However, with advances 
in fetal cardiac imaging, it became evident that many forms of 
congenital heart disease evolve throughout gestation. In 1989, 
Allan et al. (41) observed the in utero evolution of HLHS in 
a fetus initially diagnosed with critical aortic stenosis. A simi- 
lar case report was published by Danford and Cronican (42) 
in 1992. Since that time, several fetal cardiac centers have 
reported retrospective collaborative data that suggest that 
serial measurements of left heart growth and assessment of 
flow direction across the foramen ovale and distal aortic arch 
may identify fetuses at risk for severe left heart hypoplasia at 
term (42^-5). It is now postulated that many cases of HLHS 
are dynamic and progressive throughout gestation, resulting 
from altered left ventricular outflow (aortic stenosis) or altered 
left ventricular inflow (MV stenosis/foramen ovale restriction/ 
alterations of atrial septal anatomy) (46^-8). The field of pre- 
natal cardiac intervention is under way, and early successes 
with balloon dilation of the aortic valve led to investigations 
as to whether the development and incidence of HLHS at term 
can be altered (49). 

Fetal Echocardiography 

Recent advances in 2-D and Doppler echocardiography have 
made it feasible to diagnose all forms of congenital heart dis- 
ease in the fetus. HLHS is one of the most common structural 
lesions diagnosed prenatally, as a screening obstetric ultra- 
sound will preferentially identify lesions that dramatically 
alter the four-chamber view (50-52) (Fig. 48.1). The prena- 
tal diagnosis of HLHS is easily made when a small, muscle- 
bound left ventricular chamber is identified. The challenge for 
the fetal echocardiographer today is to recognize the poten- 
tial for the evolution of HLHS, especially since some of these 
patients may be candidates for prenatal intervention. Another 
challenge is to diagnose the severely restrictive or intact atrial 
septum in this patient group prior to birth, as these patients 
have a particularly dismal outcome and may also benefit from 
prenatal intervention. 

The fetal LV is predominantly filled with oxygenated blood 
that returns from the placenta and traverses the foramen 
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FIGURE 48.1, Fetal echocardiogram demonstrating HLHS. 
Screening obstetric ultrasound will preferentially identify lesions 
that dramatically alter the four-chamber view. The left ventricu- 
lar chamber size is small compared with the RV. The lining of 
the LV is echobright, indicative of endocardial fibroelastosis. 
LV, left ventricle; RA, right atrium; RV, right ventricle. 


ovale (53). If blood flow across the foramen ovale is diminished 
or reversed, the combined cardiac output is redistributed to 
the right ventricle (RV) and pulmonary artery (PA), resulting 
in enlargement of the right heart structures and creating less 
impetus for normal growth of left heart structures, possibly 
evolving into HLHS. Perhaps the most well-recognized mech- 
anism for decreased flow or reversal of flow through the fora- 
men ovale in utero is the presence of severe aortic valve disease 
(41— 45) . With significant aortic valve stenosis, alterations in 
left ventricular compliance may occur, either secondary to the 
development of left ventricular hypertrophy or secondary to 
the development of left ventricular dilation and dysfunction. 
Endocardial fibroelastosis, a poorly understood phenomenon 
where the endocardial lining of the LV becomes fibrotic, may 
also be present. As the disease state progresses, with subse- 
quent elevation in left atrial pressure, flow across the foramen 
ovale becomes bidirectional and eventually left to right, the 
result of which may be the cessation of left ventricular growth 
(54). In a classic study by Hornberger et al. (44), the prenatal 
and postnatal echocardiograms of 21 fetuses with left heart 
obstructive lesions were reviewed to identify possible prenatal 
indicators of postnatal disease severity. Prenatal indices that 
correlated with HLHS at birth included a smaller MV and 
ascending aorta in the midtrimester, as well as a decreased 
rate of growth for all left heart structures. Other prenatal fea- 
tures included reversal of flow across the foramen ovale and 
retrograde ductal supply of the distal aortic arch. In a more 
recent study, Makikallio et al. (55) reviewed the natural his- 
tory of aortic stenosis in 43 fetuses initially referred prior to 
30 weeks gestation. At the time of the initial examination, 
the LV:RV length ratio was >0.8:1, and aortic stenosis was 
the dominant lesion. The presence of moderate left ventricu- 
lar dysfunction, retrograde transverse aortic arch flow, left- 
to-right atrial-level shunting, and a monophasic mitral inflow 
on the initial prenatal echocardiogram were found to be risk 
factors for the development of HLHS. Again, in this study 
there was decreased rate of growth of all left heart structures 
in those patients who developed HLHS. Based on these two 
series, it is now clear that the fetus with aortic stenosis is at 
risk for the development of HLHS. Serial echocardiographic 
follow-up is indicated in these fetuses, paying particular atten- 
tion to growth of left heart structures and patterns of blood 


flow across the foramen ovale and transverse aortic arch. 
Importantly, it now seems feasible to reliably select fetuses for 
prenatal intervention, using both anatomic and physiologic 
markers. 

Although the operative survival for infants born with 
HLHS has improved significantly over time, the subgroup of 
patients with a highly restrictive or intact atrial septum con- 
tinues to experience a higher mortality (56,57). These infants 
can be profoundly cyanotic at the time of delivery and are 
often unresponsive to medical intervention. Even with prompt 
resuscitation and adequate decompression of the atrial sep- 
tum, there is ongoing morbidity and mortality, likely related 
to secondary anatomic changes in the lung. Some investigators 
have reported “arterialization” of the pulmonary veins and 
lymphatic dilation in this setting; others have postulated that 
there is associated PA hypoplasia. The ability to diagnose a 
restrictive atrial septal defect prior to birth would allow for 
more accurate prenatal counseling and planning immediate 
postnatal intervention. Theoretically, prenatal catheter inter- 
vention in this subgroup of patients may alter the secondary 
anatomic changes in the lung, possibly improving long-term 
outcome. For all of these reasons, routine evaluation of the 
atrial septum should be performed in all fetuses with HLHS. 
Direct assessment of foramen ovale size has not correlated 
well with the degree of left atrial hypertension at the time of 
birth, likely a reflection of the inability to clearly visualize the 
defect, which often lies more superiorly and posteriorly in the 
left atrium (LA) (58). Doppler interrogation of the pulmonary 
veins is technically much simpler, and the pattern of pulmo- 
nary venous flow in HLHS has correlated well with left atrial 
hemodynamics (58,59). The normal fetal pulmonary vein flow 
pattern consists of forward flow in systole and diastole, with 
cessation of flow or a small reversal wave with atrial systole. 
In a study by Taketazu et al. (58), a pattern of pulmonary 
vein flow with brief forward and reverse flow with minimal 
early ventricular diastolic flow was associated with the need 
for immediate respiratory support and emergent atrial decom- 
pression. Two of the three patients with this abnormal flow 
pattern died after neonatal heart transplantation, and the 
postmortem lung tissue analysis was notable for dilated lym- 
phatic vessels, pulmonary vein arterialization, and abnormal 
PA musculature. 


Fetal Intervention 

It is important to remember that most fetuses with severe 
left ventricular outflow tract obstruction (LVOTO) will sur- 
vive gestation. Therefore, fetal cardiac intervention in this 
setting does not serve as a lifesaving procedure but rather a 
procedure that may improve postnatal surgical options and 
outcomes. More specifically, it is hoped that successful inter- 
vention in the fetus with LVOTO will lead to a biventricular 
circulation at the time of birth. This possible benefit must 
be weighed against the risks of the procedure, which, even 
in the setting of technical success, may result in fetal death 
or extreme prematurity. Since the risk/benefit ratio of fetal 
cardiac intervention in the setting of severe LVOTO is still 
unknown, it is not surprising that these procedures are not 
universally accepted. Some centers have advocated fetal car- 
diac intervention only when it is felt to be a lifesaving pro- 
cedure, such as in the setting of critical aortic stenosis with 
fetal hydrops. 

In the year 2000, Kohl et al. (60) reported the world expe- 
rience of fetal aortic balloon valvuloplasty. The small early 
clinical experience (n = 12) was quite poor, with only one 
“long-term” survivor. However, more encouraging data were 
recently reported by McElhinney et al. (61) from the Children’s 
Hospital of Boston and the Brigham and Women’s Hospital. 
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FIGURE 48.2. The spectrum of HLHS. A: Aortic atresia with mitral atresia is the most extreme form of 
HLHS. The LV is diminutive. The ascending aorta and arch are extremely hypoplastic, and flow is retro- 
grade. Systemic output is ductal dependent. B: Aortic atresia with a patent MV. As in aortic atresia with 
mitral atresia, the ascending aorta and arch are hypoplastic and all systemic output is ductal dependent. 
There is inflow without outflow. As a result, the LV is hypertensive with hypertrophy and endocardial 
fibroelastosis. The left ventricular mass can be greater than normal and result in distortion of the inflow 
of the RV, resulting in tricuspid valve insufficiency. C: Aortic valve stenosis with a patent MV. The LV is 
hypoplastic, but antegrade flow through the aortic valve persists. The degree of ascending aortic and arch 
hypoplasia is less than that observed with aortic atresia. This end of the spectrum of HLHS blends smoothly 
into critical aortic stenosis, and decision making concerning suitability for two-ventricle repair can be 
challenging. 


These data included 70 fetuses that underwent attempted aortic 
valvuloplasty for critical aortic stenosis with evolving HLHS 
between March 2000 and October 2008. There was a signifi- 
cant improvement in technical success (74%), and most pro- 
cedures were performed with only percutaneous access (73%). 
Eight fetuses died related to the procedure (11% mortality). 
Although fetuses with a technically successful valvuloplasty 
had improved growth of the aortic valve and MV, interven- 
tion did not effectively promote left ventricular growth. There- 
fore, fetuses with a larger LV dimensions initially were more 
likely to sustain a biventricular circulation at the time of birth 
(n = 15). Based on these results, the authors were able to cre- 
ate a multivariable scoring system, excluding some fetuses that 
were not likely to respond to fetal intervention. 

In utero therapy for HLHS with a severely restrictive or 
intact atrial septum has also been described. Successful decom- 
pression of the LA in utero may avoid severe hypoxemia at 
birth, and theoretically, may also reduce prenatal lung damage 
and improve otherwise-dismal outcomes (62-64). In a recent 
publication by Marshall et al. (65), technically successful 
atrial septoplasty was performed in 19 of 21 fetuses between 
October 2001 and November 2007, with two episodes of fetal 
death. The authors determined that creation of a larger defect 
was associated with better postnatal oxygenation; however, 
whether this confers a benefit to later survival is presently 
unknown. 


ANATOMY 


Various cardiac malformations characterized by variable 
degrees of underdevelopment of the left ventricular cavity 
are referred to as HLHS. Most broadly, HLHS includes any 
number of lesions with a dominant RV and systemic outflow 
obstruction that are not amenable to two -ventricle repair. 


Underdevelopment of the Left Ventricle 
Outflow — Aorta Complex 

Underdevelopment of the LV outflow — aorta complex, 
resulting in critical aortic valve stenosis or aortic valve atresia 
with an intact ventricular septum is the most recognized form 
of HLHS (66-68) (Fig. 48.2). A spectrum of abnormalities 
includes aortic valve atresia with mitral atresia, aortic valve 
atresia with a patent MV, and aortic stenosis with a patent 
MV. This final group with aortic stenosis and a patent MV 
blends smoothly into critical aortic stenosis. The general uni- 
fying etiologic explanation is that the growth and development 
of vascular structures are dependent to some degree on the 
relative quantity of blood flow during fetal development. As 
mentioned earlier, fetal echocardiographic observations have 
confirmed the progression from aortic stenosis to HLHS (41). 
In addition to these observations, supporting data for under- 
development of the LV outflow-aortic complex as the inciting 
event are provided by the fact that with an intact ventricular 
septum, additional lesions, particularly MV hypoplasia, are 
always less severe than the degree of left ventricular outflow 
obstruction (69). The ascending aorta is hypoplastic; among 
patients undergoing surgery for HLHS, the mean aortic 
diameter was 3.3 ± 1.7 mm; 40% to 55% of patients had an 
ascending aorta of <2 mm (70,71). Blood flow in the arch is 
retrograde, and in aortic atresia, the ascending aorta serves 
only as a conduit for the retrograde flow of blood into the 
coronary arteries. A localized coarctation of the aorta is pre- 
sent in 80% of patients (9,72). Aortic stenosis with mitral ste- 
nosis makes up 23% to 26% of patients undergoing stage 1 
palliation, whereas 36% to 46% have aortic atresia with 
mitral atresia and 20% to 29% have aortic atresia with a pat- 
ent MV (73-75). 

There are corresponding changes in the right side of the heart 
when there is left ventricular cavity hypoplasia. All right-sided 
cardiac structures are larger than normal including the right 
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atrium (RA), tricuspid valve, PA, and pulmonary valve. The 
RV is both enlarged and hypertrophied (8,9,66,68,72,76-78). 
The anatomy of the interventricular septum may be affected. 
The apex of the RV and apex of the hypoplastic LV remain 
in proximity and may be identified externally by the junction 
of the anterior descending coronary artery and the posterior 
descending coronary artery. The apical junction of the right 
and LV will not correspond to the apex of the ventricular 
mass, because the RV is folded around the hypoplastic LV 
(79). This may impact tricuspid valve anatomy and function 
of the RV (80,81). 

Abnormalities of the tricuspid valve have been identified in 
up to 35% of patients with HLHS. In aortic atresia and a pat- 
ent MV, the LV has inflow but not outflow; the result is signifi- 
cant hypertrophy of an LV that is larger than that with aortic 
and mitral atresia and in fact may have greater than normal 
mass (82). The larger ventricular mass may create distortion 
of the basilar inflow portion of the RV. The septal surface of 
the RV may appear to have deep apical sinuses or recesses, the 
result of the apex of the RV folding around the hypoplastic but 
hypertrophied LV. The subvalvar apparatus of the tricuspid 
valve may be more distorted than that found in aortic atresia 
with mitral atresia. The finding of tricuspid valve dysplasia is 
more common among patients with a patent MV, occurring 
in 50% in this subgroup (81,83). In addition to alterations of 
tricuspid valve function owing to left ventricular mass effect, 
other abnormalities of the tricuspid valve including identifica- 
tion of a bileaflet right atrioventricular valve are seen in 12% 
of patients whereas some degree of dysplasia of the tricuspid 
valve can be found in a third of patients. Volume overload 
of the single RV and resultant annular dilation may further 
contribute to the development of tricuspid insufficiency. An 
additional cause of tricuspid insufficiency may be right ven- 
tricular subendocardial ischemia occurring in the neonatal 
period either at the time of presentation or following stage 1 
palliation. Evidence for this includes the observation of a 
bright appearance of the papillary muscles by echocardiogra- 
phy consistent with ischemia and elongated cords in associa- 
tion with the development of tricuspid insufficiency. 

Patients with aortic atresia and a patent MV have been 
variably reported to be at increased risk for mortality after the 
Norwood procedure (84,85). Coronary artery abnormalities, 
specifically, fistulous connections between the epicardial coro- 
naries and the LV, have been described in a subgroup of these 
patients (86). Endocardial fibroelastosis is frequently present 
and is thought to be the result of subendocardial ischemia as 
a consequence of suprasystemic left ventricular pressure dur- 
ing development (79,82,87,88). Within this subgroup, the 
potential for tricuspid valve insufficiency is increased and 
arrhythmias associated with endocardial fibroelastosis may 
also contribute to an increased mortality risk (89) (Fig. 48.3). 

The least affected subgroup of HLHS is aortic stenosis with 
a patent MV. This form is thought to develop later during 
fetal development when the LV is more completely formed. 
This form blends smoothly into the spectrum of critical aor- 
tic stenosis. Decision making in patients with left ventricular 
outflow obstruction can be challenging. In the patient deemed 
to have an LV that is non-apex forming with a prohibitively 
hypoplastic MV, stage 1 palliation is generally chosen with a 
prognosis that may be favorable because the LV is able to con- 
tribute to cardiac output. 

Forms of Hypoplastic Left Heart Syndrome 
with a Ventricular Septal Defect 

There are various forms of HLHS that have in common a 
ventricular septal defect. This may include forms that other- 
wise resemble those described above except that they have a 


ventricular septal defect that can be in any part of the septum. 
If these defects are small, the cause and development of HLHS 
may not be significantly different than in patients with HLHS 
and an intact septum. In this group, mitral atresia with a pat- 
ent left ventricular outflow may be present and suggests that 
inflow obstruction may be the source of development of HLHS. 
Within this group are forms of double-outlet RV including 
double-outlet RV with mitral atresia without obstruction to 
aortic outflow and unbalanced atrioventricular septal defects. 
Although this latter group could arguably be placed outside 
HLHS, there are forms with undeniable hypoplasia of the LV. 

Additional Anatomic Considerations 

Abnormalities of systemic venous return are uncommon in the 
patient with HLHS. Persistent left superior vena cava (SVC) 
occurs in <5% (8,68). Abnormal pulmonary venous connec- 
tion or drainage occurs in 5% of patients (90). Anomalous 
pulmonary venous connection may occur with an intact atrial 
septum or severely restrictive atrial septal defect. Frequently, 
there is a persistent levocardinal vein that drains to the innom- 
inate vein (91). Rare cases of anomalous pulmonary venous 
connection directly to the RA also exist. Important coronary 
abnormalities are rare. Anomalous origin of either of the coro- 
nary arteries from the right PA has been described (92-95). 
Coronary-cameral fistulas have been observed in patients with 
aortic atresia and a patent MV. Additionally, patients with 
aortic atresia and a patent MV have been observed to have 
tortuous epicardial coronaries with increased medial thickness 
(96). Despite the origin of the coronary arteries from the small 
ascending aorta, the coronary ostia and proximal coronary 
artery calibers are normal (97). 

Premature closure of the patent foramen ovale has been 
postulated as a cause of HLHS. Because the foramen ovale is 
the source of left ventricular preload in the fetus, one would 
expect that closure of the foramen ovale would starve the LV 
of preload and result in hypoplasia. Premature closure of the 
foramen ovale may also occur as a secondary event to LVOTO. 
As mentioned earlier, LVOTO will result in increased left atrial 
pressure, and increased left atrial pressure results in apposition 
of the fossa ovalis flap valve against the septum secundum. 
Premature closure or restriction of the foramen ovale might 
occur along with LVOTO and contribute to development of 
HLHS. Among patients with an intact ventricular septum, pre- 
mature closure of the foramen ovale is associated with endo- 
cardial fibroelastosis and indicates that LVOTO with elevated 
left ventricular end-diastolic pressure and subendocardial 
ischemia was present (98). Among patients with premature 
foraminal closure and a ventricular septal defect, fibroelastosis 
is absent, indicating that premature closure was perhaps a pri- 
mary event in the development of left ventricular hypoplasia. 


PRESENTATION, DIAGNOSIS, AND 
ECHOCARDIOGRAPHIC IMAGING 


Presentation 

Today, many cases of HLHS are detected in the second trimes- 
ter when a screening obstetric ultrasound shows an abnormal 
four-chamber view. Prenatal recognition of the disease allows 
timely parental counseling as well as optimal delivery plan- 
ning. Delivery at a tertiary care facility is recommended, avoid- 
ing transport-related morbidities, and allows the mother to be 
in close proximity to her baby after birth (99). Most centers 
continue to advocate a vaginal delivery, although induction of 
labor may be deemed necessary if the mother lives a significant 
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FIGURE 48.3. A: A view from the diaphragmatic surface of a heart 
with aortic valve atresia and a patent mitral valve (MV). The LV 
cavity is hypoplastic, but the LV is hypertrophied. Septal anatomy 
is distorted, and the triangle marks the apex of the interventricu- 
lar septum. The hypertrophied but hypoplastic LV can distort 
the basilar septum and result in tricuspid valve insufficiency. B: 
The septal surface of a heart with aortic atresia and a patent MV. 
The triangle indicates the apex of the LV and the stars indicate 
the boundaries of the interventricular septum (S). The deep apical 
sinuses are the result of the remaining RV wrapping around the 
hypoplastic but hypertrophied LV. C: A view from the diaphrag- 
matic surface of a heart with aortic and mitral atresia. The LV can 
be identified but is extremely hypoplastic. There is less potential for 
distortion of the anatomy of the interventricular septum and the 
subvalvar apparatus of the tricuspid valve. E, endocardium; LA, 
left atrium; PV, pulmonary valve; RA, right atrium; RV, right ven- 
tricle; TV, tricuspid valve. (Reprinted from Smith A, Pozzi M, and 
Anderson RH. The Morphology of Hypoplasia of the Left Heart. 
In: Anderson RH, Pozzi M, and Hutchinson S. Hypoplastic Left 
Heart Syndrome , 2005, with kind permission of Springer Science 
and Business Media.) 


distance from the tertiary care facility. Following delivery, 
prostaglandins are initiated to maintain ductal patency, and 
an echocardiogram is performed to confirm the diagnosis. 
If severe atrial septal restriction is suspected on the prenatal 
ultrasound, interventional cardiology and/or cardiothoracic 
surgery should be immediately available. 

If the infant has not been prenatally diagnosed with HLHS, 
timing of presentation is somewhat variable and dependent on 
the degree of atrial-level restriction as well as ductal patency. 
During late fetal development, pulmonary vascular resistance 
(PVR) is high and pulmonary blood flow is limited to <10% 
of ventricular output. At birth, PVR decreases abruptly as a 
result of mechanical distention of the lung, increased oxygen 
tension, and increased shear stress. Although the greatest fall 
in PVR occurs shortly after birth, a clinically important decline 
in PVR continues within days of birth (100-102). Abu-Harb 
et al. (103) reviewed the time of presentation of obstructive 
left heart malformations. About one-quarter of their infants 
with HLHS became symptomatic within 24 hours of age. 
However, most infants had a “normal” neonatal examination, 
with development of symptoms after 48 hours of age, often 


after hospital discharge. When the atrial septum is restrictive, 
the resultant left atrial hypertension leads to pulmonary con- 
gestion, resulting in early onset of tachypnea and cyanosis. 
When the atrial septum is widely patent, neonates with HLHS 
may initially appear normal, with adequate oxygenation and 
systemic perfusion. These infants have a more delayed pres- 
entation, with symptoms developing as the ductus arteriosus 
undergoes gradual spontaneous closure. With ductal regres- 
sion, there is hypoperfusion of the systemic circulation with 
an associated augmentation of pulmonary blood flow. These 
infants usually present in the first week of life with feeding 
difficulties and respiratory distress, with rapid progression to 
congestive heart failure and shock. 

Diagnosis 

Physical examination in the neonate with a severely restrictive 
atrial septum will be most notable for intense cyanosis with 
respiratory distress. In contrast, the infant with a nonrestric- 
tive atrial defect may appear relatively pink. The infant with 
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ductal closure is often lethargic and has respiratory distress, 
cool extremities, and pallor. Auscultation is generally benign, 
especially in comparison with a sometimes dramatic clinical 
picture. The second heart sound is single and loud, reflect- 
ing the absence of the aortic valve component and the asso- 
ciated PA hypertension. A third heart sound may be heard, 
especially in the presence of ventricular dysfunction. Murmurs 
are uncommon, although a soft systolic ejection murmur may 
be generated from increased flow across the pulmonary valve. 
A louder SI -coincident murmur may be heard if there is signif- 
icant tricuspid regurgitation. The upper- and lower-extremity 
pulses are palpable and symmetric early but are reduced later 
as ductal closure ensues. Hepatomegaly is common and is gen- 
erally seen in infants with a delayed presentation. 

Chest radiographs are generally nondiagnostic but typically 
reflect the degree of atrial-level restriction. In the infant with 
a severely restrictive atrial septum, the heart size may be rela- 
tively normal; however, there is significant pulmonary edema. 
The radiographic findings may be misinterpreted as lung dis- 
ease, leading to a delay in diagnosis. In contrast, if the atrial 
septum is nonrestrictive, there is pulmonary overcirculation 
with cardiomegaly. The right atrial border may be prominent 
with absence of the ascending aortic shadow. 

The electrocardiogram does reflect the underlying pathol- 
ogy; however, it is nondiagnostic. Right-axis deviation and 
right ventricular hypertrophy are common but not distinctly 
different from the normal electrocardiogram of the neonate. 
Tall, peaked P waves, indicative of right atrial enlargement, 
have been reported in 30% to 40% of patients (7,8). 

With diagnostic 2-D echocardiography readily available, 
the need for cardiac catheterization in an infant with HLHS 
has dramatically decreased. Cardiac catheterization is gener- 
ally used as an adjunct tool when trying to better identify pul- 
monary venous anomalies, or possibly, coronary anomalies. 
Also, in the setting of a severely restrictive atrial septum, cath- 
eter intervention may be lifesaving. 

Echocardiography 

The diagnosis of HLHS can be readily made by 2-D echocar- 
diography, with additional important hemodynamic informa- 
tion provided by Doppler echocardiography (90,104-111). 
The mtracardiac anatomy and physiology should be inves- 
tigated using a standard echocardiographic approach and 
should include multiple imaging views (long axis, short axis, 
apical four chamber, subcostal coronal, subcostal sagittal, 
suprasternal notch) with repeated Doppler assessments. 

Parasternal Long-Axis View 

The diagnosis of HLHS is often suspected immediately from 
a parasternal long-axis view with identification of a small, 
muscle-bound left ventricular chamber that does not extend 
to the cardiac apex (Fig. 48.4). The endocardial surface of 
the LV is often echobright, indicating areas of endocardial 
fibroelastosis. The LA is usually small but may be dilated in 
patients with a restrictive atrial septal defect. The ascending 
aorta can be well visualized from the long-axis view and is 
frequently small (2 to 3 mm in diameter); the aortic valve 
may or may not be patent. The MV is often imperforate, but 
when patent, the leaflets are thickened, with short or even 
absent papillary muscle chordal attachments. A ventricular 
septal defect is rare in the presence of aortic atresia, but color 
Doppler interrogation of the ventricular septum may show 
ventriculocoronary arterial connections. Although the sig- 
nificance of these abnormal coronary connections in HLHS 
is unclear, coronary artery sinusoidal connections have had 
prognostic implications in other forms of congenital heart 
disease (112,113). 



FIGURE 48.4. Parasternal long-axis view in a patient with 
HLHS. The left ventricular chamber is small and muscle 
bound. The endocardial surface of the LV is echobright, con- 
sistent with endocardial fibroelastosis (arrow). Ao, aorta; LA, 
left atrium; RV, right ventricle. 

Several measurements are available from the parasternal 
long-axis view, which can be helpful when trying to differ- 
entiate critical aortic stenosis from HLHS. A left ventricu- 
lar cross-sectional area <1.5 cm 2 is found in most infants 
with HLHS, as well as a left ventricular end-diastolic inflow 
dimension <25 mm (measured from the hingepoint of the pos- 
terior mitral leaflet to the apex) and a mitral annulus diameter 
of <6 mm (104,105). 

Parasternal Short-Axis View 

The parasternal short-axis view again allows assessment of left 
ventricular size and function (Fig. 4 8.5 A). The MV papillary 
muscles are well visualized from this window and should be 
carefully examined. At the base of the heart, aortic valve size 
and anatomy can be well visualized. Doppler interrogation of 
the coronary arteries is often best assessed here. Bidirectional 
coronary flow is consistent with left ventriculocoronary arterial 
connections. Last, the main PA, pulmonary valve, and branch 
pulmonary arteries are all well seen from the short-axis view. 
Scanning more superiorly, the patent ductus arteriosus can be 
visualized as it sweeps to the descending aorta (Fig. 48. 5B). 

Apical Four-Chamber View 

The apical four-chamber view is often critical for definitively 
evaluating left ventricular size and function. If a large portion 
of the cardiac apex is occupied by the RV (Fig. 48.6), it is 
unlikely that the LV can support the systemic circulation. The 
four-chamber view also provides an excellent window to see 
the entire mitral apparatus, including the subvalvar and sup- 
ravalvar areas. MV anatomy and annulus size should be reas- 
sessed, especially in cases of borderline left ventricular size. 

Right ventricular function and tricuspid valve anatomy 
and competency are best assessed from the four-chamber 
view. Right ventricular systolic function may be depressed, 
especially in those neonates with ductal closure and acidosis. 
Tricuspid valve abnormalities are common and can include a 
bileaflet valve, tricuspid valve dysplasia/prolapse, and abnor- 
mal papillary muscle arrangements (81). 

Subcostal Views 

Atrial septal anatomy is best imaged from the subcostal 
views. Large atrial septal aneurysms billowing into the RA are 
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FIGURE 48.5. Parasternal short-axis views in a patient with HLHS. In (A) the right ventricle (RV) is enlarged with 
a smaller hypertrophied left ventricle (LV). Scanning more superiorly from a parasternal short-axis view (B), the 
larger main pulmonary artery (MPA) and patent ductus arteriosus (arrow) are seen connecting to the descending 
aorta. No brachiocephalic vessels are seen arising from the ductal arch, a key finding in differentiating the ductal 
arch from the true aortic arch. Ao aorta. 


common (Fig. 48.7). Unusual attachments of septum primum 
can sometimes be seen, specifically anomalous attachment to 
the posterosuperior left atrial wall (Fig. 48.8). This anoma- 
lous attachment has been implicated in the pathogenesis of 
HLHS (48). If the atrial septal defect is small and restrictive, 
peak and mean Doppler gradients across the atrial septum 
should be obtained to estimate the degree of left atrial hyper- 
tension. 

Pulmonary venous anatomy and drainage should also 
be interrogated from the subcostal window. It is important 
to identify connections of the pulmonary veins (anatomic 
attachment) as well as pulmonary venous drainage (the end 
point of pulmonary venous flow). The pulmonary veins 
may connect normally to the LA, but especially in cases of 
an intact atrial septum, there may be a levoatrial cardinal 
vein that originates directly from the LA and drains either 
all pulmonary veins (total) or some (partial) to a variable 
location. It is important to remember that this anomalous 



FIGURE 48.6. Apical four-chamber view in a patient with 
HLHS. The left atrium (LA) and left ventricle (LV) are much 
smaller than the right atrium (RA) and right ventricle (RV). 
The RV clearly occupies the cardiac apex. 


venous structure can be stenotic, so the presence of the 
“decompressing” vein does not guarantee normal left atrial 
pressure (63). On the other hand, some or all of the pulmo- 
nary veins may not connect normally to the LA, but connect 
to a confluence behind the LA with anomalous drainage to a 
variable location. It is estimated that anomalous pulmonary 
venous anatomy and/or drainage occurs in about 5% to 10% 
of patients with HLHS. 

Suprasternal Notch Views 

The suprasternal notch provides an important window for 
evaluating aortic arch anatomy (Fig. 48.9). Although the 
ascending aorta can be imaged from many views, the trans- 
verse arch and descending thoracic aorta (DAo) are best seen 
from the suprasternal notch view. Coarctation of the aorta 
is common in patients with HLHS, and interruption of the 
aortic arch has also been reported. Doppler interrogation 
of the transverse arch should show retrograde systolic flow 
from the ductus; this finding indicates ductal-dependent sys- 
temic circulation and supports left ventricular inadequacy for 
biventricular repair (Fig. 48.10). The suprasternal notch views 
also provide images of the proximal pulmonary arteries and 
the ductus arteriosus. In the patient with a later presentation, 
the ductus may be restrictive; Doppler interrogation of the 
pressure gradient from PA to aorta should be quantified and 
follow-up studies performed when prostaglandin therapy is 
initiated. Pulmonary venous connection and drainage should 
be reassessed from this window. A persistent left SVC or 
levoatrial cardinal vein can be well imaged to the left of the 
descending aorta from the suprasternal notch view. 


PHYSIOLOGY, MONITORING, 
AND STABILIZATION 


Parallel Circulation 

The patient with HLHS faces similar physiologic challenges 
before, during, and after stage 1 palliation. The superim- 
position of inefficient parallel circulation, cyanosis, myo- 
cardial dysfunction, and autonomic and inflammatory 
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FIGURE 48.7. Subcostal sagittal view in a patient with HLHS. 
The atrial septum is aneurysmal ( arrows ), bowing into the RA. 
Color Doppler imaging identifies the superiorly positioned 
atrial shunt with the jet directed into the superior vena cava 
(SVC). Aliasing of the color Doppler flow signal across the 
atrial septum is consistent with a restrictive defect and can 
result in left atrial hypertension. LA, left atrium. 


responses to stress and surgery result in high likelihood of 
critical impairment of oxygen delivery with subsequent organ 
dysfunction or death. Thus, facility with the principles of 
hemodynamics and oxygen supply/demand economy is a pre- 
requisite for rational perioperative treatment of first-stage 
palliation patients. 

Maintenance of adequate organ substrate delivery, oxygen, 
is necessary to reverse or prevent ischemic injury, which can 
result in multisystem organ dysfunction, prolonged morbid- 
ity, and mortality (114-120). Interventions targeting early 
treatment of inadequate whole-body or regional oxygen sup- 
ply/demand relationships (shock) have improved outcome in 
critical illness; therefore detection of inadequate oxygen deliv- 
ery is important for preventive or therapeutic interventions 
(114,115,121-126). 



FIGURE 48.8. Subcostal coronal view in a patient with HLHS. 
The left atrium (LA) is small with leftward deviation of septum 
primum and anomalous attachment of the septum to the pos- 
terosuperior left atrial wall {arrow). RA, right atrium. 
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FIGURE 48.9. Suprasternal long-axis view from a patient 
with HLHS and aortic atresia. The ascending aorta (arrows) 
is markedly hypoplastic, measuring 2 mm, with a fair-sized 
transverse arch connecting to the descending thoracic aorta 
(DAo). Brachiocephalic vessels are seen arising from the trans- 
verse aorta, identifying this structure as the true aortic arch. 


Cardiovascular Reflexes and Physiology of Shock 

Efficient delivery of oxygen to meet metabolic demand occurs 
through regional and global circulatory controls. Global car- 
diac output is affected by preload, afterload, rate, rhythm, con- 
tractility, and the presence of aortopulmonary shunts. Regional 
resistance is determined by the interaction of neurohumoral 
factors related to inflammation and the sympathetic nerv- 
ous system, and local factors related to autoregulation. The 
total systemic vascular resistance (SVR) is thus determined by 
the net effect of regional resistances. Oxygen delivery (D0 2 ) 
is systemic cardiac output (Qs) multiplied by arterial oxygen 
content (Ca0 2 ), which is determined by the hemoglobin (Hb) 
concentration, oxygen saturation (Sa0 2 ), and oxygen tension 
(Pa0 2 ): 

Ca0 2 = 1.34 xHbxSa0 2 + 0.003 xPa0 2 (1) 

D0 2 =Ca0 2 xQs (2) 

The sympathetic stress response as described with 
hypovolemic-septic shock (127-129) is activated in all 
shock states to redistribute blood flow to the brain and 
heart (130-132). The distribution of cardiac output can be 
significantly altered by stress responses, with the mesenteric 
and splanchnic circulations being at risk for silent ischemia 
during compensated shock (133-136). Circulatory reflexes 
to hemorrhage or hypotension will increase baroreflex gain 
to raise contractility, heart rate, and SVR, and decrease 
venous capacitance (137-140). These responses may be 
immediately protective in the face of hemorrhagic shock but 
often impair systemic flow in the face of myocardial dys- 
function (141,142). These responses are also activated by 
cold stress, pain, and anxiety, and thus are not specific to 
hypovolemia (143-146). The vigor of the vascular compo- 
nent of the stress response may actually cause blood pres- 
sure to be elevated in the face of low cardiac output in the 
stressed neonate or child (147). The predominant profile of 
shock in pediatric patients is low cardiac output and very 
high SVR (148). 
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FIGURE 48.10. Pulsed Doppler examination 
from the suprasternal notch in a patient with 
HLHS. With the sample volume positioned in 
the transverse arch, retrograde systolic flow 
(arrows) from the patent ductus arteriosus into 
the aorta is identified, consistent with ductal- 
dependent systemic circulation. 


The organs in the splanchnic circulation are the first to 
suffer ischemic injury because sympathetic outflow and innerva- 
tion is rich in these regions (135,149-152) and because of the 
selective effects of angiotensin (153,154). Ischemic organ dam- 
age may occur even in the presence of normal global oxygen 
economy if regional vascular resistance is sufficiently elevated 
(133,134,155-157). There now exists compelling evidence that 
splanchnic/mesenteric ischemia is a frequent common pathway 
for multisystem organ dysfunction and death (158-161), and 
regional cellular oxygen deficit is underrecognized, underdi- 
agnosed, and undertreated (162). Strategies targeting earlier 
detection and treatment of shock could improve outcome, with 
greater impact in populations with higher baseline mortality risk 
(163). The mortality risk in the neonate with HLHS, even with 
contemporary management, is high enough to justify the addi- 
tional complexity of oxygen- delivery goal-directed approaches 
to prevention, detection, and management of shock states (164). 

Oxygen Flux in Single-Ventricle Parallel Circulation 

With univentricular parallel anatomy, both the pulmonary cir- 
culation and the systemic circulation are fed by arterial blood 
that is only partially saturated with oxygen. Because arterial 
saturation (Sa0 2 ) is reduced by mixing, and because Qs may 
be reduced by various factors, a reduction in D0 2 is typically 
encountered in patients with HLHS, with a resulting higher risk 
of cellular hypoxia as a major physiologic vulnerability. Apply- 
ing the Fick principle (equality of systemic oxygen consump- 
tion and pulmonary oxygen uptake) to the patient with HLHS 
yields the following relationships between oxygen consumption 
(V0 2 ), pulmonary blood flow (Qp), systemic blood flow (Qs), 
Sa0 2 , systemic venous saturation (SvO z ), and pulmonary venous 
saturation (Spv0 2 ), which allows estimation of the pulmonary- 
to-systemic flow ratio (Qp/Qs) in the parallel circulation: 

V0 2 =Qsx(Sa0 2 -Sv0 2 ) (3) 

V0 2 = Qpx(Spv0 2 -Sa0 2 ) (4) 

QP _ (SaP 2 -SvC> 2 ) (5) 

Qs (Spv0 2 -Sa0 2 ) 


Optimal systemic oxygen delivery in univentricular models 
occurs at the lowest total cardiac output when Qp/Qs is close 
to 1 (165). This economy occurs with the total ventricular out- 
put (Qt) being twice the normal output of an in-series systemic 
ventricle, to yield normal values for both Qs and Qp. With a 
Qp/Qs of 1 and an arterial-venous saturation difference (Sa0 2 - 
Sv0 2 ) of 25%, oxygen uptake/consumption equilibrium will 
occur when the pulmonary capillary-arterial saturation differ- 
ence (Spv0 2 -Sa0 2 ) also equals 25%, resulting in an Sa0 2 of 
75% and an Sv0 2 of 50%, assuming that pulmonary venous 
blood is fully saturated. If Sa0 2 is >75%, a higher Qp is neces- 
sary to maintain the same pulmonary 0 2 uptake; conversely if 
Qp falls, Sa0 2 will also fall. If the SaQ 2 is low, then a higher Qs 
is necessary to maintain systemic 0 2 uptake; if Qs falls, then 
Sa0 2 also falls. Changes in Sa0 2 result in opposite effects on 
pulmonary and systemic oxygen economy. Conversely, since a 
tradeoff of Qs and Qp will exist for any Qt, increases in Sa0 2 
that are not a result of increased Qt will be offset by a reduc- 
tion in Qs. Referring to the first three examples in Table 48.1, 
moderately large changes in Qp/Qs with constant Qt (assum- 
ing a hemoglobin of 15 g/dL, 5pv0 2 of 100%, and indexed 
V0 2 of 160 mL/m 2 /min) show a range of Sa0 2 from 63% to 
82% but a narrower range of Sv0 2 for 44% to 50%. As a 
result, moderate alterations in Qp/Qs balance will have mini- 
mal effect on D0 2 ; more effectively, alterable determinants of 
D0 2 include hemoglobin and Qt. Oxygen economy at higher 
or lower Qp/Qs and varying Qt is illustrated in Table 48.1. 

In single-ventricle parallel circulation, solution of the Fick 
equation shows that the Sa0 2 depends on both systemic and 
pulmonary flow and saturation: 

SaQ _ (Qp x SpvQ 2 + Qs x SvQ 2 ) (6) 

(Qp + Qs) 

Changes in Qt, over a range of Qp/Qs, have a mpre profound 
effect on Sv0 2 . Thus matching of D0 2 to changes in V0 2 are more 
effective via interventions in total cardiac output or hemoglobin 
concentration than by precise manipulation of Qp/Qs balance. 

An important limitation in circulatory reserve resulting 
from this complex relationship is that increases in systemic 
oxygen consumption cannot be buffered by increased extrac- 
tion (166). This limitation is best clarified by comparison of 
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Effect of Varying Qp/Qs and Qt on Arteriovenous Saturations in Parallel Circulation 


Qp/Qs 

Sv0 2 (%) 

Spv-a0 2 (%) 

Qp 

Sa-v0 2 (%) 

Qs 

Qt 

SaO z (%) 

1.0 

50 

25 

3.2 

25 

3.2 

6.4 

75 

2.0 

44 

18 

4.3 

38 

2.1 

6.4 

82 

0.5 

44 

37 

2.1 

19 

4.3 

6.4 

63 

1.0 

67 

17 

4.8 

16 

4.8 

9.6 

83 

2.0 

63 

12 

64 

25 

3.2 

9.6 

88 

0.5 

63 

25 

3.2 

12 

6.4 

9.6 

75 

1.0 

33 

33 

2.4 

34 

2.4 

4.8 

67 

2.0 

25 

25 

3.2 

50 

1.6 

4.8 

75 

0.5 

25 

50 

1.6 

25 

3.2 

4.8 

50 


Assumptions, hemoglobin 15 g/dL, oxygen consumption 160 ml7m 2 , pulmonary venous saturation of 100%. 


the oxygen cascade diagram between in-series and parallel cir- 
culation (Fig. 48.11). 

In a patient with normal in-series circulation , at constant 
cardiac output, increased V0 2 will reduce Sv0 2 , but pulmo- 
nary oxygen uptake will increase to match. In the critically 
ill patient, tissue oxygen utilization will usually continue 
until the Sv0 2 falls to <50%; thus, a doubling of V0 2 can 
be met without an increase in cardiac output. Since normal 
lungs can fully oxygenate fully desaturated systemic venous 
blood, the resulting Sa0 2 is unchanged, D0 2 is maintained, 
and the increased V0 2 can be met by increased extraction 
alone. Similarly, cellular oxygen utilization can be main- 
tained during a reduction in cardiac output and D0 2 by 
increased extraction. 

In a patient with univentricular parallel circulation , 
increased oxygen extraction (either because of increased V0 2 
or decreased D0 2 ) will reduce Sv0 2 and Sa0 2 . The result is 
that conditions that increase oxygen extraction will also 
decrease oxygen delivery through a reduction in Sa0 2 . For 
any given Qp/Qs, the increased tissue oxygen demand can 
be met only by increased cardiac output. For any given fall 
in cardiac output, D0 2 and Sv0 2 will be disproportionately 
reduced, because Sa0 2 will also fall. Thus, changes in oxygen 
supply and demand are interdependent and destabilizing in the 
patient with parallel univentricular physiology. 

Monitoring the Parallel Circulation 

The first successful approaches to monitoring and managing 
the patient with HLHS emphasized the central importance 
of Sa0 2 in detecting and guiding treatment of unbalanced 


pulmonary-to-systemic blood flow ratio and total cardiac out- 
put (167). Generalization of this approach was based on cir- 
culatory models that assumed either a constant arteriovenous 
oxygen difference (of typically 25%) or a constant mixed Sv0 2 
(of typically 50%). In either model, an Sa0 2 of 75% would 
then result from mixing equal parts of systemic venous and 
(fully saturated) pulmonary venous blood; deviations of Sa0 2 
from 75% in these models would result from, and be diag- 
nostic of, deviations of Qp/Qs from 1. These approaches also 
assumed adequate total cardiac output to meet oxygen deliv- 
ery needs if Qp/Qs is optimized. Under these conditions, sys- 
temic oxygen delivery generally increases as Sa0 2 approaches 
75% to 80% and falls at higher saturation owing to increas- 
ing Qp/Qs imbalance. However, in the perioperative period, 
total cardiac output and metabolic demand may frequently be 
mismatched as a result of the inherent instability of parallel 
circulation as described above, and variability of Qp/Qs, Qt, 
and V0 2 (168-170). Inspection of Table 48.1 reveals that 
assertions about the Qp/Qs from a single measured Sa0 2 value 
are unreliable unless either Sv0 2 , or VO z and Qt, are known. 
A target Sa0 2 of 75% can result from a range of Qp/Qs and 
Sv0 2 conditions, which may include inadequate systemic flow 
if Qt or V0 2 is variable. In a circulatory model that allows 
for variation in both total cardiac output and Qp/Qs, a wide 
range of tissue/venous saturation can result at any given Sa0 2 , 
shown graphically in Figure 48.12. The resulting domain of 
Sv0 2 shows that severely impaired systemic oxygen delivery 
can occur with Sa0 2 closely maintained in the target 75% to 
80% range. 

A report of increased stability with the use of inspired car- 
bon dioxide (C0 2 ) (167) led to the wide adoption of manipu- 
lation of medical gases to control PVR and Qp/Qs. Theoretic 


FIGURE 48.11. Oxygen flux in series and parallel 
circulations. In contrast to series circulation, in 
a parallel circulation, arterial blood derives from 
a mixture of systemic venous and pulmonary 
venous return and is divided into systemic and 
pulmonary flow according to relative resistances. 
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FIGURE 48.12. The range of Sv0 2 at any 
given Sa0 2 is shown in a model with vari- 
able total cardiac output and bounded by 
Qp/Qs as low as 0.5 and as high as two. 
For any Sa0 2 , a range of Sv0 2 is possible. 
The slope of the Sa0 2 -Sv0 2 relationship, as 
total cardiac output changes, is determined 
by the Qp/Qs ratio. (Reprinted from Hoff- 
man GM and Stuth EA. Hypoplastic left 
heart syndrome. In: Lake CL, Booker PD, 
eds. Pediatric Cardiac Anesthesia. 4th ed. 
Philadelphia, PArLippincott Williams & 
Wilkins, 2005, with kind permission of 
Lippincott Williams & Wilkins.) 


and experimental models showed that inspired CO z increased 
PVR, and moderately decreased SVR, and would increase sys- 
temic oxygen delivery (171,172). As part of this approach, the 
Sa0 2 was used as a key indicator to detect pulmonary overcir- 
culation, which would result in a higher Sa0 2 as Qp/Qs rose. 
However, this would be true only if the systemic arteriovenous 
difference did not increase, which would occur only if the 
increase in Qp resulted from increased Qt at constant Qs. The 
primary concern over preventing a runaway spiral of increased 
Qp/Qs led to the use of low or even subatmospheric fraction 
of inspired oxygen (fi0 2 ) in further attempts to raise the PVR 
(173,174). 

Preoperatively, these approaches may be partially effective 
in limiting pulmonary overcirculation, but only hypercapnia 
increases systemic oxygen delivery (175). In contrast, a syn- 
thetic shunt placed at the time of initial palliation imposes 
a large fixed resistor into the total pulmonary resistance, 
which is of similar magnitude to the SVR. This arrangement 
reduces the efficacy of PVR manipulations on hemodynamics 
(176,177). Reduction of fi0 2 may cause the resulting alveo- 
lar oxygen tension to be inadequate to fully oxygenate the 
pulmonary capillary blood, an effect that may be common 
at fi0 2 < 0.3 (178). Thus, reduction in Sa0 2 by intention- 
ally limiting fi0 2 may result solely from pulmonary capillary 
desaturation rather than reductions in Qp. This will reduce 
oxygen uptake across the lung, waste pulmonary blood flow, 
and reduce oxygen available for tissue utilization. Unless 
Spv0 2 is measured or fi0 2 is high enough to make pulmonary 
capillary desaturation unlikely, the calculated Qp/Qs at low 
fiO z may be falsely low because of Spv0 2 < 95%. Because 
of variability in both Spv0 2 and the arteriovenous saturation 
difference, the Sa0 2 does not reliably characterize the parallel 
circulation. 

The importance of both SVR and PVR in determining 
Qp/Qs was emphasized in modeling studies (176). In these 
studies, the Qp/Qs range could be restricted by placement of a 
resistive shunt, and the importance of shunt size was empha- 
sized. These models also demonstrated that the combination 
of low total cardiac output and high Qp/Qs severely impaired 
systemic oxygen delivery. Even in the presence of a resistive 
shunt in the pulmonary circulation, control of elevated SVR 
was more effective than increases in PVR to optimize systemic 
oxygen delivery. 


Without knowledge of Sv0 2 or tissue oxygenation, the 
effect of any intervention on systemic oxygenation remains 
difficult to assess. Not surprisingly, perioperative management 
based primarily on optimization of Sa0 2 is associated with an 
early mortality of >20%. With this approach, cardiovascular 
collapse and mortality typically result from an acute hemody- 
namic event that occurs unexpectedly in an apparently stable 
postoperative hemodynamic setting (73,179,180). Because 
sympathetic vasomotor tone and thus SVR increase as sys- 
temic flow falls, changes in Qp/Qs can occur rapidly, resulting 
in deterioration of systemic oxygen delivery in a self-rein- 
forcing cycle. Precisely, because of the Qp/Qs tradeoff, these 
changes are usually not readily apparent with arterial pres- 
sure or oxygen saturation monitoring as demonstrated in Fig- 
ure 48.13. This above analysis provides an explanation for the 
profound circulatory derangements that are possible despite 
having Sa0 2 in the typical target range. These theoretical and 
actual limitations have led to the development of management 
strategies aided by SvO z measurement to more closely assess 
Qp/Qs, adequacy of oxygen delivery, and whole-body oxygen 
economy. 

It is not possible to obtain a true mixed venous blood sam- 
ple in the patient with HLHS, but approximate measures of 
the mixed venous oxyhemoglobin saturation can be obtained 
from blood withdrawn from the SVC. Placement of a catheter 
in the SVC primarily to allow sampling of quasi-mixed venous 
blood is more likely to be helpful in guiding perioperative 
management. Small (4 Fr) oximetric catheters placed in the 
SVC just prior to weaning from bypass in neonates undergoing 
Norwood-type repairs allow continuous readout of SVC satu- 
ration. Used as an approximation of Sv0 2 , monitoring SVC 
saturation allows timely hemodynamic intervention to avoid 
anaerobic metabolism, which has an apparent SV0 2 thresh- 
old near 30% in this population (181). The use of continuous 
Sv0 2 has greatly reduced the perioperative occurrence of sud- 
den unexpected circulatory collapse (73,179,182). However, 
this measure is available only rarely preoperatively, and for a 
limited time postoperatively. 

Near-infrared spectroscopy (NIRS) monitoring of tissue 
oxygen status has been used as an adjunct to perioperative 
management. NIRS devices with a 4-cm source-detector 
distance can measure the average oxyhemoglobin satura- 
tion (rS0 2 ) in tissue about 2 to 3 cm below the skin, and has 
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FIGURE 48.13. A Multichannel recording of early ICU course after Norwood procedure without phenoxybenza- 
mine, showing severe deterioration in systemic oxygen delivery without significant changes in other convention- 
ally monitored parameters. Continuously recorded data are from a single neonate arriving in the ICU after the 
Norwood procedure, performed without phenoxybenzamine. A life-threatening hemodynamic deterioration is 
clearly shown with Sv0 2 monitoring despite Sa0 2 in the 75% to 80% range. An initial deterioration in Sv0 2 
(arrow a) was partially corrected with additional analgesia (arrow b) but did not prevent a subsequent critical 
deterioration in systemic oxygen delivery (arrow e), which was effectively treated with a combination of addi- 
tional analgesia/anesthesia and increased inotropic and vasodilator infusions. Conventional parameters (arterial 
blood pressure and Sa0 2 ) show only subtle changes that provide neither an early warning of the critical situation 
nor feedback about the effectiveness of corrective measures. ART, mean arterial blood pressure; Fi0 2 , fraction of 
inspired oxygen; PetC0 2 , end-tidal carbon dioxide; Sa0 2 , arterial saturation; Sv0 2 , systemic venous saturation. 
(Reprinted from Hoffman GM and Stuth EA. Hypoplastic left heart syndrome. In: Lake CL, Booker PD, eds. 
Pediatric Cardiac Anesthesia , 4th ed. 2005, with kind permission of Lippincott Williams & Wilkins.) 


been used to monitor oxyhemoglobin saturation in a range of 
organs including brain, muscle, kidney, and gut (183,184). The 
probes are most commonly placed on the forehead to monitor 
cerebral oxygenation, and on the T10-L2 flank region to mon- 
itor somatic saturation, as an attempt to capture circulations 
under intense autoregulatory (cerebral) and autonomic (renal 
or splanchnic somatic) control. Combining NIRS rS0 2 from 
these two regional circulations in a linear model allows better 
approximation of Sv0 2 and thus provides information about 
both regional and global oxygen economies as a noninvasive 
Sv0 2 surrogate (185-188) (Fig. 48.14). Given the instability 
of oxygen supply/demand relationships, and the inadequacy of 
assessment based on arterial blood pressure and Sa0 2 monitor- 
ing, improved outcome requires early detection and treatment 
of deficiencies in oxygen economy. Direct or surrogate meas- 
urement of Sv0 2 permits continuous assessment of adequacy 
of systemic oxygen delivery in the most vulnerable postopera- 
tive period. Low total cardiac output and unbalanced Qp/Qs 
can be differentiated physiologically, interventions can be 
rationally based, and patient responses can be quantified and 
trended. We have found continuous Sv0 2 monitoring to be the 
single most important factor in improving survival after stage 1 
palliation (73), and our current approach relies on noninva- 
sive pre- and postoperative detection of circulatory deteriora- 
tion with NIRS (189-191). 


Preoperative Preparation 
Prostaglandin E 1 

Maintaining ductal patency in a neonate with HLHS is vital 
in the preoperative management. Although ductal closure is 
rarely immediate, nearly all infants will have physiologic clo- 
sure of the ductus arteriosus by the fourth day of life; 20% 
of infants will demonstrate functional ductal closure dur- 
ing the first day of life, and >80% of infants demonstrate 
ductal closure during the second day of life. For this reason, 
prostaglandin Ej (PGE a ) therapy should be initiated immedi- 
ately when HLHS is diagnosed or suspected (192-194). The 
patient’s physiologic state often directs initial PGEj dosing. 
For patients who present in shock with suspected ductal clo- 
sure or a restrictive duct, initial dosing will range from 0.05 
to 0.1 A^g/kg/min. Once ductal patency is ensured, the infusion 
rate can be decreased to an effective dose as low as 0.01 fid 
kg/min (195). 

Ductal patency with the lowest effective PGEj dose 
minimizes the most common dose-dependent side effects 
of PGEj: hypotension prompting volume resuscitation 
and respiratory depression requiring mechanical support 
(195-197). Initiation of intravenous caffeine with a load- 
ing dose of 20 mg/kg followed by a maintenance dose of 


CHAPTER 48 ■ Hypoplastic Left Heart Syndrome 1073 


80 


(D 

T3 

O 

CM 

o 

co 

k_ 

o 

CM 

O 

> 

CO 


60 


40 


f / 


- *** • • 


• SVC Sv02 

Two-site NIRS Model 
95% Cl 


20 


24 


48 


Postoperative Hour 


FIGURE 48.14. Actual Sv0 2 and values predicted from two- 
site NIRS model. A neonate after the Norwood procedure 
performed with phenoxybenzamine has SVC Sv0 2 monitoring 
and NIRS probes over frontal cerebral and T10-L2 somatic 
(renal) sites. A linear model of NIRS data closely tracks actual 
Sv0 2 data. (Model Sv0 2 = 0.45 x rS0 2 cerebral + 0.45 x rS0 2 
somatic.) Cl, confidence interval; rS0 2 , regional oxygen satu- 
ration; Sv0 2 , systemic venous oxygen saturation. (Adapted 
from Hoffman GM, Stuth EA, Berens RJ, et al. Two-site near- 
infrared transcutaneous oximetry as a non-invasive indicator 
of mixed venous oxygen saturation in cardiac neonates. Anes- 
thesiology 2003;97:A1393) 


5 to 10 mg/kg/day has been effective in reducing the need 
for mechanical ventilation preoperatively. This approach 
is based on a study in neonates receiving low-dose PGEj 
who were simultaneously being treated with aminophyl- 
line or placebo. Patients who received aminophylline had 
a decreased incidence of apnea and did not require intuba- 
tion when compared with the placebo group of whom 35% 
required intubation (198). 

Respiratory Support and Inspired Gases 

In the preoperative patient without anatomic limitation to 
pulmonary blood flow, mechanical ventilation and medical 
gas manipulation of pulmonary arteriolar resistance are some- 
times necessary and beneficial. Controlled positive-pressure 
ventilation with care taken to avoid hyperventilation can limit 
pulmonary blood flow. Additionally, the use of positive end- 
expiratory pressure (PEEP) allows delivery of lung volumes 
that exceed functional residual capacity and subsequently 
results in compression of pulmonary vasculature with a result- 
ant increase in PVR. 

Medical gas management can be used to increase PVR 
and reduce Qp/Qs. Inspired C0 2 as a means to limit pulmo- 
nary blood flow and treat instability first became apparent in 
the early 1990s (167). Subsequent animal models have con- 
firmed the effectiveness of inspired CO z on lowering the pH 
and raising PVR while successfully increasing systemic flow 

(171.172.199) . Animal models have similarly demonstrated 
the effectiveness of subatmospheric fiO z in increasing PVR 

(172.199) . Clinical experience supports the use of hypoxia as 
a means to attenuate an elevated Qp/Qs (173,200). Hypoxic 
gas mixtures are achieved through blending nitrogen and 
oxygen to achieve inspired subatmospheric fi0 2 of 0.14 to 
0.20. The use of inspired gases in humans has been best 
studied in an acute model by Tabbutt et al. (175). Preopera- 
tive neonates with HLHS who were anesthetized and under 
neuromuscular blockade were ventilated with a hypoxic gas 
mixture (fi0 2 of 0.17) and with supplemental C0 2 (fiC0 2 
of 0.03). Although both strategies were successful in acutely 


reducing Sa0 2 and Qp/Qs, only hypercar bia improved sys- 
temic oxygen delivery (175). Furthermore, whereas hyper- 
carbia improved cerebral oxygenation, hypoxia provided no 
benefit to cerebral saturation (201). 

In general, excessive supplemental oxygen, a potent pul- 
monary vasodilator, is avoided in the preoperative manage- 
ment of HLHS, although patients with respiratory distress 
syndrome, pneumonia, atelectesis, or other primary lung 
pathology might benefit from the use of supplemental oxygen 
for severe hypoxia. Patients with restrictive atrial communica- 
tion also necessitate supplemental oxygen administration. For 
these patients, controlled ventilation is instituted with supple- 
mental oxygen, with titration based upon both arterial and 
regional or venous oxygen measures by NIRS, which allows 
the decoding of the complex interactions of fi0 2 and pC0 2 on 
pulmonary blood flow, systemic blood flow, and total oxygen 
delivery. In patients who have severely restrictive or absent 
atrial septal defect, supplemental oxygen and other medical 
therapies are ineffective in treating the severe arterial desatu- 
ration, prompting emergency intervention with balloon atrial 
septostomy, atrial septal balloon dilation and/or stent, surgical 
septectomy, or immediate stage 1 palliation. 

Vasoactive Medications 

The need for preoperative inotropic support is variable and 
directed by clinical presentation and echocardiographic 
features. More recently, we have used noninvasive but con- 
tinuous monitoring with NIRS to facilitate a less-invasive 
preoperative stabilization strategy (189). Patients who pre- 
sent in cardiogenic shock most commonly benefit from ino- 
tropic support as do patients with significantly reduced right 
ventricular function. On whole, inotropic catecholamines 
have been shown to reduce or have little effect on Qp/Qs in 
an animal model (172), but dose escalation may result in an 
undesired increase in SVR that subsequently raises Qp/Qs. 
For those patients in whom Qp/Qs is elevated and systemic 
perfusion is compromised, inodilator therapy with milrinone, 
a phosphodiesterase inhibitor, might be warranted. Mil- 
rinone, however, also has been shown to reduce PVR and 
again carries the undesired risk of increasing Qp/Qs. Fur- 
thermore, milrinone could result in significant hypotension in 
patients already at risk for decreased perfusion secondary to 
aortopulmonary runoff. Strategic monitoring and thoughtful 
assessment of these patients will be directed at these concerns. 

Other Adjunctive Therapies 

The hypoxic patient with inefficient single-ventricle physiol- 
ogy benefits from increased oxygen carrying capacity. Increas- 
ing the hematocrit to 50% will benefit the patient with limited 
Qp or Qt. Other means to improve systemic perfusion include 
therapies that attenuate sympathetic vascular tone. Specifi- 
cally, for the stressed neonate with increased SVR, low-dose 
morphine can be used to reduce agitation and work of breath- 
ing and to improve systemic oxygen balance (189). Parenteral 
nutrition is provided with volume administration that is con- 
sistent with gestational age, birth weight, and postnatal age. 
For the term infant who is >2,500 g, our recommendations 
for fluid requirements during the first day of life are 70 to 
80 mL/kg/day with escalation to 100 mL/kg/day on day of 
life three and then, 120 to 140 mL/kg/day for infants 4 days 
of age and older. The preterm infant requires more fluid due 
to higher transdermal insensible losses at a lower weight. Diu- 
retic therapy is reserved for those patients who demonstrate 
respiratory insufficiency from increased interstitial lung edema 
related to either pulmonary overcirculation or restrictive pul- 
monary venous return. 

Any of the proposed preoperative management strate- 
gies can be used in isolation or combination to balance 
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FIGURE 48.15. Stage 1 palliation of HLHS. A: Stage 1 palliation (Norwood procedure) using a modified BTT 
shunt for provision of pulmonary blood flow. The shunt originates from the innominate artery and inserts into 
the central PA. B: Stage 1 palliation using an RV-to-PA conduit (Sano modification) for provision of pulmonary 
blood flow. A larger 5- or 6-mm graft is placed between the RV and the central PA. C: Stage 1 palliation using a 
hybrid approach. Pulmonary blood flow is restricted with branch PA bands, and the ductal patency is maintained 
by placement of a stent. A stent is placed to create a nonrestrictive atrial septal defect. 


pulmonary-to-systemic flow, optimize systemic perfusion, and 
preserve organ function. However, each should be embarked 
on only with sufficient monitoring as they can pose potential 
risks to the neonate awaiting staged palliation for HLHS. 


STAGED PALLIATION 

With inadequate anatomic substrate for a two-ventricle 
repair, surgical approaches must address the relatively high 
and variable PVR in the neonate as well as the subsequent 
reduction in PVR that allows an eventual more stable and 
economical in-series circulation. Recognition of such physi- 
ologic necessities drove the development of numerous surgi- 
cal approaches (202,203). Permutations of a staged surgical 
pathway that was successfully championed by Norwood et al. 
(204,205) are now widely used. The staged approach ulti- 
mately leads the patient on a pathway to a single-ventricle 
in-series circulation, usually culminating in a Fontan opera- 
tion with the final result similar to patients with tricuspid 
atresia and hypoplastic right heart syndrome (206). Most 
commonly, stage 1 palliation consists of reconstruction of 
the aortic arch into the right ventricular outflow, separation 
of branch pulmonary arteries from the RV, and creation of a 
restrictive source of pulmonary blood flow from a systemic 
artery or directly from the single ventricle (205,207). Stage 
2 palliation unloads the single ventricle by replacing the 
systemic-to-pulmonary shunt with a superior cavopulmo- 
nary anastomosis (208). The staged pathway is completed 
by modifications of a Fontan connection from the inferior 
vena cava (IVC) to the pulmonary arteries, with or without 
fenestration (205,209,210). 

Stage 1 Palliation 

Surgical Approaches 

The goals of stage 1 palliation include relief of ductal- 
dependent systemic flow, provision of unrestricted coronary 
artery flow, creation of a nonrestrictive atrial septal defect 


to prevent pulmonary venous hypertension, and provision 
of a reliable but restricted source of pulmonary blood flow 
(Fig. 48.15). Surgical strategies are varied, and the intro- 
duction of the hybrid procedure revisits early strategies of 
Litwin and Van Praagh to accomplish the goals of stage 1 
palliation without the use of cardiopulmonary bypass (CPB) 
(211-214). 

Stage 1 palliation using either a modified Blalock-Thomas- 
Taussig (MBTT) shunt or RV-to-PA conduit (Sano modifi- 
cation) is accomplished using CPB, deep hypothermia, and 
altered perfusion — either circulatory arrest or regional perfu- 
sion. A connection is created between the smaller ascending 
aorta and the pulmonary root for provision of coronary blood 
flow. Restructuring of the heart's outflow via the pulmonary 
root is accomplished along with relief of coarctation and arch 
hypoplasia. Variations in surgical techniques include resection 
of ductal tissue or coarctectomy as opposed to patching of 
the region of ductal insertion. The aim of stage 1 palliation is 
to create a stable anatomy that permits growth and matura- 
tion of the pulmonary vasculature so that it can accommodate 
subsequent single-ventricle palliation. It is important that suc- 
cessful surgical strategies have a low incidence of recurrent or 
residual lesions because these are a source of interstage mor- 
tality and can limit suitability for single-ventricle palliation. 
Development of a restrictive atrial septal defect rarely compli- 
cates the interstage course (215). The observation that smaller 
ascending aortic size and presence of aortic atresia are risk fac- 
tors for mortality is an indication that coronary insufficiency 
is a cause of death following stage 1 palliation, and strategies 
that target creation of a large ascending aorta-to-puimonary 
root anastomosis are likely to result in improved outcome 
(216-219). Arch reconstruction strategies that include coarc- 
tectomy appear to have a lower incidence of late arch obstruc- 
tion (70,216). 

A modification of the systemic-to-pulmonary artery shunt 
developed by Blalock, Thomas, and Taussig has historically 
been the source of pulmonary blood flow following stage 1 
palliation (220). Typically, this shunt originates from the 
innominate artery or the aorta. Both the diameter and length 
of this shunt are relevant to determining its flow-resistive 
characteristics (176). The resulting anatomy ideally provides 
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enough resistance to pulmonary blood flow to avoid destabi- 
lization from excessive pulmonary blood flow in the postop- 
erative period. Physiologic limitations result from the inherent 
Qp/Qs mismatch of the parallel circulation and diastolic aortic 
runoff to the pulmonary circulation with risk of aortocoro- 
nary flow impairment (221,222). Additionally, competition 
between cerebral and pulmonary circulations for blood flow 
is possible if the shunt originates from the innominate artery 
(183). Furthermore, the systemic-to-pulmonary artery shunt 
is susceptible to occlusion from thrombosis or thromboembo- 
lism (215,223). 

Recently, the right ventricle-pulmonary artery (RVPA) 
conduit as a source of pulmonary blood flow as part of the 
Norwood procedure was reintroduced (224,225). In this mod- 
ification, pulmonary blood flow is supplied by conduit, gener- 
ally a Gore-Tex tube graft, from the RV to the PA (224). A 
theoretical advantage of the RVPA shunt is the elimination of 
diastolic runoff and increased diastolic pressure with improved 
coronary perfusion pressure (226-233). Potential disad- 
vantages include a negative effect on right ventricular func- 
tion and ventricular arrhythmias due to the ventriculotomy, 
impaired growth of the pulmonary arteries, and the need for 
an earlier stage II procedure (230,234-236). Single-institution 
series comparing outcome of the Blalock-Thomas-Taussig 
shunt and RVPA conduit provided conflicting results (226- 
228,231,233,234,237-240). The Single-Ventricle Recon- 
struction Trial was a multi-institutional randomized trial of 
549 patients comparing the MBTT shunt and the RVPA con- 
duit. Among patients who had stage 1 palliation, transplanta- 
tion-free survival 12 months after randomization was higher 
with the RVPA conduit than with the MBTT shunt (74% vs. 
64%, p = 0.01) (Fig. 48.16). After 12 months, there was no 
survival advantage to the RVPA conduit, and the RVPA shunt 
group had more unintended interventions ( p = 0.003) and 
complications (p = 0.002) (241). 

Branch PA banding has been reported as a successful 
approach to reduce excessive pulmonary blood flow and per- 
mit a sufficient decrease in PVR to allow later stage 1 repair 


or to reduce mortality while awaiting a donor heart (242). Use 
of this approach has also been reported in the rare neonate 
who cannot be stabilized by medical interventions because of 
excessive pulmonary blood flow (243). The hybrid approach 
uses surgical branch PA banding combined with transcatheter 
ductal stenting (211-213,244). Intervention to provide a reli- 
able atrial septal communication is also necessary and may 
include a balloon septostomy and/or stent placement within 
the atrial septum (245). The result is anatomy that achieves the 
goals of stage 1 palliation without the need of CPB and deep 
hypothermia. The second-stage procedure combines aortic 
arch reconstruction and a superior cavopulmonary connection 
(191,212,213). Important shortcomings of hybrid palliation 
include the potential for retrograde arch obstruction that can 
result in cerebral and coronary ischemia (246,247). This risk is 
highest among patients with an atretic aortic valve, and inter- 
stage interventional catheterization procedures are commonly 
required. Branch PA banding either alone or in combination 
with ductal stenting may also be useful for the patient at 
increased risk for CPB-related complications such as a neonate 
with an intracranial hemorrhage or the premature, low-birth- 
weight newborn (248). 

Anesthetic Management 

Trauma and surgical stress induce a neurohumoral and 
cytokine response, the magnitude of which is associated with 
organ dysfunction and death (249). Anesthetic techniques 
that reduce the magnitude of biologic markers of stress are 
associated with decreased mortality (250). Because of the 
extent of surgical trauma and the use of profound hypother- 
mia with or without circulatory arrest, anesthetic techniques 
that use high doses of synthetic opioids to reduce the stress 
response and preserve the limited neonatal cardiac reserve are 
rational and associated with improved outcome (146,251). 
Typically, profound analgesia and adequate blunting of the 
stress responses can be accomplished with 30 to 60 fig/kg of 
fentanyl before CPB and a continuous fentanyl infusion of 



FIGURE 48.16. Kaplan-Meier curves for 
transplantation-free survival among all infants 
who underwent the Norwood procedure, 
according to the intention-to-treat analysis. 
Transplantation-free survival 12 months after 
randomization was higher with the RVPA shunt 
than with the MBTT shunt (74% vs. 64%, 
p = 0.01). MBTT, modified Blalock-Thomas- 
Taussig shunt; RVPA, RV-to-PA shunt. (From 
Ohye RG, Sleeper LA, Mahony L, et al. Pediat- 
ric Fieart Network I. Comparison of shunt types 
in the Norwood procedure for single-ventricle 
lesions. N Engl J Med 2010;362:1980-1992. 
Copyright © 2010 Massachusetts Medical 
Society. Reprinted with permission from 
Massachusetts Medical Society.) 


No. at Risk 

RVPA shunt 274 202 139 76 15 

MBT shunt 274 176 125 69 17 
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10 /i g/kg/h throughout the procedure and into the 
postoperative period (146,252). Low-dose volatile anesthetics 
(0.25 to 0.5 minimum alveolar concentration [MAC]) or 
benzodiazepines (lorazepam 100 to 200 jj, g/kg) for hypnosis 
and to further limit autonomic responses, particularly to CPB, 
are routinely used. Some patients may require dopamine at 2 to 
5 /ig/kg/min, or epinephrine or norepinephrine at 0.02 to 
0.05 ji g/kg/min to counterbalance the reduction in sympa- 
thetic outflow resulting from profound unconsciousness, and 
such inotropic support will usually improve systemic flow to 
vital organs (253). Monitoring of regional circulation with 
NIRS is helpful to assess the complex circulatory changes that 
result from surgical and anesthetic effects in these patients, 
and can be applied noninvasively and continuously through- 
out the perioperative period. 

Afterload Reduction 

Anesthetic drugs alone cannot completely eliminate the stress 
response to profound hypothermia (146). Because increases in 
SVR as part of the stress response can impair systemic oxygen 
delivery, strategies to control Qp/Qs have been critical in the 
management of these infants. Medical gas management aimed 
at elevation of PVR with inspired C0 2 or hypoxic gas mix- 
tures allows control of PVR independent of minute ventila- 
tion (167,173,177). Management based on modulating PVR 
guided by Sa0 2 as an indicator of Qp/Qs does not eliminate 
early hemodynamic collapse, and autonomic influences on 
SVR remain active. 

As an alternative approach to obtain Qp/Qs balance, phar- 
macologic interruption of systemic vasoconstrictor responses 
using a-adrenergic blockade was popularized by Poirier et al. 
(254). Such an approach has been shown to increase systemic 
oxygen delivery (179) and is associated with improved sur- 
vival (179,180). The basic physiologic premise is that phar- 
macologic clamping of SVR in conjunction with clamping the 
total PVR with a resistive shunt will reduce the variability 
in systemic oxygen delivery through reduced variability in 
Qp/Qs. The importance of shunt size in limiting Qp/Qs 
extremes has been modeled, and smaller shunts make pul- 
monary overcirculation less likely (176). However, fourfold 
elevations in SVR are possible in the stressed neonate, mak- 
ing variable Qp/Qs unavoidable if the capacity for vasocon- 
striction is not blocked or at least reduced. Treatment with 
phenoxybenzamine, a long-acting irreversible a-adrenergic 
receptor blocker, improved systemic oxygen delivery as sig- 
naled by Sv0 2 (178,255). The improved Sv0 2 occurred 
during the early postoperative course, the time typically asso- 
ciated with critical reductions in systemic oxygen delivery 
(256,257). The relationship between blood pressure and Sv0 2 
was fundamentally altered in patients receiving phenoxyben- 
zamine, suggesting that SVR was both lower and less variable 
(Figs. 48.17 and 48.18). With SVR effectively clamped by 
reducing autonomic influences, we found that phenoxyben- 
zamine, compared to nitroprusside, largely eliminated the 
deterioration of systemic oxygen delivery at high Sa0 2 and 
fundamentally changed the relationship between Sa0 2 and 
SvO z in the postoperative parallel univentricular circulation, 
as depicted in Figure 48.19 (182). This has simplified man- 
agement by reducing the extremes in Qp/Qs variability: the 
required total cardiac output to meet systemic oxygen require- 
ments is less at Qp/Qs closer to one, and the cycle of increas- 
ing SVR resulting in falling oxygen delivery is interrupted. 
Our strategy had been to use 0.25 mg/kg phenoxybenzamine 
at the initiation of CPB, with a selective postoperative infu- 
sion of 0.25 mg/kg/day limited to infants who demonstrate 
reactive SVR despite fentanyl and benzodiazepine treatment, 
with benefits both from the specific pharmacologic effect of 
alpha blockade and from the prolonged duration of action, 



FIGURE 48.17. Effect of phenoxybenzamine on 48-hour Sv0 2 
trend. Mean and 95% confidence intervals of Sv0 2 from neo- 
nates following the Norwood procedure with and without 
phenoxybenzamine. Phenoxybenzamine increases Sv0 2 and 
reduces variability. Sv0 2 , systemic venous saturation. (Adapted 
from Tweddell JS, Hoffman GM, Fedderly RT, et al. Phenoxy- 
benzamine improves systemic oxygen delivery following the 
Norwood procedure. Ann Thorac Surg 1999;67:161-168.) 


which committed the patient to a treatment strategy that both 
promotes and requires high systemic blood flow. Because an 
intravenous formulation of phenoxybenzamine is no longer 
commercially available, we have more recently substituted 
phentolamine 250 /xg/kg bolus on CPB with a continuous 
infusion at 1 to 2 /ig/kg/min continued through the first 24 to 
48 postoperative hours. Both phentolamine and phenoxyben- 
zamine have improved indices of systemic perfusion compared 
to nitrovasodilators (258-260), and this effect is likely related 
to the specific distribution of vascular resistance achieved via 
a-adrenergic blockade. 

Management of Cardiopulmonary Bypass 

High-flow CPB guided by Sv0 2 provides the best organ per- 
fusion and the least metabolic evidence of anaerobic metab- 
olism. However, reconstruction of the aortic arch requires 
that blood flow be intermittently interrupted, and thus cir- 
culatory support for stage 1 palliation typically entails some 
degree of regional hypoperfusion. In addition to the usual 
invasive monitoring and venous oximetry on CPB, two- 
site NIRS has been identified as a useful adjunct to guide 
management of the determinants of oxygen delivery and 
consumption on CPB. 

CPB strategies vary by institutional philosophy and patient- 
specific anatomy as well as the intended operation. Both can- 
nula placement and perfusion strategy are interdependent 
factors. Most commonly, a single venous cannulation is used. 
Direct cannulation of the proximal PA trunk or ductus arte- 
riosus permits high-flow bypass to commence with the intent 
of whole-body cooling to 18°C to 20°C prior to circulatory 
arrest, after which time the arterial cannula is repositioned in 
the neoaortic trunk (207,261). Alternatively, the innominate 
artery can be cannulated either directly or via a synthetic graft 
that will later become the source of pulmonary blood flow. This 
approach permits continuous cerebral perfusion with enough 
access to the arch to permit reconstruction and also provides 
measurable descending aortic blood flow (183,184,261,262). 
By manipulation of pump flows, temperature, and pC0 2 , 
significant somatic blood flow may be maintained during 
regional perfusion via the innominate artery (183,184,263). 
Avoidance of somatic arrest and profound hypothermia has 
also been achieved with bifurcated aortic cannulation to the 
innominate and DAo (264). 
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Mean Arterial Pressure, mm Hg 

FIGURE 48.18. Effect of phenoxybenzamine on Sv0 2 -blood pressure relationship. Real-time (hourly) values of 
Sv0 2 and mean arterial blood pressure and linear fit equations from neonates after the Norwood operation. In 
neonates managed without phenoxybenzamine, blood pressure and systemic oxygen delivery are inversely related 
because blood pressure is determined mainly by SVR. In neonates who received phenoxybenzamine, blood pres- 
sure and oxygen delivery are positively related because blood pressure is determined mainly by cardiac output and 
SVR remains relatively constant. Sv0 2 , systemic venous saturation. (Adapted from Tweddell JS, Hoffman GM, 
Fedderly RT, et al. Phenoxybenzamine improves systemic oxygen delivery following the Norwood procedure. 
Ann Thorac Surg 1999;67:161-168.) 


Management of blood flow, hematocrit, temperature, and 
pC0 2 on CPB surrounding the time of circulatory arrest has 
been extensively investigated. Evidence suggests that cool- 
ing until jugular venous saturation is near 100%, at which 
time EEG silence occurs, maximally preserves cerebral oxy- 
genation during subsequent ischemia. Neurologic outcomes 


are presumably improved with longer cooling time, pH-stat 
management during cooling, higher hematocrit before and 
after deep hypothermic circulatory arrest (DHCA), and by 
providing more metabolic suppression from hypothermia with 
more oxygen delivery (265). Questions remain whether meta- 
bolic suppression from hypercapnia is additionally beneficial. 
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FIGURE 48.19. Effect of phenoxybenzamine on Sa0 2 -Sv0 2 relationship. Real-time (hourly) SaO z and Sv0 2 values 
and best-fit polynomial equations in neonates after the Norwood procedure with and without phenoxybenzamine. 
The Sa0 2 -Sv0 2 pattern in control patients reveals variable Qp/Qs and a systemic-to-pulmonary flow tradeoff at 
high Sa0 2 ; a critical peak of Sv0 2 occurs at an average Sa0 2 of 77%. In contrast, the Sa0 2 -Sv0 2 relationship fol- 
lows the pattern of variable total output and relatively constant Qp/Qs with phenoxybenzamine treatment, with 
no evidence of systemic-to-pulmonary flow tradeoff. However, individual Sv0 2 cannot be predicted from Sa0 2 
in either group. Qp, pulmonary blood flow; Qs, systemic blood flow; Sa0 2 , oxygen saturation; Sv0 2 , systemic 
venous saturation. (Adapted from Hoffman GM, Tweddell JS, Ghanayem NS, et al. Relationship between arterial 
and venous saturation following the Norwood procedure: sustained afterload reduction prevents hemodynamic 
deterioration at high arterial saturation. / Thorac Cardiovasc Surg 2004;127:738-745.) 
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The absolute safe time for DHCA in any individual patient 
remains unknown, although risk is clearly increased after 30 
to 40 minutes at 18°C to 22°C (266). Neurologic injury, how- 
ever, may occur despite all CPB parameters in the usual safe 
range. Anttila et al. (267) have shown that combinations of 
hematocrit, pC0 2 , temperature, and flow rate could produce 
ischemic injury, which was consistently identified by a lower 
brain oxygen saturation by NIRS. Based on the premise that 
hypoxia is the major cause of cerebral injury in the periop- 
erative period, it is hypothesized that strategies that provide 
continuous or near-continuous cerebral perfusion (268) may 
avoid the complications attributable to DHCA (269). A recent 
randomized prospective study of patients with single-ventricle 
anatomy undergoing arch reconstruction comparing DHCA 
to low-flow (10 mL/kg/min) continuous cerebral perfusion 
failed to identify a difference in neurodevelopmental outcome 
at 1 year of age (270). That study, although well designed 
from a structural viewpoint, unfortunately chose a flow rate 
for continuous cerebral perfusion below that which is required 
(40 to 60 mL/kg/min) to ensure adequate cerebral blood flow 
and oxygen delivery (271,272), and thus its findings cannot 
be generalized to answer the important question that it was 
designed to answer. A post-CPB period of increased risk of 
decreased cerebral perfusion has been identified (Fig. 48.20), 
and intraoperative strategies can influence postoperative cer- 
ebral hemodynamics in subtle but important ways (272). 
Because techniques are continuously evolving, and neurologic 
outcome assessment is best performed many years after neo- 
natal surgery, a formal outcome study will not likely speak 
directly to current management. 

During rewarming and reperfusion, oxygen consumption 
increases and may require adjustment of flow by physiologic 
parameters. Titration of hypnotic drugs may be necessary to 
limit both oxygen consumption and vascular responses. Ultra- 
filtration during rewarming should aim to raise the hemato- 
crit to 40%. Uniform rewarming to a bladder temperature 
of 36°C is necessary to avoid thermoregulatory metabolic 
responses after separation from CPB, which will be imposed 
at the most critical point for oxygen delivery. Additional tar- 
gets include an SVR of about 12 Wood units and anesthetic 
and inotropic support at a steady state. Before separation from 
CPB, milrinone (50 jUg/kg load plus infusion of 0.5 jUg/kg/min) 
is routinely used for inodilation (273). With pump flow of 
3.2 L/m 2 /min, an organ perfusion pressure of 40 mm Hg (mean 
arterial pressure [MAP] - central venous pressure [CVP]) is 
targeted while the systemic-to-pulmonary artery shunt is still 
occluded. This translates into a systemic vascular resistance 


index (SVRI) of 12 Wood units. Anesthetic depth is evaluated, 
but analgesic/hypnotic withdrawal is not used to raise SVR. 
Specifically, low-dose vapor or hypnotic infusion is maintained 
during rewarming, separation from CPB, and closure. If the 
SVR is low, as is typical with the use of phenoxybenzamine, 
norepinephrine is infused at 0.03 to 0.3 }i g/kg/min. For addi- 
tional inotropy, epinephrine in the 0.03 to 0.3 fl g/kg/min 
range is titrated to systolic function and heart rate (169,257). 
If SVR is high, additional sedative/hypnotic, alpha-blockade, 
or, rarely, nitroprusside is administered. If phenoxybenzamine 
or phentolamine has been administered on CPB, then addi- 
tional epinephrine often reduces SVR because of unopposed 
/3-adrenergic activity in the face of a-adrenergic blockade. 

Once the target SVR has been achieved and vasoactive 
infusions are constant, the lungs are reinflated and mechanical 
ventilation is resumed. Usual initial ventilator settings include 
a fi0 2 >0.5, inflating pressure of 25 to 28 cm H z O, inspiratory 
time of 0.6 to 0.8 seconds, PEEP of 3 to 4 cm H z O, and a 
rate of 10 to 20 breaths per minute to achieve normal alveolar 
ventilation without atelectasis. Prolonged ventilation without 
lung perfusion is avoided to reduce the likelihood of acute 
changes in PVR and lung injury (274-276). Shunt adequacy 
is evaluated with a test opening; a rise in end-tidal CO z to the 
30-torr range and a drop in MAP of >10 mm Hg are suggestive 
of adequate shunt flow. An oximetric catheter may be placed 
in the SVC for post-CPB monitoring. Weaning from CPB is 
attempted over 30 to 45 seconds. The total cardiac output 
must double with shunt opening; preload must be carefully 
titrated to avoid ischemia and generally is optimal at an initial 
CVP of 10 to 12 mm Hg. Inotropic support may need further 
adjustment during this time. As pump flow decreases, the arte- 
rial and venous saturation falls. Generally, an organ perfusion 
pressure of 40 mm Hg is adequate. Real-time knowledge of 
Qp/Qs and direct or NIRS-surrogate Sv0 2 drive physiologic 
adjustment of SVR and myocardial performance. Sv0 2 or 
other measures of oxygen supply/demand become the primary 
hemodynamic target, with appropriate attention to coronary 
perfusion pressure and evidence of ischemia. 

Successful separation from CPB is likely if arteriovenous 
saturation difference remains normal (20% to 30%) and 
Sv0 2 remains above the anaerobic threshold of 30% to 35%. 
Modified ultrafiltration usually increases Sv0 2 and apparent 
myocardial performance (277). A low Sv0 2 (<40%) with high 
Sa0 2 (>80%) indicates high Qp/Qs, and reduction in SVR is 
attempted. Increasing PaC0 2 may redistribute systemic blood 
flow to the brain but has little effect on Qp/Qs in the postop- 
erative period in the presence of a relatively restrictive systemic 


FIGURE 48.20. Changes in cerebral and 
somatic saturation during the Norwood pro- 
cedure performed with continuous cerebral 
perfusion. Frontal cerebral and T10-L2 flank 
(renal-somatic) regional saturation (rS0 2 ) from 
continuous NIRS monitoring during the Nor- 
wood procedure. Cerebral oxygenation is well 
maintained during continuous regional cerebral 
perfusion (RCP) via the innominate artery, but 
somatic saturation falls. After weaning from 
cardiopulmonary bypass (CPB), the cerebral 
saturation falls, although somatic oxygenation 
is maintained. (Adapted from Hoffman GM, 
Stuth EA, Jaquiss RD, et al. Changes in cere- 
bral and somatic oxygenation during stage 1 
palliation of hypoplastic left heart syndrome 
using continuous regional cerebral perfusion. 
/ Tborac Cardiovasc Surg 2004;127:223-233.) 
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48.2 | 

Circulatory Management based on Sv0 2 Interpretation 

Sa0 2 

Sv0 2 

Qp/Qs 

Suggested Intervention 

80 

60 

1.0 

None; slowly wean support 

80 

40 

2.0 

Sedation/analgesia, warmth, vasodilator 

70 

50 

0.67 

Resolve atelectasis, raise SVR 

70 

40 

1.0 

Raise cardiac output, raise hemoglobin, reduce V0 2 

75 

25 

2.0 

Raise cardiac output, lower SVR 

60 

40 

0.5 

Resolve atelectasis, raise SVR, consider iNO, consider shunt 
augmentation _ 

87 

70 

1.5 

Wean support 

87 

40 

3.6 

Sedation/analgesia, vasodilation, consider shunt restriction 


Sa0 2 , oxygen saturation; Sv0 2 , systemic venous saturation; Qp/Qs, pulmonary-to-systemic flow ratio; SVR, systemic vascular 
resistance; V0 2 , oxygen consumption; iNO, nitric oxide. 


to pulmonary shunt. Low SvO z and balanced Qp/Qs indicate 
inadequate total oxygen delivery. Increasing the inotropic 
state, preload optimization, increasing hemoglobin, and meta- 
bolic suppression can be used. High SVR must be addressed 
and may be present even if blood pressure is not high because 
of the accompanying reduction in systemic perfusion. Man- 
agement based on Sv0 2 or NIRS as a surrogate is shown 
in Table 48.2. Using cerebral (rS0 2 C) and somatic (rS0 2 R) 
NIRS approximations of regional venous saturation, the arte- 
riovenous difference across brain and kidney, muscle, or gut 
can be continuously assessed and regional blood flow changes 
derived from application of the inverse Fick principle, allow- 
ing appropriate interventions directed at pulmonary, cerebral, 
and systemic blood flows specifically. Current targets include 
an Sa0 2 >80%, Sv0 2 >50%, cerebral arteriovenous difference 
of 20% to 30% and rS0 2 C >50%, somatic arteriovenous dif- 
ference of 10% to 20% and somatic rSO 2 >70%, CVP of 9 to 
12 mm Hg, and MAP of 48 to 52 mm Hg (188,191,272,278). 

After separation and completion of modified ultrafiltration, 
cannulae are removed and heparin reversal is achieved. Modi- 
fication of Qp/Qs by PVR modulation is now less effective 
than manipulation of SVR because of the large fixed resistance 
imposed by the systemic-to-pulmonary artery interposition 
shunt and the potential lability in SVR. Lung management 
targets the usual goals of maintenance of functional residual 
capacity, avoidance of atelectasis, and fully saturated pulmo- 
nary capillary blood. In the presence of a restrictive shunt, 
adjustment of C0 2 will have more effect on the distribution of 
SVR than on total pulmonary resistance (176), and increasing 
the fi0 2 will usually increase oxygen delivery without adverse 
effect on Qp/Qs (177). Increases in Sa0 2 are not deleterious 
in the presence of intense after load reduction (182). Because 
changes in SVR, sympathetic outflow, and oxygen consump- 
tion with volatile anesthetic withdrawal can pose physiologic 
threat in these patients, transition to an intravenous hypnotic 
and analgesic strategy should occur before transfer to the ICU. 

Mechanical Circulatory Support 

Mechanical circulatory support should be initiated before 
global or regional hypoxia results in organ damage or death. 
The threshold for brain lactate production occurs with cer- 
ebral rS0 2 values around 40% (279,280), and the threshold 
for anaerobic metabolism appears to be at an Sv0 2 around 
30% in this patient population (181). If manipulation of 


SVR, PVR, and inotropic state does not result in adequate 
systemic oxygen delivery, and if there is no issue with shunt 
size, patency, or other correctable anatomic limitations, then 
inotropic support should be aggressively escalated since 
individual dose-response effects are variable. Adequate oxy- 
gen delivery is the goal (257). Failure to achieve adequate 
organ oxygen delivery with sustainable inotropic support 
should prompt consideration of mechanical support. Elective 
mechanical support should be considered a defensible strategy 
and preferable over unplanned circulatory collapse and resus- 
citation (281). Treatment of the patient with single-ventricle 
physiology in the arrest and prearrest situation has recently 
been reviewed (282,283), with emphasis on Sv0 2 and NIRS 
monitoring for assessment and continuous guidance about 
response to interventions. 

Traditional venoarterial extracorporeal membrane oxy- 
genator (ECMO) support must be used if there is any ques- 
tion about shunt patency or lung function, and rapid-response 
ECMO can effectively salvage some infants who have severe 
hypoxia and cardiogenic shock. Management of the systemic- 
to-pulmonary artery shunt on ECMO has evolved. Historically, 
the shunt was mechanically clipped during ECMO support 
(238). This strategy was used because of a desire to limit 
ECMO flow and concerns about excessive pulmonary blood 
flow hypothesized to result in pulmonary dysfunction while 
on support. The result of a clipped shunt strategy was develop- 
ment of pulmonary dysfunction, which has been postulated to 
be due to ischemia or more likely severe alveolar alkalosis that 
resulted from prolonged ventilation of underperfused lungs. 
Management with a patent shunt allows for gradual transi- 
tion to pulmonary gas exchange while support flow is weaned 
(284). An alternative approach to mechanical support is to 
use the patient’s lungs’ total gas exchange, and a roller pump 
without oxygenator is interposed between atrial drainage and 
the aorta (285). This arrangement simplifies anticoagulation 
and requires maintenance of lung ultrastructure and function, 
which may be impaired by ECMO without pulmonary blood 
flow (276). Use of mechanical support to preserve end-organ 
function may improve outcomes (73,281,285). Problems with 
ECMO include bleeding, clotting, massive blood product 
requirements, lung “whiteout,” acquired adult respiratory dis- 
tress syndrome (ARDS) from ventilating an ischemic lung, and 
intracranial bleeding. 

We prefer a technique that maintains shunt patency 
allowing continuous transition of circulatory work and gas 
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exchange between the patient and the machine. Critical atten- 
tion to fluid and colloid administration with maintenance of 
CVP < 10 is necessary if pulmonary and myocardial function 
are to recover. Continued management of SVR may be nec- 
essary to maintain adequate organ perfusion pressure and 
regional blood flow. C0 2 is added to the inspired gas dur- 
ing ECMO to achieve an end-tidal C0 2 of 40 torr to avoid 
hypocapnic lung injury (275,276) and acute increases in PVR 
with lung reperfusion (274). This strategy allows progressive 
weaning of mechanical support as native myocardial function 
improves. 

Postoperative Management 

Unbalanced Qp/Qs, reduced total cardiac output, higher 
oxygen demand, and the potential for myocardial ischemia 
contribute to morbidity and mortality. Oxygen delivery is lim- 
ited by myocardial edema with attendant diastolic dysfunc- 
tion and the potential development of tamponade physiology 
(286-288). This physiologic vulnerability peaks in the first 6 
to 12 hours postoperatively, and all monitoring appropriate 
for the operating room should be maintained throughout this 
period (122,257). Postoperative management should target 
adequate organ oxygenation including stabilization of oxy- 
gen consumption to reduce morbidity and mortality. Strategic 
improvements in oxygen delivery have paralleled improved 
survival (289) and neurologic outcomes (290) in our series. 
Sv0 2 and NIRS data as primary markers of systemic oxy- 
gen delivery are used targeting SvO z > 50%, cerebral rS0 2 > 
50%, and somatic rS0 2 > 60% to minimize organ dysfunc- 
tion and the risk of secondary multisystem organ dysfunction 
(181,278,291). Evidence of anaerobic metabolism with Sv0 2 
approaching 30% has been demonstrated, and management 
strategies that target a Sv0 2 of >50% have reduced mortality 
(73,181,292). 

Delaying sternal closure until postoperative day 2 to 4 
has reduced early hemodynamic compromise and the need 
for mechanical circulatory support (293). The development 
of moderate tamponade physiology is expected. Therefore, 
the procedure should be timed such that inotrope-recruitable 
stroke volume is available. An increase in inflammatory 
responses including elevated temperature setpoint is expected 
after sternal closure, with possible need for additional support. 

An increase in oxygen consumption of about 30% can be 
expected with the transition to spontaneous ventilation. Phar- 
macologic support should be adjusted during this transition 
as appropriate. Excessive work of breathing owing to altered 
mechanics will quickly destabilize the circulation. 

Interstage Management and the Timing 
of Stage 2 Palliation 

After recovery from stage 1 palliation, acute care is transitioned 
to chronic therapies that allow preservation of organ function 
and somatic growth. As such, interstage management should 
include pharmacologic therapy targeted at optimizing the 
inefficient parallel circulation inherent to HLHS after stage 1 
palliation, vigilant monitoring of physiologic variances as a 
means to identify destabilizing pathology, and ensuring ade- 
quate nutrition and somatic growth. 

Prescribed Medical Therapy 

Pharmacologic therapy between stages 1 and 2 palliation 
remains variable among institutions and potentially includes 
chronic afterload reduction, diuretics, and/or digoxin for 
support of the cardiovascular system, and anticoagulation. 
Chronic afterload reduction with an angiotensin-converting 
enzyme (ACE) inhibitor may be beneficial in patients who 


have a pulmonary-to-systemic flow ratio (Qp/Qs) > 2 in the 
early postoperative period, greater than mild atrioventricu- 
lar valve insufficiency, evidence of congestive heart failure, 
or noninvasive evidence of elevated SVR. If SVR is subop- 
timally controlled with ACE-inhibitor therapy, enteral or 
transdermal clonidine may be effective. Afterload reduction 
is titrated with caution to avoid worsening hypoxia from 
excessive lowering of the Qp/Qs ratio and diastolic hypoten- 
sion that could result in impaired coronary flow. For patients 
with evidence of pulmonary overcirculation or heart failure, 
chronic diuretic therapy with furosemide is prescribed. Cau- 
tion is taken to avoid intravascular volume depletion that 
might reduce total cardiac output as well as increase the risk 
of shunt thrombosis owing to hyperviscosity. Prophylactic 
antiplatelet therapy with aspirin 20 mg daily is uniformly 
administered to our patients unless there is evidence of atrial 
or venous clot, at which time subcutaneous low-molecular- 
weight heparin is prescribed with a therapeutic goal of 0.7 
to 1.2 anti-Xa IU/mL. Finally, patients at our institution are 
expected to maintain Sa0 2 >78% while awake and asleep, 
and if unable to do so, are placed on supplemental oxygen 
via nasal cannula. Any one of these prescribed therapies will 
likely require outpatient adjustments during the interstage 
period. 

Risk Factors for Interstage Death 

The limited circulatory reserve inherent in a volume-loaded 
single ventricle with parallel circulation and cyanosis places 
the infant with HLHS at risk for late morbidity and mortal- 
ity. The incidence of sudden death in the interstage period has 
remained fairly constant at approximately 5% to 15% and 
does not seem to have been eliminated despite the introduc- 
tion of perioperative surgical, medical, and monitoring strate- 
gies that have dramatically improved early inpatient survival 
(73,179,228,241,294-296). 

Multiple risk factors and causes have been proposed for 
interstage death. Escalated risk of interstage mortality has 
been linked to anatomic diagnosis and residual or recurrent 
lesions. Specifically, the diagnosis of aortic atresia with a 
diminutive ascending aorta represents an anatomic subtype 
of HLHS presumably with the lowest physiologic reserve 
and has been associated with an increased risk of late death 
(219,254,297). The presence of a restrictive atrial com- 
munication, arch obstruction, obstructed shunt flow, PA 
distortion, atrioventricular valve insufficiency, and arrhyth- 
mias have also been associated with interstage mortality 
(215,217,228,232,295,296). Commonly acquired childhood 
gastrointestinal or respiratory diseases that result in hypov- 
olemia and/or acute hypoxemia have also been implicated as 
causes for interstage death (71,217). After successful stage 1 
palliation, any of the above-mentioned pathologic processes 
can lead to increased metabolic demands and an unfavorable 
oxygen supply/demand relationship, placing the infant with 
minimal myocardial reserve at even greater risk for mortality 
until progression to cavopulmonary anastomosis. Therefore, 
transitioning infants to home after stage 1 palliation warrants 
ongoing vigilance well beyond the initial early postoperative 
period and requires continued collaboration among caregiv- 
ers, including parents. 

Interstage Monitoring 

To improve late outcomes, we developed an interstage moni- 
toring program of Sa0 2 and weight designed for home use as a 
means to identify modifiable risk factors that might fatally tax 
the inefficient circulation intrinsic to HLHS after stage 1 palli- 
ation (71). The monitoring program was based on the hypoth- 
esis that earlier recognition of decreased Sa0 2 from baseline, 
poor weight gain, or weight loss might foretell the presence of 
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serious anatomic lesions or a developing intercurrent illness 
and subsequently allow for lifesaving intervention during the 
interstage period. 

In infants with HLHS after stage 1 palliation, arterial desat- 
uration from baseline might be indicative of anemia, respira- 
tory illness, and myocardial dysfunction resulting from falling 
cardiac output, or limited pulmonary blood flow from shunt 
stenosis or outgrowth. Hypoxemia alone, however, might 
not occur early in an acute illness that results in elevation in 
SVR, with consequent reduced systemic flow and increased 
Qp/Qs. Specifically, dehydration that results in hypovolemic 
shock from increased fluid loss as seen with gastroenteritis or 
decreased intake might mimic such a clinical scenario and be 
reflected only by failure to have expected weight gain or even 
weight loss. 

To detect acute hypoxemia, dehydration, or growth fail- 
ure between stages 1 and 2 palliation, patients are discharged 
home with a digital infant scale and pulse oximeter as part of 
an interstage monitoring program, and parents obtain daily 
weights and oxygen saturations. Criteria for which parents 
are instructed to notify a member of the cardiac team are 
Sa0 2 < 75% or >90%, weight loss of 30 g, failure to gain 
20 g of weight over 3 days, or enteral intake <100 mL/kg/ 
day. Breach of criteria prompts investigation to rule out an 
intercurrent illness or anatomic lesion as the cause of physi- 
ologic variance. 

Initiation of interstage monitoring in September 2000 
marked another milestone in the palliation of HLHS with 
improved interstage survival from 84% to 99% in a cohort of 
139 patients who underwent stage 1 palliation with 95% early 
survival. Just over half of the monitored patients breached 
surveillance criteria with most patients presenting before 
100 days of age. Worsening hypoxemia was the most common 
reason parents sought medical care. Shunt stenosis, outgrowth 
of the shunt, and innominate artery narrowing represented the 
cardiac diagnoses that led to interstage hypoxemia. Extracar- 
diac causes of desaturation from baseline included viral illness, 
anemia, and dehydration. Isolated inappropriate weight 
change or generally poor weight gain occurred in a third of 
patients who breached surveillance criteria and was the result 
of recurrent arch obstruction, sepsis, poor oral intake neces- 
sitating gastrostomy tube placement, failure to adequately 
adjust gastrostomy tube feeds for weight gain, or progressive 
heart failure (233). 


Nutritional Support and Somatic Growth 

Adequate nutritional support and growth are important in 
the patient with univentricular circulation and planned sur- 
gical palliation. Specifically, preoperative hypoalbuminemia is 
associated with increased postoperative infection rates, longer 
hospital stays, and increased mortality (298). Poor interstage 
growth velocity and lower weight-for-age z-score at bidirec- 
tional cavopulmonary anastomosis predicts a more complex 
postoperative course and longer hospital stay (299,300). Stud- 
ies to date report that 50% of infants with HLHS are mal- 
nourished in infancy with weight-for-age z-score <-2 or with 
an early infancy growth velocity <20 g/day (299-301). Etiol- 
ogy for growth failure in these patients is multifactorial and 
may include heart failure, extracardiac anomalies, genetic syn- 
dromes, gastrointestinal dysmotility, and/or malabsorption, 
any of which may contribute to inadequate enteral intake for 
energy utilization and growth. 

Scrutiny of weight change during early infancy provided 
invaluable somatic growth data for this patient population. 
From >1,400 patient weight observations, a growth curve 
was generated for infants who survived the interstage period. 
Unlike the healthy infant who usually doubles the birth weight 
by 5 months of age, the patient with HLHS appears to have 
limited growth potential with a plateau phase of weight gain 
between 4 and 5 months of age (Fig. 48.21). Early growth 
velocity was generally <20 g/day whereas normal infant 
growth is 25 g/day. These initial data prompted a greater focus 
on ensuring adequate caloric intake prior to hospital discharge 
and increased attention to outpatient growth and nutrition. In 
an attempt to optimize adequate growth, infants are expected 
to take 110 to 130 kcal/kg/day with formula or breast milk 
fortified to 24 to 27 calories per ounce. Approximately, 25% 
of our patients have undergone open gastrostomy tube place- 
ment because of inability to consume adequate calories with 
oral feeding alone. Increased attentiveness to nutritional intake 
at our institution has resulted in improved somatic growth in 
monitored patients that nearly parallels normal infant growth 
with a growth velocity >25 g/day and an increase in weight for 
age z-score from -1.3 at hospital discharge after the Norwood 
procedure to -0.9 at stage 2 palliation. 

Attentiveness to nutritional support also provided insight 
into optimal timing for stage 2 palliation. When comparing 
interstage monitored patients with those patients who were 



FIGURE 48.21. Interstage growth among survi- 
vors of the stage 1 palliation calculated using > 
1,400 observations of weights. The regression 
line and 95% confidence intervals are indicated. 
Normal growth is depicted in the shaded area , 
with the dashed line representing 50% for age. 
The curve indicates the limited growth potential 
of the patient following the first stage of pallia- 
tion. In this group of patients, growth into later 
infancy is limited, unlike a normal infant whose 
continued growth is expected. (Reproduced from 
Ghanayem NS, Tweddell JS, Hoffman GM, et al. 
Optimal timing of the second stage of pallia- 
tion for hypoplastic left heart syndrome facili- 
tated through home monitoring, and the results 
of early cavopulmonary anastomosis. Cardiol 
Young 2006;16:61-66, with permission.) 
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FIGURE 48.22. Connection of the SVC to the pulmo- 
nary arteries and takedown of previous systemic-to-PA 
shunts constitute the stage 2 procedure. Two surgical 
techniques are commonly used. A: The bidirectional 
Glenn shunt is a direct anastomosis of the SVC to the 
central PA. The principle advantage of the bidirectional 
Glenn shunt is the ease of construction; it can even be 
accomplished without the use of CPB in selected cases. 
B: In a hemi-Fontan procedure, the SVC is connected to 
the confluent pulmonary arteries without disconnecting 
it from the atrium; the atrial end of the SVC is closed 
with a patch. Although a more extensive operation than 
the bidirectional Glenn shunt, the hemi-Fontan allows 
for expeditious performance of a completion Fontan. 



A Bidirectional Glenn 



not subjected to frequent monitoring of weight and satura- 
tion, monitored patients had similar weights to nonmoni- 
tored patients (5.5 ± 0.8 vs. 5.7 ±1.3 kg) despite the younger 
age at stage 2 palliation in the monitored group (4.2 ±1.4 
vs. 5.6 ± 2.1 months, p < 0.01). This observation, along with 
the demonstrable flattening in growth velocity beyond 4 to 
5 months of age call into question the benefit of arbitrarily 
delaying stage 2 palliation until after 6 months of age. 

Stage 2: Superior Cavopulmonary Connection 

Superior cavopulmonary anastomosis prior to completion 
Fontan improves ultimate survival and is associated with 
low operative and late mortality (219,302). In this opera- 
tion, CPB is usually employed to allow anastomosis of the 
SVC to the proximal ipsilateral PA and takedown of prior 
shunts placed to provide pulmonary blood flow (Fig. 48.22). 
Anesthetic management usually includes a more balanced 
anesthetic technique that avoids prolonged postoperative 
ventilation, and approaches that include neuraxial opioids 
may have a favorable effect on early postoperative manage- 
ment (303). Progression to the cavopulmonary anastomosis 
reduces both wall stress and atrioventricular valve insuffi- 
ciency through elimination of the volume load on the single 
systemic ventricle. It creates a more efficient in-series circula- 
tion and increases diastolic pressure with improved coronary 
artery perfusion (208,221,294). The delayed timing of stage 
2 palliation to 6 months of age has been supported by previ- 
ous reports that early cavopulmonary anastomosis has been 
associated with severe hypoxemia, prolonged pleural drain- 
age, PA thrombosis, poor PA growth, early development of 
pulmonary arteriovenous malformations, and excess mor- 
tality (304-307). However, it seems logical that by simply 
shortening the period of risk linked to the inefficient parallel 
circulation after stage 1 palliation, interstage survival will be 
enhanced. 

In a series of home-monitored patients, those who breached 
home-monitoring criteria proceeded to stage 2 palliation at a 
significantly younger age of 3.6 ± 1 months compared with 5.6 ± 
2.1 months for those receiving conventional management ( p < 
0. 0 1 ) ( 71 ) . Despitetheyounger ageatstage2palliationofthemon- 
itored patients, weights between groups were similar: 5.3 ±0.9 
versus 5.7 ± 1.3 kg (p = ns). The success of early cavopulmo- 
nary anastomosis in these patients deemed at greatest risk for 
interstage mortality has modified our overall practice in that 
stage 2 palliation is electively performed at 4 months of age or 
earlier if necessary. 


The implications of early cavopulmonary anastomosis have 
been further reviewed by Jaquiss et al. (307,308). Patients who 
underwent cavopulmonary anastomosis at <4 months of age 
(mean 3.1 ± 1.4 months) were compared with their older coun- 
terparts (mean 5.5 ± 1.5 months). All patients survived with 
an actuarial survival of 96% at 1 year in both groups. The 
younger group, however, required prolonged mechanical ven- 
tilation, had a greater duration of pleural drainage, and had a 
longer hospital stay. Younger patients also had lower oxygen 
saturations postoperatively compared with the older group, 
but by hospital discharge, groups had similar oxygen satura- 
tions (307). Follow-up data on this cohort demonstrated no 
difference in late complications, preoperative hemodynamics 
at the time of Fontan palliation, or status of the patient after 
completion Fontan (308). 

After the stage 2 operation, patients experienced improved 
activity and physiologic reserve, which lasted several years. 
However, increasing cyanosis following stage 2 palliation is 
predictable and is due to several factors including increased 
lower- body growth and oxygen consumption with concomi- 
tant increase in desaturated inferior vena caval blood return. 
Patients will also develop venovenous collaterals from the 
high-pressure SVC to veins ultimately draining to the IVC or 
atrium. Furthermore, patients are at risk for the development 
of arteriovenous malformations that result in intrapulmo- 
nary shunting of blood from PA to pulmonary vein without 
gas exchange. These are postulated to be the result of a lack 
of so-called hepatic factor, which prevents the shunt forma- 
tion (309). Pulmonary arteriovenous malformations can be 
reversed by the completion Fontan operation, presumably by 
restoring hepatic factor to the pulmonary circulation. 

Stage 3: Completion Fontan 

For the patient with HLHS, the Fontan procedure is the last 
anticipated operation. The techniques and indications for 
surgery are not different from those for other single-ventricle 
patients, and indeed in many centers patients with HLHS make 
up the majority of patients undergoing the completion Fontan. 
For patients who have undergone a stage 2 procedure, either a 
bidirectional Glenn shunt or hemi-Fontan, the timing of com- 
pletion Fontan is not critical; in general, the operation is per- 
formed between 1 8 months and 4 years of age, with anesthetic 
considerations similar to those for the stage 2 operation. The 
surgical goal is to route the blood from the IVC to the pulmo- 
nary arteries with as little energy loss as possible. Although 
interventional techniques to perform the completion Fontan 
using coated stents have been reported, much more commonly, 
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FIGURE 48.23. The completion Fontan operation can be 
accomplished in two ways. A: The lateral tunnel Fontan 
involves creating an intra-atrial baffle that connects the 
IVC to the pulmonary arteries. B: The extracardiac Fon- 
tan uses a tube graft to connect the IVC to the central PA. 
In both cases, all caval return with the exception of the 
coronary sinus is directed to the pulmonary arteries, simu- 
lating as closely as possible the normal circulatory pattern. 
To improve hemodynamics, especially in the early postop- 
erative period, a fenestration is often placed between the 
baffle or conduit and the pulmonary venous atrium. This 
decreases CVP and increases preload to the single ventricle, 
albeit at the cost of some systemic desaturation. 


A Lateral tunnel 


B Extracardiac 


this is performed in the operating room using one of two tech- 
niques; a lateral tunnel or extracardiac conduit (Fig. 48.23). 

The lateral tunnel Fontan is commonly performed follow- 
ing the hemi-Fontan. As part of the hemi-Fontan, a dam is con- 
structed between the pulmonary arteries and the RA. During 
the completion Fontan, this dam is removed and a section of 
prosthetic conduit is used to create a baffle to route the inferior 
caval blood return to the PA. The baffle is not circumferential, 
and a portion of the tunnel is made up of the patient’s atrium, 
therefore maintaining, in theory, potential for growth. Addi- 
tional advantages include a low level of power loss as deter- 
mined by computational fluid dynamic studies (310). Although 
controversial, some studies suggest a higher incidence of 
sinus node dysfunction following the lateral tunnel Fontan 
(311-315). Another potential disadvantage of the lateral tun- 
nel Fontan involves the presence of prosthetic material exposed 
to the pulmonary venous portion of the atrium with the poten- 
tial for thrombus formation and systemic embolization. 

The extracardiac Fontan is constructed by placing a pros- 
thetic conduit between the IVC and the pulmonary arter- 
ies. The advantages include the ease of the operation and, 
although somewhat controversial, probably a lower incidence 
of sinus node dysfunction (311—315). In addition, no pros- 
thetic material is placed in the pulmonary venous atrium, with 
potentially lower risk of thromboembolic complications. The 
principle disadvantage is the lack of growth potential. To this 
end, larger conduits, between 20 and 22 mm in diameter, are 
placed to accommodate growth. The larger and longer con- 
duits may result in power loss, which, when combined with 
the potential for late revision for outgrowth, may impact the 
durability of the extracardiac Fontan. 

The postoperative course of patients following the Fontan 
procedure for HLHS is not substantially different from that 
of other single-ventricle patients with equivalent function. 
Patients with HLHS more commonly have decreased systolic 
and altered diastolic function, and they are at increased risk 
for postoperative complications including decreased cardiac 
output with elevated CVP, pleural effusions, ascites, throm- 
bosis, and arrhythmias. We routinely use a fenestration in the 
Fontan to permit right-to-left shunting, which decreases CVP 
and improves single-ventricle preload and cardiac output, at 
the expense of some degree of desaturation. The use of a fen- 
estration has resulted in excellent survival and shorter hospital 
stay (206). Additional strategies that minimize postoperative 
hospital stay include routine use of the diuretics including 
spironolactone, an aldosterone antagonist, and furosemide. 
Supplemental oxygen is used as a pulmonary vasodilator, and 
afterload reduction is given to improve cardiac output and 
lower single-ventricle filling pressures (316). 


Outcomes for Staged Palliation 

Most mortality associated with the staged surgical approach 
occurs during and after stage 1 palliation, with recent cumula- 
tive early and interstage mortality in the 5 % to 30% range 
(73,241,317,318). Improved outcome has been associated 
with early diagnosis, preoperative stabilization, early repair, 
systematic management approaches, and increased monitoring 
both in hospital and at home (71,73,294). The recent multi- 
institutional study comparing the modified Blalock-Thomas- 
Taussig shunt (MBTTS) to an RVPA conduit revealed that the 
early mortality was lower with the RVPA conduit approach; 
however, the variation in mortality across centers was a more 
significant factor than the type of shunt. The potential early 
advantage of the RVPA connection may result from a lower 
incidence of shunt thrombosis and associated mortality, with 
little improvement in systemic (233) or cerebral (235) hemo- 
dynamics. 

Patient-related characteristics are increasingly recognized 
as risk factors for early and intermediate mortality after 
stage 1 palliation. Few studies have reported worsened out- 
comes in patients with prematurity, low birth weight, ext- 
racardiac anomalies, genetic syndromes, and/or additional 
cardiac anomalies. Patients with any of these characteristics 
have been designated as “high risk” for staged palliation due 
to early operative mortality rates of 30% to 50% compared 
to 10% to 15% operative mortality in patients without 
arty of the aforementioned characteristics, the “standard- 
risk” cohort (75,319). We recently reported that intensive 
perioperative monitoring, early goal-directed treatment of 
shock, and greater resource utilization offset the vulnerabil- 
ity of “high-risk” patients resulting in comparable operative 
survival in “high-risk” and “standard-risk” patients, 87% 
versus 95%, respectively. In this series, ability to achieve 
stage 2 palliation or progression to transplant in lieu of 
stage 2 palliation was comparable between risk groups. 
Yet, “high-risk” patients had lower 1-year survival (78% 
vs. 93%) and survival to date (71% vs. 92%) compared to 
“standard-risk” patients (191). (see Fig. 48.24). Overall, for 
this cohort of 162 consecutive patients, operative survival 
was 91%, 1-year survival was 90%, and survival at last 
follow-up was 86%. 

Cardiac Catheterization 

Indications for cardiac catheterization in patients with HLHS 
may be either interventional in nature or may be elective stud- 
ies performed prior to stage 2 palliation or prior to the Fontan 
connection. 
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FIGURE 48.24. Actuarial survival following Norwood pallia- 
tion for standard-risk and high-risk patients from September 
2000 to September 2008. Operative survival and survival 
to cavopulmonary anastomosis are comparable between 
groups. One-year survival and survival to date are lower in 
high-risk patients compared to standard-risk patients ( p = 
0.01 and 0.001, respectively). (Reprinted from Ghanayem 
NS, Hoffman GM, Mussatto KA, et al. Perioperative moni- 
toring in high-risk infants after stage 1 palliation of univen- 
tricular congenital heart disease. / Thorac Cardiovasc Surg 
2010;140:857-863, with permission from Elsevier.) 


Ruiz et al. (320) and Gewillig et al. (321) have reported 
on the use of transcatheter stent placement within the ductus 
arteriosus in newborns with HLHS. This was performed in 
a group of patients that were listed for cardiac transplan- 
tation. This intervention allowed avoidance of long-term 
PGE1 therapy and its inherent complications including 
apnea, increased secretions, and chronic edema in patients 
who may wait weeks to months for a donor heart. Tran- 
scatheter ductal stenting is also performed as part of the 
hybrid procedure for HLHS. Transcatheter atrial septos- 
tomy is also employed in patients with HLHS and an intact 
or highly restrictive atrial septal defect. It is likely that this 
group of patients has irreversible changes in PVR that may 
not respond to intervention after birth. As a result, few cent- 
ers are currently performing fetal intervention procedures 
including balloon atrial septostomy in select patients with 
HLHS. Interventional procedures after stage 1 palliation 
may be indicated prior to stage 2 palliation. Indications for 
interventional catheterization include excessive cyanosis as a 
result of stenosis of the systemic-to-pulmonary artery shunt, 
stenosis of the right ventricular-to-PA conduit, or recurrent 
arch obstruction. 

Diagnostic catheterization is routinely performed prior 
to stage 2 palliation in most centers. Information obtained 
includes measurement of PA pressure, pulmonary capillary 
wedge pressure, right ventricular systolic and diastolic pres- 
sure, and pressure in the ascending and descending aorta. 
In addition, the PA anatomy, the adequacy of the atrial sep- 
tal defect, neoaortic arch obstruction, atrioventricular valve 
function, right ventricular function, and SVC anatomy are 
assessed. Some studies suggest that in select patients in whom 
clinical or anatomic concerns are absent by history, physical 
exam, and echocardiography, cardiac catheterization may not 
be necessary prior to stage 2 palliation. 


Finally, interventional cardiac catheterization may be nec- 
essary after stage 2 palliation. Indications may include exces- 
sive hypoxemia after stage 2 palliation with the requirement 
for catheter occlusion of a venovenous collateral or less com- 
monly, intervention for either a stenotic cavopulmonary con- 
nection or branch PA. Catheter intervention for aortic arch 
narrowing may also be occasionally necessary after stage 2 
palliation (217,302). 

Catheterization is routinely performed prior to the comple- 
tion Fontan operation at some centers. At this study, determi- 
nation of PA pressure, pulmonary capillary wedge pressure, 
and ventricular end-diastolic pressure is performed. In addi- 
tion PA anatomy, neoaortic arch anatomy, and the presence of 
venovenous or aortopulmonary collaterals are assessed. Some 
centers use cardiac MRI and less frequently 3-D CT scanning 
to determine the cardiovascular anatomy in select patients 
and do not routinely perform a catheterization study prior 
to completion Fontan operation (322). Cardiac catheteriza- 
tion following the Fontan operation may be necessary if there 
are anatomic or physiologic concerns not easily elucidated by 
noninvasive imaging techniques. Some centers routinely per- 
form cardiac catheterization 6 to 12 months after the Fontan 
procedure with consideration for fenestration closure follow- 
ing hemodynamic assessment. 

Finally, completion Fontan operation itself has been per- 
formed via catheter intervention (323). For patients with 
planned Fontan completion via interventional catheterization, 
a modification of the hemi-Fontan procedure is performed 
and includes a restrictive band that is placed at the superior 
venacava-right atrial junction. A transseptal needle perfora- 
tion is undertaken through the banded SVC-right atrial junc- 
tion with the subsequent placement of a covered stent from 
the IVC to the PA. In a report of five patients who underwent 
the Fontan operation with this technique, all returned home in 
24 hours; however, several patients required subsequent inter- 
vention for baffle leak (213). 


Late Fontan Concerns 

Staged palliation for single-ventricle physiology has under- 
gone a series of surgical revisions that have reduced early 
postoperative Fontan mortality from 20% to <2% (324,325). 
In late follow-up studies, 11% of Fontan survivors were 
found to have clinically significant morbidity including atrial 
dysrhythmias, protein-losing enteropathy (PLE), liver dys- 
function, congestive heart failure, progressive ventricular 
dysfunction, or stroke at a median age of 8 years (range 1 to 
25 years). Despite the significant morbidities associated with 
the Fontan operation, overall late mortality (range 4 months 
to 18 years) continues to decrease from 25% in the early expe- 
rience to 5% in the recent era (325,326). Although long-term 
outcome data are sparse for isolated HLHS, when compared 
to other single-ventricle lesions with Fontan circulation, late 
mortality is comparable regardless of ventricle morphology 
(206,327). 

Over the recent decades, indications for successful Fontan 
have been modified from the initial “Ten Commandments” 
described by Choussat and Fontan. From this list, specific 
physiologic risk factors for a failing Fontan prevail and relate 
to ventricular performance, atrioventricular and aortic valve 
function, and pulmonary circulation (328). Small PA size, 
PVR >4 wood units, preoperative PA pressure >15 mm Hg, or 
the presence of venovenous collaterals constitute a high-risk 
group of patients (326,329). In addition, more complex anat- 
omy that requires main PA to ascending aorta anastomoses 
or ventricular septal defect enlargement, both indicators of 
ventricular outflow obstruction, has been identified as a risk 
factor for late morbidity. 
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Ventricular Dysfunction 

Volume unloading provided by staged palliation results in 
reduction in ventricular size and wall thickness that, in turn, 
increases contractility and ventricular performance. Ventricu- 
lar dilation, however, may persist in some patients due to early 
volume overload, as well the presence of aortopulmonary col- 
laterals that are common in patients with chronic cyanosis. 
Regardless of the early success with staged palliation, late ven- 
tricular dysfunction after the Fontan operation may ensue due 
to morphologic/structural features of the single right systemic 
ventricle, residual obstructive lesions, and/or atrioventricular 
valve insufficiency. The failing systemic ventricle after staged 
palliation can be attributed to systolic dysfunction, diastolic 
dysfunction, or both (329-332). Systolic dysfunction is char- 
acterized by reduced contractility and an ejection fraction of 
<50%. Diastolic dysfunction is more difficult to define, but 
is evident by increased ventricular end-diastolic pressure and 
the rate of ventricular relaxation (333,334). As a result, late 
ventricular dysfunction and subsequent failure of Fontan cir- 
culation become clinically evident with symptoms of lower 
functional class, exercise intolerance, dyspnea, fatigue, and 
syncope (335, 336). 

Hypoxemia 

Slight hypoxemia with Sa0 2 in the low 90s is common after 
Fontan completion even when residual atrial-level shunts 
(fenestrations) are absent (321,328). This desaturation is 
thought to result from coronary sinus blood return to the pul- 
monary venous atrium, and/or ventilation/perfusion imbal- 
ances within the lung. Desaturation also commonly occurs in 
patients with residual anatomic shunts such as a persistent 
atrial-level shunt (fenestration) or acquired collateral circula- 
tion within the lung. 

In a study by Triedman et al. in which the prevalence 
and risk factors for aortopulmonary collateral vessels were 
assessed, collateral vessels were present in over 1/3 of patients 
who underwent either a bidirectional Glenn or Fontan proce- 
dure, and was most prevalent in patients with a history of a 
Blalock-Thomas-Taussig shunt. Most collateral vessels origi- 
nated from the internal mammary arteries and thyrocervical 
trunk with fewer vessels originating from the brachiocephalic 
vessels (337). Admittedly, aortopulmonary collaterals should 
not cause hypoxemia but can result in volume overloading of 
the single RV. 

Venovenous collaterals that drain directly into the LA or 
pulmonary venous circulation can also serve as a source of 
arterial desaturation after Fontan palliation. The collateral cir- 
culation that forms after Fontan palliation plays no role in gas 
exchange, produces right-to-left intrapulmonary shunts, and 
might contribute to progressive ventricular dysfunction as a 
source of chronic volume overload (338). Hence, the impact 
of intrapulmonary collateral circulation on oxygen saturation 
is variable but often most pronounced in the presence of pro- 
gressive ventricular dysfunction. 

Protein-Losing Enteropathy 

PLE, a phenomenon of hypoalbuminemia through intesti- 
nal protein loss, occurs with an incidence of 3% to 15% in 
patients with Fontan circulation and has a reported mortality 
of 30% at 2 years and 50% at 5 years after diagnosis (339- 
341). Onset of PLE can be as early as 1 month to nearly two 
decades after Fontan palliation but occurs most commonly 
two to three years following the Fontan procedure (342). 

The pathogenesis of PLE remains elusive despite increased 
understanding of univentricular physiology. Chronically ele- 
vated systemic venous/right atrial pressures with subsequent 
increased IVC and portal vein pressures have been implicated 


as the primary cause of PLE. This elevation in abdominal 
venous pressures presumably leads to intestinal congestion, 
lymphatic obstruction, and enteric protein loss (342). Dias- 
tolic dysfunction, as mentioned previously, that results in low 
cardiac output in the face of elevated venous pressures, or even 
with venous pressures considered normal for Fontan physi- 
ology (<15 mm Hg), predisposes the patient to mesenteric 
ischemia and subsequent intestinal mucosal injury leading to 
the onset of enteric protein losses (328,342). Finally, inflam- 
mation due to infection or unexplained etiologies can result in 
epithelial membrane injury that may result in PLE despite the 
absence of hemodynamic derangements (343-346). 

In a large retrospective multicenter study which included 
>3,000 patients with Fontan circulation in whom the incidence 
of PLE was 3.7%, ventricular anatomy other than dominant 
LV and an elevated preoperative ventricular end-diastolic pres- 
sure were risk factors for the development of PLE (342). Other 
large single-center studies have confirmed these findings, but 
also identified heterotaxy, polysplenia, anomalies of systemic 
venous drainage, increased pulmonary arteriolar resistance, 
and longer CPB time at Fontan palliation as risk factors for 
the development of PLE (328,339,340). 

It has been agreed that PLE is poorly understood in its 
etiology and that it may occur from weeks to years after the 
Fontan operation. Rychik and Spray (341) suggested that an 
increase in mesenteric artery resistance after the Fontan opera- 
tion, with a concomitant decrease in mesenteric artery blood 
flow, was associated with PLE. The clinical manifestations of 
PLE vary widely and the multiple potential therapies include 
diuretic use including aldactone and chlorothiazide, supple- 
mental protein administration, attempts at minimizing intes- 
tinal protein loss with steroids and heparin, and altering the 
cardiovascular physiology with fenestration creation. If the 
above therapies prove unsuccessful, cardiac transplantation 
can be offered. 

Thacker et al. (347) recently reported on the use of budeso- 
nide, a steroid with a high enteric anti-inflammatory effect, in 
the management of PLE after the Fontan operation. They sug- 
gested that budesonide resulted in an improvement of serum 
albumin within 6 months and that low-dose therapy must be 
continued in order to result in a sustained effect. 

Finally, Bernstein et al. (348), in a retrospective multi- 
institutional review reported the results of cardiac transplan- 
tation in the therapy of failing Fontan patients, many of whom 
had PLE. Although the survival for this group of patients was 
slightly less (1 year 76%, 3 years 70%, 5 years 68%) than 
those patients with congenital heart disease, but without a 
Fontan, and those pateints without congenital heart disease, 
the long-term results were encouraging and all surviving 
patients who had PLE had eventual resolution of PLE. Specifi- 
cally, PLE was present in 34 of the 97 Fontan patients in this 
study and complete resolution of PLE was noted in all who 
survived >30 days after transplantation. 

Thromboembolism 

Patients with Fontan circulation have a lifelong risk of throm- 
boembolic complications, particularly stroke and pulmonary 
embolism. In a large series by Coon, the reported prevalence of 
thrombus formation as detected by transthoracic echocardiog- 
raphy was 8.8% with the majority of thrombi detected within 
the first year of Fontan palliation (mean age 2.3 months, range 
1 day to 163 months) (349). In smaller series, the diagnosis 
of thrombus formation was more common with transesopha- 
geal echo with a reported prevalence of 17% to 30% (350). 
The high rate of thrombus formation is postulated to be pre- 
dominately secondary to venous stasis and impaired cardiac 
output that is inherent to single-ventricle circulation. No dif- 
ference has been observed in patients who received a lateral 
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tunnel or atriopulmonary Fontan (349). Several studies report 
the presence of arrhythmias at the time of thrombus detection 
(349-352). Finally, liver dysfunction and coagulation factor 
deficiency, particularly protein C deficiency, have been identi- 
fied in patients thought to have good outcomes after the Fontan 
operation; however, they appear to be time-related phenomena 
that resolve over time (353,354). The optimal anticoagula- 
tion regimen for the patient after the Fontan operation is still 
unclear and is the subject of current ongoing investigation. 

Arrhythmias 

Late atrial arrhythmias have a reported incidence of 10% to 5 % 
in patients with Fontan physiology (326,328,334,335,355). 
Sinus node dysfunction, the presence of atrial suture lines, and 
increased atrial pressure have all been implicated in the etiol- 
ogy of late arrhythmias. In recent years, the surgical approach 
for the Fontan has been modified from the lateral tunnel to the 
extracardiac Fontan with the goal of reducing the incidence 
of atrial arrhythmias. The extracardiac Fontan has theoretic 
advantages in achieving this objective as this approach min- 
imizes atrial suture lines and lessens the atrial hypertension 
that is expected with the lateral tunnel Fontan. Several series 
have reported this outcome with a decreased incidence of 
atrial tachyarrhythmias or pacemaker insertion for sinus node 
dysfunction in patients who underwent the extracardiac Fon- 
tan when compared to those patients subjected to the lateral 
tunnel Fontan (312,356,357). Conversely, Cohen reported 
no early benefit with either approach early after the Fontan 
operation (314). 

Cardiac Transplantation 

Primary Transplantation 

In the past, some centers have chosen cardiac transplanta- 
tion as the preferred primary therapeutic approach to HLHS 
(358-369). Bailey has reported the results of neonatal trans- 
plantation for HLHS. Between 1985 and 1996, 176 infants 
with HLHS were listed for cardiac transplantation. Nineteen 
percent of this group died prior to the identification of a donor 
heart. One-hundred and forty-two patients underwent trans- 
plantation between 1.5 hours and 6 months of life (median 
29 days). Actuarial survival of patients who underwent trans- 
plant at 1 month, 1, 5, and 7 years was 91%, 84%, 76%, 
and 70%, respectively. This actuarial survival did not take 
into account the group of patients that died prior to an avail- 
able donor heart. Intermediate-term follow-up of this group of 
patients has shown good growth and development (360). Evi- 
dence of neurodevelopmental delay has been noted in 11%, 
with normal psychomotor development in 91% and a normal 
developmental index in 96% (360,370). 

Donor availability continues to be a limiting factor to primary 
transplantation with the donor shortage resulting in 25% to 
30% mortality while on the waiting list. Alternative strategies 
to reduce pretransplant mortality include ABO incompatible 
neonatal transplantation. West has demonstrated promising 
results in patients who underwent ABO-incompatible trans- 
plantation with a concomitant decrease in mortality in those 
patients awaiting primary transplantation (371,372). 

Transplant for Failed Palliation 

Cardiac transplantation has been used at most centers for 
patients with HLHS who have failed or are poor candidates 
for staged palliation. Indications include severe, symptomatic 
right ventricular dysfunction and/or tricuspid valve regurgita- 
tion at any stage of repair. In addition, cardiac transplantation 
should be considered for the patient with severe, intractable 
PLE that is refractory to the usual therapeutic maneuvers, 


occasionally seen after the completion Fontan operation. 
Transplantation required in the course of staged palliation 
may be complicated by immunologic sensitization as a result 
of previous surgical interventions and the inherent need for 
blood transfusion. In the past, this sensitization required pro- 
spective cross-matching of the donor and recipient in order 
to find a suitable donor. Currently, the availability and use 
of the virtual cross-matching technique (373) has eliminated 
the need for prospective cross-matching. This technique (374) 
can lead to shorter wait times and better outcomes as a list- 
ing strategy for the group of sensitized patients. In addition, 
although the sensitized group of patients may have a higher 
risk of antibody-mediated rejection after transplantation, 
this also can be monitored carefully post-transplantation by 
vigilant surveillance for the potential development of donor- 
directed antibodies and by the rapid and early intervention for 
antibody-mediated rejection if necessary. 

Several centers have reported their results for heart trans- 
plantation in patients with previous Fontan operations. Gamba 
reviewed results from 1990 to 2002 in 14 patients who under- 
went heart transplantation after a previous Fontan operation. 
The mean age at the time of Fontan was 7.3 ±2.8 years with 
the mean age at transplantation of 17.2 ± 6.3 years. The indi- 
cation for transplantation was PLE in 7 patients, arrhythmia 
with ventricular dysfunction in five patients, and heart failure 
in two patients. Late survival was reported in 10 patients at a 
mean follow-up of 64 ± 42 months with patients in New York 
Heart Association class I category (375). 

Michielon evaluated the incremental risk factors for early 
mortality after heart transplantation. Between 1988 and 2002, 
25 patients underwent heart transplantation 15 of whom had 
a functional RV and 10 of whom had a functional LV. Twenty- 
two patients (88%) had received a previous completion Fontan 
operation. Transition to heart transplantation occurred from a 
shunt in 10 patients, a bidirectional cavopulmonary anasto- 
mosis in nine patients, and after Fontan failure in six patients. 
Overall 30-day survival was 68% with no additional mortality 
up to 14.1 years. Heart transplantation following bidirectional 
cavopulmonary anastomosis exhibited 100% long-term sur- 
vival as opposed to 68% after systemic-to-PA shunt and 33% 
following the failing Fontan circulation. Michielon concluded 
that heart transplantation for patients with single-ventricle 
physiology is associated with substantial early mortality while 
the bidirectional cavopulmonary anastomosis provides the 
best transition to heart transplantation (376). 

Bernstein’s review of the outcomes of cardiac transplanta- 
tion was noted earlier in the discussion of PLE (348). In this 
study, it should be noted that risk factors for death while wait- 
ing for cardiac transplantation included a young age, status 1 
listing, shorter interval since the Fontan operation, and the 
need for mechanical ventilation. 


Neurodevelopmental Outcomes and Quality of Life 

Relative to other forms of congenital heart disease, the diag- 
nosis of HLHS may impose one of the highest risks of neu- 
rodevelopmental and behavioral abnormalities for survivors. 
Neurologic outcomes are influenced by patient-related factors 
as well as preoperative, perioperative, and long-term risk fac- 
tors. The collective effect of the multiple risks faced by chil- 
dren with HLHS results in a complex, multifaceted impact on 
development (377). 

There are several factors that may impact neurodevelop- 
ment that are not readily modifiable such as congenital brain 
anomalies or abnormal fetal brain development (16,378-381); 
genetic syndromes, polymorphisms, and other comorbid 
conditions (25,382-384); prenatal versus postnatal diagno- 
sis (385); and socioeconomic status or parental intelligence 
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(270,386,387). These must be taken into consideration when 
counseling parents or investigating the causes of an identified 
delay. 

Recently implemented strategic approaches to care for 
infants and children with HLHS including improvements 
in hemodynamic stability before, during, and after surgery 
(175,177,183,290,388,389), perioperative neuroprotection 
(189,269,390), reduction of seizures and embolic events 
(391,392), and the effects of CPB (393,394) are anticipated to 
result in a reduction of cumulative neurologic risk. Treatment 
modalities for HLHS have evolved dramatically in a relatively 
short period of time making it difficult to generalize conclu- 
sions from historical cohorts to current patients. It is hoped 
that today’s vastly improved understanding of the physiology 
of HLHS, optimal treatment choices, and reduction of the 
overall profile of risk for these patients will result in improved 
long-term neurodevelopmental outcomes for infants with 
HLHS born today. 

Early studies of neurodevelopmental outcomes in children 
with HLHS demonstrated major delays in multiple areas of 
functioning and raised awareness of the importance of long- 
term monitoring in this population (395,396). More recently, 
research has demonstrated that children with HLHS often 
demonstrate overall IQ within the low range of normal but 
that they manifest important delays in visual-motor integra- 
tion, executive functioning, and motor development as well 
as a higher than expected incidence of behavioral abnormali- 
ties, particularly attention deficits (382,387,397-401). IQ 
alone does not fully represent the spectrum of outcomes in this 
patient group, increasing the importance of comprehensive 
neuropsychological and behavioral follow-up. Routine devel- 
opmental screening, beginning at 6 months of age in infants 
with complex heart disease has been shown to be useful in 
identifying patients who would benefit from early intervention 
therapy to reduce delays (402). 

A range of outcomes for children with HLHS has been 
reported in the literature. The majority of parents (79%) of 
115 school-aged children with HLHS rated their child’s health 
as good to excellent (397). Eighty-eight percent reported mini- 
mal activity limitations and 84% rated school performance as 
average or above-average. Despite these encouraging parental 
perceptions, one-third of these children were receiving special 
education services. In the 28 children who underwent stand- 
ardized developmental testing, the median full scale IQ was 
86 with 18% of subjects demonstrating mental retardation 
(IQ < 70). The subjects in this study were all born prior to 
1992 with a mean age of 9 ± 2.1 years at the time of study 
completion. 

In 51 patients with Fontan physiology who underwent 
testing at a mean age of 4.8 ± 0.4 years, neurodevelopmental 
and behavioral outcomes were found to be within the nor- 
mal range. However, children with HLHS demonstrated lower 
scores for overall, verbal and performance IQ than non-HLHS 
patients (93.8, 98.9, and 89.7 vs. 107, 110, and 101.9, respec- 
tively) (387). Scores for adaptive behavior and behavior prob- 
lems did not differ between HLHS and non-HLHS subgroups. 
Very similar neurodevelopmental outcomes were reported for 
26 children with HLHS who were treated with cardiac trans- 
plantation between 1993 and 1998 and tested at age 1.9 to 
6.6 years (370). In this study, subjects had a median overall IQ 
of 89. Longer waiting time prior to transplantation was found 
to have a negative effect on later neurocognitive outcomes. 
These findings were subsequently confirmed in a multicenter 
study (401). Surgical approach, staged palliation versus trans- 
plantation, was not associated with any measure of devel- 
opmental outcome in a group of 47 school-aged children 
representing four institutions. For the entire cohort, mean full- 
scale IQ was 86 ± 14. Lower full-scale IQ, verbal, and math 
performance were associated with longer hospital stay at the 


time of initial surgery. Wernovsky and Newburger (403) pos- 
tulated that these similar findings, despite dramatically differ- 
ent treatment strategies, are evidence of the important impact 
of genetic factors, congenital brain abnormalities and insults 
incurred during the pre- and perioperative period. These risks 
are present despite the treatment method chosen. 

In the Pediatric Heart Network cross-sectional study of 
537 Fontan survivors at 6 to 18 years of age, parents reported 
problems with attention in 46%, learning in 43%, develop- 
ment in 24%, and behavior in 23% (398) demonstrating 
the wide spectrum of neurologic impact of complex heart 
disease. Operative factors have been the most widely stud- 
ied and most significantly modified factors in an attempt to 
minimize intraoperative neurologic injury. However, operative 
factors typically only account for a small portion of the vari- 
ance in outcomes (241,393,394,404,405). In a recent cohort 
of 88 patients with HLHS evaluated at 1 year of age, mental 
and psychomotor development was significantly lower than 
norms (382). The median Mental Development Index (MDI) 
was 90 with 11% of patients scoring greater than two stand- 
ard deviations below the population mean (<70). The median 
Psychomotor Development Index (PDI) was 73 and 48% of 
the sample had scores of <70. Motor delays are significantly 
more common than mental delays in all samples of infants 
with HLHS. Genetic abnormalities, lower gestational age, and 
the need for preoperative intubation were significant predic- 
tors of 1-year outcomes whereas operative variables, including 
duration of DHCA, were not. 

Similarly, children undergoing surgery with DHCA versus 
continuous cerebral perfusion did not demonstrate differences 
in developmental outcomes at 1 year of age in a single institu- 
tion randomized trial of perfusion techniques (270). In this 
cohort, the mean MDI was 92 and mean PDI was 77; how- 
ever, as previously noted, the continuous cerebral perfusion 
flow rate in this trial was not likely high enough to meet brain 
metabolic demands. Children between 4 and 5 years of age 
with HLHS had significantly lower scores for cognition, fine 
motor skills, executive function, and math skills than children 
with transposition of the great arteries, tetralogy of Fallot, or 
ventricular septal defect. However, the mean scores for each 
domain were within normal limits for all groups (406). Perio- 
perative risk has also been explored. A significant relationship 
between SVC Sv0 2 in the first 48 hours following the Nor- 
wood procedure and developmental and behavioral outcomes 
in children with HLHS assessed at 4.5 years of age has been 
demonstrated (290). Postoperative Sv0 2 values <40% were 
independently associated with poorer developmental out- 
comes. In a multivariable model, Sv0 2 , circulatory arrest time, 
C0 2 tension, and mean arterial blood pressure accounted for 
79% of the variation in the developmental outcomes assessed; 
thus avoidance of conditions contributing to early cerebral 
hypoxia were associated with improved neurodevelopmental 
outcome (see Fig. 48.25). 

These studies have evaluated children at multiple differ- 
ent ages and stages of repair. Generalization to today’s child 
undergoing care for HLHS is difficult; however, these prelimi- 
nary data emphasize the need for comprehensive follow-up 
and evaluation of developmental progress for these subjects. 
Further multicenter research involving thorough longitudinal 
assessment of children with HLHS is needed to understand 
neurodevelopmental risks and to optimize outcomes for these 
children. Several important studies including those of the Pedi- 
atric Heart Network, the Congenital Heart Surgeons Society, 
the Pediatric Heart Transplant Study Group, and individual 
investigators are carefully examining outcomes for the modern 
cohort of children with HLHS. Their findings will serve as a 
guide for future care and provide important information for 
counseling children, families, educators, and other health care 
practitioners. 
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FIGURE 48.25. Neurodevelopmental outcome, as a compos- 
ite of scores from four tests at 4 years of age, as a function 
of SVC Sv0 2 in the 48 hours following the Norwood proce- 
dure. Reduced performance in this cohort was associated with 
Sv0 2 <40%. ANOVA, analysis of variance; Cl, confidence 
intervals; Sv0 2 systemic venous oxygen saturation. (Reprinted 
from Hoffman GM, Mussatto KA, Brosig CS, et al. Systemic 
venous oxygen saturation after the Norwood procedure and 
childhood neurodevelopmental outcome. J Tborac Cardiovasc 
Surg 2005;130:1094-1100, with permission from Elsevier.) 


The intensive focus on improving outcomes for children 
with HLHS has allowed us to begin to look beyond survival 
at the long-term psychosocial implications of this complex 
congenital heart disease. In 2010, a survey of 749 pediat- 
ric cardiologists and surgeons found that 99.7% discussed 
staged palliative surgery, 67% discussed cardiac transplan- 
tation and 62% discussed comfort care without surgery. 
Only 15% reported offering all of these options to families 
(407). The lack of long-term outcome data on quality of life 
(QOL) for survivors with HLHS is one of the major reasons 
for the continued debate about the applicability of a “no 
treatment” option and a variety of approaches to treatment 
decision making (407-410). While there is much yet to be 
learned, there is increasing awareness about QOL, functional 
outcomes, and impact on the family in children living with 
HLHS. 

Children and families living with HLHS experience both 
physical and psychosocial challenges including uncertainty 
about long-term prognosis, chronic medication use, persis- 
tent symptoms, the prospect of developmental delay, and the 
need for repeated interventions. It would be inappropriate to 
propose that the combination of these factors has no impact 
on QOL. However, it is equally wrong to assume that bad 
outcomes are inevitable. QQL is a highly subjective, multidi- 
mensional concept that includes not only the impact of dis- 
ease but also personal perceptions, expectations, satisfaction, 
and other factors (411,412). Although cultural differences in 
approaches to care for HLHS exist (413), health care profes- 
sionals universally hope that patients realize “quality” of life 
versus “quantity” alone. The definition of quality, however, 
can be provided only by the children and families living the 
experience. It has been demonstrated repeatedly in congenital 
heart disease and other pediatric chronic illnesses that sever- 
ity of illness is not a reliable predictor of QOL (414-417). It 
cannot be assumed that children with HLHS will experience 
a poor QOL. 

Access to large cohorts of survivors of HLHS has been 
limited; therefore, few studies have examined psychosocial 
outcomes in this population exclusively. However, several 
studies have addressed these outcomes in groups representing 


survivors of a variety of forms of single-ventricle heart dis- 
ease. In studies by Casey et al. (418,419) of 26 children with 
various forms of single-ventricle lesions, it was found that 
80% of parents underestimated the exercise tolerance of their 
children. Parents reported that their children had more social 
problems and decreased activities, and were more withdrawn 
than healthy children. Teachers also reported children with 
single-ventricle heart disease to be more withdrawn in the 
classroom setting. Sixty-five percent of these children attended 
school full-time, and 27% attended half-time or more. School 
adjustment in the children was found to be significantly related 
to both family strain and exercise tolerance. The impact of 
the child’s chronic condition on the family appeared to be a 
more important predictor of behavioral adjustment than the 
symptoms the children experienced. In another study, adults 
with single-ventricle heart disease ranging in age from 17to 
49 years reported QOL that was similar to healthy controls. 
Younger patients in the sample reported better overall QOL 
(420). 

In a cross-sectional evaluation of the impact of HLHS in 
children at various stages of surgical palliation operated in 
the 1990s, QOL was rated as normal after stage 1 surgery; 
however, the lowest QOL reports were in children following 
stage 2 palliation (421). QOL was not related to the degree 
of developmental delay identified. However, longer circulatory 
arrest times were found to have a negative impact on QOL 
indicators. The authors speculated that differences in paren- 
tal expectations during early childhood may account for these 
different responses. Parents reported lower self-esteem, more 
psychosomatic symptoms, and lower peer acceptance in a 
small cohort of 18 children with HLHS born between 1993 
and 2005 and assessed at 2.7 to 10.6 years of age compared 
to age and gender-matched healthy children (422). There was 
also a higher rate of separation and divorces in the families of 
children with HLHS. 

The Pediatric Heart Network reported outcomes of a 
cross-sectional study of 537 children with Fontan physiology 
in which QOL, heart rhythm, exercise tolerance, and data 
on other physical morbidities were collected (398,423,424). 
It was theorized that QOL may provide a proxy indicator of 
physical function. The study identified scores for quality of 
physical health that were approximately one standard devia- 
tion below normal and scores for psychosocial health that 
were one-half standard deviation lower than normative values 
for the Child Health Questionnaire. In the majority of health 
status domains, parents reported worse physical and psycho- 
social function than children reported for themselves (425). 
QOL in these Fontan survivors was less than that of healthy 
children; however, perceptions of QOL were influenced by 
multiple factors including socioeconomic status and the pres- 
ence of other comorbid conditions, not only those related to 
cardiac outcomes. These findings once again emphasize the 
inherent disconnect between physiologic variables and subjec- 
tive variables such as QOL. 

For the first time in history, large cohorts of children with 
HLHS are developing into adolescents and young adults. This 
generation of children has benefited from numerous strategies 
to optimize neuroprotection and to support healthy psychoso- 
cial development. Further prospective, longitudinal research 
on neurodevelopmental and QOL outcomes, and their deter- 
minants, is needed to understand the impact of this disease. 
Strategies to help adolescents and young adults with HLHS 
achieve their full potential should be incorporated into our 
routine clinical surveillance and care. In December 2010, 
an interview with a 25-year-old survivor of HLHS aired on 
National Public Radio (426). Despite some physical limita- 
tions, the interviewer commented, “She seems to thrive within 
the context of her life.” This should be our goal for every 
patient with HLHS. 
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SUMMARY 


The ventricle is a remarkably preserved structure throughout 
vertebrate evolution and is the workhorse of the circulation. 
The fundamental problem of an inadequate power supply 
remains the primary problem for those caring for the newborn 
with HLHS and persists throughout life. Although the early 
and intermediate outcomes in terms of survival have improved 
over the last decade, considerable challenges remain includ- 
ing options for the failing circulation, optimizing long-term 
neurodevelopmental outcome, and justifying allocation of 
increasingly scarce health care resources to a complex group 
of patients. Ongoing research provides hope for the future. 
Short-term goals include identification of the causes of HLHS 
to decrease the incidence, improvements in fetal interven- 
tion to improve the outcome for those born with HLHS, and 
improved medical, mechanical, and transplant strategies for 
treatment of the failing circulation to improve survival and 
QOL of affected individuals. 
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T ransposition of the great arteries (TGA) is a lethal and rela- 
tively frequent malformation, accounting for 5% to 7 % 
of all congenital cardiac malformations. Without treatment, 
about 30% of these infants die in the first week of life, 50% 
within the first month, 70% within 6 months, and 90% within 
the first year (Fig. 49.1). Today, aggressive medical and surgi- 
cal interventions in the neonate can provide >90% early and 
midterm survival and, for many patients, the prospect of a 
vigorous adolescent and adult life. 

The incidence is reported to range from 20. 1 to 30.5/1 00,000 
live births with a strong (60% to 70%) male preponderance. 
Although earlier epidemiologic and genetic surveys suggested 
some other associations, for example, increased prevalence 
in infants of diabetic mothers or prenatal exposure to sex- 
hormone therapy, these have not been confirmed. Extracar- 
diac anomalies are less frequent in infants with TGA (<10%) 
compared with other forms of congenital heart disease, such 
as truncus arteriosus (48%), ventricular septal defect (VSD) 
(34%), or tetralogy of Fallot (31%). 


ANATOMY AND PATHOLOGY 


Nomenclature 

Anatomists, surgeons, and cardiologists have chosen a vari- 
ety of terms to describe the basic anatomic abnormality in 
transposition: the aorta arising from a morphologically right 
ventricle and the pulmonary artery arising from a morphologi- 
cally left ventricle (Fig. 49.2). The great arteries may be related 
normally or abnormally to each other, to the ventricles, to the 
ventricular septum, and to the atrioventricular (AV) valves. 
Normally and abnormally related great arteries customarily 
are designated in terms of their ventriculoarterial connections 
or alignments, that is, normal, transposed, double-outlet right 
or left ventricle, and anatomically corrected malposition. 

The common clinical type, that is, with situs solitus of the 
atria, concordant AV (right atrium to right ventricle and left 
atrium to left ventricle), and discordant ventriculoarterial align- 
ments, is widely termed complete TGA. The modifying term 
complete by present classification and nomenclature is redun- 
dant; however, it has, by common usage, come to indicate that 
the transposed great arteries are physiologically uncorrected, 
that is, that systemic venous blood flows predominantly to the 
aorta and pulmonary venous blood to the pulmonary artery. 
In this usage, the term complete is contrasted to the term cor- 
rected, as in corrected TGA (i.e., physiologically corrected), in 


which systemic venous blood flows to the pulmonary artery 
and pulmonary venous blood to the aorta. It should be recog- 
nized, however, that both the physiologically uncorrected and 
physiologically corrected transposition hearts are morphologi- 
cally complete transpositions; that is, both great arteries are 
completely (or predominantly) misplaced across the ventricu- 
lar septum and arise from morphologically inappropriate ven- 
tricles and thus have discordant ventriculoarterial connections. 

Using the segmental (atria, ventricles, arteries) approach 
and the situs-independent dextro-(D) and levo-(L) denotations 
favored by Van Praagh, the clinical material in this chapter 
concerns almost exclusively TGA {S,D,D}, that is, TGA with 
situs solitus (S) of the atria and viscera, usual (d) looping of 
the ventricles, and an anterior and rightward (d) aorta. If the 
transposed aorta at the valve annulus level is positioned to the 
left of the transposed pulmonary artery, the malformation may 
be denoted as TGA {S,D,L}. A rare type of transposition has 
been described with the aorta posteriorly positioned but nev- 
ertheless aligned with and connected to the anterior morpho- 
logically right ventricle. An additional modifying term, simple, 
has been used by some morphologists to exclude hearts with 
transposition that have additional associated malformations 
such as AV valve atresia or straddling, common AV orifice, or 
single-ventricle hearts with small outlet chambers. This chap- 
ter is concerned primarily with the category of simple transpo- 
sition and includes TGA with intact ventricular septum (IVS), 
VSD, patent ductus arteriosus (PDA), and left ventricular out- 
flow tract obstruction (LVOTO), in all, a group comprising 
about 80% of patients with TGA. In addition, double-outlet 
right ventricle (DORV) with subpulmonary VSD (considered 
within the spectrum of Taussig-Bing anomaly) is also discussed 
here because it has some of the morphologic features, similar 
physiology, and all the surgical options that pertain to TGA 
with large subpulmonary VSD. It is important to note that 
many surgical and clinical reports use this same term, sim- 
ple TGA, to designate the large important subgroup of TGA 
patients with IVS (or extremely small VSD) but without any 
other significant associated lesion (thus excluding TGA with 
large VSD, large PDA, and significant LVOTO). 


Morphogenesis and Etiology 

The detailed developmental aspects of abnormal ventricu- 
loarterial relationships remain largely unknown; however, 
abnormal development, growth, and absorption of the distal 
infundibulum (conus) are considered by some major factors. 
Recent work with more modern genome-wide array testing 
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Figure 49.1 . Survival of patients with TGA. Lall and Livs repre- 
sent “natural history” survival data on 742 patients from 1957 
through 1964 antedating both Mustard repair and BAS. (Data 
from Liebman J, Cullum L, Belloc NB. Natural history of trans- 
position of the great arteries: anatomy and birth and death char- 
acteristics. Circulation 1969;40:237-262.) Lall represents all 
TGA subtypes, and Livs represents only patients with TGA/IVS. 
T1 represents 20-year actuarial survival of 106 infants with TGA/ 
IVS following Mustard repair performed from 1963 through 
1973; T2 represents 12-year actuarial survival of 223 children 
following Mustard repair performed from 1974 through 1985. 
(Data from Trusler GA, Castaneda AR, Rosenthal A, et al.; Con- 
genital Heart Surgeons Society. Current results of management 
in transposition of the great arteries, with special emphasis on 
patients with associated ventricular septal defect. J Am Coll Car- 
diol 1987;10:1061-1071.) K represents risk-adjusted probability 
of survival after an arterial switch repair in a neonate with TGA/ 
TVS or TGA/VSD as observed in a study conducted by the Con- 
genital Heart Surgeons Society from 1985 through 1989 on 513 
patients undergoing the arterial switch operation. (Data from 
Kirklin JW, Blackstone EH, Tchervenkov Cl, et al.; Congeni- 
tal Heart Surgeons Society. Clinical outcomes after the arterial 
switch operation for transposition: patient, support, procedural 
and institutional risk factors. Circulation 1992;86:1501-1515.) 
Risk-adjustment conditions included neonate operated on in 
an institution of proven competence (“low-risk” institutions, 
n = 7), “usual” TGA coronary artery pattern, single VSD, 
absence of coexisting noncardiac anomalies, and average birth 
weight. 


shows early promise in detecting a genetic etiology in some, 
particularly mutations in the laterality genes in the spectrum 
of heterotaxy syndrome (1). 

The normal conus is subpulmonary, left sided, and anterior, 
and it prevents fibrous continuity between the pulmonary and 
tricuspid valve rings. In TGA, the infundibulum is usually sub- 
aortic, right sided, and anterior, and it prevents fibrous continu- 
ity between the aortic and tricuspid valve rings (Fig. 49. 3B). It 
has been noted in human embryos that normal movement of 
the pulmonary valve proceeds from posterior to anterior on the 
left side in the interval between 30 and 34 days of age and is 
related to normal development of the subpulmonary infundibu- 
lum. During this same interval, the aortic valve remains station- 
ary, apparently because of the normal lack of development (or 
absorption) of the subaortic infundibulum. The morphogenesis 
of TGA can be hypothesized to result from the abnormal growth 
and development of the subaortic infundibulum and the absence 
of growth of the subpulmonary infundibulum. The aortic valve 
is protruded superiorly and anteriorly by the development of the 
subaortic infundibulum, placing it above the anterior right ven- 
tricle (Fig. 49.3). Failure of development of the subpulmonary 
infundibulum prevents the normal morphogenetic movement 
of the pulmonary valve from posterior to anterior and further 
results in abnormal pulmonary to mitral valve ring fibrous con- 
tinuity. Pasquini et al. (2) demonstrated considerable variation 
in the conal anatomy of hearts with TGA. 

Cardiac Segments 

Usually, the atria are formed normally, with normal internal 
anatomy. Almost always, there is a patent foramen ovale and 
only rarely (5%) a true secundum atrial septal defect (ASD). 
Consistent with the normal atrial anatomy, the sinus and A V 
nodes are in their usual locations. Specialized tracts of conduc- 
tion tissue between the nodes have not been conclusively dem- 
onstrated; however, surgical damage to the crista terminalis or 
superior rim of the fossa ovale may be important in the genesis 
of supraventricular dysrhythmias frequently noted after atrial 
inversion procedures. 

The right ventricle is normally positioned and becomes pro- 
gressively hypertrophied and enlarged in the uncorrected patient 
and in patients following Mustard or Senning repairs. The inflow 
and sinus portions are essentially normal in architecture, but the 
central fibrous body is abbreviated and the AV and membranous 
interventricular septa are smaller than normal. With IVS, the 
entire septum is usually a relatively straight structure and does 


Figure 49.2. Complete TGA. A: 
Angiocardiogram (left anterior 
oblique view). B: Two-dimensional 
echocardiogram (subcostal view) 
showing discordant ventriculoarte- 
rial alignments. Right-sided (anterior) 
aorta (AO) connected to right-sided 
(anterior) morphologically right ven- 
tricle (RV) and left-sided (posterior) 
pulmonary artery (PA) connected to 
left-sided (posterior) morphologically 
left ventricle (LV). 
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Figure 49.3. Morphology in typical TGA. A: Anterior view of right ventricle (RV): aorta (AO) arising anterior 
and to the right of pulmonary artery (PA) and left anterior descending coronary artery (LAD), which arises from 
the left posterior “facing” sinus of Valsalva. LAA, left atrial appendage; LV, left ventricle; RA, right atrium. 
B: Interior view of right ventricle with prominent subaortic conus (C). Arrows embracing C delineate prominent 
muscle bar composed of portions of right ventriculo infundibular fold (parietal band), infundibular septum, and 
rightward extension of trabecular septomarginalis (septal band) musculature. AV, aortic valve; SB, septal band; 
TV, tricuspid valve. 


not have the sigmoid curvature typical of the normal heart; con- 
sequently, the right ventricular outflow tract runs parallel to the 
left ventricular outflow tract (LVOT) (Fig. 49.2). Almost always, 
when the ventricular septum is intact, there is a subaortic conus 
separating the aortic valve from the tricuspid valve (Fig. 49. 3B), 
whereas the pulmonary valve is in fibrous continuity with the 
mitral valve (Fig. 49.4A). The outlet (infundibular) septum joins 
normally with the ventricular septum between the limbs of the 
trabecula septomarginalis (septal band). The infundibulum pro- 
jects directly superiorly to the aorta from the sinus portion of 
the ventricle rather than superiorly, anteriorly, and leftward to 
the pulmonary artery as in the normal heart. 

In the left ventricle, there is usually pulmonary-mitral fibrous 
continuity comparable to the aortic-mitral continuity present in 
the normal heart (Figs. 49.4 and 49.5). Left ventricular poste- 
rior wall thickness and cavity shape are dependent on age and 
the presence of associated lesions (VSD, PDA, LVOTO), and are 
of major importance when considering arterial switch surgery. 

The aortic position is the most obvious external abnormal- 
ity that manifests in TGA. In most patients with situs solitus 


and IVS, the aortic root is directly anterior or anterior and to 
the right of the pulmonary trunk in a slightly oblique relation- 
ship (Fig. 49.6). Less commonly, the aorta may be positioned 
anterior and to the left or, rarely, posterior and to the right of 
the pulmonary trunk. 

Until recently, the extensive anatomic variability of the 
coronary arteries in hearts with TGA was of academic interest 
only. Shaher and Puddu described the multiple variations in the 
origin and epicardial course of the coronary arteries as early 
as 1966. This marked diversity has been confirmed in other 
pathologic and surgical series (3-5). In normally related great 
arteries, the fixed interrelationship between the aorta and pul- 
monary trunk minimizes the abnormalities of the origin and 
distribution of the coronary arteries. The variable interrela- 
tionship of the aorta and pulmonary trunk in TGA, however, 
as well as the variability in the size and orientation of the conal 
septum probably account for the greater variation in the origin 
and distribution of the epicardial coronary arteries in TGA. 
The coronary arteries appear to take the “shortest route” to a 
sinus in the aortic root. For example, when the aorta is more 




Figure 49.4. Septal bulge in TGA. A: 
Autopsy specimen from 2-year-old patient 
showing prominent convex bulging (arrows) 
of interventricular septum toward left ven- 
tricular (LV) cavity. Catheterization revealed 
a peak systolic left ventricular outflow: tract 
pressure gradient of 58 mm Hg. Note mitral 
valve (MV) to pulmonary valve (PV) fibrous 
continuity and the absence of any discrete 
fibromuscular ridge at the septal impact site 
of the mitral valve. B: Superimposed sys- 
tolic and diastolic angiographic frames from 
4-year-old patient 2 years after intra-atrial 
repair illustrating abnormally prominent pos- 
terior septal bulging into the left ventricular 
cavity during systole. No localized fibromus- 
cular ridge stenosis was visualized. Pressures 
were LV apex, 60/8; LV outflow, 24/8; and 
pulmonary artery (PA), 24/18 mm Hg. 
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Figure 49.5. A,B: Left ventricular (LV) angiocardiograms (frontal view) in a patient with TGA/IVS illustrating 
development and progression of LVOTO. A: At 2 days of age, no angiographic evidence of LVOTO; pressures 
were right ventricle (RV), 70/7 mm Hg; LV, 35/5 mm Hg. B: Same patient at 4 months of age when selective LV 
angiogram demonstrated prominent subpulmonary fibromuscular ridge causing LVOTO; pressures were RV, 
80/6 mm Hg; LV, 80/6 mm Hg; and pulmonary artery (PA), 14/10 mm Hg. MV, mitral valve; S, obstructive 
subpulmonary fibromuscular ridge. Arrows indicate pulmonary valve leaflets. C,D: Autopsy specimens illustrat- 
ing LVOT with fibromuscular ridge pathology (arrows). Note the relationship of the mitral valve (MV) impact 
region to site of ridge. C: Pathologic specimen, early fibromuscular ridge in 2-month-old infant. D: Pathologic 
specimen, moderately severe fibromuscular ridge obstruction in 2-year-old patient with peak systolic pressure 
gradient of 64 mm Hg across LVOT. PV, pulmonary valve. 



Side by Side Oblique Anterior-Posterior 


Figure 49.6. Nomenclature of the aortic sinuses that contain the coronary ostia, based on the interrelationship 
of the great arteries. Ant, anterior; Ao, aorta; Inf, inferior; PA, pulmonary artery; Post, posterior; Sup, superior. 
(Modified from Wernovsky G, Sanders SP. Coronary artery anatomy and transposition of the great arteries. 
Coron Artery D is 1993;4:148-157, with permission.) 
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posterior (as in side-by-side great arteries), the circumflex 
coronary artery or even the entire left coronary artery system 
may arise from the posterior facing sinus, whereas the right 
coronary artery arises from the aorta anteriorly, a distribution 
similar to normally related great arteries. 

The two aortic sinuses of Valsalva adjacent to the aorticop- 
ulmonary septum that “face” the pulmonary artery contain 
the ostia of the coronary arteries in more than 99% of cases; 
these are termed the septal or facing sinuses. When the great 
arteries are directly anterior-posterior, the facing sinuses are 
directed leftward and rightward. When the great arteries are 
directly side-by-side, the facing sinuses are directed anteriorly 
and posteriorly. When the aorta is anterior to and rightward 
of the pulmonary artery (the typical interrelationship), the 
facing sinuses are leftward/anterior and rightward/posterior 
(Fig. 49.6). Alternative classification systems label the septal or 
facing sinuses with arbitrary numbers (e.g., sinus 1 and sinus 2) 
(6) or letters (3), whereas others have suggested labeling the facing 
sinuses right or left, but as it relates to the surgeon’s hands rather 
than the patient’s anatomy (7). Although this labeling might be a 
helpful distinction during surgery, it is certainly not standard ana- 
tomic practice (the anatomically right ventricle is not considered 
to be the left ventricle when the surgeon is operating on it). 

As in hearts with normally related great arteries, the three 
major coronary arteries are (a) the right coronary artery, 
defined as the coronary artery that passes in the right AV 
groove; (b) the circumflex coronary artery, defined as the 
coronary artery that passes in the left AV groove; and (c) the 
left anterior descending artery, the coronary artery that par- 
allels the interventricular septum on the anterior surface of 
the heart. In addition, the proximal portion of each of the 
three major branches may pursue an intramural course, usu- 
ally between the two great vessels. In these cases, the media of 
the aortic and coronary walls are attached without interposed 
adventitia. Thus, given the two sinuses of origin, three major 
branches, and the possibility of a proximal intramural course, 
nine major anatomic types can be defined and account for 
more than 95% of the coronary variability in TGA (Fig. 49.7). 

In addition, multiple ostia may be present in a given sinus, 
the epicardial course may be unusual, or there may be com- 
plete absence of one of the branches (e.g., absent circumflex 
coronary artery). If one accounted for every possible variation, 
the nomenclature would become too cumbersome to be useful. 
Therefore, this chapter uses a previously described (5) classifi- 
cation scheme that characterizes in text form (rather than arbi- 
trary symbols) the nine most common variations (Fig. 49.7). 
Table 49.1 summarizes the frequency distribution of the coro- 
nary patterns in a number of pathologic and surgical series. 

The course of the sinus node artery, which typically arises as 
the first branch from the right coronary artery close to its aortic 
origin, may be of surgical importance. Damage to the sinus node 
artery has been implicated in the widespread prevalence of atrial 
arrhythmias and sinus node dysfunction seen after atrial level 
(Mustard or Senning) repair (8). Although the origin and proxi- 
mal course of this artery may be variable, it eventually reaches the 
sinus node by the interatrial groove on the anterior surface of the 
heart, occasionally with an intramyocardial course in the antero- 
superior rim of the fossa ovalis. Because it is partially embed- 
ded in the anterosuperior portion of the atrial septum, it can be 
damaged easily during balloon atrial septostomy (BAS), during 
surgical septectomy, or when this portion of the septum is widely 
excised, as in the Mustard or Senning atrial switch operation. 

Coexisting Anomalies 

Nearly half of the hearts with TGA have no other anomaly 
except a persistent patent foramen ovale or a PDA. In the 
other half, isolated LVOTO with IVS is uncommon, about 


5%. VSD is common and present in about 40% to 45% (how- 
ever, one-third of the defects are small and with little hemody- 
namic significance), and a combination of VSD and significant 
LVOTO occurs in about 10%. These coexisting anomalies, 
together with AV valve and valve tensor abnormalities and 
aortic obstructive lesions, constitute additional challenges for 
diagnosis and surgical therapy. 

Ventricular Septal Defect 

The VSD is the most frequent coexisting anomaly. It may be 
small, large, or (rarely) multiple and can be located anywhere 
in the septum. The approximate distribution of VSD location 
includes perimembranous (conoventricular, 33%), AV septal 
defect (inlet septum, 5%), muscular (27%), malalignment 
(30%), and conal septal hypoplasia type (5%) (9). 

Types of Ventricular Septal Defect 

The typical membranous defect lies adjacent to the membra- 
nous septum and tricuspid annulus at the anteroseptal tri- 
cuspid valve commissure and is situated between the conal 
(outlet) septum above and the muscular ventricular septum 
below. Defects in this location may close spontaneously or 
become smaller with time. 

Most muscular defects are in the midseptum, and others 
occur in the posterior inflow, apical, or high anterior septum; 
muscular defects are rarely multiple. Spontaneous decrease in 
size with eventual closure has been documented frequently, 
particularly with an initially small, slit-shaped muscular inlet 
or trabecular defect. 

AV septal defect (inlet septum) types of VSDs may be asso- 
ciated with coexisting AV valve or conduction tissue anoma- 
lies. This type of defect provides the potential for the tricuspid 
valve/orifice to straddle the ventricular septum and sometimes 
is associated with a hypoplastic right ventricle. 

Of particular surgical importance are the malalignment 
(outlet) septal defects (Fig. 49.8). Anterior (rightward) mala- 
lignment defects are associated with varying degrees of over- 
riding of the pulmonary annulus onto the right ventricle. With 
increasing degrees of overriding, a series of anomalies are 
encountered that culminate, effectively, in DORV with sub- 
pulmonary defect in the morphologic spectrum of the Taus- 
sig-Bing anomaly (Fig. 49.9). The VSD is an anterior defect, 
often with a muscular posterior rim, but it sometimes extends 
posteriorly to the tricuspid annulus (perimembranous exten- 
sion). The subaortic stenosis caused by the anterior malalign- 
ment of the infundibular septum is frequently associated with 
aortic arch hypoplasia, coarctation, or even complete inter- 
ruption of the aortic arch. Posterior (leftward) malalignment 
is associated with varying degrees of LVOTO-subpulmonary 
stenosis, annular hypoplasia, or even pulmonary valvar atresia 
(see also LVOTO). An outlet septum deficiency type of defect, 
also termed doubly committed subarterial defect, is character- 
ized by an absence of the muscular outlet septum so that the 
defect’s superior rim is the area of fibrous continuity between 
the aortic and pulmonary valve annuli. 

Left Ventricular Outflow Tract Obstruction 

Obstruction to pulmonary blood flow is possible at multiple 
levels in patients with T GA. In one large clinical-surgical series 
(10), some form of LVOTO was present in about 25% of 260 
patients, 20% of the patients with IVS (but only 5% had impor- 
tant hemodynamic obstructions), and 30% of the patients with 
VSD. Gradients measured preoperatively across the LVOT by 
Doppler echocardiography or during cardiac catheterization 
may overestimate the degree of anatomic obstruction as a 
result of the greatly increased pulmonary blood flow in chil- 
dren with TGA, especially with an associated VSD. 
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Figure 49.7. Coronary artery distribution in TGA. Upper panels: Diagnostic projection; diagram of the origin 
and proximal course as visualized by 2-D echocardiography and caudally angulated aortography (see text). 
Lower panels: Same coronary artery distribution as viewed anteriorly (“surgeon’s view,” frontal projection). 
Note that the circumflex coronary artery, or even the entire left coronary artery system, is more likely to pursue 
a retropulmonary course (dashed lines) when the great arteries are in a side-by-side relationship (shown). An 
intramural course (shaded) of the proximal coronary artery exists in fewer than 3 % of cases but has been asso- 
ciated with higher risk for transfer during an arterial switch operation. Alternative terminology in brackets are 
shown as popularized by Quagebeur and Kirklin and the Congenital Heart Surgeons Society. Ant, anterior; Cx, 
circumflex coronary artery; Inf, inferior; LAD, left anterior descending coronary artery; Post, posterior; RCA, 
right coronary artery; Sup, superior. (Modified from Wernovsky G, Sanders SP. Coronary artery anatomy and 
transposition of the great arteries. Coron Artery Dis 1993;4:148-157, with permission.) 
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Frequency Distribution of the 
Coronary Patterns in Transposition 
of the Great Arteries 


Coronary Pattern Cases (%) 

Usual 66.9 

Circumflex from RCA 16.1 

Single RCA 3.9 

Single LCA 1.7 

Inverted 2.4 

Inverted circumflex/RCA 4.2 

Intramural LCA 2.1 

Intramural LAD 0.1 

Intramural RCA 1.0 

Other 1.6 


LAD, left anterior descending; LCA, left coronary artery; RCA, right coronary 
artery. 

Modified from Wernovsky G, Sanders SP. Coronary artery anatomy and 
transposition of the great arteries. Coronary Artery Dis 1993;4:148-157; Hayes 
CJ,Gersony WM Arrhythmias after the Mustard operation for transposition 
of the great arteries: a long-term study. J Am Co II Cardiol 1986;7:133-1 37. 143; 
Wetter J, Sinzobahamvya N, Blaschczok HC, et al. Results of arterial switch 
operation for primary total correction of the Taussig-Bing anomaly. Ann Thorac 
Surg 2004;77:41-46; LacourGayet F, Serraf A, Galletti L, et al Biventricular repair 
of conotruncal anomalies associated with aortic arch obstruction — 103 patients. 
Circulation 1997;96:328-334. 

In TGA/IVS, a dynamic type of obstruction is common, 
usually mild and not readily apparent on autopsy specimen 
without careful analysis. Angiography and echocardiogra- 
phy clearly demonstrate a dynamic leftward bulging of the 
basal muscular ventricular septum toward the lower-pres- 
sure left ventricle, which narrows the LVOT during systole 
(Fig. 49. 4B) but opens widely during diastole. This systolic 
septal bulge reflects the reversal in TGA of the normal trans- 
septal ventricular systolic pressure relationships. Dynamic 
obstruction is rare in the neonate with elevated pulmonary 


artery resistance and left ventricular pressure or in the pres- 
ence of a nonrestrictive ductus arteriosus because the left 
ventricle assumes systemic systolic pressure and geometry. 
Following atrial level repair, cardiac catheterization or Dop- 
pler echocardiography frequently demonstrates slight to mod- 
erate (10 to 40 mm Hg) systolic pressure differences across 
the subpulmonary outflow tract. 

Fixed obstruction develops in some infants; it initially 
appears as a patch of endocardial thickening on the sep- 
tal bulge but later can evolve into a sharp fibrous ridge or 
a discrete membrane, analogous to membranous subaor- 
tic stenosis, along the line of systolic mitral valve contact 
(Fig. 49.5). Less commonly, fixed subpulmonary obstruction 
is caused by a tunnel-like subpulmonary fibromuscular ridge 
that extends across the outflow tract and onto the base of the 
anterior mitral leaflet. Pulmonary valve stenosis and annular 
hypoplasia are rare in patients with TGA/IVS but, when pre- 
sent, are almost always associated with combined subvalvar 
obstructive lesions. 

With TGA/VSD, LVOTO coexists in about 30% of patients, 
and the stenosis is usually more severe and complex than in 
TGA with IV S. The stenosis is most often subvalvar and may 
be a localized fibrous ring, a tunnel type of fibromuscular nar- 
rowing, or a muscular obstruction related to malposition of the 
outlet septum impinging into the anteromedial aspect of the 
subpulmonary outflow tract (Figs. 49. 8A, 49.10, and 49.11). 
Other uncommon forms of subpulmonary stenosis result from 
(a) malattachment of the anterior mitral valve to the muscular 
outlet septum by anomalous fibrous or chordal tissue (which 
may be associated with varying degrees of left ventricular hypo- 
plasia), (b) redundant tricuspid valve tissue (“pouch”) protrud- 
ing through the VSD (Figs. 49.12 and 49.13), (c) subpulmonic 
membrane (Fig. 49.14), (d) aneurysm of the membranous sep- 
tum, and (e) hypertrophy of the muscle of Moulaert. 

Other Associated Anomalies 

Prior to the extensive present-day use of prostaglandin Ej 
therapy, a PDA was found in almost half the neonates at the 
initial cardiac catheterization for BAS. The ductus is usually 
functionally closed by 1 month of age (see sections on “Physi- 
ology and Treatment”). 

Functionally important tricuspid valve anomalies were 
present in about 4% of surgical patients, but in autopsy series, 


TABLE 49.1 



Figure 49.8. A: Angiocardiogram 
(oblique lateral view) in patient with 
TGA/VSD showing LVOTO due to left- 
ward posterior malalignment of conal 
septum (o). Pressures were right ventricle 
(RV), 86/10 mm Hg; left ventricle (LV), 
85/10 mm Hg; main pulmonary artery 
(MPA), 30/18 mm Hg. B: Right ventric- 
ulogram (frontal view) in 21 -month-old 
with TGA/VSD showing unusually 
prominent obstructing subaortic outlet 
musculature ( arrows ); rightward anterior 
displacement (malalignment) of outlet 
(infundibular) septum (a); and promi- 
nent hypertrophy and anterior displace- 
ment of right ventriculoinfundibular fold 
(parietal band) (b). Pressures were RV, 
105/6 mm Hg; AO 60/40 mm Hg; LV, 
35/6 mm Hg; MPA, 26/6 mm Hg. The 
VSD (v) had become small and restrictive 
since early infancy. AO, aorta; RA, right 
atrium; s, interventricular septum. 
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Figure 49.9. Angiocardiograms (left ante- 
rior oblique views) illustrating spectrum 
of outflow tract morphology extending 
from DORV with subpulmonary VSD 
to TGA/VSD. A: DORV (Taussig-Bing 
type) with pulmonary trunk emerging 
completely or maximally from the right 
ventricle. Note the prominent muscu- 
lar structure (o), variably termed outlet, 
conal, or infundibular septum, that sepa- 
rates the subpulmonary and subaortic 
outflow tract and the characteristic ante- 
rior malalignment of this outlet septum 
(o) relative to the rest of the ventricular 
septum (S). Note a second prominent sub- 
pulmonary muscle structure (x) separat- 
ing the pulmonary (PV) and mitral (MV) 
valves. These two prominent muscle bun- 
dles are elements of the bilateral (subaor- 
tic and subpulmonary) conus present to 
varying degrees in these hearts. B: DORV 
with subpulmonary VSD with pulmonary 
trunk emerging more or less equally from 
both ventricles. C: DORV, subpulmonary 
VSD with pulmonary trunk emerging pre- 
dominantly from left ventricle but lack of 
fibrous continuity between mitral and 
pulmonary valves. Note the prominent 
outlet septum (o) with malalignment rela- 
tive to ventricular septum (S). D: TGA / 
VSD, outlet (o) and ventricular (S) septum 
are in alignment. Ao, aorta; AOV, aortic 
valve; LV, left ventricle; MPA, main pul- 
monary artery; MV, mitral valve; S, inter- 
ventricular septum. 





Figure 49.10. TGA/VSD and LVOTO. A: Left ventriculogram (left anterior oblique view) showing large VSD 
(v) with tunnel form of severe subpulmonary obstruction associated with some leftward posterior deviation of 
outlet septum (o). AV, aortic valve; LV, left ventricle; PV, pulmonary valve; RV, right ventricle; v, VSD. B: Two- 
dimensional echo (parasternal long axis view) in 2-year-old child with TGA, small VSD, and severe LVOTO. 
Note the subpulmonary circumferential stenosis and hypoplasia of pulmonary annulus (arrow). Aorta partially 
(25%) overrides the ventricular septum. At catheterization, pressures were RV, 85/12 mm Hg; LV, 85/8 mm Hg; 
and MPA, 37/25 mm Hg. Arterial switch was achieved with aortic translocation and biventricular outflow tract 
reconstruction. LA, left atrium; MPA, main pulmonary artery; MV, mitral valve; s, septum. 
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Figure 49.11. A: Left ventriculogram (hepatoclavicular projection). B: The companion 2-D echo (apical view) in a 
4-month-old child with TGA, two muscular VSDs (small straight arrows) in apical and trabecular/outlet septum, 
and LVOTO caused by posterior-leftward malaligned outlet septum (o) and a subpulmonary fibromuscular 
“collar” (large curved arrow). At catheterization, pressures were RV 75/6 mm Hg; LV, 61/7 mm Hg; MPA, 20/12 
mm Hg. AO, aorta; LV, left ventricle; MPA, main pulmonary artery; RV, right ventricle. 


particularly with VSD, a considerably higher frequency (31%) 
was noted (11). In TGA with VSD, there may be anomalous 
chordal attachments to the edges of the perimembranous or 
outlet septum malalignment defects, and these may complicate 
surgical transatrial closure of the defect or construction of an 
intraventricular tunnel in the Rastelli operation. An unusual, 
infrequent, and surgically important (and remediable) type 



Figure 49.12. Right ventriculogram, four-chamber view, show- 
ing outpouching of tricuspid valve tissue (asterisk) through a 
VSD into the subpulmonary area, causing significant subpul- 
monary obstruction. At catheterization, pressures were LV, 
60/9 mm Hg; LV outflow tract, 22/9 mm Hg; and PA, 22/10 
mm Hg. Ao, aorta; IVS, interventricular septum; LV, left ven- 
tricle; PA, pulmonary artery; RV, right ventricle. 


of subpulmonary stenosis can be caused by a mass of redun- 
dant tricuspid septal valve tissue (tricuspid pouch) protruding 
through a VSD into the LVOT (Figs. 49.12 and 49.13). When 
the VSD is in the inlet septum, there may be annular overriding, 
tensor apparatus straddling, or both that, when extensive, may 
be associated with marked hypoplasia of the right ventricular 
sinus. Significant tricuspid valve incompetence is rare in the pre- 
operative heart, but it may be observed following atrial level 
repair (a) when severe right ventricular dysfunction can result 
in annular dilation and (b) in TGA with VSD when the VSD 



Figure 49.13. Two-dimensional echocardiogram, subcostal 
imaging position, in 18 -month-old child with TGA/VSD and 
outpouching (asterisk) of accessory tricuspid valve leaflet tis- 
sue causing significant subpulmonary obstruction. Ao, aorta; 
IVS, interventricular septum; LV, left ventricle; PA, pulmonary 
artery; RV, right ventricle. 
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Figure 49.14. Transvenous left ventriculogram (long-axial 
oblique projection) in a 7-month-old with TGA/IVS. At cath- 
eterization, there was a 45 mm Hg peak systolic ejection gra- 
dient across the LVOT resulting from a thick subpulmonary 
membrane (arrows). At arterial switch surgery, the membrane 
was found to be adherent to the anterior leaflet of the mitral 
valve but was adequately removed without damage to the 
mitral apparatus. Note the mild poststenotic dilatation of the 
main pulmonary artery. LV, left ventricle; MPA, main pulmo- 
nary artery. (From Wernovsky G, Jonas RA, Colan SD, et al. 
Results of the arterial switch operation in patients with trans- 
position of the great arteries and abnormalities of the mitral 
valve or left ventricular outflow tract. J Am Coll Cardiol 
1990;16:1446-1454, with permission.) 

is repaired through the tricuspid valve. Of interest, in TGA, 
the ratio of tricuspid to mitral annulus circumference is <1 in 
almost 50% of cases, whereas in normal hearts, this ratio is 
always >1. 

Structural anomalies of the mitral valve have been observed 
at autopsy in about 20% of hearts with TGA, particularly in 
the VSD group; however, functionally significant lesions were 
present in only about 4% (9). Cleft anterior mitral valve leaflet, 
anomalous papillary muscles and chordae, and redundant tis- 
sue tags have been described. The most significant abnormali- 
ties from a surgical standpoint are those in which the mitral 
valve and portions of its tensor apparatus straddle the VSD or 
in which the anterior mitral valve leaflet is abnormally teth- 
ered with anomalous septal attachments and causes LVOTO. 

Coarctation of the aorta, arch hypoplasia, or rarely inter- 
rupted aortic arch coexist in about 5% of patients with com- 
plete TGA, occurring much more commonly in association 
anterior malalignment types of VSD, especially (20%) in 
patients with DORV with subpulmonary defect (Taussig-Bing 
anomaly). The obstruction may be the usual discrete “shelf” 
lesion, tubular hypoplasia of the distal aortic arch, or a com- 
bination. The outlet septum may be displaced anterior and 
rightward vis-a-vis the trabecular interventricular septum, and 
there may be additional anterior encroachment by a mark- 
edly hypertrophied right ventriculoinfundibular fold (parietal 
band), both resulting in subaortic narrowing (Fig. 49. 8B). The 
frequent association of aortic arch malformations in TGA with 
systemic (right) ventricular outlet obstruction is consonant 
with observations on malformations with normally related 
great arteries that link the genesis of arch anomalies with intra- 


cardiac systemic (left) ventricle obstructive factors. With TGA, 
VSD, and arch abnormalities, there may also be hypoplasia of 
the tricuspid annulus and the right ventricular sinus. 

Leftward juxtaposition of atrial appendages is an anom- 
aly sometimes associated with TGA in which the right atrial 
appendage passes immediately behind the transposed main 
pulmonary artery. It occurs in about 2% to 5% of patients 
and can be diagnosed readily by 2-D echocardiography, angi- 
ography, or direct inspection at surgery. This anomaly is often 
additionally associated with major cardiac pathology, includ- 
ing dextrocardia, VSD, bilateral infundibulum, right ventricu- 
lar hypoplasia, and tricuspid stenosis or atresia. 


PHYSIOLOGY 


The dominant physiologic abnormalities in TGA are a defi- 
ciency of oxygen supply to the tissues and an excessive right 
and left ventricular workload. The systemic and pulmonary 
circulations function in parallel rather than in series as in the 
normal infant; hence, the greatest portion of the output of each 
ventricle is recirculated to that ventricle (Fig. 49. 15 A). Par- 
ticularly in TGA with IVS, only a relatively small proportion 
of blood is exchanged by intercirculatory shunts between the 
two circulations to eventually reach the appropriate vascular 
bed. The systemic and pulmonary arterial oxygen saturations 
are thus dependent on one or more of the following anatomic 
paths for this exchange: intracardiac (patent foramen ovale, 
ASD, VSD) and extracardiac (PDA, bronchopulmonary col- 
lateral circulation). 

Intercirculatory Mixing 

The net volume of blood passing from the pulmonary circu- 
lation (left atrium, left ventricle, pulmonary arteries) to the 
systemic circulation (right atrium, right ventricle, aorta) rep- 
resents the anatomic left-to-right shunt and is, in fact, the 
effective systemic blood flow (i.e., oxygenated pulmonary 
venous return perfusing the systemic capillary bed) (Fig. 
49.15B). Conversely, the net volume of blood passing from 
the systemic circulation to the pulmonary circulation repre- 
sents the anatomic right-to-left shunt and is, in fact, the effec- 
tive pulmonary blood flow (systemic venous return perfusing 
the pulmonary capillary bed). The effective pulmonary blood 
flow, effective systemic blood flow, and net anatomic right- 
to-left and net anatomic left-to-right shunts are all equal to 
one another, and this volume is the intercirculatory mixing: 
the flow in TGA on which survival depends. The net volume 
exchanged between systemic and pulmonary circulations must 
be equal over a given short interval of time because any major 
differences will result in a depletion of the blood volume of 
one circulation at the expense of overloading the other. The 
volumes of anatomic right-to-left and left-to-right shunted 
blood (i.e., “effective blood flows”) that participate in func- 
tional gas exchange at the pulmonary and systemic capillary 
levels are relatively small compared with the large volumes of 
blood circulating (total systemic and pulmonary blood flow) 
or recirculating (physiologic left-to-right and right-to-left 
shunt flows) within each circulation. The physiologic left-to- 
right shunt represents the volume of the pulmonary venous 
blood recirculating through the lungs without having passed 
through the body, and the physiologic right-to-left shunt is the 
volume of systemic venous blood reentering the systemic circu- 
lation without having passed through the lungs. 

The extent of intercirculatory mixing in TGA depends on 
the number, size, and position of the anatomic communica- 
tions and on the total blood flow through the pulmonary 
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Figure 49.15. The circulation in TGA. A: Systemic and pulmonary circulation pathways; in series, with normally 
related great arteries; in parallel, with TGA. Solid arrows , relatively unoxygenated blood; stippled arrows , oxy- 
genated blood; dashed arrows , intercirculatory shunts. B: Circulation schema demonstrating flows and shunts 
in infants with TGA/IVS. Note that the anatomic LR shunt constitutes the effective SBF and the anatomic RL 
shunt, the effective PBF (see text). AO, aorta; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; LR, 
left-to-right; RA, right atrium; RV, right ventricle; LR, left-to-right; PA, pulmonary artery; PBF, pulmonary blood 
flow; PV, pulmonary veins; SBF, systemic blood flow; SVC, superior vena cava. 


circuit. In the neonate with an IVS and a closed or closing 
ductus arteriosus, severe hypoxemia secondary to inade- 
quate mixing at the foramen ovale level is usually present. 
When the interatrial or interventricular shunting sites are of 
adequate size, the level of arterial oxygen saturation is influ- 
enced primarily by the pulmonary-to-systemic blood flow 
ratio, with a high pulmonary blood flow resulting in rela- 
tively high arterial oxygen saturation. If the pulmonary blood 
flow is decreased by subpulmonary or pulmonary stenosis or 
elevated pulmonary vascular resistance, the arterial oxygen 
saturation will be lowered, despite adequately sized anatomic 
shunting sites. 

The physiologic mechanisms that precisely control the 
equalization of interchange between the two circulations 
remain speculative. The shunting patterns appear to be deter- 
mined by local pressure gradients, which in turn are influenced 
by respiratory cycle phase, compliance of the cardiac cham- 
bers, heart rate and volume of blood flow, and the vascular 
resistance in each of the circulations. With TGA/IVS, the 
interatrial shunt is from right atrium to left atrium during ven- 
tricular diastole because left ventricular resistance to filling is 
less than right ventricular. Pulsed Doppler echocardiography 
confirmed that the shunt is from left atrium to right atrium 
in ventricular systole because the left atrium is less distensible 
than the right, and the net pressure in the left atrium is higher 
during ventricular systole. The pattern is affected by respira- 
tion, with the interatrial right-to-left (systemic-to-pulmonary) 
shunt increasing during inspiration when the systemic venous 
return increases and pulmonary venous return decreases. Flow 
patterns are less well documented in the presence of a large 
VSD. When the defect is large and nonrestrictive, peak systolic 
pressures in the ventricles are equal; during ventricular systole, 
some right ventricular output flows preferentially to the lower- 
resistance pulmonary circulation, with a concomitant increase 
in left atrial return. During ventricular diastole, the increased 
pulmonary venous return favors shunting of oxygenated 
blood to the right atrium and ventricle. The balances between 
right and left atrial and ventricular compliances and pulmo- 
nary and systemic vascular resistances are important operative 
factors. Other important hydraulic aspects are the location 
of the VSD, the influence of LVOTO, and other infrequent 
abnormalities, such as straddling of the right AV valve across 


the VSD. Infants with a large VSD but without pulmonary 
stenosis or increased pulmonary vascular resistance may have 
torrential pulmonary blood flow with high left atrial pressure, 
marked left ventricular volume overload, and relatively high 
arterial oxygen saturation, until severe heart failure with pul- 
monary edema intervenes. 

If a large PDA persists in the neonate with TGA and IVS, 
bidirectional shunting at this site can be demonstrated by angi- 
ography and Doppler; however, as the pulmonary vascular 
resistance falls, only systemic-to-pulmonary ductal shunting 
persists. 

Bronchopulmonary Collateral Circulation 

A significant role has been postulated for the bronchopulmo- 
nary collateral circulation in TGA (10). Bronchopulmonary 
anastomotic channels have been visualized by angiography in 
more than 30% of infants with TGA under 2 years of age, 
and balloon occlusion studies demonstrated that these bron- 
chopulmonary anastomotic channels functionally and freely 
communicate with the pulmonary vascular bed proximal to 
the pulmonary capillary bed (Fig. 49.16A). In addition to rep- 
resenting a potential intercirculatory (systemic-to-pulmonary) 
mixing pathway, these bronchopulmonary communications 
may play a role in the accelerated and more widespread pul- 
monary vascular disease process observed in TGA patients. 
Rarely, persistence of a significant bronchopulmonary collat- 
eral circulation after surgical repair results in a large enough 
left-to-right shunt to warrant interventional catheter emboli- 
zation therapy (Fig. 49.16B) (10). 

Application of the Fick principle for calculating pulmonary 
and systemic blood flow in infants with TGA can have major 
sources of error. Oxygen consumption is not normal in the 
severely hypoxemic infant, and assumed values are unreliable. 
Systemic and pulmonary arteriovenous oxygen differences 
may be quite small; consequently, minor errors in oxygen 
saturation measurement introduce large errors in calculations 
of flow. Furthermore, the contribution to pulmonary blood 
flow from the bronchopulmonary collateral circulation enters 
the pulmonary vascular circuit distal to the usual catheter 
sampling sites. The true mixed pulmonary artery saturation 
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Figure 49.16. A: Preoperative transvenous descending aortogram in a neonate with TGA/IVS showing enlarged 
bronchial arteries (following the right main stem bronchus) to the right lung. B: Same patient 42 years after 
a primary arterial switch; a selective injection in the same bronchial artery shows a markedly enlarged vessel, 
with prompt visualization of the pulmonary veins and left atrium on levophase. At the postoperative catheter- 
ization, the left ventricular end-diastolic pressure was elevated at 18 mm Hg, and M-mode echocardiographic 
measurements of left ventricular end-diastolic dimension were increased, suggesting a significant volume over- 
load. Following successful coil embolization, the left ventricular end-diastolic pressure fell to 7 mm Hg, and the 
echocardiographic indices normalized. 


present at the precapillary level cannot be sampled; there- 
fore, a falsely high pulmonary artery oxygen saturation and 
blood flow calculation will result. A modest bronchopulmo- 
nary contribution (20%) to the pulmonary precapillary blood 
flow can result in 30% overestimation of pulmonary blood 
flow; hence, calculated pulmonary vascular resistance always 
should be viewed as minimum values. Pulmonary blood flow 
in TGA is less when derived from angiographic stroke vol- 
ume measurements compared with Fick measurements. With 
IVS, the pulmonary blood flow by angiography was within 
the range for normal infants in the first few weeks of life but 
averages approximately twice the normal flow in older infants 
and children, presumably because of the progressive changes 
in pulmonary vascular resistance and ventricular compliance 
that occur with age. 

Determinants of the magnitude of pulmonary blood flow 
in TGA remain obscure. A major fall in pulmonary artery 
pressure and vascular resistance occurs during the first few 
days and weeks of life in TGA/IVS, and therefore, the early 
maturation of the pulmonary circulation has been considered 
similar to that of the normal infant. Left ventricular compli- 
ance progressively increases during this time, in association 
with decreasing left ventricular muscle mass. The outputs 
of the two ventricles are determined presumably by their 
respective preload, compliance, afterload, and contractility 
but must be autoregulated constantly by some remarkable 
mechanism to meet the special requirements of the unique 
transposition intercirculatory shunt; that is, that the net flow 
from the pulmonary to the systemic circuit equals the net 
flow from the systemic to the pulmonary circuit. 

In the neonate with TGA/IVS who has been palliated 
by balloon septostomy or surgical atrial septectomy, the 
pulmonary blood flow pattern should resemble that in an 


infant with normally related great arteries and isolated large 
secundum ASD; that is, as the pulmonary vascular resistance 
falls, the pulmonary ventricle circulates an increased blood 
volume at low pressure. In TGA, this increased level of pul- 
monary blood flow will result in improved intercirculatory 
mixing and systemic arterial oxygen saturation, assuming 
that an adequately sized and favorably placed anatomic 
opening was created (see also section on Fetal and Perinatal 
Physiology). 

If the pulmonary blood flow decreases in a patient with 
TGA as a consequence of increasing LVOT stenosis or pul- 
monary vascular resistance, the intercirculatory mixing and 
systemic arterial oxygen saturation also will decrease. It is 
important to stress, however, that not all infants with progres- 
sive cyanosis with the combination of TGA and LVOTO are 
progressively more hypoxemic as a result of decreasing pulmo- 
nary blood flow. Progressive restriction of a catheterization or 
surgically created atrial communication can limit intercircula- 
tory mixing and may cause progressive cyanosis. Cardiac cath- 
eterization is mandatory to assess the adequacy of pulmonary 
blood flow and the interatrial communication in these infants, 
especially if a palliative aortic-pulmonary shunt is being con- 
sidered (see also section on Surgery). 

There is a prevalent but clinically silent maldistribution 
pattern of pulmonary blood flow in TGA patients (12). Pul- 
monary angiograms, radionuclide lung perfusion images, and 
chest roentgenograms indicate that about half the patients 
with complete TGA have a significantly greater propor- 
tion of blood flow distributed to the right lung than normal 
(Fig. 49.17). The maldistribution is dependent on a common 
anatomic feature found in transposition, that is, abnormal 
rightward inclination of the main pulmonary artery, which 
results in a straight ejection direction from left ventricle to 
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Figure 49.17. Abnormal distribution of pulmonary blood flow favoring the right lung in TGA observed prior to 
surgery. Pulmonary and radionuclide angiograms from four patients. A: Normal right-left distribution. B: Slight 
rightward distribution. C: Moderate rightward distribution. D: Marked preferential rightward distribution. 


main pulmonary artery to right pulmonary artery. Under these 
morphologic circumstances, the momentum of blood flow in 
the main pulmonary artery carries the blood preferentially 
into the right pulmonary artery. The abnormally increased 
distribution of pulmonary blood flow to the right lung in 
TGA often is associated with some degree of hypoplasia of 
the left pulmonary arterial vessels and is further manifested 
in the occasional reports of unilateral, always left-sided, pul- 
monary vein stenosis or hypoplasia at catheterization or atrial 
switch surgery (13-15). It is unlikely that this phenomenon 
of pulmonary blood flow maldistribution has any significant 
effect on the clinical course of TGA. Further, these maldis- 
tribution patterns are not observed in patients who have 
neonatal arterial switch repair. 

In the neonate with IVS, the systemic arterial P0 2 may 
be as low as 15 to 25 mm Hg at presentation, with resultant 
anaerobic glycolysis and severe metabolic acidemia. The new- 
born infant may not manifest acidemia in the first day or two 
of life, perhaps because of favorable blood tissue dissociation 
characteristics or tissue resistance factors. Inevitably, unless 
intracardiac mixing is improved by palliative or corrective 
intervention, severe hypoxemia results in advanced acidemia, 
hypoglycemia, hypothermia, and eventual death. 

Arterial Blood Gases and Metabolic Responses 

In TGA with poor intercirculatory mixing, the contrast 
between systemic arterial and pulmonary venous blood gases 
while the patient is breathing room air is striking. The pulmo- 
nary venous blood reflects chemoreceptor-stimulated hyper- 
ventilation; in room air, the PO z levels may be increased to 
as high as 110 mm Hg and the PC0 2 levels reduced to 15 
to 25 mm Hg. In contrast, systemic arterial P0 2 levels are 
rarely higher than 35 mm Hg, and the PC0 2 is usually nor- 
mal or only slightly elevated (<45 mm Hg) because of the 
limited anatomic left-to-right (effective systemic blood flow) 
shunt. Arterial blood gases obtained in both room air and 
100% oxygen are helpful in discriminating cyanotic infants 
with TGA from those with lung disease. The response of sys- 
temic arterial P0 2 to 100% oxygen administration is related 
primarily to the extent of intercirculatory mixing rather than 
to the increase in pulmonary venous oxygen content derived 


from dissolved oxygen. When systemic arterial P0 2 values 
are <30 mm Hg in room air and remain below 35 to 40 mm 
Hg during high-oxygen-content breathing, poor intracardiac 
mixing is present. 

Fetal and Perinatal Physiology 

Fetal Circulation 

Both TGA physiology and anatomy appear compatible with 
normal fetal survival and relatively normal gestational devel- 
opment. The course of fetal circulation is modified because the 
right side of the heart ejects blood directly into the ascending 
aorta, in contrast to the sequence in the normal fetus, where 
the right ventricle ejects essentially into the descending aorta 
via the PDA. In the fetus with TGA, the superior vena caval 
blood is directed through the tricuspid valve to the right ven- 
tricle and ascending aorta and provides blood of slightly lower 
glucose concentration and P0 2 to the coronary and cerebral 
circulations than in the normal fetus. The blood entering both 
the pulmonary circulation and the descending aorta is derived 
mainly from the glucose- and oxygen-rich placental return 
that has shunted across the patent foramen ovale and may be 
expected to have a glucose concentration and P0 2 somewhat 
higher than that found in normal fetuses. 

The clinical effects of these abnormalities of fetal flow remain 
to be precisely defined. In one pathology study, infants with 
TGA had cardiac and central nervous system structures similar 
in size and weight to control values; however, increased num- 
bers (270% of control) and size (220% of control) of pancreatic 
islet cells, as well as a significantly increased weight of the adre- 
nal cortex (116% of control), were found in infants with TGA 
(16). These findings in the pancreas and adrenal cortex are simi- 
lar to those seen in infants of diabetic mothers and support the 
contention that the higher-than-usual glucose concentration in 
the descending aorta during fetal development may play a role. 

It is increasingly recognized that the transposed fetal circu- 
lation results in lower substrate delivery to the rapidly develop- 
ing brain, particularly in the second half of pregnancy (17-19). 
This may account for, in part, the higher-than-expected inci- 
dence of microcephaly, white matter injury, and immaturity of 
the brain seen on MRI scans of neonates with TGA (20-22). 
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Transitional Circulation 

After birth, the pulmonary vascular resistance falls with expan- 
sion of the lungs and pulmonary blood flow and left atrial 
pressures increase in accordance with the more or less normal 
neonatal transitional physiology. The systemic vascular resist- 
ance increases because of removal of the low-resistance pla- 
cental circulation. In the normal neonate, the right atrial 
pressure falls as the right side of the heart faces the rapidly 
decreasing pulmonary vascular resistance and the interatrial 
pressure difference favors closure of the septum primum flap 
over the foramen ovale. With TGA, however, the right atrial 
pressures are increased, and the similarity of atrial pressures 
tends to keep the foramen ovale open (incompetent valve), 
with resulting bidirectional shunting (see section on Intercir- 
culatory Shunting). 

In TGA with I VS, the ductus arteriosus is often widely 
patent after birth. Early after birth, when pulmonary vascu- 
lar resistance is still high, there is bidirectional ductal flow: in 
systole, left ventricle-pulmonary artery-ductus-descending 
aorta; and in diastole, aorta-ductus-pulmonary artery. With 
continued fall in pulmonary vascular resistance, the shunt at 
the PDA is primarily from aorta to pulmonary artery (effec- 
tive pulmonary blood flow), with an equal amount of blood 
passing from the pulmonary circuit to systemic circuit at the 
atrial level (effective systemic blood flow). Rarely, there is 
a delayed fall in pulmonary vascular resistance that results 
in persistent pulmonary hypertension, little ductal shunting, 
and limited intercirculatory mixing. Urgent balloon septos- 
tomy or even surgical septectomy may not improve the severe 
hypoxemia, and these neonates may need urgent support 
with early repair, extracorporeal membrane oxygenation, or 
both. Finally, severe hypoxemia in some neonates may be 
due to an intact or virtually intact atrial septum. Despite a 
widely PDA, there is poor intercirculatory mixing at this site 
alone; the primarily aorta-pulmonary artery shunting can- 
not be “balanced” by an equal volume of shunting from left 
atrium to right atrium. These neonates are typically severely 
hypoxemic and acidotic shortly after birth, may have severe 
pulmonary edema and hemorrhage, and may not survive if 
septostomy or arterial switch repair cannot be accomplished 
in a timely fashion. The only way to provide oxygenated 
blood to the coronary arteries and brain is via a shunt from 
left atrium to right atrium (and then to the right ventricle 
and aorta). Thus, the neonate with an intact (or virtually 
intact) atrial septum cannot survive with an open ductus 
arteriosus alone; an emergency BAS is necessary (see section 
on “Treatment”). 

During the brief perinatal transitional interval, there 
may be enough intercirculatory mixing to limit cyanosis and 
avoid severe hypoxemia; however, in most such infants, the 
ductus soon constricts with resulting increased hypoxemia. 
At this time, when oxygen delivery to the tissues is seriously 
compromised, the newborn's oxygen consumption is rapidly 
increasing because of increased body metabolism, the need 
to maintain body temperature, and /3-adrenergic receptor 
stimulation. These factors further decrease mixed venous — 
and hence arterial — oxygen saturation because most of the 
circulating systemic blood flow is the recirculated systemic 
venous return. An additional negative factor during this 
critical neonatal period is the presence of a high proportion 
of fetal hemoglobin, which limits oxygen extraction by the 
tissues because of its high affinity for oxygen. Finally, there 
are serious metabolic consequences to severe arterial hypox- 
emia, including increased anaerobic metabolism, excessive 
lactate production, depletion of glycogen stores, and met- 
abolic acidosis with the eventual catastrophic outcome of 
generalized impaired cellular function. The importance of 
the ductus arteriosus in maintaining and increasing intercir- 


culatory mixing in the early postnatal period explains the 
value of infusion of prostaglandin E 1? particularly in infants 
with TGA/IVS, but only when there is also an atrial com- 
munication to allow pulmonary venous return to reach the 
ascending aorta. 

Pulmonary Vascular Disease 

The early development and widespread presence of pulmo- 
nary vascular obstruction in patients with TGA have been 
widely documented by autopsy findings, biopsy studies, and 
hemodynamic data (23-27). Compared with most other 
forms of congenital heart disease with increased pulmonary 
blood flow, TGA has an apparent accelerated rate of develop- 
ment and an increased frequency of this complication. His- 
tologic evidence for advanced pulmonary vascular disease 
grade 3 or greater using Heath-Edwards (H-E) classification 
is almost the rule in infants over 1 year of age with large 
VSD and pulmonary artery pressures at or near systemic 
level. In one study by Newfeld et al. (23), 25 of 28 children 
older than 1 year with persistent large VSD had grade 4 H-E 
histologic changes present (Fig. 49.18). Significant subpul- 
monary or pulmonary stenosis (i.e., peak systolic pulmo- 
nary artery pressure <50% of peak systolic left ventricular 
pressure) usually prevents the early occurrence of advanced 
pulmonary vascular disease in patients with large VSD and 
increased pulmonary blood flow. Even in infants and children 
with TGA/IVS, extensive abnormal histologic changes have 
been noted, although the process seems somewhat slower and 
much less prevalent than with large VSD. Micro thrombi, in 
addition to the classical vascular pathology, were identified 
in the pulmonary vessels of 23% of the lung specimens, and 
these may represent an etiologic factor. The persistence of a 
large PDA in infants with IVS has been implicated as a cause 
for increased pulmonary vascular disease as has prolonged 
hypoxemia or polycythemia. 

A summary of four comprehensive histologic studies (27) 
indicated that patients with TGA and large VSD have pulmo- 
nary vascular changes grade 3 or greater occurring in 20% 
before 2 months of age, 25% from 3 to 12 months, and 78% 
after 12 months of age. The comparable findings for TGA 
patients with IVS were 1% before 2 months, 17% from 3 to 
12 months, and 34% after 12 months of age. 

Rarely, the occurrence, or more likely progression, of 
pulmonary vascular obstruction has been noted even after 
successful atrial correction in infants with preoperative docu- 
mentation of minimal pulmonary hypertension preoperatively 
(23-28). The pathogenesis of the more accelerated and wide- 
spread pulmonary vascular disease in TGA is undoubtedly 
multifactorial. Although the pulmonary vascular bed may be 
functionally normal at birth, histologic studies indicate that 
shortly thereafter an accelerated pathologic process occurs. 
Pulmonary vascular morphometry in a number of congeni- 
tal cardiac malformations has shown that, in addition to the 
marked increases in pulmonary vascular muscularity and inti- 
mal hyperplasia with vessel obstruction, there is a reduction 
in the number of intra-acinar pulmonary arteries in patients 
with elevated pulmonary vascular resistance. Intense systemic 
hypoxemia is commonly present, and local pulmonary hypox- 
emia can result from increased bronchial arterial vessels and 
bronchopulmonary anastomoses carrying hypoxemic sys- 
temic blood to the precapillary pulmonary arterioles. Thus, 
increased pulmonary vascular flow, pressure, and vasocon- 
strictive factors, possibly in association with abnormal plate- 
let and red cell factors, can result in increased pulmonary 
vessel shear stress, endothelial damage, microthrombi, and 
the early induction and rapid progression of vascular dis- 
ease. These findings suggest that the pulmonary vascular state 
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Figure 49.18. Pulmonary vascular disease in patients with TGA. Histologic analysis according to Heath-Edwards 
classification of lung specimens from 200 patients: 107 with IVS or small VSD and 93 with large VSD. Age, 
plotted with log 2 scale progression in days and years; vertical arrow indicates 1 year of age; horizontal arrow 
indicates separation between grades 1 to 2 pathology and grades 3 to 4 pathology. Grade 3, occlusive intimal 
fibrosis and grade 4, plexiform lesions and vascular dilatation, represent advanced pulmonary vascular disease. 
N, normal vascular histology; PDA, patent ductus arteriosus; PAB, pulmonary artery banding; PS, pulmonary 
stenosis. (From Newfeld EA, Paul MH, Muster AJ, et al. Pulmonary vascular disease in complete transposition 
of the great arteries: a study of 200 patients. Am J Cardiol 1974;34:75-82; Newfeld EA, Paul MH, Muster AJ, 
et al. Pulmonary vascular disease in transposition of the great vessels and intact ventricular septum. Circulation 
1979;59:525-530, with permission.) 


may influence the rate of destruction of platelets and platelet 
aggregate formation in the lung and perhaps contribute to the 
rapid progression of pulmonary vascular disease. The impli- 
cations of these findings are clear in regard to the timing of 
surgery to minimize initiation or progression in pulmonary 
vascular obstructive disease processes. In the current era of 
wide success with arterial switch repair within the first few 
weeks of life, progressive pulmonary vascular obstructive dis- 
ease will likely become infrequent, just as has occurred with 
early repair in patients with large VSD and normally related 
great arteries. 

The quantitative assessment of pulmonary vascular 
resistance at catheterization in TGA can be beset with 
problems. It may not be possible to enter the pulmonary 
artery for pressure measurements. Application of the Fick 
principle tends to overestimate pulmonary blood flow and 
hence underestimate pulmonary vascular resistance (see also 
section on “Intercirculatory Mixing”). A limited compari- 
son of Fick-estimated pulmonary vascular resistance with 
histologic grading suggested that patients with advanced 


pathology (grade 4, H-E) usually have pulmonary vascular 
resistance >7 to 8 U and mean pulmonary artery pressures 
>55 mm Hg (23). 


CLINICAL MANIFESTATIONS 


In the past, the conventional diagnostic sequence for an infant 
with suspected TGA was physical examination, electrocardio- 
gram (ECG), and chest roentgenogram, followed by cardiac 
catheterization, angiography, and usually concurrent palliative 
BAS. Presently, 2-D and Doppler echocardiography can pro- 
vide sufficiently detailed information for the cardiac surgical 
team to proceed directly with an arterial switch operation in 
the appropriate neonate. If necessary, BAS can be performed 
and assessed under 2-D echocardiographic visualization. Nev- 
ertheless, an understanding and integration of the following 
clinical components of diagnosis are useful for the comprehen- 
sive management of infants with this malformation. 
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| | Transposition of the Great Arteries: 
mMM Physiologic-Clinical Classification 

I TGA (IVS or small VSD) with increased PBF and small ICS 3 

II TGA (VSD large) with increased PBF and large ICS 

III TGA (VSD and LVOTO), with restricted PBF 
IV TGA (VSD and PVOD), with restricted PBF 

a A subgroup with large PDA has similar characteristics to group II. 

IVS, intact ventricular septum, VSD, ventricular septal defect; PBF, pulmonary 
blood flow; ICS, intercirculatory shunting; PVOD, pulmonary vascular obstructive 
disease; LVOTO, left ventricular outflow tract obstruction. 


Cyanosis, hypoxemic deterioration, or heart failure 
with early death summarizes the usual clinical course in the 
untreated infant with complete TGA. The clinical manifesta- 
tions and course are influenced predominantly by the extent 
of intercirculatory mixing, which, in turn, depends on several 
anatomic and functional factors that can be integrated into a 
useful clinical classification (Table 49.2). 

Transposition of the Great Arteries (IVS or Small VSD) 
with Increased Pulmonary Blood Flow and Small 
Intercirculatory Shunt 

Prominent hypoxemia (“cyanosis”) is an early and almost 
universal finding in the neonate with TGA who has inad- 
equate intercirculatory mixing (group I). The cyanosis may 
be initially mild (see section on “Fetal and Perinatal Physiol- 
ogy”) but is rapidly progressive. In neonates diagnosed after 
birth, cyanosis was recognized by the nursery staff or physi- 
cian within the first hour of life in 56% and during the first 
day of life in 92% of neonates with TGA and IVS (29). Early 
diagnosis and prompt therapy for the neonate with TGA/IVS 
are critical. Undue emphasis has been placed in the past on 
diagnostic features, such as significant systolic murmur, heart 
failure, cardiomegaly, and cardiopulmonary distress. For this 
subgroup, it must be recognized that beyond cyanosis, the 
clinical examination is often unrewarding with regard to use- 
ful diagnostic physical findings. Even the chest roentgenogram 
and ECG may be normal in appearance in the immediate new- 
born period. In the current era, prompt echocardiographic 
examination is clearly indicated for any cyanotic neonate with 
suspected congenital heart malformation. 

Reverse differential cyanosis, that is, cyanosis of the upper 
body greater than that of the lower body, is rare and always 
indicates the presence of TGA with a PDA and pulmonary 
artery to aortic shunting. In the neonate with TGA and an IVS 
and uncomplicated large PDA, this pattern may be transiently 
observed, particularly if pulmonary vascular resistance remains 
high. Importantly, reverse differential cyanosis suggests a more 
complex TGA malformation including an aortic arch anomaly, 
such as coarctation of the aorta or interruption of the aortic 
arch, or TGA with suprasystemic pulmonary vascular resistance. 

On physical examination, the neonate, if seen early, will appear 
healthy and well developed except for cyanosis. With time, one of 
two clinical pictures emerges: either hypoxemia (TGA with intact 
or virtually IVS) or heart failure (TGA with large VSD). Early 
systolic ejection sounds are rare; the first heart sound is normal 
or loud. No systolic murmur is heard in most neonates, and those 
heard are typically soft, grade 2/6 or less. These systolic murmurs 
are ejection in quality, maximum at the middle and upper left 
sternal border, and probably represent a functional LVOT mur- 
mur related to increased blood flow velocity or a closing PDA. 


A large, persistent PDA can modify the clinical findings in the 
neonate with TGA/TVS because a large intercirculatory shunt 
may be present. Characteristically, these infants present quite 
early with prominent tachypnea and relatively slight cyanosis. 
Importantly, the classic signs indicative of a large PDA, such as 
continuous murmur, bounding pulses, and a prominent middi- 
astolic rumble, are present in fewer than half of this group. The 
risk for necrotizing enterocolitis may be increased in neonates 
with TGA and a large PDA. In these infants, the mesenteric 
circulation may be at risk because of (a) retrograde diastolic 
flow in the descending aorta producing a “steal” phenomenon, 
(b) decreased oxygen delivery, and (c) cardiac catheterization/ 
angiography and umbilical artery catheterization in some cases. 

Transposition of the Great Arteries (Large VSD) 
with Increased Pulmonary Blood Flow and Large 
Intercirculatory Shunt 

The neonate with a large VSD may not manifest any signs or 
symptoms of heart disease initially, although mild cyanosis, 
most evident during crying, may be noted in the nursery. Char- 
acteristically signs of congestive heart failure develop within 
2 to 6 weeks. Tachypnea and tachycardia become prominent; 
cyanosis, although evident with stress and crying, may remain 
quite mild and be overlooked. Heart murmurs also may be 
minimal initially, but a prominent grade 3 to 4/6 pansystolic 
murmur, third heart sound with middiastolic rumble, gallop 
rhythm, and narrowly split second heart sound with loud pul- 
monary component eventually emerge in these infants. 

Transposition of the Great Arteries (VSD and LVOTO) 
with Restricted Pulmonary Blood Flow 

Neonates with TGA, VSD, and severe pulmonary stenosis or 
atresia have diminished pulmonary blood flow. They repre- 
sent a relatively small proportion (5% to 8%) of the neonatal 
TGA population. Clinical findings are similar to those in the 
infant with tetralogy of Fallot with severe pulmonary stenosis 
or atresia, and the cyanosis is extreme from birth. 

Transposition of the Great Arteries (VSD and 
Pulmonary Vascular Obstructive Disease) with 
Restricted Pulmonary Blood Flow 

Pulmonary vascular obstructive disease is not present in the 
newborn with TGA. Progressively advancing pulmonary vas- 
cular disease may not be evident early from physical findings. 
A secondary increase in cyanosis with increasing hematocrit in 
infants who have had successful palliative procedures always 
should raise the suspicion of a decrease in pulmonary blood flow 
caused by progression either in pulmonary vascular disease or 
in LVOT stenosis. With advanced pulmonary vascular obstruc- 
tive disease, an early systolic ejection sound is commonly heard. 
There may be no murmurs present or only a faint short ejection 
systolic murmur. Eventually, in later childhood or adolescence, 
a high-pitched, blowing early decrescendo diastolic murmur of 
pulmonary insufficiency and a blowing apical murmur of mitral 
insufficiency result from gross dilation of the left heart. 

Central Nervous System 

Associated anatomic abnormalities of the central nervous 
system are rare in children with TGA, although head cir- 
cumference is slightly less than normal (20). Spontaneous 
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cerebrovascular accidents, particularly in infants younger than 
2 years of age, were an infrequent but tragic complication in 
the past for the inadequately palliated or uncorrected infant. 
The recent decrease in frequency undoubtedly is related to 
programs achieving more satisfactory early palliation or cor- 
rection. The most common presentation is the sudden onset of 
hemiparesis. Hypochromic, microcytic anemia in conjunction 
with severe hypoxemia has been implicated as a mechanism 
for cerebrovascular accidents in the neonate and young infant. 
In the older child, polycythemia and the increased blood vis- 
cosity secondary to long-standing, severe hypoxemia have 
been regarded as the etiologic factors. 

Brain abscesses have been infrequent: when they occur, 
they are almost always in a surgically uncorrected patient over 

2 years of age, in contrast to cerebrovascular accidents, which 
occur most commonly in infants younger than 2 years of age. 
Symptoms such as persistent headache or, less frequently, 
slowly developing neurologic abnormalities distinguish this 
complication from acute cerebrovascular accident. 

Psychologic testing has shown that preschool-aged chil- 
dren who had prolonged uncorrected cyanotic heart disease 
in infancy have slightly lower intelligence quotient scores and 
tend to perform poorer with perceptual motor tasks than chil- 
dren with asymptomatic acyanotic heart disease. Early atrial 
corrective surgery has been demonstrated to have beneficial 
effects on weight and linear growth; however, the long-term 
effects of intense, prolonged early cyanosis are not yet fully 
evaluated. Although the benefits of early detection (30) and 
correction (31) are likely to minimize secondary end-organ 
damage, more recent data suggest that the Full Scale IQ scores 
for these children, as a group, may be lower than the nor- 
mal population, and there is a higher-than-expected incidence 
of learning disabilities, speech and language problems, and 
motor delays (32-36). 

Electrocardiographic Features 

The usual ECG findings are right-axis deviation with right or 
combined ventricular hypertrophy; the findings, however, vary 
considerably, depending on age and anatomic and physiologic 
factors. The ECG in the first days of life is typically normal for 
age. Within weeks, however, abnormal right ventricular hyper- 
trophy appears in most infants with IVS or small VSD. Ini- 
tially, this may be identified solely by the persistence, beyond 

3 to 5 days of age, of a positive T wave in the right precordial 
leads. Right-axis deviation predominates when the septum is 
intact; in contrast, one-third of infants with large VSD have 



normal QRS axis for age. Left-axis deviation occurs rarely in 
TGA/IVS but is typical in TGA with AV septal defect types of 
VSD, with or without straddling tricuspid valve or right ven- 
tricular hypoplasia. 

Combined ventricular hypertrophy is present in about 60% 
to 80% of patients with large VSD. These ECG patterns are 
modified by LVOT stenosis or increased pulmonary vascular 
resistance. A Q wave in V6 is usually present (70%) in TGA 
with large VSD but is infrequent (15%) when the ventricular 
septum is intact (37). Isolated left ventricular hypertrophy is 
rarely encountered and suggests TGA with VSD, straddling 
of the tricuspid valve, and associated hypoplasia of the right 
ventricle. 

Dysrhythmias are rarely noted in the newborn period, but 
short periods of bradycardia and junctional rhythm may be 
seen in 24-hour ambulatory ECG recordings. Atrial flutter 
may be seen during and after BAS. 

Radiologic Features 

Roentgenographic findings may provide diagnostic assistance 
(Fig. 49.19); however, in the neonate particularly, the findings 
may be normal. In the neonate with TGA/IVS, the diagnostic 
triad includes (a) oval or egg-shaped cardiac silhouette with 
narrow superior mediastinum, (b) mild cardiomegaly, and (c) 
increased pulmonary vascular markings. 

Transposition of the Great Arteries with Intact 
Ventricular Septum 

In the first few days and weeks of life, the chest roentgenogram 
may appear normal. The heart is usually slightly enlarged, 
but one-third of the neonates have no cardiac enlargement. 
Pulmonary vascular markings are considered normal in from 
one-third to one-half the neonates seen, and the typical oval- 
shaped silhouette is not present in one-third to one-half of 
these infants. The vascular pedicle or superior mediastinal 
silhouette is narrow because of the usual anteroposterior rela- 
tionships of the great arteries and the hypoplasia of thymus 
tissue associated with cyanosis and stress. Right aortic arch is 
relatively uncommon: 4% in patients with TGA/IVS and 11% 
in patients with TGA/VSD (38,39). 

After the first few weeks of life, cardiac enlargement may 
become evident, and the pulmonary vascular markings appear 
increased in almost every infant with TGA without LVOTO. 
In some neonates, however, even following adequate BAS, the 
pulmonary vascular markings do not appear increased initially, 



Figure 49.19. Frontal chest roentgenograms in three neonates with TGA/IVS and no significant PDA at 1 day of 
age. Note variations in cardiac size, shape, and pulmonary vasculature. 
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and these infants often have persistent low systemic arterial 
oxygen saturation. Such observations support the hypothesis 
that functionally the pulmonary vascular bed may remain rela- 
tively vasoconstricted, and the resultant inadequate increase in 
pulmonary blood flow minimizes the functional effectiveness 
of an adequate BAS. In the past, when surgical repair usually 
was delayed for months following BAS, clinical deterioration 
sometimes occurred and was characterized by increasing cya- 
nosis with progressive diminution in pulmonary vascularity 
secondary to progressive dynamic LVOTO. Recognition and 
assessment by echocardiography are important for this subset 
of infants. 

Transposition of the Great Arteries/Large 
Ventricular Septal Defect 

The pulmonary vascular markings in infancy appear particu- 
larly prominent when a large VSD is present with low pulmo- 
nary vascular resistance, and the cardiac silhouette is usually 
considerably larger than seen in TGA/IVS. If advanced pul- 
monary vascular obstruction is present (in older infants and 
children), the hilar vessels are enlarged, but the peripheral pul- 
monary vessels appear small and constricted; the left cardiac 
border is often grossly distorted by a dilated pulmonary artery 
trunk. Pulmonary vascular markings remain increased in the 
face of moderate LVOT stenosis, and only severe obstruction 
or atresia is associated with diminished pulmonary vascular 
markings. 

Echocardiographic Features 

In the current era, echocardiography has become the diagnos- 
tic method of choice in the patient with TGA (Fig. 49.20). 
Subcostal imaging provides a flexible acoustic window that 
allows wide angulation and rotation of the transducer beam 
to optimize simultaneous visualization of the great arteries 
(ascending aorta and main pulmonary artery with its primary 
branches) and their respective ventricular connections. Addi- 
tional imaging from the apex (four-chamber view) is useful in 
establishing the identity of the posterior vessel as the pulmo- 
nary artery from its branching morphology. Suprasternal and 
high parasternal views enable the aorta to be traced arising 
from the right ventricle to the arch and its branches. Spatial 
orientation of the great arteries and the origin and proximal 
segments of the coronary arteries can be viewed on parasternal 
and short-axis scans at the base of the heart. Echocardiogra- 
phy can diagnose most of the important associated anoma- 
lies with a high degree of accuracy, including size, number, 
and location of VSDs; anatomic type of LVOTOs; form and 
function of tricuspid and mitral valve anomalies; and outlet 
septum malalignment defects. Imaging can be used to guide 
catheter placement and movements during BAS (Fig. 49.21) 
and to assess the anatomic adequacy of the septostomy. 

In the current era, echocardiography has assumed the pri- 
mary role in determining the candidacy of a neonate with 
simple TGA for arterial switch, even to the extent of replac- 
ing cardiac catheterization in many centers. Routine obstetric 
fetal echocardiography may lead only to the prenatal diagno- 
sis of TGA in those patient subgroups who have associated 
large VSD, common AV septal defect, or severe outflow tract 
obstruction where the usual four-chamber screening examina- 
tion reveals the presence of a serious malformation and leads 
to a more extensive (cardiac-expert) examination of the great 
vessel origins. Conversely, for TGA with IVS, an obstetric 
screening examination frequently does not readily identify the 
malformation and presently may not influence clinical man- 
agement or referral programs. The diagnosis of TGA (even 
with IVS) can readily be made, however, by specialized fetal 
echocardiography. Perhaps the greatest advantage of prenatal 


diagnosis is the ability to deliver the infant in an obstetric facil- 
ity with the expectation of cardiac disease, institution of PGE 1 
therapy, and prompt transfer to a specialized cardiac facility 
before clinical deterioration may take place. 

Cardiac Catheterization 

Cardiac catheterization with BAS in some centers contin- 
ues to assume an emergency priority, particularly for the 
neonate with poor intercirculatory mixing. In any event, 
successful management includes prompt initiation of any 
indicated supportive medical therapy, such as airway protec- 
tion, oxygen, acid-base correction, PGE a infusion, antibiot- 
ics, and, in some patients with large intercirculatory shunts, 
inotropic support and diuretics. Increasingly, catheterization 
with BAS is not routinely undertaken in many centers where 
the neonate with TGA often proceeds directly to primary 
arterial switch correction during the first few days of life. A 
complete echocardiographic diagnosis (and possible simul- 
taneous balloon septostomy) with interim supportive PGEj 
infusion may be all that is necessary prior to surgery. Some 
centers will not perform septostomy at all unless there is 
echocardiographic evidence of a restrictive foramen ovale 
or absence of a significant rise in arterial P0 2 on initiating 
prostaglandin infusion. 

Cardiac catheterization, angiography, BAS, and meaningful 
physiologic information can be obtained safely only if opti- 
mum techniques are expertly and judiciously employed using 
percutaneous femoral vein entry, umbilical vein catheteriza- 
tion, or (rarely) direct femoral vein cutdown. In the unstable 
neonate with poor mixing, it is advisable to proceed with 
therapeutic BAS promptly before attempting more extensive 
hemodynamic and angiographic investigations. 

Cardiac catheterization remains an important adjunct in 
the diagnostic evaluation of infants with echocardiographic 
diagnoses of more complex forms of TGA. Additional obser- 
vations on the following items are important in planning 
appropriate palliative or corrective surgery: pulmonary artery 
pressure; pulmonary blood flow (and vascular resistance); 
coronary artery anatomy; morphologic details of pulmonary 
or subpulmonary obstruction; VSD number, site, and size; 
great-vessel alignments in relation to the VSD and outlet sep- 
tum; and type and severity of aortic arch abnormalities. In 
such cases, when surgical palliation (e.g., pulmonary artery 
banding, septectomy) is planned or repair is electively delayed, 
BAS should be strongly considered, even in patients with large 
VSD, to improve interatrial left-to-right shunting (effective 
systemic blood flow) to decrease left atrial pressures. 

Entrance into the pulmonary artery in the neonate is usu- 
ally difficult, time-consuming, and occasionally traumatic. 
Aside from the value of these measurements for later compari- 
sons, such measurements are usually not essential for manage- 
ment in the neonate or infant as the peak systolic pulmonary 
arterial and left ventricular pressures are usually equal in neo- 
nates, except when there is significant subpulmonary stenosis 
or pulmonary atresia, both of which can be easily recognized 
by echocardiography or angiography. 

A deflated balloon-tipped catheter can be directed across 
the interatrial communication to the left atrium, where the 
balloon is inflated. The catheter usually advances rapidly to 
the left ventricle, either to form a curve with the tip directed to 
the outflow tract or to become wedged in the apex. If the latter 
occurs, the catheter tip is best withdrawn to the mitral level 
and then advanced and withdrawn slowly with lesser degrees 
of balloon inflation until the catheter tip is carried into the 
LVOT, where it then can be advanced rapidly into the pul- 
monary artery. Tip-deflecting wires are extremely helpful in 
directing the balloon toward the LVOT; the catheter then may 
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Figure 49.20. Two-dimensional echocardiographic images in 1 -day-old with TGA/IVS. A: Subcostal view dem- 
onstrates left ventricle (LV) and unobstructed LVOT aligned (connected) with normal pulmonary (potential neo- 
aortic) valve, main (MPA), right (RPA), and left (LPA) pulmonary arteries. A large PDA is seen (on prostaglandin 
El infusion). B: Parasternal short-axis view demonstrates slightly oblique interrelationship of the great arteries 
consistent with TGA {S,D,D} (AO). LA, left atrium; PA, pulmonary artery. C: Parasternal long-axis view confirms 
discordant ventriculoarterial connection: the pulmonary trunk by its abrupt posterior turn shortly distal to the 
pulmonary valve, and (in other planes of this echo view) the aorta by the origin of the brachiocephalic artery. 
D: Origin and proximal branches of the left coronary artery in the usual coronary artery anatomy for TGA (see 
also Fig. 49.7). Note origin of left main coronary (LM) from left/posterior facing sinus and its bifurcation into 
proximal left circumflex (LCX) and anterior descending (LAD) branches. The right coronary artery, in another 
echo plane, arises from the posterior right aortic sinus. E,F: Echocardiographic images obtained at postoperative 
examination 1 year after surgery (arterial switch at 13 days of age) shows moderate dilation of the neoaortic) 
root. Right (RCA) and left main (LM) coronary arteries show no stenosis or obstructive kinking in the proximal 
segments. RVO, right ventricular outflow. 


be “peeled off” the deflecting wire and advanced into the pul- 
monary artery. 

In patients with significant inlet or outlet VSDs, it may be 
possible to manipulate the catheter directly from the right ven- 
tricle through the VSD into the pulmonary artery, although 
this may induce heart block. If the pulmonary artery is not 
entered, pulmonary-vein wedge pressures should be obtained; 
if they are normal, it Is unlikely that the pulmonary artery 
pressure is elevated. Catheterization findings are consistent 
with the detailed discussions under the section on Physiology 
and with the classification schema (Table 49.2). 

In the newborn with TGA/IVS and markedly inadequate 
intercirculatory mixing (group I), the oxygen saturation in the 


vena cava may be as low as 20%, although usually it is about 
40%. There is usually only a small increase of 5 % to 10% 
in the right atrium and right ventricle; the systemic arterial 
saturation is quite similar to that in the right ventricle. Pul- 
monary venous saturation is generally normal, and there may 
be a 4% to 8% decrease in the left atrium or left ventricle. 
A marked combined respiratory and metabolic acidosis, along 
with severe hypoxemia, is a hallmark of TGA/IVS with poor 
mixing. 

In the infant with a large intercirculatory communication 
(group II, TGA/VSD), the vena caval saturations are modestly 
reduced, and there is usually an increase in oxygen satura- 
tion at the atrial level of 5% to 10% as a result of interatrial 
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Figure 49.21. BAS performed in new- 
born with 2-D echo imaging to guide 
catheter placement and septostomy bal- 
loon withdrawal from (A) left atrium 
(LA) to (B) right atrium (RA). Arrows 
delineate balloon. 



shunting. A large increase in oxygen saturation is observed 
in the right ventricle, to levels of 70% to 85%, and similar 
levels are noted in the aorta. The pulmonary venous oxygen 
saturation rarely may be reduced because of left atrial hyper- 
tension and pulmonary edema. Similar oxygen saturations are 
noted in the left atrium and left ventricle, but the pulmonary 
artery saturation may be somewhat lower than that in the left 
ventricle due to some preferential pulmonary artery streaming 
from the interventricular right-to-left shunt. The distinguish- 
ing feature of “transposition physiology” is that the oxygen 
saturation in the pulmonary artery is always higher than in 
the aorta; however, with extensive intracardiac mixing, the 
saturations may be quite similar. In the absence of an ade- 
quate atrial communication, left atrial pressures may be quite 
elevated, up to 20 mm Hg or more, with quite prominent V 
waves. With a large VSD, the left and right ventricular systolic 
and end-diastolic pressures and pulmonary and aortic systolic 
pressures may be essentially identical; the pulmonary arterial 
end-diastolic and mean pressures, however, are commonly 
lower than the systemic levels, reflecting the lower pulmonary 
vascular resistance. 

When there is LVOT stenosis associated with a large VSD 
(group III), the findings depend on the severity of the pulmo- 
nary outflow tract obstruction. When the obstruction is severe, 
along with a small or closed ductus arteriosus, the systemic 
arterial oxygen saturation may be quite low (30% to 50%), 
and the clinical findings are similar to those in tetralogy of Fal- 
lot with severe pulmonary stenosis or atresia. 

Angiocardiography 

When indicated, selective cardiac chamber and great vessel 
angiographic injections should be performed to identify or 
confirm the echocardiographic diagnoses and associated car- 
diac defects. In the current era, echocardiography provides 
superior imaging of many of these abnormalities, particularly 
those associated with the AV and semilunar valve structures 
and the ostia and proximal course of the coronary arteries. 

In the lateral angiocardiogram in TGA/TVS, the aorta 
usually forms a wide open arch with the ascending portion 
proceeding far ventrally. The aortic valve cusp level is higher 
(fourth to fifth thoracic vertebral level) than in the normal 
heart (seventh thoracic vertebral level) and reflects the well- 
developed subaortic conus characteristic of TGA. Deviation 
occurs particularly when a large VSD with atypical conal mor- 
phology (bilateral conus or deficient conus) is present or with 


the rare form of posterior transposition. The ascending aorta 
is typically anterior and to the right of the pulmonary artery 
in an oblique relationship; the large main pulmonary artery 
arises slightly to the left and definitely posterior to the aorta. 

Variations and some ambiguity may arise when angio- 
graphically the transposed aortic valve appears to lie directly 
anterior to the transposed pulmonary valve and more particu- 
larly when the transposed aortic valve lies anterior and slightly 
to the left of the transposed pulmonary valve (6% to 14%). 
The physiologic findings in the latter instance again are those 
of physiologically uncorrected TGA, but the segmental find- 
ings are TGA {S,D,L}, AV-concordant connection, that is, situs 
solitus of viscera and atria (S), ventricular D-loop (D), and an 
apparent L-position of the semilunar valves (L) (Fig.49.22A-D). 
This configuration is to be differentiated, particularly in the 
anteroposterior angiographic view, from the usual physiologi- 
cally corrected TGA, (S,L,L) TGA AV discordant connection 
(Fig. 49.22E-H). 

Identification and localization of the conal musculature 
and semilunar-AV valve relationships can be helpful in ana- 
lyzing the more complex variations. The tricuspid valve is best 
visualized by using selective right ventricular injection in the 
frontal or right anterior oblique views by noting intra-atrial 
bulging of the leaflets during ventricular systole and during 
diastole by the negative silhouette of the orifice as nonopaci- 
fied blood enters the ventricle. Continuity of the anterior 
leaflet of the mitral valve with the pulmonary valve is best vis- 
ualized in the four-chamber long-axial or left anterior oblique 
views in diastole when the anterior leaflet is noted to form 
the posterior wall of the LVOT. In the frontal view, the line 
of attachment of the posterior mitral valve leaflets can best be 
seen in diastole. Straddling or overriding tricuspid valve with 
VSD must be suspected whenever hypoplasia of the right ven- 
tricle is observed. Levoposition (“juxtaposition”) of the right 
atrial appendage frequently accompanies this constellation of 
anatomic findings. 

The number, site, and size of VSD(s) can be well visualized 
by angiography, particularly when an appropriate long axial 
or hepatoclavicular four-chamber oblique (rather than lat- 
eral) view is used (Figs. 49.9, 49.10A, and 49.1 1A). In many 
instances, the VSD represents an additional but uncomplicated 
anatomic component of the surgical repair. When there are 
various types of atypical conus associated with malalignment 
or straddling AV orifices, valve leaflets, or their attachments, 
however, foreknowledge of the precise size and location of the 
VSD and its relationship to the semilunar and AV valves is 
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Figure 49.22. Angiocardiograms (A-D) illustrating variant leftward position of aortic valve in 4-year-old with 
TGA {S,D,L} following intra-atrial (Mustard) repair. A: Frontal view, selective transvenous injection into left- 
sided morphologically left ventricle (LV). B: Frontal view, after pulmonary circulation and opacification of new 
pulmonary venous atrium (PVA), right-sided, morphologically right ventricle (RV) and left-malpositioned aortic 
(Ao) valve. C: Lateral view of (A). D: Lateral view of (B). PVAa, anterior segment; PVAp, posterior segment of 
pulmonary venous atrium. Angiocardiograms (E— H) illustrating leftward position of aortic valve in 4-year-old 
with TGA {S,L,L}. E: Frontal view, selective injection into right-sided morphologically left ventricle (LV). F: 
Frontal view, after pulmonary circulation and opacification of left atrium (LA) and left-sided morphologically 
right ventricle (RV) and left positioned aortic (AO) valve. G: Lateral view of (E). H: Lateral view of (F). 


mandatory. The four-chamber hepatoclavicular projection is 
particularly useful for profiling the posterior inlet component 
of the ventricular septum. Long axial oblique views are use- 
ful for demonstrating the various outlet septum malalignment 
abnormalities, including the VSD and right and left ventricular 
outlet obstructions. 

The various forms of LVOT stenosis can be best discrimi- 
nated angiographically by long axial left ventricular views. 
Small peak systolic pressure differences (<20 mm Hg) between 
left ventricle and main pulmonary artery have been attributed 
to a “functional” stenosis of the pulmonary valve and outflow 
tract, similar to that observed in patients with secundum ASD 
with high pulmonary blood flow. In TGA/IVS, however, such 
systolic pressure differences also may be associated with a rec- 
ognizable systolic septal bulge abnormality. Minor degrees of 
abnormal protrusion of the upper muscular ventricular sep- 
tum into the LVOT in systole are subtle but can be appreci- 
ated angiographically in the lateral and left anterior oblique 
views. Occasionally, the entire ventricular septum encroaches 
convexly and posteriorly during systole, and the left ventricle 
appears small and flattened (“pancaked”) (Fig. 49.4). 

A more obvious angiographic subpulmonary ridge-like 
obstruction is associated with somewhat larger LVOT pres- 
sure differences and reflects a subvalvar fibrous muscular 
ridge obstruction, often with an underlying abnormal septal 
bulge. This fibromuscular ridge is probably a systolic impact 
lesion and angiographically appears as a prominent irregu- 
lar curvilinear radiolucent line during systole in the region of 
the mitral valve. The ridge is often most prominent medially 
and may demarcate sharply a small subpulmonary vestibule 
(Fig. 49.5B,D). Isolated pulmonary valve stenosis is infrequent 


as a major lesion, but thickened valve cusps may be observed. 
The fibromuscular tunnel-type stenosis can best be recognized 
in the left long-axial oblique view as an extensive, narrow, 
fixed restrictive passage extending from above the VSD for 
some length toward the pulmonary valve. This form is com- 
monly associated with a VSD with a posterior malalignment 
of the conal septum, with crowding of the LVOT (Figs. 49. 8 A 
and 49. 10 A). Subpulmonary obstruction resulting from aneu- 
rysm of the membranous ventricular septum or redundant tri- 
cuspid valve tissue displaced into the LVOT may be recognized 
by careful angiographic assessment (Fig. 49. 12 A). Persistent 
subpulmonary obstruction also can be caused by anomalous 
septal attachments of straddling mitral valve tissue. 

Malalignment defects of the ventricular outlet septum also 
may be associated with anterior-rightward septal deviation, 
which causes distinct anatomic, but less frequently hemody- 
namic, right ventricular outflow tract obstruction (Fig. 49. 8B); 
with this abnormality, distal systemic circulation malforma- 
tions such as coarctation or interruption of the aorta should 
be anticipated and investigated by angiography and echocar- 
diography. 

Although the coronary artery anatomy sometimes may 
be outlined from a right ventriculogram, better visualiza- 
tion is achieved by selective transvenous coronary angiogra- 
phy or antegrade aortic root angiography with distal balloon 
occlusion of the ascending aorta. Using this technique, a bal- 
loon angiographic catheter (with injection holes proximal 
to the balloon), introduced transvenously, is positioned in 
the ascending aorta proximal to the brachiocephalic arter- 
ies so that the side holes are approximately 1 cm above the 
aortic valve. The balloon is inflated with carbon dioxide and 
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stabilized in the ascending aorta. During cineangiography, 
between 0.5 and 1.0 mL/kg of contrast medium are injected 
over approximately 1 second, and the balloon is deflated 
immediately after the injection. Inflation of the balloon during 
injection allows contrast medium to be preferentially directed 
toward the aortic root and coronary ostia. 

Mandell et al. (40) combined balloon occlusion aortography 
with extreme caudal angulation of the anterior-posterior cam- 
era, producing the so-called laid-back aortogram (Figs. 49.23 
and 49.24). This is perhaps the most anatomically precise angi- 
ographic technique for the preoperative assessment of the coro- 
nary arteries in TGA because it provides visualization of both 
the proximal ostia and distal distribution of the coronary arter- 
ies in the same plane of view (see section on “Morphology”). 

Balloon Atrial Septostomy 

In the newborn <48 to 72 hours of age, the umbilical vein 
has been used successfully for BAS as well as diagnostic cathe- 
terization. More commonly, percutaneous needle and catheter 
sheath placement is used to gain access to the femoral vein. 
Successful, adequately sized rupture of the septum primum 
flap to enlarge the interatrial opening is dependent on both 
structural-design elements of the balloon catheter and proce- 
dural techniques. 


The catheter should be advanced across the foramen ovale 
into the left atrium or a pulmonary vein and the position of the 
tip established with certainty in the left atrium prior to pro- 
ceeding. Location of the catheter tip is established most readily 
by echocardiography or by using fluoroscopy to visually con- 
firm the posterior position of the tip in the lateral or left ante- 
rior oblique view or entry of the catheter into a pulmonary 
vein. Once the position is verified, the balloon is inflated with 
diluted angiographic contrast medium to at least 12- to 15-mm 
diameter and then rapidly withdrawn across the atrial septum 
with an abrupt, short tug, “like a backhand in squash” (Keane 
JF, personal communication ) . The balloon and interatrial sep- 
tum are displaced toward the inferior vena cava, and the sep- 
tum primum flap of the fossa ovalis is ruptured as the balloon 
is carried in a single movement from the left atrium to the right 
atrial-inferior vena caval junction. The catheter should be 
advanced immediately and the balloon pushed cephalad out 
of the inferior vena caval orifice into the right atrium toward 
the superior vena cava to verify crossing the septum and to 
avoid obstruction to inferior vena caval return while the bal- 
loon is being deflated. This same procedure should be repeated 
several times with increasing balloon volumes, so that with- 
drawal of the balloon, inflated tensely to a diameter of at least 
15 mm, is achieved without much resistance being perceived 
at the atrial septum level. Slow or gentle withdrawal of the 
balloon from the left-to-right atrium is considered by some to 


Figure 49.23. Upper panel: Position of frontal 
C-arm with extreme caudal angulation of the tube. 
The lateral tube, necessary for balloon positioning, 
is not shown. Lower left panel: View of heart and 
balloon position as “seen” by lateral image inten- 
sifier. Solid arrow in right upper corner shows 
“viewpoint” of frontal camera when it assumes 
its caudal angulation. Lower right panel: Caudal 
view of heart and coronary arteries as displayed 
by frontal cine camera. An example of coronary 
course in anterior-posterior (A) and side-by-side 
(B) great arteries is shown. Circ, circumflex coro- 
nary artery; LAD, left anterior descending artery; 
RCA, right coronary artery. (From Mandell VS, 
Lock JE, Mayer JE Jr, et al. The “laid-back” aorto- 
gram: an improved angiographic view for demon- 
stration of coronary arteries in transposition of the 
great arteries. Am J Cardiol 1990;65:1379-1383, 
with permission.) 



As Viewed by As Displayed 

Cine Camera on the Cine Image 





Posterior 
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Figure 49.24. A: Caudal view in a patient whose great arteries are side by side with inverted right and circumflex 
coronary arteries (see Fig. 49.7). From the anterior-facing sinus, a coronary artery originates and gives rise to the 
left anterior descending artery (double arrow ), which crosses anterior to the pulmonary artery and a small right 
coronary artery (single arrow). From the posterior facing sinus arises a dominant circumflex artery (triple arrow), 
which courses behind the pulmonary artery and supplies the lateral, posterior, and inferior walls of the left ven- 
tricle. B: Lateral view of the same showing ideal balloon position and occlusion of the aorta at time of injection. 
(From Mandell VS, Lock JE, Mayer JE Jr, et al. The “laid-back” aortogram: an improved angiographic view 
for demonstration of coronary arteries in transposition of the great arteries. Am } Cardiol 1990;65:1379-1383, 
with permission.) 


be counterproductive because it causes stretching rather than 
tearing of the septum primum flap with temporary functional 
rather than permanent anatomic enlargement of the foramen 
ovale defect. 

Cardiac complications of the procedure are uncommon 
when the aforementioned precautions are observed, but the 
operator must be knowledgeable and skilled to avoid atrial 
wall, pulmonary vein, or inferior vena caval perforation or 
tears or AV valve damage. Other injuries that have been 
reported include damage to the inferior vena cava, which 
probably can be minimized by using an adequately inflated 
balloon so that it is not pulled deep into the inferior vena 
cava. Patients may develop complete heart block, although it 
is typically self-limited and rarely requires long-term pacing. 
Intracardiac rupture of the balloon occurs infrequently, but it 
is important to avoid introducing air bubbles during inflation 
with the contrast medium to prevent air embolization. Rub- 
ber fragmentation and embolization from a ruptured balloon 
have been virtually abolished by new materials and fabrica- 
tion techniques. A recent report raised the important question 
of CNS complications such as stroke or ischemia identified in 
critically ill patients with TGA undergoing urgent septostomy 
(41). In this retrospective review, it was difficult to separate 
out the CNS effects of the profound hypoxemia leading to 
the need for urgent intervention, from the CNS effects of the 
intervention itself. Nonetheless, potential CNS complications 
should factor in the decision to perform septostomy, especially 
in nonemergent situations (see below). Deflation failure of the 
balloon in the right atrium after septostomy, a rare compli- 
cation in the past, has been obviated by the newer fabrica- 
tion techniques. The inability to deflate the balloon using the 
syringe can be managed without surgery, however, by care- 
fully inserting the sharpened, stiff end of a guidewire along the 
catheter shaft and rupturing the balloon. 

If levoposition of the right atrial appendage (juxtaposition 
of atrial appendages) is present, the catheter tip, still in the 
right atrial appendage, may appear falsely to conform to con- 
ventional criteria for left atrial positioning. With this anomaly, 
the right atrial appendage is more posterior than normal and 
occupies the left upper heart border in the anteroposterior view. 
The operator should suspect levoposition of the right atrial 


appendage if the catheter tip cannot be directed into a pul- 
monary vein or pass quite as much posteriorly as usual. Selec- 
tive right atrial angiograms, or preferably a precatheterization 
echocardiographic examination, will verify the diagnosis. 

In the neonate, satisfactory rupture of the septum primum 
flap covering the fossa ovalis is nearly always affected by proper 
BAS technique. In older infants, particularly those with TGA/ 
VSD, a thickened interatrial flap may preclude successful bal- 
loon catheter septal rupture. If necessary, a catheter equipped 
with an extendable blade may be used to enlarge the interatrial 
communication prior to septostomy. Finally, in patients with 
a markedly thick atrial septum, a new defect (separate from 
the foramen ovale) can be created with a transseptal needle 
and dilated with an 8- to 15-mm-diameter balloon angioplasty 
catheter (static balloon septoplasty). A second hole is recom- 
mended because long-term dilation of the true foramen ovale 
has been unsuccessful in most cases (Lock JE, personal com- 
munication). 


TREATMENT 

Consideration of optimal treatment choices for the various 
subsets of patients with complete transposition must integrate 
the current information available on over 50 years’ experience 
with atrial level repair and 30+ years of arterial level repair. 
Abundant early and midterm postoperative observations war- 
rant cautiously optimistic support for the choice of an arte- 
rial switch repair for newborns with nearly all forms of TGA. 
This trend is reflected in data from a multi-institutional study 
showing an increase in arterial switch repair from 40% of the 
eligible TGA study population in 1985 to 80% in 1990. 

Palliative Therapy 

In the past, the keystone to improved survival and eventual cor- 
rective surgery has been the successful application of palliative 
procedures: BAS, surgical septectomy, partial venous correction, 
pulmonary artery banding, and systemic-pulmonary shunts. 
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Balloon Atrial Septostomy 

Accumulated experience over the past four decades clearly 
has established the value of BAS for the initial management 
of the severely hypoxemic neonate with TGA: Survival for the 
first month of life improved from 20% before septostomy was 
introduced to as high as 95% afterward. Accordingly, BAS 
was performed in neonates as the first step in any management 
program for patients destined to have atrial repair procedures 
later in infancy. In the past two decades of the widespread 
adoption of an early arterial switch, coupled with the poten- 
tial complications of “routine” septostomy (41), many centers 
have chosen to perform a BAS only in cases of profound hypox- 
emia, or in cases when corrective surgery must be delayed, and 
in routine cases, maintaining acceptable oxygenation with a 
PDA, a native septal communication, and PGEj. 

In the past, when atrial repair surgery was electively 
delayed, particularly beyond the first year of life, a significant 
interval of morbidity and mortality occurred from complica- 
tions, including cerebrovascular accidents, progressive pulmo- 
nary vascular disease, myocardial failure, and intravascular 
thrombosis. A multi-institutional protocol followed up on 
neonates with simple TGA entering the study at <15 days 
of age (Fig. 49.25) (37). Among the 106 patients assigned 
to an atrial switch repair (median age at repair: Senning, 
2.9 months; Mustard, 6.7 months), five deaths occurred before 
repair and were associated with hypoxia or heart failure. No 
deaths before repair occurred among 76 patients assigned in 
this study to an arterial switch repair protocol (median age at 
repair: 6 days). 

Prostaglandin El (in Conjunction with Management 
Protocol for Early Neonatal Arterial Switch Repair with 
or without Balloon Atrial Septostomy) 

BAS: Current Indications, Timing, and Analysis of Risk/Benefit 
It has become apparent that if arterial switch repair is to be 
performed early after birth, most cyanotic neonates with TGA / 
IVS benefit from interval prostaglandin-induced increased 



Figure 49.25. Cumulative frequency distribution of patient 
age at the time of planned-executed repairs according to the 
type of repair from a 20-institution cooperative protocol 
study (Congenital Heart Surgeons Society, 1985, 1986). No 
deaths occurred before repair of patients assigned to an arte- 
rial switch protocol (median age at surgery, 6 days), whereas 
5 % of patients assigned an atrial switch protocol died before 
repair. (From Castaneda AR, Trusler GA, Paul MH, et al. and 
the Congenital Heart Surgeons Society: the early results of 
treatment of simple transposition in the current era. / Thorac 
Cardiovasc Surg 1988;95:14-27, with permission.) 


arterial oxygen saturation even without BAS. For these neo- 
nates, a prostaglandin infusion may be instituted as soon as 
feasible, including during transport to the cardiac surgical 
center, even before the diagnosis has been confirmed echo- 
car diographically. Some neonates will not improve following 
the institution of PGE l5 suggesting inadequate mixing due to 
a restrictive foramen ovale. With an inadequate interatrial 
opening, the markedly increased pulmonary blood flow result- 
ing from the prostaglandin infusion can lead to deleterious 
increased pulmonary congestion, and BAS (bedside echocar- 
diography or cardiac catheterization-fluoroscopy) may be 
required on an urgent basis in this subgroup. 

But for approximately 85% to 90% of neonates with 
TGA, an electively timed arterial switch operation (with or 
without concomitant procedures) is the surgical procedure of 
choice. Despite this general agreement among cardiologists 
and surgeons, there is surprisingly little consensus regarding 
the optimal timing of the procedure, and hence, the role of 
“routine” BAS and continuation of ?GE l in these patients is 
very institution dependent. In a recent meta-analysis in 2012, 
BAS frequency was 22.4%, with reported rates ranging from 
20% to 75% (42). 

Excluding the subgroup with TGA and profound hypox- 
emia from poor intercirculatory mixing — in whom an emer- 
gent BAS is the mainstay of the initial stabilization — many 
babies are scheduled for surgery on a “semi-elective” basis 
if oxygen saturations are acceptable and the baby is without 
symptoms. On the one hand, there are potential benefits of 
waiting 4 to 7 days before an arterial switch operation such 
as to allow the baby to make an effective transition from the 
fetal to the neonatal circulation, allow pulmonary vascular 
resistance to fall, allow some improvement in kidney and liver 
function to occur, to begin enteral nutrition, to evaluate for 
any additional congenital anomalies, and to be sure the fam- 
ily understands the risks and benefits of the proposed surgery. 
While these are “potential” benefits for the baby and family, 
one must also be cognizant of the “risks” that accompany a 
delay in surgery, with or without BAS. 

If surgery is not performed immediately after birth, the 
two most common strategies employed are to (i) maintain an 
intravenous infusion of PGE 2 (usually at low doses of 0.01 
to 0.02 ^Lg/kg/min to avoid some of the side effects including 
apnea, fever, and hypotension) or (ii) perform a BAS and dis- 
continue the PGE l5 accepting lower oxygen saturations with 
a small or closed ductus arteriosus, but with improved dias- 
tolic blood pressure and less symptoms of heart failure from 
the large ductus. In fact, even with strategy ii above, only the 
minority of patients actually remained off PGEj until surgery 
despite a “successful” BAS (43). This group was also unable 
to identify any patient- or procedure-related factors that pre- 
dicted the ability to remain adequately oxygenated when not 
receiving PGE^ 

The decision-making process involves a complex interac- 
tion between the choice of day of surgery and whether the 
neonate should undergo a BAS with discontinuation of PGEj 
or should “just wait” while maintaining ductal patency on 
PGEj. The cardiac risks of BAS are described above; however, 
there are conflicting data in the literature regarding the acute 
risk to the central nervous system from a BAS, with some sin- 
gle center reports and one large registry analysis suggesting 
that embolic brain injury is related to BAS, while other stud- 
ies and a separate registry showed no increased risk stroke 
(41,42,44-48). 

From a whole-body perspective, maintaining a widely 
PDA results in a higher systemic saturation of oxygen but in 
a “steal” of systemic cardiac output into the lungs. Although 
the oxygen saturation may be in the “acceptable” range, this 
left-to-right shunt may in fact result in worse tissue delivery of 
oxygen in some patients. The pulse pressure is typically wide, 
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and this diastolic runoff causes worse tissue oxygen saturation 
resulting in potential ischemia, specifically to the brain and gut. 

There may be a “false sense of security” in the preoperative 
baby with TGA who has little to no symptoms and adequate 
oxygen saturation on an infusion of PGEj. During the waiting 
period, the baby is at risk for “paradoxical embolus” from 
an peripheral IV catheter to the central nervous system due 
to the uncorrected circulation, and there are increasing data 
showing an increased risk of infection, medical errors, and 
increased cost associated with increased length of stay, which 
a delay in surgery will cause. However, most importantly, the 
“reassuring” peripheral oxygen saturation may be associated 
with paradoxically low oxygen delivery, particularly to the 
brain. Measurements of cerebral venous oxygen saturation 
have been invasively sampled during cardiac catheterization in 
children who were both cyanotic and acyanotic (49-51), and 
noninvasively in children with right-to-left shunt lesions. In 
all of these situations, direct measurements of cerebral venous 
oxygen saturation were significantly lower than would have 
been predicted from the arterial or “mixed venous” oxygen 
saturation alone, and the babies with the lowest delivery of 
oxygen to the brain were those with the combination of arte- 
rial hypoxemia and a runoff lesion, either a PDA or a systemic 
to pulmonary shunt — exactly the situation in the preoperative 
neonate with TGA and a PDA. Consistent with these observa- 
tions, there are evolving data demonstrating increased central 
nervous system injury — particularly to the white matter — if 
an arterial switch operation is delayed even by days, particu- 
larly if accompanied by hypoxemia (45). In addition, recent 
follow-up neurodevelopmental outcome studies in infancy 
and beyond suggest that earlier elimination of hypoxemia may 
contribute to improved motor outcomes and brain growth in 
certain subgroups of patients (52). 

Based on currently available information, at The Children’s 
Hospital of Philadelphia, we have adopted a neuroprotective 
strategy in TGA of an early arterial switch operation (2 to 
3 days of age if possible), with BAS performed if there is an 
anticipated delay beyond this time frame, and/or oxygen satu- 
rations are <80% despite PGEj. In neonates receiving a BAS, 
the PGE l5 is then discontinued and not restarted unless there 
are symptoms of respiratory compromise or consistent periph- 
eral oxygen saturation of <70% (with a small or closed PDA). 
With this approach in the past 2 to 3 years, preliminary data 
suggest a significant reduction in the incidence of preopera- 
tively identified white matter injury compared with historical 
controls, but further work is necessary to confirm these pre- 
liminary data and rule out confounding factors always inher- 
ent when utilizing historical controls. 

In the author’s opinion, there is little benefit (and accumu- 
lating risk) in not repairing a newborn with TGA and typi- 
cal transposition physiology — especially with an open ductus 
arteriosus. As soon as there is evidence of a fall in pulmonary 
vascular resistance (usually seen by Doppler at the ductus 
within 24 to 48 hours) and there are no noncardiac contrain- 
dications to surgery, the baby is scheduled for the next avail- 
able surgical date. 

At our institution and elsewhere, there is incomplete agree- 
ment on physiologic criteria for satisfactory post balloon sep- 
tostomy improvement. Obviously, clinical stabilization and 
decreased hypoxemia must occur. Excluding poor technical 
performance, a number of anatomic and physiologic factors 
may be responsible for unsatisfactory improvement. The fossa 
ovalis may be relatively small, or the valve of the foramen ovale 
may be quite thick, particularly in older infants and those with 
a large VSD. Repeat BAS for complete TGA is rarely effective, 
and only in a few selective cases is catheter-blade atrial septos- 
tomy indicated. 2-D echocardiographic imaging of the intera- 
trial septum, augmented with Doppler or color techniques, 
can readily establish the anatomic and physiologic results of 


balloon septostomy. In general, adequately palliated neonates 
have an interatrial defect at least 5 to 6 mm in diameter result- 
ing from the septostomy maneuver. Nevertheless, despite the 
presence of adequately sized anatomic communications, inad- 
equate circulatory mixing and disappointing clinical improve- 
ment have been noted in some infants. It has been postulated 
that in such cases, a delayed decrease in the pulmonary vas- 
cular resistance, with consequent low pulmonary blood flow 
and left atrial volumes and pressures, at times may result in 
inadequate interatrial mixing (see also section on “Fetal and 
Perinatal Physiology”). 

Surgical Creation of Atrial Septal Defect 

The Blalock-Hanlon operation or one of its modifications was 
a widely applied palliative surgical procedure for TGA in the 
past, but it now assumes the position of a historical footnote. 
An interatrial septal defect is created by excising the posterior 
aspect of the interatrial septum in a relatively simple closed 
heart procedure that can be performed rapidly on even the 
smallest infant (Fig. 49.26). The Blalock-Hanlon operation 
(closed-heart) and atrial septectomy (open-heart) produced 
systemic arterial oxygen saturation levels modestly higher than 
BAS; mean systemic arterial oxygen saturation levels range as 
high as 79%, and these increases were well maintained for 
long periods. Although early in the experience operative, mor- 
tality rates approached 30%, later series reported mortality 
risks <3% to 5%. Postoperative atrial dysrhythmias were 
infrequent and usually transient. Palliative Blalock-Hanlon 
or atrial septectomy procedures are rarely performed in the 
present era as a result of the trend toward earlier atrial and 
neonatal arterial repairs. 

Partial Venous Return Repair (Baffes) 

Historically, in the 1950s, a partial physiologic repair was 
proposed and achieved by connecting the inferior vena cava 
to the left atrium with a homograft or synthetic conduit 
and concurrently detaching the right pulmonary veins and 
directly transferring them to the right atrium. This pallia- 
tive operation then results in an obligate, effective shunt at 
the atrial level. Subsequently, some of these patients had a 
modified Mustard type of atrial repair to achieve complete 
physiologic correction. 

Pulmonary Artery Banding 

Transposition associated with large VSD without LVOT steno- 
sis, if untreated, is complicated by two major problems: heart 
failure and pulmonary vascular disease. Surgical constriction 
of the pulmonary artery can provide effective palliation for 
both these complications in infants and, until the arterial repair 
era, was commonly performed in early infancy. Although early 
corrective surgery with arterial switch and VSD closure is cur- 
rently the procedure of choice, pulmonary artery banding in 
the neonatal period may be indicated, when complex, multiple 
VSDs are present or there are coexisting medical conditions 
that cause a delay in surgery to later in infancy. 

Operative mortality for banding in the newborn period 
historically should be in the range of 5% or less. The pul- 
monary artery in infants with TGA in general banded more 
loosely than in infants with normally related great arteries 
because TGA pathophysiology requires a somewhat higher 
pulmonary blood flow for optimum intercirculatory mixing. 
Hemodynamically important subaortic stenosis may develop 
following pulmonary artery banding, although the patient 
population who receive palliative pulmonary artery banding 
includes patients with anterior malalignment types of VSDs 
in whom subaortic obstruction is common and occasionally 
progressive. 
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Closure 



Figure 49.26. Blalock-Hanlon operation. A: Clamp placed across both atria (RA, LA) and right pulmonary veins 
(RPV) in the region of the interatrial sulcus. B: Excision of posterior portion of atrial septum. C: Closure of atrial 
incision with resultant surgically created ASD. (Modified from Cooley DA, Hallman GL. Surgical Treatment of 
Congenital Heart Disease. Philadelphia, PA: Lea & Febiger, 1966.) 


Systemic-Pulmonary Anastomosis 

Infants with TGA/VSD and severe LVOTO have been suc- 
cessfully palliated with systemic-pulmonary anastomosis. 
Statistics are limited but presently operative mortality with a 
Gore-Tex interposition shunt may be as low as 5%. The higher 
risk for developing pulmonary vascular obstructive disease in 
patients with TGA makes continuing reassessment of pulmo- 
nary vascular resistance imperative during follow-up. 


CORRECTIVE SURGERY 

Although medical management and interventional procedures 
play an important role in the initial care of the neonate with 
TGA, this anomaly remains a surgical disease; initial medical 
management is geared toward making the infant as good a 
candidate as possible for surgical correction. Numerous sur- 
gical options have been available to the infant with various 
variations of TGA (Table 49.3), although the arterial switch 
(± additional procedures as necessary) is currently the 
procedure of choice for most of these patients. 

Surgery for TGA/IVS or TGA/VSD without Associated 
Outflow Tract Obstruction 

Physiologic Correction (Atrial Switch) 

Physiologic correction of TGA became a reality with the atrial 
switch procedures described by Senning (53) and by Mustard 
(54). In the Senning repair (Fig. 49.27), the atrial baffle is fash- 
ioned in situ using tissue from the right atrial wall and intera- 
trial septum, whereas in the Mustard operation (Fig. 49.28), 
after resection of most of the atrial septum, the baffle is made 
from autologous pericardial tissue or (rarely) synthetic mate- 
rial. In terms of connections, the atrial switch repair imposes a 
discordant AV connection on the existing discordant AV con- 
nections; this “double-negative” results in a “normal” (i.e., 
series) circulation (Fig. 49.29). 


The optimum timing for atrial switch repair has also become 
a historical footnote in the arterial switch era. In contrast to the 
arterial switch, atrial switch operations may be delayed for a 
few weeks to several months after birth (and BAS). The intervals 
between diagnosis, palliative BAS, and surgery may result in addi- 
tional mortality and morbidity; in a current era multi-institutional 
report (55), 4% of uncorrected patients with simple TGA died by 
30 days of age despite what was considered an adequate BAS. In 
the atrial switch era, the choice between the Senning and Mustard 
operations was controversial. Proponents of the Senning repair 
advanced that the operation was easier to perform, used minimal 
(if any) prosthetic material or non viable tissue, had less compro- 
mised atrial volumes and compliances, and was followed with 
a lower frequency of systemic venous obstruction and “late” 
dysrhythmia. Others demonstrated that modifications to the 
Mustard procedure resulted in reduced early mortality, reduced 
systemic and pulmonary venous obstructions, and less dysrhyth- 
mia. Superiority of either surgical technique outside of individ- 
ual experience has not been convincingly established. 

Results and Sequelae of Physiologic Correction 

Using cardiopulmonary bypass with profound hypothermia 
(with or without circulatory arrest), these operations were 
routinely applied to neonates and infants often with a remark- 
ably low early operative mortality through the early 1990s 
(56). Combined data more broadly representative of current 
results suggest 10-year survival rates of 85% to 90% (56,57). 

In patients with TGA/VSD, atrial repair may be more 
complicated, early and late postoperative mortality is higher, 
and postoperative complications are more frequent than for 
TGA/IVS. A literature review (9) concerned with 234 patients 
operated on mostly in the 1970 decade indicated an average 
early mortality of 23%; other reported hospital mortality 
rates ranged from 10% to 60%, and long-term survival rates 
remain disappointing, with 5 -year survival estimates about 
60% to 70%. The problems encountered with this subgroup 
most likely reflect the increased coexistence of adverse mor- 
phologic (associated anomalies) and physiologic (pulmonary 
hypertension and vascular disease) factors. 
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TABLE 49.3 

Surgical Options Available to the Infant with Transposition of the Great Arteries 

Anatomy 

Surgical Options 

Comments 

TGA/IVS 

Physiologic repair 

Senning or Mustard 

Usually elective, neonatal-1 y 


Anatomic repair (primary) 

Arterial switch (Jatene) 

Neonatal period, usually within 2 wk of age 

TGA/IVS with 
"prolonged" 

Physiologic repair 

Senning or Mustard 

Usually elective, 1 mo-1 y 

low LV 
pressure 

Anatomic repair (delayed) 

Two-stage arterial switch 

Long "preparation" period 
"Rapid two-stage switch" 

TGA/VSD 

Physiologic repair 

Senning or Mustard with VSD closure 

Poor long-term results 


Anatomic repair 

Arterial switch with VSD closure 

Usually neonatal repair; PAB occasionally 
(multiple VSDs) 


Interventricular baffle repair 

Not all VSDs suitable 


Damus-Kaye-Stansel: VSD 
closure (LV->PA); proximal 

PA to Ao anastomosis; RV to distal 

PA conduit 

Used when coronary translocation 
impossible aortic valve closure 

TGA/VSD/PS 

VSD closure (LV— >Ao), RV to 

PA conduit (Rastelli) 

Palliative systemic-to-pulmonary shunt 
frequently performed 



Conduit replacement frequently necessary 


VSD closure (LV->Ao), anterior translo- 
cation of PA with direct connection to 
RV-"REV" procedure (LeCompte) 

Long-term pulmonary regurgitation 

TGA/PV0D 

Physiologic repair, palliative 

Anatomic repair, palliative 

Symptomatic improvement 


Ao, aorta, IVS, interventricular septum; LV, left ventricle; PA, pulmonary artery, PAB, premature atrial beats; PS, pulmonary stenosis; PVOD, peripheral vascular occlusive 
disease; REV, Reparation a I'etage ventriculaire; RV, right ventricle; TGA, transposition of the great arteries; VSD, ventricular septal defect 


Persistent and frequently progressive functional cardiac 
abnormalities have long been recognized following physiologic 
repair and include (a) residual intra-atrial shunts, (b) caval and 
pulmonary venous obstructions, (c) right ventricular dysfunc- 
tion, (d) tricuspid valve insufficiency, and (e) arrhythmia. More 
recent series of either the Mustard or Senning repairs report 
a significantly reduced incidence of baffle leaks or venous 
obstruction, but right ventricular dysfunction to some extent 
and dysrhythmias in particular remain important late concerns. 

Residual intra-atrial baffle shunts occur most commonly 
at the superior right atrial-baffle suture line, may cause either 
systemic-to-pulmonary or pulmonary-to-systemic venous 
shunting, and are readily detected by color Doppler echocar- 
diography. In the absence of major coexistent systemic venous 
obstruction, there is usually little or no arterial oxygen desatu- 
ration, and a net left-to-right shunt takes place. Although triv- 
ial leaks have been observed at late postoperative angiography 
in 10% to 20% of patients, significant leaks requiring reopera- 
tion have been uncommon (1% to 2%). 

Systemic and pulmonary venous pathway obstructions are 
potentially serious complications. The neonate has been consid- 
ered at greater risk for both types of venous obstruction because 
of the limited anatomic spaces involved. The causes of obstruction 
that have been implicated include (a) improper baffle geometry 
and suture line placement, (b) contraction of the pericardial or 
synthetic material baffle, and (c) scar tissue or adhesions involving 
the baffle and excised margins of the atrial septum. 


Superior vena caval pathway obstruction appears post- 
operatively in about 5% to 10% of patients with a Mustard 
type repair (Fig. 49.30). Severe obstruction may present early 
after surgery with clinical signs of upper extremity plethora 
or chylothorax, and long-standing obstruction may lead to 
hydrocephalus. Even anatomically severe obstruction may 
remain asymptomatic, however, because of decompression of 
the superior vena cava by the azygous or hemiazygos system. 
Because obstruction can be present without signs or symp- 
toms, a more appropriate frequency (about 17%, in Mustard 
series; about 14%, in Senning series) may be reflected by con- 
sidering only patients who had late postoperative catheteri- 
zation examination. The usual location of the obstruction is 
distal to the superior vena caval entrance, within the systemic 
venous atrium at the site of excision of the superior remnant of 
the atrial septum (Fig. 49.30). In addition to surgical revision, 
balloon catheter dilation, stent placement, and an innominate 
vein to left (physiologic right) atrial appendage shunt all have 
been used successfully to achieve temporary relief for both 
acute and chronic superior vena cava obstruction. 

Inferior vena caval obstruction is a serious but infrequent 
(about 1%) complication of atrial switch repair. The low 
occurrence may reflect a technical modification (Figs. 49.31 
and 49.32) that involves incising the free (atrial) wall of the 
coronary sinus, which enlarges the sinus opening into the sys- 
temic venous chamber and widens the area that serves as the 
inferior vena caval entrance to this chamber. 
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Figure 49.27. Atrial switch operation (Senning technique). Operation is performed using cardiopulmonary bypass 
with cold cardioplegic myocardial protection or during profound hypothermia with total circulatory arrest. A: 
A right atriotomy is made in front of and parallel to the caval veins and extended into the atrial appendage. 
This exposes the atrial septum (with its balloon septostomy defect). The atrial septum is now incised anteriorly, 
superiorly, and inferiorly to form a septal flap (shaded area) as large as possible, which remains fixed posteriorly 
between the caval entrances. The wall between the coronary sinus (CS) and the left atrium may be incised to 
provide a large posterior lip for the inferior septal flap suture line (see B) and direct coronary sinus return to the 
newly formed systemic venous return chamber. B: The systemic venous chamber and conduit to the mitral valve 
is formed posteriorly by the repositioned septal flap ( shaded area ), and the conduit then is completed anteriorly 
by suturing the posterior right atrial free wall flap (z z z) anteriorly to the anterior septal limbus (z z z) as in 
(C). A left atriotomy is made as long as possible in the internal atrial groove (exposing the orifices of the right 
pulmonary veins). C,D: The pulmonary venous chamber and pathway to the tricuspid valve are completed with 
the suturing of the anterior right free wall atrial flap ( asterisk ) over the right pulmonary veins to the anterior lip 
of the left atriotomy (asterisk). D: Black arrows indicate systemic venous caval flow through the newly created 
atrial tissue conduit and systemic venous chamber (cross-hatched area) toward the mitral valve. White arrow 
indicates pulmonary venous flow path in pulmonary venous atrium passing behind, rightward, and anterior to 
the systemic venous chamber toward the tricuspid valve (TV). BAS, balloon atrial septostomy; IVC and SVC, 
inferior and superior vena cavae; MV, mitral valve; PV, PVL, and PVR pulmonary veins, left and right. 


Pulmonary venous obstruction, which may be evident 
immediately after surgery or become prominent a few weeks or 
months later, is a less common but more lethal type of obstruc- 
tion than the systemic venous type. A low frequency (about 
2%) of pulmonary venous obstruction has been reported for 
both the Mustard and Senning types of atrial repair in two 
series representing the original surgical development teams. 
Prompt suspicion should be aroused by a postoperative chest 
roentgenogram with pulmonary venous congestion or unex- 
plained arterial desaturation in the postoperative period. 
The diagnosis usually can be made by echocardiography. At 
cardiac catheterization or Doppler echocardiography, a sig- 
nificant mean pressure difference is obtained between the 
posterior and anterior segments (Fig. 49.31) of the new pul- 
monary venous atrium. Reoperation with atrial baffle revision 
should be considered for hemodynamically severe obstructive 
complications of the atrial switch repair. 

Tricuspid valve regurgitation has been recognized postop- 
eratively, but hemodynamically important tricuspid regurgita- 
tion (TR) is rare (1% to 2%) in most series concerned with 


TGA/IVS. In contrast, moderate and severe TR is more preva- 
lent (about 5% to 10%) in patients with TGA/VSD. Manip- 
ulation and damage to the tricuspid valve and its support 
apparatus, as well the occurrence of a right bundle-branch- 
block pattern during repair of the defect, are considered 
responsible for the TR. Surgery for important TR, including 
annuloplasty and prosthetic valve replacement, has been dis- 
appointing in the long term. 

The depressed right ventricular function that has been 
reported in many studies is in sharp contrast to the nor- 
mal daily activities and the absence of clinical symptoms in 
most postoperative children (58,59). Most intermediate (5- to 
15-year) postoperative assessments report significantly abnor- 
mal resting and exercise responses for right ventricular ejection 
fraction (decreased) and abnormal resting measurements for 
right ventricular volumes (increased) in most patients (59,60). 
The progressive increase in right ventricular volume also may 
be due to increased flow from persistently enlarged bronchial 
arteries, producing a “silent” volume overload to the systemic 
ventricle (Fig. 49.16B). 
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Figure 49.28. Atrial switch operation (Mustard technique). A: After establishing cardiopulmonary bypass or 
profoundly hypothermic total circulatory arrest, the right atrium is opened through an oblique atriotomy inci- 
sion, exposing the interatrial septum (IAS) with its BAS defect. B: The atrial septal remnants are excised widely 
posteriorly, inferiorly, and superiorly but not anteriorly to preserve a small anterosuperior rim of atrial septal 
tissue between the superior vena cava and tricuspid valve (TV). In all atrial switch operative techniques, the area 
of the sinus node and the sinus node artery must be scrupulously avoided in an effort to minimize dysrhythmia 
complications. As often done in the Senning operation (Fig. 49.27), the free margin of coronary sinus (CS) may 
be divided downward for several millimeters, a maneuver that transfers the coronary sinus opening into the future 
systemic venous chamber and also widens the area that becomes the extension of the inferior vena cava into this 
chamber. C: An appropriate baffle material, usually pericardium (cross-hatched area ) is sutured in place. Suturing 
starts across the floor of the left atrium along a line immediately to the left of the left pulmonary vein orifices. 
The suturing continues around the orifices of the superior and inferior vena cavae (SVC, IVC) and finally along 
the anterior atrial septum resection line to complete the baffle conduit. D: The oblique atriotomy is closed. Black 
arrows indicate systemic vena caval flow patch through the newly fashioned pericardial (or synthetic material) 
conduit and systemic venous chamber (cross-hatched area) toward the mitral valve (MV); white arrow indicates 
pulmonary venous flow path in pulmonary venous atrium passing behind, rightward, and anterior to the systemic 
venous chamber toward the tricuspid valve (TV). PV, pulmonary valve. 


Formal exercise performance testing demonstrated 
decreased endurance indices in intermediate and late postop- 
erative studies (61-65). Post-Mustard repair patients perform 
significantly less work and have lower peak heart rate and 
peak minute oxygen consumption than controls. They also 
manifest an abnormal increased ventilatory response to exer- 
cise. Exercise performance in this patient population is uni- 
formly diminished, which appears to be a consequence of both 
decreased heart rate and stroke volume response. 

At least 10% of operative survivors have important depres- 
sion of right ventricular function and about 90% are in New 
York Heart Association functional Class I. Severe, sympto- 
matic right ventricular failure is an infrequent but major com- 
plication (66). It may be associated with progressive TR and is 
observed more often in the VSD repair subgroup. In severely 
symptomatic patients, heart transplantation has been used as a 
treatment option, as has “ conversion” to anatomic correction 
(66-70) (see section on “Surgery for Right Ventricular Failure 
Following Physiologic Correction”). 

Postnatally, the morphologic right ventricle may be inca- 
pable of functioning normally as a systemic ventricle, despite 
the fact that prenatally the right ventricle and tricuspid valve 
sustain systemic pressures as well as larger blood flow vol- 
umes than the left ventricle and mitral valve. The following 


explanations for postnatal and postatrial repair subnormal 
right (systemic) ventricular function remain speculative: 

1. Right ventricular myocardial fiber arrangements may not 
be optimum for systemic function, and there may be a mis- 
match between right ventricular coronary blood supply and 
systemic ventricular work demand. In this regard, the ana- 
tomic structure of the ventricular free walls is dissimilar; 
the left ventricular free wall is composed predominantly 
of stratum compactum (coronary-supplied myocardium), 
whereas the right ventricular free wall consists predomi- 
nantly of stratum spongiosum (trabeculae carneae). 

2. The right ventricle can achieve only suboptimal pump- 
ing function because the transposed ventricular pressure 
relationships force the ventricular septum to bulge 
posterior-leftward and to present a concave septal surface 
during contraction. Furthermore, the tricuspid valve is 
supported by relatively small papillary muscles in com- 
parison to the mitral valve and this, in conjunction with 
the abnormal concave right ventricular septal surface, 
may result in TR. 

3. The right ventricle is functionally diminished as a systemic 
ventricle compared with the left ventricle because it con- 
tains a hypokinetic segment (i.e., the infundibulum). 
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Figure 49.29. Angiocardiograms show- 
ing systemic and pulmonary venous 
atrial morphology following intra-atrial 
baffle repair (Mustard) operation. Fron- 
tal (A) and lateral (B) views of the sys- 
temic veins (superior [SVC] and inferior 
vena cava [IVC]), new systemic venous 
atrium (SVA), left ventricle (LV), and 
pulmonary artery (PA). Note the ade- 
quate conduit diameters and the absence 
of constriction in the superior and infe- 
rior limbs of the systemic venous atrium. 
LAA and RAA, left and right atrial 
appendages. Frontal (C) and lateral (D) 
views of the new pulmonary venous 
atrium (PVA). This chamber consists 
of a posterior segment (PVA p ) receiving 
the pulmonary veins and an anterior seg- 
ment (PVAJ that formerly was a portion 
of the original right atrium. The PVA a 
empties via the tricuspid valve (TV) into 
the right ventricle (RV) and aorta (AO). 



4. Prerepair hypoxemic coronary perfusion may cause suffi- 
cient myocardial fibrosis and functional damage to preclude 
normal systemic right ventricular function, but normal pul- 
monary right ventricular function usually returns after late 
second-stage arterial switch repair. 

Speculations aside, the accumulating short-term and mid- 
term postarterial switch repair findings of normal left ventric- 
ular systemic function support the basic premise that the left 
ventricle and mitral valve are better suited for this function. 

After atrial repair procedures, several other functional 
abnormalities persist as a consequence of the continuing ana- 
tomic transposition: abnormal function of the mitral valve- 
LVOT subunit (characterized by abnormal systolic movement 
and coarse diastolic flutter of the anterior mitral valve leaflet, 
systolic bulging of the basal segment of the ventricular septum 
into the outflow tract, and systolic pressure differences across 
the outflow tract) and abnormal distribution of pulmonary 
blood flow to the right lung and hypoplastic changes in the 
left pulmonary vascular bed. The infrequent late occurrence 


of pulmonary vascular obstructive disease, new or progres- 
sive, has been observed postoperatively, even in patients with 
TGA/IVS. 

Postoperative dysrhythmias after atrial switch procedures 
are commonly encountered during long-term follow-up stud- 
ies. Indeed, the prevalence of atrial electrophysiologic distur- 
bances in these patients constituted one of the major arguments 
for the arterial switch repair. The reported loss of sinus rhythm 
and the occurrence of dysrhythmias range widely, from 13% 
to 100% (8,56,57,71-74). This disparity primarily reflects dif- 
ferences in the definition of dysrhythmia, the type and extent 
of follow-up study (routine ECG, 24-hour ambulatory moni- 
toring, exercise ECG monitoring, electrophysiologic testing), 
and, importantly, the interval since surgery. The pattern of 
progressive loss of normal sinus rhythm and increase in atrial 
rhythm disturbances over years is particularly well docu- 
mented following the Mustard-type repair but also is widely 
observed after the Senning-type repair. There appears to be a 
gradual time-related decrease in normal sinus rhythm: In one 
series concerned with the Mustard repair of TGA (without 
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Figure 49.30. Frontal angiogram of systemic venous path- 
ways following atrial repair. Note the dilated superior vena 
cava (SVC); a 5 mm Hg mean gradient was detected on cath- 
eter pullback. IVS, inferior vena cava; SVA, systemic venous 
atrium. 



Figure 49.31. Two-dimensional echocardiogram (subcostal 
view) in 8-year-old with TGA/IVS with Mustard repair at 
1 year of age. Note reconstructed pulmonary venous atrium 
(PVA) compartmentalized into posterior segment (PVA p ) 
with left pulmonary venous drainage and anterior segment 
(PVAJ with tricuspid valve. Note wide unobstructed isthmus 
(i) between PVA p and PVA a , and pericardial baffle separating 
PVA from systemic venous atrium (SVA). TV, tricuspid valve. 


significant VSD), the probability of being in sinus rhythm at 
1 year was 72%, at 5 years 56%, at 10 years 50%, and at 
13 years 43%. 

The predominant dysrhythmias include marked sinus brad- 
ycardia, ectopic atrial rhythm, slow junctional rhythm, and 
supraventricular tachycardia, especially atrial flutter. AV con- 
duction disturbances, surgical complete heart block, and pre- 
mature ventricular beats have been noted as well (Table 49.4). 
The most prevalent basic mechanisms observed are sinus brad- 
ycardia and intermittent or fixed slow junctional rhythms. Not 
only is bradycardia present at rest, but peak heart rate response 
to exercise is blunted as well. Episodes of atrial tachycardia or 
atrial flutter are not infrequent, occurring in about 5% to 15% 
of long-term survivors. The terms bradycardia-tachycardia 
syndrome and sick-sinus syndrome have been applied descrip- 
tively when patients manifest periods of marked bradycardia, 
sinoatrial arrest, or block with AV junctional escape and slow 
junctional rhythms, as well as the episodes of tachycardia. 
Risk factors for these rhythm and conduction disturbances are 
not known to be different for the Mustard and Senning atrial 
switch procedures. 

The origin of the various dysrhythmias may be intraopera- 
tive damage to the sinus node or sinus artery, interruption of 
intra-atrial conduction by damage to internodal pathways, or 
intraoperative damage to AV node conduction tissue. Histo- 
logic examination of the sinus node region revealed that the 
sinus node, sinus node artery, and paranodal tissues are fre- 
quently abnormal. Acute changes include suture compression, 
necrosis, or infarction of the sinus node itself with perinodal 
hemorrhage and edema; chronic changes include marked nodal 
and paranodal fibrosis. Although it is no longer contended 
that atrial conduction occurs through discrete, well-defined 
atrial intranodal tracts, the various extensive surgical incisions, 
and suture lines in atrial switch procedures result in marked 
delays in intra-atrial conduction throughout the atria. These 
local areas of conduction delay are significant in providing the 
substrate for the development of intra-atrial reentry types of 
tachycardia, and late postoperative electrophysiologic studies 
indicate a high frequency of inducible sustained atrial flutter. 
Despite changes in surgical technique, including special care to 
avoid direct surgical damage to the sinus node and its artery, 
and perhaps also efforts at preserving the anterior portion of the 
atrial septal limbus for intranodal conduction, a high frequency 
of late arrhythmia persists in essentially all atrial repair series. 

Symptoms of palpitations, dizziness, or syncope may 
result during either tachycardia or bradycardia events; con- 
sequently, ECG documentation in symptomatic patients is 
critical. Patients with atrial tachycardia may be unaware of its 
occurrence if the ventricular rate is the result of 2:1 or 3:1 AV 
conduction. During exercise or excitement, however, 1:1 con- 
duction may occur and result in abrupt onset of palpitations, 
dizziness, or syncope as a result of the rapid ventricular rate. 
Some patients may not experience an abrupt onset but rather 
may develop symptoms of tachycardia-induced heart failure 
over weeks or months. 

Antiarrhythmic control in these patients may be quite dif- 
ficult because bradycardia and tachycardia often occur con- 
currently, and pharmacologic therapy for the tachycardia 
may severely further depress pacemaker function and thus 
aggravate bradycardia. Permanent implanted pacing has been 
recommended by some in this situation, and also for isolated 
symptomatic bradycardia, including heart rates <30 beats per 
minute, Stokes-Adams episodes, and poor ventricular function 
with bradycardia, especially when associated with major ven- 
tricular ectopic activity. Although clearly indicated for the man- 
agement of some patients, neither ant arrhythmic medication 
nor standard pacemaker implantation has been conclusively 
shown to affect the frequency of sudden death. The recent 
successful use of episodic transvenous and transesophageal 
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Figure 49.32. Surgical technique of the arterial switch operation. A: Aortic cannula is positioned distally in the 
ascending aorta, the ductus arteriosus is divided between suture ligatures, and the branch pulmonary arteries are 
dissected out to the hilum to provide adequate mobility for anterior translocation. The broken lines represent the 
levels of transection of the aorta and the main pulmonary artery. Marking sutures are placed in the anticipated 
sites of coronary transfer. B: Transection of the great arteries. The LVOT, neoaortic valve, and coronary arteries 
are thoroughly inspected. C: The coronary arterial buttons are excised from the free edge of the aorta to the base 
of the sinus of Valsalva. D: The coronary buttons are anastomosed to V-shaped excisions made in the neoaorta. 


pacing for tachycardia cardioversion and the development of 
implantable devices for pacing-induced cardioversion offer the 
potential for both treating tachycardia and preventing brady- 
cardia with backup demand pacing. 

Late, sudden, unexplained death has been reported with a 
frequency of 2% to 10% (75,76). The presence of either sinus 
node dysfunction or rapid atrial dysrhythmias, alone or in 
combination (as is frequently observed), could result in sudden 
death. Although these rare events are possibly bradyarrhythmic 
in origin, the recent recognition of a higher-than-expected fre- 
quency of intramural coronary arteries in TGA (4,7 7) may play 


a role as well. Many cases of late sudden death occur during 
exercise or increased activity, during which time bradyarrhyth- 
mias would be less likely; impaired coronary flow resulting 
from compression of the transmural segment of the (usually 
left) coronary artery may in fact be the precipitating cause. 

"Anatomic Correction" (Arterial Switch) 

Although the Mustard and Senning atrial switch procedures 
achieved widespread acceptance and success during the past four 
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Figure 49.32. (Continued) E: The pulmonary artery is brought anterior to the aorta (LeCompte maneuver). Anas- 
tomosis of the proximal neoaorta is shown. F: The coronary donor sites are filled with autologous pericardial 
patches. A single U-shaped patch (F) or two separate patches (G) may be used. H: Anastomosis of the proximal 
neopulmonary artery and the distal pulmonary artery. (Modified from Castaneda AR. Anatomic correction of 
transposition of the great arteries at the arterial level. In: Sabiston DC Jr, Spencer FC, eds. Surgery of the Chest. 
Philadelphia, PA: WB Saunders, 1990:1435-1446.) 


decades, the search for an operation to return the great arteries to 
their normal ventricular connections continued. This search was 
stimulated primarily by the accumulating observations at mid- 
to late-term follow-up studies of (a) an increasing frequency of 
important dysrhythmic complications, including sudden, unex- 
plained death; (b) the threat of late right ventricular dysfunction 
and major TR in a ventricle most likely unsuited for a lifetime 
of systemic function; and (c) dissatisfaction with the operative 
mortality and results in the subgroup of infants with TGA and 
large VSD. Starting in 1954, numerous innovative procedures to 
achieve an anatomic correction were described, but clinical suc- 
cess was not achieved until 1975 by Jatene et al. (78). 


In the 35+ years since the introduction of the arterial switch 
operation by Jatene and colleagues in 1975, arterial level repair 
has replaced atrial level repair as the surgical procedure of 
choice for both simple and complex forms of TGA. Although 
frequently referred to as “anatomic” correction, in reality, there 
are important differences in the postoperative patient compared 
with the structurally normal heart. The anatomic pulmonary 
valve must serve in the systemic circulation lifelong, and there 
are accumulating data on progressive neoaortic valve dysfunc- 
tion and root dilation during the second and third decades of 
follow-up. In addition, as opposed to the normal heart, follow- 
ing the LeCompte maneuver both pulmonary arteries are ante- 
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Electrophysiologic Consequences of Surgical Repair of Transposition of the Great Arteries 


Mustard 3 

Mustard 6 

ASO c 

ASO d 

ASO e 

Surface ECG 


64 patients 

95 patients 

269 patients 

<20 patients 

95 patients 

Age at surgery 

Mean, 1 .4—1 .7 y 

Median 21 mo 

Median 6 d 

Mean 13 ± 26 d 



Range, 2 mo-10.3 y 

Range, 1 mo-11 y 

1 d— 7.8 y 

1-120 d 


Follow-up time (mo) 

5.8" 3.5 y 

3 mo-13 y 

Mean 2.1 y 

Mean, 12.7-4 mo 

Mean 26 mo 




Range, 1—8.6 y 

Range, 7-25 mo 

Range 3-90 mo 

IVS 

78% 

80% 

51% 

43% 

71% 

VSD 

22% 

20% 

49% 

55% 

29% 

Sinus rhythm 

51% 

54% 

96% 

95% 


Ectopic atrial rhythm 

7% 


2% 

5% 


Junctional rhythm 

42% 





Paced 



2% 



24-h ambulatory ECG 

Patients (n) 

53 

52 

218 

20 

51 

Sinus rhythm 

42% 

33% 

97% 

100% 

98% 

Junctional rhythm 

50% 

67% 

1% 

0% 

0% 

IeAVB 



0% 

5% 


2 e AVB 


2% 

0% 

0% 

2% 

CHB 



2% (all VSD) 


2% 

APB (rare-occ) 



61% 


29% 

APB (freq) 



15% 



SVT 

13% 


7% 



VPB (rare-occ) 

38% 


50% 

25% 

7.8% 

VPB (freq) 



12% 



Couplets/VT 



0% 


2% 

Intracardiac electrophysiologic studies __ 

Patients (n) 

64 


158 

20 


CSNRT 275 ms 

14% 


94% 

70% 


A-H interval 100 ms 



96% 

100% 


H-V interval 50 ms 



97% 

100% 


Inducible SVT 

51% 



0% 


Inducible VT 

0% 



0% 



Rare to occasional VPBs are common in both groups. 

^Modified from Vetter VL, Tanner CS, Horowitz LN. Electrophysiologic consequences of the Mustard repair of D-transposition of the great arteries. J Am Coll Cardiol 
1987;10:1265-1273, with permission. 

^Modified from Hayes CJ, Gersony WM. Arrhythmias after the Mustard operation for transposition of the great arteries: a long-term study. J Am Coll Cardiol 1986;7:133-1 37. 
c Date from Children's Hospital, Boston Includes data from three separate reports (32,31,82). 

‘'Modified from Vetter VL, Tanner CS. Electrophysiologic consequences of the arterial switch repair of D-transposition of the great arteries. J Am Coll Caraf/o/ 1 988; 1 2:229—237 
Modified from Martin RP, Radley-Smith R, Yacoub MH. Arrhythmias before and after anatomic correction of transposition of the great arteries. J Am Coll Cardiol 1987;10: 
200-204. Although follow-up data from arterial switch patients are necessarily shorter than that available from Mustard patients, note the markedly abnormal sinus node 
function and inducible SVT in patients after atrial-level repair Rare to occasional VPBs are common in both groups. 

A-H, atrio-His conduction interval; ASO, arterial switch operation; APB, atrial premature beat; AVB, atrioventricular block; CHB, complete heart block; CSNRT, corrected sinus 
node recovery time; ECG, electrocardiogram; Freq, frequent; H-V, His-ventricle conduction interval; IVS, intact ventricular septum; Occ, occasional; SVT, supraventricular 
tachycardia; TGA, transposition of the great arteries; VPB, ventricular premature beat; VSD, ventricular septal defect; VT, ventricular tachycardia. 
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rior to the ascending aorta; posterior tension can cause further 
distortion of the neoaortic root and/or cause supravalvar pul- 
monary stenosis. In patients without significant comorbidities 
or major coexisting cardiac defects (e.g., dextrocardia, aortic 
arch obstruction), surgical mortality can be expected to be <5%. 

The anatomic challenges of arterial switching have been 
met by the application of novel surgical techniques. In brief 
(Fig. 49.32), the great arteries are transected in a manner that 
allows eventual reanastomosis of the distal aortic segment to 
the proximal pulmonary artery (neoaortic root). Transfer of the 
coronary arteries to this pulmonary segment is facilitated by 
their excision from the aortic sinus with a cuff of adjacent aor- 
tic wall. The proximal aortic segment (neopulmonary root) may 
be connected to the distal pulmonary artery segment by an end- 
to-end anastomosis using LeCompte and associates 5 innova- 
tive maneuver, which passes the anterior aorta posterior to the 
bifurcation of the pulmonary artery (Fig. 49.33). Alternatively, 
the pulmonary artery connections can be established by using 
an interposed prosthetic tubular conduit or direct connection. 


A critical physiologic challenge to anatomic repair con- 
cerns the functional adequacy of the left ventricle, which 
preoperatively faces the pulmonary circulation and postopera- 
tively must instantly cope with the systemic workload. In the 
current era of increasing numbers of babies detected before or 
shortly after birth, an “unprepared 55 left ventricle is increas- 
ingly uncommon. Adequate left ventricular muscle mass for 
successful systemic function is usually present in early infancy 
in patients with TGA/IVS (see also section on “Surgery for 
TGA with Low Left Ventricular Pressure”), but may also be 
present in older patients with TGA and associated anatomic 
abnormalities that cause a continued increased afterload to 
the left ventricle (Fig. 49.34). These associated anomalies 
include (a) a nonrestrictive PDA, (b) surgically remediable or 
“dynamic” left ventricular outflow obstruction, (c) a delayed 
decrease in pulmonary vascular resistance and persistent pul- 
monary hypertension, or (d) a large, nonrestrictive VSD. 

Indeed, the initial clinical success with surgical arterial 
switch and the first confirming reports approximately three 




Figure 49.33. Angiocardiograms (lateral and 
oblique views) showing great artery relation- 
ships before and after arterial switch with 
LeCompte maneuver (79) for TGA. A: Lateral 
view of a right ventriculogram shows discor- 
dant ventriculoarterial connections and large 
PDA (prostaglandin Ej infusion). B,C: Postop- 
erative (2 years) right and left ventriculograms 
showing concordant ventriculoarterial connec- 
tions, and (B) widely open reconstructed pul- 
monary artery root with minimal stretching 
and narrowing of confluence of pulmonary 
artery branches (arrow) as they pass anterior to 
ascending aorta. In (C), note the dilated neoaor- 
tic root and some slight posterior displacement 
(arrow) of ascending aorta. Pressures were RV, 
34/5; MPA, 36/12; LPA, 34/12; LV, 90/7; AO a , 
90/50 mm Fig. Left and right ventricular ejec- 
tion fractions were 99% and 112% of normal, 
respectively. AO a and AO d , ascending and 
descending aorta; LV, left ventricle; MPA, main 
pulmonary artery; RV, right ventricle. 
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Figure 49.34. Percent survival (up to 5 years) after arterial 
switch repair for TGA/IVS and TGA/VSD. G, “ideal” risk- 
adjusted subgroup in an institution of proven competence; 
risk-adjusted with usual coronary arterial pattern; asterisk , 
risk-adjusted with multiple VSDs. c, risk-adjusted with intra- 
mural left coronary (with ostium in the posterior/leftward fac- 
ing sinus). For comparison, note actuarial percent survival (up 
to 20 years) after Mustard operation performed; O, T1 in 1963 
through 1973; O, T2 in 1974 through 1985. (Arterial switch 
repair data derived from Kirklin JW, Blackstone EH, Tcher- 
venkov Cl, et ah; Congenital Heart Surgeons Society. Clinical 
outcomes after the arterial switch operation for transposition: 
patient, support, procedural and institutional risk factors. Cir- 
culation 1992;86:1501-1515; Mustard repair data derived 
from Trusler GA, Williams WG, Duncan KF, et al. Results 
with the Mustard operation in simple transposition of the great 
arteries 1963-1985. Ann Surg 1987;206:251-260.) 


decades ago concerned only infants with TGA/VSD without 
major pulmonary vascular disease. The use of arterial switch 
for patients with TGA/VSD as well as the Taussig-Bing anom- 
aly is now widely regarded as the surgical procedure of choice, 
both with regard to operative mortality and intermediate-term 
results. 

Definitive early (neonatal) one-stage arterial repair is pres- 
ently preferable to early palliation with pulmonary artery 
banding and later arterial switch surgery. In an ongoing 
multi-institutional study (see later), older age at surgery was 
determined to be an incremental risk factor for death (55) and 
increasing neurologic morbidity was seen with older age at 
repair in the Boston Circulatory Arrest Study (35,36,79). In 
patients with TGA/large VSD who undergo palliative pulmo- 
nary artery banding, improper adjustment of the band may 
cause either persistent pulmonary hypertension with possi- 
ble pulmonary vascular disease or unacceptable hypoxemia. 
Banding too close to the pulmonary valve may distort and 
damage the pulmonary (neoaortic) valve and has been related 
to a higher frequency of neoaortic valvar insufficiency than 
that observed after primary one-stage arterial repair. 

The concept that the neonatal left ventricle in TGA/IVS 
would successfully sustain the systemic circulation after arte- 
rial switch repair, if accomplished in the first few weeks of 
life (or longer), has been validated. Although most early and 
midterm follow-up studies concerned with systemic ventricu- 
lar function in the arterial repair patient have established the 
functional advantages of arterial over atrial switch repair 
(80,81), past experience with other complex surgical proce- 
dures urges caution about final pronouncements because the 
potential for later problems clearly exists (82). 


Results and Sequelae of the Arterial Switch 
Operation 

Early, risk-unadjusted mortality rates are <10% in most recent 
<z reports (31,83-87). Several anatomic, technical, and institu- 

< tional risk factors for increased mortality have been reported. 

< Anatomic variants that may impact operative mortality include 
(a) an intramural course of a coronary artery, (b) a retropul- 

^ monary course of the left coronary artery, (c) multiple VSDs, 
— (d) coexisting abnormalities of the aortic arch, (e) straddling AV 

valves, and (f) prior pulmonary artery banding. It appears that 
with increased surgical experience these effects may be mini- 
mized. Longer duration of global myocardial ischemic (cross- 
clamp) and prolonged circulatory arrest times are risk factors for 
operative mortality and prolonged hospital length of stay, as is 
the number of procedures done at a given institution (55,88-90). 

Early mortality usually is related to kinking or obstruction 
of the coronary arteries during transfer to the neoaorta, an 
“unprepared” left ventricle, or hemorrhage from the multiple 
suture lines. Late mortality has been reported with an inci- 
dence of 1% to 2% (with a shorter follow-up duration than 
for physiologic correction), usually as a result of myocardial 
ischemia or pulmonary vascular obstructive disease or during 
reoperation for supravalvular obstruction. 

Supravalvular pulmonary stenosis is widely recognized as the 
most frequent short-term complication of arterial level repair 
(91,31). The need for reintervention for supravalvular pulmo- 
nary stenosis ranges between 5% and 30%; most institutions 
report a decreasing incidence of this complication with increas- 
ing experience with the operation. Postoperative obstruction 
may occur at multiple levels following anatomic correction: 

1 . Diffuse hypoplasia of the main pulmonary artery may result 
from inadequate mobilization of the branch pulmonary 
arteries causing tension on the anastomosis. With somatic 
growth, there may be inadequate growth of the main pul- 
monary artery resulting in “flattening” of the reconstructed 
right ventricular outflow tract in the anterior-posterior 
direction (Fig. 49.35A,B). 

2. Circumferential narrowing at the suture line may occur 
and cause a more discrete type of supravalvular narrowing 
(Fig. 49.35C,D). 

3. Branch pulmonary artery stenosis (usually left) is more com- 
mon in cases of more side-by-side great arteries when the 
LeCompte maneuver is used. In these cases, the left pulmo- 
nary artery may “bowstring” over the reconstructed neo- 
aorta, causing significant hypoplasia of the left pulmonary 
artery (Fig. 49.35E,F). 

4. Finally, multiple levels of obstruction may occur in combi- 
nation. 

Treatment for supravalvular pulmonary stenosis includes 
both reoperation and balloon angioplasty and is generally 
indicated when right ventricular pressure approaches or 
exceeds systemic levels. Surgical relief of supravalvular pul- 
monary stenosis usually requires patch angioplasty; the patch 
may need to extend through the neopulmonary annulus into 
the infundibulum. In these cases, it is critical that the course 
of the right coronary artery is properly identified preopera- 
tively because the right coronary may be difficult to identify 
during surgery due to dense adhesions. If the right coronary 
artery has an anterior course to reach the right AV groove 
(“inverted” right or single left coronary pattern) (see also the 
section on Morphology), transannular patching is contraindi- 
cated and a conduit may be necessary. Balloon angioplasty has 
only rarely been successful. The discrete branch pulmonary 
artery stenoses or circumferential stenoses in the main pulmo- 
nary artery (Fig. 49.35D) are the types most likely to be suc- 
cessfully relieved with balloon angioplasty. 


CHAPTER49 ■ Transposition of the Great Arteries 1133 




Figure 49.35. Anteroposterior (A) and lateral (B) angiographic frames of a patient with severe supravalvular pul- 
monary stenosis causing systemic right ventricular pressure. Note anterior-posterior narrowing ( straight arrows) 
and moderate peripheral narrowing ( curved arrows ). This type of narrowing is due to tension on the pulmonary 
anastomosis caused by inadequate dissection of the branch pulmonary arteries. Anteroposterior (C) and lateral 
(D) angiographic frames of a patient with supravalvular pulmonary stenosis due to circumferential narrowing at 
the anastomosis {arrows). Right ventricular pressure was 110% systemic. Anteroposterior ( continued ) 


Supravalvular aortic stenosis (see Fig. 49.35F) is signifi- 
cantly less common than supravalvular pulmonary stenosis. 
Peak systolic ejection gradients across the aortic anastomo- 
sis of >20 mm Hg are extremely uncommon, being present 
in fewer than 5% of patients, with reoperation necessary in 
<2% of patients. After the LeCompte maneuver, the anterior 


aspect of the ascending aorta often manifests some posterior 
displacement caused by the stretched anterior-placed pul- 
monary trunk and bifurcation (Figs. 49.35F and 49.36). A 
rarely experienced pathologic expression of this posterior 
displacement, obstructive kinking of the proximal transverse 
aortic arch (Fig. 49.36), has been reported after the arterial 
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Figure 49.35. (Continued) (E) angiogram in the main pulmonary artery showing severe stenosis and hypoplasia 
of the left pulmonary artery. This patient had TGA/IVS with side-by-side great arteries; following the LeCompte 
maneuver, the left pulmonary artery draped over the aortic anastomosis causing, in addition, moderate supraval- 
vular aortic stenosis (F) (with a peak systolic ejection gradient from left ventricle to aorta of 30 mm Hg). A lung 
perfusion scan demonstrated that 95% of the pulmonary blood flow entered the right lung. Following balloon 
angioplasty, the diameter of the left pulmonary artery increased by 200%, and the left lung flow increased to 
22% by follow-up lung scan. (Parts A-D from Wernovsky G, Hougen TJ, Walsh EP, et al. Midterm results after 
the arterial switch operation for transposition of the great arteries with intact ventricular septum: clinical, hemo- 
dynamic, echocardiographic and electrophysiologic data. Circulation 1988;77:1333-1344, with permission.) 



Figure 49.36. Aortograms in a patient with DORV, anterior malalignment subpulmonary VSD (with previous 
coarctation repair) illustrating new obstructive kinking in the proximal aortic arch following to arterial switch 
with LeCompte maneuver. A: At 10 months of age before arterial switch, note the well-repaired distal arch (c); 
only a 5-mm Hg gradient was registered across the moderately hypoplastic transverse aortic arch (AO r ). B: At 
2 years of age, 1 year after the arterial switch, note that the anterior positioning of the pulmonary artery trunk 
[white curved arrow) has caused posterior displacement, kinking, and acute angulation (black arrow) where the 
transverse aortic arch joins the ascending aorta (AO a ). A 30-mm Hg systolic gradient was present. AO d . 
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switch using the LeCompte maneuver. This significant 
“neocoarctation” has only been reported in patients with 
TGA associated with a prior coarctation repair (with asso- 
ciated tubular hypoplasia of the transverse arch) and may 
reflect either inherent anatomic abnormalities of the arch 
or inadequate surgical technique rather than the LeCompte 
maneuver per se. 

The status of the neoaortic (anatomic pulmonary) root 
and valve remains a subject of long-term concern (82). At the 
time of neonatal correction, the native pulmonary root is fre- 
quently larger than the ascending aorta, especially in TGA/ 
VSD. Despite the “tailoring” that is frequently necessary to 
accommodate this size “mismatch,” the aortic anastomosis is 
not under much tension, and adequate circumferential growth 
of the suture line, commensurate with somatic growth, is char- 
acteristic (31). Multiple follow-up studies have described an 
enlarged neoaortic root (Fig. 49.37) and annulus (Fig. 49.38) 
following both neonatal and two-stage anatomic correction 
(92-95). 

The "Achilles' Heel" of the Arterial Switch Operation: 

The Neoaortic Root Valve, and Translocated Coronary 
Arteries 

Now that there are increasing numbers of patients with TGA 
surviving into their fourth decade of life following the arte- 
rial switch operation where they are at increasing risk for 
atherosclerosis, hypertension, obesity, diabetes, etc., there is 
growing concern about the long-term (“life-long”) fate of the 
anatomic pulmonary (“neo-aortic”) valve in the systemic cir- 
culation and the function and long-term health of coronary 
arteries that underwent removal and translocation in the first 
few weeks of life. There remain many unknowns: does the 


heart eventually reinnervate decades after the great vessels are 
transected, “switched,” and reanastomosed? Can an arterial 
switch survivor feel angina if he or she has ischemia?; Will 
there be accelerated coronary disease — or “different” coro- 
nary disease — in this population? and What is decades-long 
likelihood that the anatomic pulmonary valve will remain 
competent? 

First and foremost, increasingly prevalent in the literature 
are reports of inappropriately progressive dilation of the neo- 
aortic root following anatomic correction. There appears to 
be enlargement out of proportion to somatic growth in most 
reports (92,94-96). The data from Marino et al. (92) suggests 
that neoaortic root dilation is progressive, and finding not 
replicated with the report from Schwartz et al. (94). Of some 
concern is the earlier appearance of significant root dilation 
in one recent report from Boston (94). In one of the initial 
reports of neoaortic root dilation (97), in 50 patients with 
serial echocardiographic measurements, there was (a) normal 
growth of the anastomosis, (b) stable growth of the dilated 
neoaortic annulus, but (c) progressive dilation of the neoaor- 
tic root (Figs. 49.37 and 49.38). This phenomenon is more 
likely to occur in patients with TGA/VSD, in whom the native 
pulmonary root is significantly larger than that seen in TGA/ 
IVS. The etiology and long-term effects of progressive dilation 
of the neoaortic root are unknown. Removal of the sinuses of 
valsalva with reimplantation of the coronary “buttons” and 
the supravalvular suture line may be causative factors of this 
progressive dilation. 

There is a surprisingly high incidence of neoaortic regurgi- 
tation following the arterial switch operation; however, in the 
overwhelming majority of cases, the degree of regurgitation 
is trivial to mild (92-95,98,99). There have been rare reports 
of more significant regurgitation, including isolated reports of 
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Figure 49.37. Echocardiographic images of the neoaortic root and the aortic anastomosis at 2 weeks (left) and 
6 1/2 years (right) after arterial switch. Note that the anastomosis is well seen at 2 weeks but is indistinguishable 
from the rest of the ascending aorta at 6 1/2 years. (From Flourihan M, Colan SD, Wernovsky G, et al. Growth 
of the aortic anastomosis, annulus and root after the arterial switch procedure performed in infancy. Circulation 
1993;88:615-620, with permission.) 
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Figure 49.38. Postoperative measurements of the aortic 
anastomosis (A), the neoaortic annulus (B) and the neo- 
aortic root (C) are plotted versus the square root of body 
surface area (BSA) in 50 patients following anatomic cor- 
rection. The solid line and small dashed lines represent the | 
mean and 95% confidence intervals, respectively. The large ^ 
dashed line and shaded area represent the mean and 95% g 
confidence intervals, respectively, for comparable structures * 

in a control population ( n = 314) of normal newborns, *2 
infants and children. IVS intact ventricular septum, PAB, < 
pulmonary artery band, VSD, ventricular septal defect. 

(From Hourihan M, Colan SD, Wernovsky G, et al. Growth 
of the aortic anastomosis, annulus and root after the arte- 
rial switch procedure performed in infancy. Circulation 
1993;88:615-620, with permission.) C 
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aortic valve replacement (96). There is a higher incidence of 
neoaortic root dilation and regurgitation following two-stage 
repair compared with primary repair. The highly variable inci- 
dence of neoaortic regurgitation (from 0% to 50%) is most 
likely related to the methodology of investigation by which 
it is sought rather than due to technical modifications of the 
operation. Angiographic and auscultatory neoaortic regurgita- 
tion is significantly less common than that reported in studies 
using color Doppler. 

This high prevalence of neoaortic regurgitation raises the 
important question of the adequacy of the anatomic pulmo- 
nary valve, normally with thin leaflets and little collagen and 
elastic tissue when present in the low-pressure pulmonary 
circulation to support the high-pressure systemic circulation 
over a patient’s lifetime (97). Although trivial (color Doppler) 
regurgitation of a semilunar valve may be a normal finding, 
large studies using color Doppler in patients with normal 
hearts detect a high incidence of trivial to mild anatomic pul- 
monary valve regurgitation, but no aortic regurgitation is 
rarely detected using the same methodology. Before final pro- 
nouncements are made on the superiority of anatomic correc- 
tion, long-term follow-up of the functioning of the neoaortic 
valve and root must be obtained. 

The long-term patency and growth of the coronary arter- 
ies are crucial for the arterial switch operation to be consid- 
ered the procedure of choice for the surgical management 
of TGA. Patients with occlusion of the coronary arteries 
following anatomic correction may present with a spectrum 
of symptoms from cardiogenic shock to no symptoms at all 
(100-104). Intraoperative kinking or occlusion of a coro- 
nary artery usually results in acute ischemia and ventricu- 
lar dysfunction, with inability to separate the patient from 
cardiopulmonary bypass. This problem must be suspected if 
the hemodynamics are poor, especially in association with 
arrhythmias or ECG changes, and may be confirmed with 
intraoperative echocardiography. The coronary anastomo- 


ses should be inspected and revised if necessary; an inter- 
nal mammary artery bypass may be necessary in extreme 
circumstances. Subacute kinking or occlusion may result 
in a chronic low-output state immediately after surgery. 
Although patients in this chronic low-output state eventually 
may leave the hospital, they are at risk for acute circulatory 
collapse weeks to months after the arterial switch operation. 
Late postoperative myocardial infarction and death have 
been reported in 1% to 2% of hospital survivors follow- 
ing the arterial switch. However, in one recent series, 13.5% 
underwent coronary revascularization at an average of 8 ± 
4.3 years after surgery (105), and there are growing numbers 
or reports of coronary interventions in the second and third 
decades of life (106-109). 

Although growth of the coronary anastomosis and continued 
patency are present in most patients at follow-up, asymptomatic 
occlusion of one of the coronary arteries may occur in as 
many as 1% to 2% of hospital survivors (103). Presumably, 
this type of occlusion takes place gradually, allowing adequate 
collateralization from the contralateral coronary system 
(Fig. 49.39). Myocardial perfusion studies following the arte- 
rial switch operation have shown a surprisingly high inci- 
dence of perfusion defects, the clinical significance of which 
are uncertain to date (110-113). Formal exercise testing 
has shown no evidence of ischemic changes in this group of 
patients (112,114). 

Systemic (left) ventricular function has been preserved at 
early and midterm follow-up studies (80,115). Echocardio- 
graphic assessments in neonates and older infants indicate 
excellent preservation of both regional and global function, 
which suggests that permanent ischemic injury is uncom- 
mon. In the neonate, immediate post-repair left ventricular 
function has been noted to be impaired for the first few 
days after surgery, but subsequent predischarge assess- 
ments show almost uniformly normal systolic function, as 
do angiographic studies during follow-up. Left ventricular 
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Figure 49.39. Anterior (A) and lateral (B) projections of a 
selective injection in the left coronary system in a 2 Vz -year-old 
child following neonatal anatomic correction. The coronary 
pattern was the “usual” variety for transposition; the left ante- 
rior descending (single arrow) and circumflex ( double arrows) 
are well seen without distal stenoses. A prominent anterior 
right ventricular branch (triple arrows) is present. Selective 
right coronary injection (C) in an asymptomatic 15-month-old 
(also with “usual” coronary arteries for TGA) following neo- 
natal anatomic correction. The proximal left coronary artery 
is completely occluded with collateralization from a markedly 
enlarged right coronary system. This child had a normal ECG; 
echocardiographic measurements of regional wall motion and 
left ventricular function (at rest) were normal, and cardiac 
index (3.4 L/min/m 2 ) and left ventricular end-diastolic pressure 
(8 mm Hg) were normal at catheterization. (A and B courtesy 
of Dr. Henry Wiles, C courtesy of Dr. Daniel Diana.) 


shape has been described as more globular following ana- 
tomic repair, end-diastolic volumes have been normal 
to only slightly enlarged, and ejection fraction and con- 
tractility have been normal. Follow-up of left ventricular 
function, particularly in patients following two-stage arte- 
rial repair, has shown some to have abnormal ventricular 
function, and end-diastolic and end-systolic volumes were 
slightly elevated (80). 

Perhaps the most striking midterm advantage of ana- 
tomic correction over physiologic correction has been the low 
incidence of postoperative dysrhythmias (Table 49.4). Sinus 
rhythm has been present postoperatively with rare exceptions. 
Intracardiac electrophysiologic studies confirm normal sinus 
node function and normal AV conduction, with no evidence 
of ischemia-related ventricular ectopy on 24-hour ambulatory 
ECG monitoring (81,116). 

In both surgical groups, there is a growing recognition 
of neurodevelopmental, social, and behavioral sequelae that 
may significantly impact on health-related quality of life 


(117-119). Reports are mixed in this area, with some favoring 
the outcomes in the arterial switch patients, possibly related 
to improved cardiovascular health (65), while others suggest 
a similar patient-reported quality of life with either surgical 
technique that is similar to that in the general population 
(120). It has been shown that patients following the arterial 
switch operation get less physical exercise than the general US 
population, and have similar risk profiles to the rest of the 
United States for obesity, with one-third being either obese 
or at risk for obesity. In the most recent publication from 
the Boston Circulatory Arrest Study, patients at age 16 were 
four times more likely to be taking psychotropic medications 
compared to cardiovascular medications, and approximately 
two-thirds of that cohort received behavioral therapies and/ 
or additional help at school. One-third had brain abnormali- 
ties detected on MRI (121). Multiple investigations confirm a 
higher-than-expected rate of attention deficit hyperactivity dis- 
order, deficits in social cognition, theory of mind, and execu- 
tive function (79,122). 
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| Postoperative Sequelae after the 
| IMriMaM 1 Mustard and Senning Operations 

Postoperative Sequelae 

Incidence (%) 

■ Right ventricular failure 

15 

■ Moderate-severe TR 

20 

■ Bradyarrhythmias requiring pacing 

20 

■ Tachyarrhythmias requiring treatment 

15 

■ Subpulmonary obstruction 

10 

■ Reduced exercise capacity 

>75 

■ Pulmonary hypertension 

10 

■ Sudden death 

1 (peryear) 


Nonelectrophysiologic consequences of the atrial level 
repairs are shown in Table 49.5 and for the arterial switch 
operation in Table 49.6. 

Surgery for Transposition of the Great Arteries with 
Low Left Ventricular Pressure 

Some circumstances may arise that will cause postponement 
of surgery beyond the safe period for an arterial switch. 
A neonate may be seriously ill with necrotizing enterocol- 
itis, renal failure, or hemorrhage or may be premature or 
have low birth weight. A neonate may be geographically 
distant from a center offering the arterial switch operation; 
and, occasionally, a patient with TGA/VSD awaiting elec- 
tive repair may have spontaneous partial or complete clo- 
sure of the VSD resulting in an inadequate left ventricular 
mass. Surgical options for these patients include (a) primary 
atrial correction (see preceding) or (b) two-stage anatomic 
correction. 


Postoperative Sequelae Following 
the Arterial Switch Operation 


Postoperative Sequelae 

Incidence (%) 

■ Supravalvar pulmonary stenosis 9 

~10 

■ Supravalvar aortic stenosis 3 

<5 

■ Neoaortic root dilation 

Essentially 10Q & 

■ Neoaortic regurgitation 

~50 6 

■ Significant arrhythmia 

<10 

■ Asymptomatic coronary occlusion 

2-3 

■ Pulmonary hypertension 

Rare 

■ Hypertrophied bronchial collaterals 9 

<5 

■ Abnormal coronary flow reserve 

Unknown 

■ Reduced exercise capacity 

>75 

■ Sudden death 

Rare* 1 


Requiring intervention. 

increases with increasing duration of follow-up 


Pulmonary artery banding has been used to increase left 
ventricular afterload and stimulate hypertrophy. Indeed, the 
first successful anatomic repairs in patients with TGA/IVS 
consisted of placement of a pulmonary artery band, with or 
without a simultaneous systemic-pulmonary shunt, with an 
interval period of months before band removal and anatomic 
correction. Pulmonary artery banding can produce adequate 
muscle retraining within days (123), so that the preparatory 
procedure and the arterial switch operation can be done dur- 
ing the same hospitalization (rapid two-stage arterial switch) 
(124-127). 

When this technique is used, left ventricular function 
may be extremely impaired following banding; therefore, 
a systemic-pulmonary artery shunt is frequently placed to 
ensure adequate pulmonary blood flow. The interval period 
between banding and correction is frequently characterized 
by a low output syndrome, most likely resulting from a com- 
bination of acute (fixed) right ventricular volume overload 
from the shunt and acute (transient) left ventricular dysfunc- 
tion from the pulmonary artery band. Clinical improvement 
coincides with improvement in left ventricular function such 
that anatomic correction can be performed within 7 to 10 
days in most cases. 

Left Ventricular Preparation 

There is little information as to just how late primary ana- 
tomic correction can be successfully performed. The normal 
postnatal decrease in pulmonary vascular resistance results in 
a rapid fall in left ventricular afterload following closure of the 
ductus arteriosus. With time, this leads to an inadequate left 
ventricular muscle mass to sustain systemic pressure immedi- 
ately following the arterial switch operation. Although abso- 
lute guidelines are difficult to make, identifying a “prepared” 
left ventricle may be easier than defining an “unprepared” 
one; a left ventricle that can generate a normal (or near nor- 
mal) systolic pressure for age and with normal posterior wall 
thickness/muscle mass will most likely be able to perform at 
systemic pressure following anatomic correction. 

It is much more difficult to state when a left ventricle has 
become unprepared (128,129). In some cases, direct pressure 
measurements in the left ventricle or the ratio of left-to-right 
ventricular pressure may not be predictive of the capability of 
the left ventricle to perform systemic work. For example, in a 
neonate with immediate closure of the ductus and a prompt fall 
in pulmonary vascular resistance, the left ventricular systolic 
pressure can fall to less than half the systemic levels (or 25 to 
30 mm Hg) as soon as 4 or 5 days after birth. This does not 
mean that the left ventricle is incapable of producing systemic 
work if the arterial switch is done at that time, but if left at low 
pressure for an additional period of time (perhaps beyond 2 to 
3 months), this left ventricle would most likely be unable to 
support systemic work. Also, age alone does not necessarily dic- 
tate whether a left ventricle is unprepared, even in patients with 
TGA/IVS. A 6-week-old patient whose ductus has only recently 
closed will more likely have a prepared left ventricle than a 
6-week-old patient whose ductus closed directly after birth. 
Finally, identifying the rate and degree of fall of pulmonary vas- 
cular resistance is difficult or impossible to do, especially if the 
patient presents for surgery in the 1- to 3 -month age range. 

Thus, it is frequently a difficult clinical decision as to 
when a patient’s left ventricle is unprepared. Empiric crite- 
ria to determine adequate left ventricular preparation may 
include (a) an absolute left ventricular systolic pressure that 
is appropriate for age, (b) a left ventricular pressure at car- 
diac catheterization that is at or above 70% systemic levels 
(left-to-right ventricular ratio >0.7), or (c) left ventricular 
muscle mass that is within the normal range for body surface 
area. 
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F/U (Mean, Yrs) 2.5 2.7 2.0 

A F/U (range) 0.5-8.8 0.5-9.0 0.5-5 . 1 



F/U (Mean, Y n) 2.5 2.7 2.0 

B F/U (range) 0.5-8.8 0.5-9.0 0.5-5.3 


Figure 49.40. Indices of late left ventricular function after primary arterial switch in 134 patients with TGA/ 
IVS, 32 with TGA/VSD and 25 following a rapid two-stage arterial switch. Fractional shortening (A) and (B) 
myocardial contractility (the relationship of end-systolic stress to the rate-corrected velocity of fiber shortening is 
a load independent index of contractility) are expressed as the Z-score ± 2 SD from the mean. Function appears 
better preserved following a primary repair compared with the two-stage approach. ASO, arterial switch opera- 
tion; FS, fractional shortening; F/U, follow-up. (Data modified from Boutin C, Jonas RA, Sanders SP, et al. Rapid 
two-stage arterial switch operation: acquisition of left ventricular mass following pulmonary artery banding in 
infants with transposition of the great arteries. Circulation 1994;90:1304-1309.) 


Although pulmonary artery banding remains the standard 
surgical method to “retrain” the left ventricle, other innova- 
tive approaches have included a percutaneously adjustable 
band (130), partial balloon occlusion of the main pulmonary 
artery with a percutaneously placed balloon-tipped catheter, 
systemic-pulmonary artery shunting alone, and a primary 
arterial switch with left ventricular assist in the perioperative 
period (128,129,131). 

Following the preparatory procedure, usually performed 
through a midline sternotomy, anatomic correction is per- 
formed in a standard fashion based on the patient’s anatomy, 
with removal of the pulmonary artery band and takedown 
of the shunt (if present). Mortality following pulmonary 
artery banding may be as high as 10%, although the early 
postoperative course following the arterial switch seems com- 
parable to that of primary repair. 

Several follow-up studies have shown less-well preserved 
ventricular function in patients who undergo two-stage ana- 
tomic correction compared with those who undergo primary 
anatomic correction (Fig. 49.40) (80,124,132). Also, follow- 
up studies revealed a higher incidence of neoaortic regurgita- 
tion and root dilation following two-stage repair. 

Anatomic Correction without Coronary Translocation 

In 1975, Damus, Kaye, and Stansel — in independent 
reports — proposed an arterial level repair without coronary 
translocation. The so-called Damus-Kaye-Stansel technique 
is now generally reserved for children with TGA and coronary 
artery patterns not suitable for transfer or for patients with 
DORV (Taussig-Bing type) with severe subaortic stenosis. 
The main pulmonary artery is transected and anastomosed 
in an end-to-side fashion to the ascending aorta. The coro- 
nary arteries are perfused in a retrograde fashion. The native 
aortic valve may be left intact. A VSD (if present) is closed 
to direct left ventricular blood to the native pulmonary (neo- 
aortic) valve. Finally, a right ventricular-pulmonary artery 
conduit is placed to establish a normal series circulation. 


Long-term follow-up studies of the Damus-Kaye-Stansel 
operation are limited. Anecdotal experience suggests that the 
native aortic valve regurgitation is common in this group of 
patients, perhaps because of the lack of antegrade flow across 
the valve combined with the continued retrograde pressure 
load. This type of regurgitation has the physiologic sequelae 
of a wide pulse pressure and increased volume load on the 
systemic ventricle and results in a left-to-right shunt and pul- 
monary overcirculation; however, closure of the native aortic 
valve or subaortic region at surgery prevents decompression 
of a suprasystemic right ventricle in patients with conduit 
obstruction or in patients with elevated pulmonary vascular 
resistance. Thus, routine closure of the native aortic valve at 
the time of the Damus-Kaye-Stansel operation remains some- 
what controversial. 

In older infants and children with TGA/large VSD, ana- 
tomic repair sometimes can be achieved by using an intra- 
ventricular patch-tunnel technique that establishes a normal 
ventriculoarterial connection. Functionally, such patients with 
large VSD have maintained a hypertrophied left ventricle 
capable of assuming systemic afterload; many have had pallia- 
tive pulmonary artery banding early in infancy. To construct a 
relatively straight tunnel that does not obstruct the pulmonary 
outflow tract, it is usually necessary to resect portions of the 
outlet (infundibular) septum and enlarge the VSD by resect- 
ing a portion of the interventricular septum that is anterior 
to the VSD. These segments of the septum do not carry the 
AV conduction axis, and the septal resection can make some 
defects subarterial in position even if they do not originally 
have this necessary condition for the intraventricular repair. 
Anatomically, the feasibility of intraventricular repair depends 
on the relationship of the VSD to the great arteries, the dis- 
tances between the tricuspid valve and the semilunar valves, 
and the nature of the AV valve leaflets, particularly their 
chordae tendineae attachments. This operation is essentially 
the same as the intraventricular repair that is applicable to 
some patients of the subgroup of DORV characterized by the 
pulmonary trunk overriding an anterosuperior VSD (Taussig- 
Bing malformation). 
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Several other innovative techniques have been described 
for anatomic correction without coronary translocation, 
including creation of aortopulmonary tunnel (Aubert pro- 
cedure) or baffling the left ventricular outflow to the non- 
translocated coronary ostia with a patch of native aorta or 
pericardium. Finally, the entire aortic root may be translo- 
cated to the left ventricle with biventricular outflow tract 
reconstruction. 

Surgery for Transposition of the Great Arteries 
with Associated LVOTO 

Direct surgical relief of severe LVOTO may be difficult and 
depends primarily on the anatomic type and severity of 
obstruction, which usually is directly related to the state of 
the interventricular septum and its alignment with the infun- 
dibular septum. In the older, palliated (septostomy or septec- 
tomy) infant with TGA/IVS, there is often a mild or moderate 
dynamic LVOTO, but this is clinically unimportant. Further- 
more, the obstruction has only rarely been noted to progress 
during late follow-up after atrial switch repair. Predictably, 
this form of systolic dynamic LVOTO is reduced or eliminated 
in older infants with TGA/IVS following pulmonary artery 
banding as a left ventricular preparative procedure for second- 
ary arterial switch repair. 

Transpulmonary or transmitral resection has been per- 
formed for severe fixed obstruction caused by a short, dis- 
crete fibromuscular subvalvar shelf in patients with TGA/ 
IVS. Because access is often limited and extensive resection 
may carry excessive risk of conduction abnormalities, residual 
pressure gradients have been common. If the obstruction is 
severe, with left ventricular systolic pressures at systemic (or 
suprasystemic) levels, and the pathology is not amenable to 
direct relief, an atrial switch operation with placement of a 
left ventricular-pulmonary artery valved conduit has been suc- 
cessfully used. 

In the neonate or young infant with TGA/large VSD, some 
moderate LVOTO can function to prevent heart failure and 
limit early and rapidly progressing pulmonary vascular dis- 
ease. As long as intercirculatory mixing and systemic arte- 
rial oxygen saturation are satisfactory and the peak systolic 
pulmonary artery pressure is low, intracardiac surgery can be 
safely delayed with careful follow-up regarding the pulmonary 
artery. 

In the infant with TGA/large VSD and severe left ventricu- 
lar outflow obstruction, there may be markedly restricted pul- 
monary blood flow and severe hypoxemia. In some neonates, 
a palliative systemic-to-pulmonary arterial shunt (Gore-Tex 
interposition shunt or classic Blalock-Thomas-Taussig shunt) 
may be performed, with intracardiac correction carried out at 
a later age. Alternatively, corrective surgery can be performed 
in early infancy. 

One such procedure, the Rastelli operation (133), is a com- 
bination of intraventricular repair and placement of an ext- 
racardiac right ventricular to pulmonary artery conduit. The 
Rastelli repair has been considered the most appropriate oper- 
ation for TGA with large VSD and extensive LVOTO because 
it achieves complete bypass of the LVOTO and an anatomic 
correction of the transposition pathology. In this operation 
(Fig. 49.41), the proximal main pulmonary artery is function- 
ally divided either by pledgetted mattress suture closure of the 
subvalvar obstruction or by oversewing a stenotic pulmonary 
valve orifice (Fig. 49.42). The left ventricular output is directed 
to the aorta by placement of an intraventricular patch-tunnel 
technique. Finally, the right ventricle is connected to the proxi- 
mal main pulmonary artery by means of a valved extracardiac 
conduit. The VSD must be of adequate size to permit unob- 
structed outflow from the left ventricle, and enlargement of 


the defect by anterior excision of septal muscle may be nec- 
essary. Intracardiac repair with the Rastelli operation until 
recently has had an operative mortality of 20% to 30%, but 
more recently, operative survival of about 95% and midterm 
survival of about 90% are reported with good results, particu- 
larly in children older than 1 to 2 years of age. 

Complications can result from unfavorable anatomic vari- 
ants, such as a restrictive VSD or anomalous tricuspid valve 
connections to the infundibular septum that prevent baffling the 
left ventricle to the anterior aorta. As with other such complex 
repairs, residual VSD, late unexpected death, and myocardial 
dysfunction have been reported. As with all extracardiac conduc- 
ing operative techniques, there is concern about the functional 
longevity of the valved conduits. Improved results are noticeable 
with fresh or cryopreserved homograft-valved conduits com- 
pared with the previously used Dacron heterograft structures. 

An interesting alternative corrective technique, termed REV 
(Reparation a l’etage venticulaire) by LeCompte, has been 
used recently for patients with TGA and LVOTO. The REV 
procedure appears to have some advantages over the Rastelli 
operation: application in younger patients and avoidance of 
prosthetic extracardiac conduit and avoidance of intracardiac 
tunnel obstruction. This operation involves performing a high, 
anterior right ventricular incision and a radical excision of the 
outlet septum to create an unobstructed anterior right ventric- 
ular cavity; establishing a short and direct intraventricular tun- 
nel from the LV to the aorta; closure of the pulmonary artery 
orifice; and reimplantation of the transected (and usually ante- 
riorly translocated) pulmonary artery directly onto the right 
ventricular outflow cavity without a prosthetic conduit (134). 
A comparative study of the traditional Rastelli operation 
with the newer REV approach suggested that the REV allows 
complete repair earlier in infancy, is feasible in patients with 
anatomic contraindications to the Rastelli operation, and may 
reduce the need for reoperation and the prevalence of residual 
pulmonary outflow tract obstruction; (135) however, the life- 
long implications of pulmonary regurgitation following this 
newer operative approach require continued investigation. 

Finally, posterior translocation of the aortic root and coro- 
nary arteries can be performed, with enlargement of the LVOT, 
with conduit placement from the right ventricle to the pulmo- 
nary arteries anteriorly, as originally described by Nikaidoh 
(136,137). 

Controversy exists regarding the optimal initial manage- 
ment of the neonate or infant with severe hypoxemia and TGA/ 
VSD with significant LVOTO. Arguments can be made that a 
Rastelli procedure should be performed in early infancy rather 
than a palliative systemic-to-pulmonary artery shunt. Although 
in an infant the Rastelli procedure still must be considered a 
palliative operation — a second operation for conduit replace- 
ment is inevitable — an early Rastelli repair results in a normal 
series circulation, avoidance of prolonged hypoxemia, and, 
presumably, a better long-term hemodynamic and neurologic 
outcome. Conduit replacement generally can be performed at 
low risk and with good results; therefore, many centers with 
expertise in neonatal and infant surgery have moved toward 
performing infant Rastelli repairs as the procedure of choice for 

the hypoxemic neonate or infant with TGA/VSD and LVOTO. 

The arterial switch operation has been applied successfully 
in patients with TGA and certain types of LVOTO (138,139). 
Mild pulmonary valve abnormalities, dynamic or surgically 
remediable subpulmonary obstruction (e.g., AV valve tissue, a 
hypertrophied muscle of Moulaert, or a discrete membrane), or 
abnormal mitral valve attachments do not preclude application 
of the arterial switch operation in certain patients. Gradients 
measured preoperatively across the LVOT must be interpreted 
cautiously because there is frequently increased pulmonary 
blood flow in these patients. Left ventricular outflow gradients 
are typically significantly less after the arterial switch operation, 


CHAPTER 49 ■ Transposition of the Great Arteries 1141 




Figure 49.41. Rastelli operation for TGA/VSD and significant LVOTO. A-C: Details of surgical procedure. 
(Modified from Rastelli GC, McGoon DC, Wallace RB. Anatomic correction of transposition of the great arter- 
ies with ventricular septal defect and subpulmonary stenosis. J Thorac Cardiovasc Surg 1969;58:545-552.) 
A: Interior of right ventricle (RV) demonstrating relationship of VSD, tricuspid valve (TV), and aortic valve. 
B: Left ventricle is connected to aorta (AO) by tunnel patch extending between VSD and aorta. C: Completed 
repair with RV connected to the distal end of pulmonary artery (PA) by valved prosthetic conduit or (currently) 
homograft. D,E: Lateral angiograms with selective left ventricle (LV) and RV injections after Rastelli operation 
in 5-year-old. In (E), note the small (left-to-right) leak across tunnel patch (arrow), and (D) porcine (P) valved 
conduit (C) between RV and PA. 


even if no surgical procedure is performed on the LVOT, as the 
blood flow across this region is reduced to normal (139). 

Surgery for Transposition of the Great Arteries with 
Associated Right Ventricular Outflow Tract Obstruction 

A spectrum of hearts exists from TGA with large subpulmo- 
nary VSD to {S,D,D} DORV (Taussig-Bing anomaly). These 
defects typically are characterized by varying degrees of 
anterior malalignment of the infundibular septum, subaortic 
narrowing/stenosis, aortic annular hypoplasia, a small hypo- 
plastic arch, and coarctation or interruption of the distal aorta. 
If a coarctation is present (see also the section on Associated 
Anomalies), a VSD almost invariably coexists. Although more 
severe degrees of right-sided hypoplasia typically are associ- 
ated with hypoplasia of the tricuspid valve and right ventri- 
cle and, not infrequently, left juxtaposition of the right atrial 
appendage, numerous treatment options are available for the 
subgroup of patients with an adequate-sized right heart. 

In cases with only discrete coarctation, the coarctation can 
be repaired by a left thoracotomy with or without associated 
pulmonary artery banding. As pulmonary artery banding has 
been associated with progressive dilation of the neoaortic root 
and propensity for neoaortic regurgitation, many centers now 
limit pulmonary artery banding in these situations to cases 
with coarctation and multiple VSD. When pulmonary artery 


banding is not performed, the arterial switch operation can be 
performed shortly after the child recovers from the coarctation 
repair. BAS should be performed prior to this repair so that 
following ligation of the ductus arteriosus (which is typically 
kept patent with a prostaglandin infusion), adequate mixing 
and arterial oxygen saturation may take place. 

In cases of more significant proximal arch hypoplasia in 
association with coarctation or interruption, the entire correc- 
tive surgical procedure can be accomplished from the midline 
(140-142). This procedure involves arch reconstruction in a sim- 
ilar fashion to Norwood’s reconstructive procedure for hypoplas- 
tic left heart syndrome, LeCompte maneuver to bring the (usually 
much larger) pulmonary arteries anterior to the reconstructed 
aorta, and an arterial switch operation with VSD closure. 

Coronary artery patterns are more frequently unusual in 
these patients, and typically the anterior facing sinus gives rise 
to the right coronary artery and the left anterior descending, and 
the posterior sinus of Valsalva gives rise to the circumflex. The 
anterior course of the right coronary artery may complicate the 
repair; because an anterior malalignment VSD with subaortic nar- 
rowing frequently coexists in these patients, the coronary artery 
course may prevent or limit the size of the ventriculotomy neces- 
sary to relieve subaortic stenosis or to expose and close the VSD. 
A right ventricular-pulmonary artery conduit may be necessary 
in cases of severe subaortic obstruction or aortic (neopulmonary) 
annular hypoplasia. Care must be taken to avoid compression of 
the coronary arteries by the extracardiac conduit. 
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Figure 49.42. Preoperative (A) and postoperative (B) left ventriculograms in the same patient with TGA/VSD/left 
ventricular (LV) outflow tract obstruction. A: A transvenous (across the atrial septum) injection at 3 days of age. 
Posteriorly deviated conal septum (below a mildly hypoplastic pulmonary annulus) resulting in a malalignment 
type of VSD (asterisk). The branch pulmonary arteries (PA) are good sized. B: Retrograde left ventriculogram 
taken 4 years after the infant’s repair (with an aortic homograft to establish right ventricular [RV] to PA continu- 
ity, not shown). The tunnel from LV to aorta (AO) is unobstructed. The blind-ending stump of main pulmonary 
artery fills with contrast ( double asterisk). A tiny residual VSD is demonstrated (arrow). 


Whereas single-stage corrective procedures for TGA/VSD/arch 
hypoplasia carry a significant mortality risk, alternative palliative 
surgical procedures have been less than satisfactory. Indeed, per- 
haps the worst results for atrial switch surgery are in patients with 
TGA, VSD, and associated arch hypoplasia. Palliative operations 
are particularly suboptimal in this subgroup of patients; there- 
fore, an arterial switch operation/arch reconstructive surgery, 
albeit at high risk, is generally recommended for these patients. 

Surgery for Right Ventricular Failure Following 
Physiologic Correction 

With the growing recognition of progressive systemic (right) 
ventricular failure following physiologic correction (see 
preceding), with or without associated tricuspid insufficiency, 
numerous surgical procedures have been used in advanced, 
symptomatic patients. These include tricuspid valvuloplasty/ 
replacement, cardiac transplantation, or anatomic correction. 

Tricuspid valve surgery has been of limited success; this 
operation carries high mortality and morbidity rates and is 
frequently only a temporizing measure. Cardiac transplanta- 
tion has been used in cases of significant, symptomatic ven- 
tricular (especially biventricular) dysfunction; indeed, TGA is 
the single most common anatomic diagnosis for patients with 
congenital heart disease listed in most cardiac transplantation 
registries. The life-long need for immunosuppressive therapy, 
the limited supply of donor organs, and the current mortal- 
ity and morbidity risks make this radical therapy reserved for 
only the most symptomatic of patients. 

A creative alternative approach of “retraining” and using 
the left ventricle (anatomic repair) together with takedown of 
the atrial repair was advocated by Mee et al. (143,144) and 
since then has been performed at other centers (145-147). Ana- 
tomic correction can be performed either by a standard arterial 


switch operation with coronary translocation (see preceding) 
or, alternatively, transection of the main pulmonary artery with 
an end-to-side anastomosis and right ventricular-to-pulmonary 
artery conduit placement (Damus-Kaye-Stansel operation, see 
preceding). Both anatomic corrective procedures have their dis- 
advantages. The arterial switch operation may be technically 
more difficult in the older patient with a prior physiologic cor- 
rection because frequently dense adhesions are present that may 
restrict anterior mobilization of the branch pulmonary arteries 
and limit precise identification and adequate mobilization of 
the coronary arteries. A Damus-Kaye-Stansel operation may be 
technically easier to perform, but it requires the use of a pros- 
thetic conduit from the right ventricle to pulmonary arteries. 

Issues of left ventricular preparedness are defined even 
more poorly in this group of patients than in the unrepaired, 
cyanotic neonatal and infant subgroup (see also section on 
“Surgery for TGA with Low Left Ventricular Pressure”). The 
ability for the older child or adolescent’s heart to hypertrophy 
following a pulmonary artery band, the rapidity with which 
this hypertrophy occurs, and the interval period necessary for 
adequate preparation are not yet established. Some patients 
may have a prepared left ventricle as a result of (a) coexisting 
subpulmonary stenosis or (b) pulmonary venous obstruction 
(leading to pulmonary artery and left ventricular hyperten- 
sion). In the face of systemic or near systemic left ventricular 
pressure, anatomic correction with Senning or Mustard take- 
down can be performed as a single operation. In most cases, 
however, pulmonary artery banding is necessary to prepare the 
left ventricle. 

Results of this approach are limited to a few series. Operative 
mortality is high (as high as 20% to 30%) (70) when consider- 
ing both the preparatory and corrective procedures. Although 
follow-up studies have shown improvement in symptoms and 
systemic (now left) ventricular function, there has been a disap- 
pointingly high incidence of neo aortic regurgitation in this group 
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of patients (148). Some have speculated that the pulmonary valve, 
if subjected to low pressure for many years, may be susceptible 
to neoaortic regurgitation following anatomic correction. Thus, 
not only is the left ventricle unprepared; the pulmonary valve 
may be unprepared as well. Nonetheless, this innovative surgical 
approach continues to be used with modest success in patients 
with symptomatic right ventricular failure following physiologic 
correction. Longer follow-up certainly will be necessary to assess 
the long-term merits of this rather aggressive surgical approach. 

Surgery for TGA/VSD and Pulmonary Vascular 
Obstructive Disease 

Elevated pulmonary vascular resistance markedly increases 
the risk of surgery with closure of the VSD. Advanced pul- 
monary vascular disease characterized by calculated pulmo- 
nary vascular resistances >10 U or grade 4 (H-E) histologic 
changes is considered a contraindication to closure of the 
VSD. Extensive grade 4 (H-E) pathology has been observed 
even in patients with lower pulmonary vascular resistance 
levels of 6 to 8 U. Despite the advanced pulmonary vascu- 
lar changes, the pulmonary artery oxygen saturation is higher 
than the aortic saturation in most patients. Palliative switch 
(either atrial or arterial) allows more effective pulmonary and 
systemic flows and a significantly improved systemic arterial 
oxygen saturation. 

Palliative atrial switch repairs (without closure of the VSD) 
have been accomplished with low surgical risk and substan- 
tial hemodynamic and clinical benefit. In one series (149) 
concerned with 41 palliative Mustard procedures, operative 
mortality was 7%, late mortality was 5%, and actuarial sur- 
vival was 92% at 7 years. After palliative atrial switch repair, 
the effective systemic blood flow is markedly increased. Mean 
systemic arterial oxygen saturations were increased in two 
series from preoperative levels of 68% to 74% to postopera- 
tive levels of 87% to 90%. This procedure should be reserved 
for patients in whom peripheral desaturation is a major cause 
of symptomatology because there is no favorable postopera- 
tive change in the pulmonary artery pressures or calculated 
pulmonary vascular resistances. The concept of the pallia- 
tive Mustard operation also has been applied successfully to 
patients with pulmonary vascular disease with IVS by creat- 
ing concurrently a VSD in the apical segment of the muscular 
septum: In one child, there was an increase of systemic arterial 
oxygen saturation from 46% preoperatively to 93% postop- 
eratively. Fortunately, the inevitability of advanced pulmonary 
vascular disease, previously so tragically prevalent in older 
infants and children with TGA/large VSD, has been markedly 
reduced during the past two decades. 
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T he language of corrected transposition can be difficult. 

Isolated ventricular inversion, double discordance, 
physiologically corrected transposition, and L-transposition 
are all terms that have been applied to congenitally corrected 
transposition of the great arteries (ccTGA). For the patient 
with ccTGA, situs solitus, and normal atrial arrangement, the 
systemic venous return joins the morphologic right atrium. 
This atrium is connected by a mitral valve with the morpho- 
logic left ventricle, which in turn supports a discordantly con- 
nected, transposed pulmonary artery (PA) (Fig. 50.1). The left 
atrium, receiving the pulmonary veins, connects through a tri- 
cuspid valve (TV) with the morphologic right ventricle (RV), 
which in turn supports a transposed aorta (Fig. 50.1). These 
atrioventricular (AV) and ventriculoarterial (VA) connections 
do occur in the setting of situs inversus. Patients with other 
abnormalities of situs and other AV connections are properly 
excluded from discussion here (1,2). 

In ccTGA, the effects of ventricular inversion are poten- 
tially physiologically corrected by the associated TGA. That is, 
the path of venous blood returning to the heart leads to the PA 
and the path of pulmonary venous return leads to the aorta. 
However, even in the patient with no associated abnormalities, 
it is increasingly apparent that natural history and hemody- 
namics will be far from normal (3). 


PREVALENCE, ETIOLOGY, AND MORPHOGENESIS 

Corrected transposition is an uncommon lesion. Data from 
several sources would suggest a prevalence of 0.03 per 1,000 
live births accounting for approximately 0.05% of congenital 
heart malformations (4-6). The majority of these patients will 
have situs solitus, and about 5% will have situs inversus (7). 

Population-based studies continue to support the pos- 
sible importance of environmental factors in the etiology of 
this condition (8). Still, the familial occurrence and molecular 
biology investigations suggest the importance of the genetic 
influence (9,10). It would seem wise therefore to continue to 
counsel a multifactorial etiology with a recurrence risk in first- 
degree relatives of approximately 2% (11). 

Morphogenetically, the primitive cardiac tube, anchored 
at one end by the sinus venosus and at the other end by the 
truncus arteriosus, loops to the left (L-looped) and not to the 
right (D-looped) as in the normal heart (12). This abnormal 
cardiac looping brings the morphologic left ventricle to the 
right and the morphologic RV to the left. The origins of abnor- 
mal cardiac looping continue to be an area of active investiga- 
tion (13,14). Most frequently, such abnormal looping of the 
ventricles is associated with a transposed VA connection. 


MORPHOLOGY 

Despite the relative rarity of corrected transposition, important 
studies and descriptions of the basic morphology have been 
published for some years (15-18). Advances in the surgical 
management of corrected transposition have occasioned reas- 
sessments of the pertinent anatomy (19,20). 

As noted, some 5% of patients with corrected transposition 
will have situs inversus (7). Furthermore, approximately 25% 
of patients will demonstrate either dextrocardia or mesocar- 
dia (17). The ventricular topology (relative orientation of the 
ventricles) in corrected transposition places the RV to the left 
of the morphologic left ventricle. As a result of the abnormal 
looping, the ventricles conform to a left hand pattern (21). 
That is, if one places the palm of the hand against the right 
ventricular surface of the interventricular septum, the thumb 
in the inlet and the fingers in the outlet, it is necessary to use 
the left hand in ccTGA in contradistinction to the right hand 
in the normally D-looped ventricles. Further twisting can result 
in a more superior to inferior relationship of the RV to the 
left ventricle (22). The interventricular septum tends to a more 
sagittal or horizontal position resulting in one of the central 
features of AV discordance, that of malalignment of the atrial 
and ventricular septum. The atrial septum and ventricular 
septum meet at the crux of the heart. However, as the atrial 
septum continues anterior and to the right, it will deviate to a 
variable degree from the ventricular septum creating a variable 
gap that in extreme cases will go back as far as the crux (16). 
This concept of malalignment of the atrial septum and the ven- 
tricular septum has implications for the size and extent of the 
ventricular septal defect (VSD), the ventricular outflows, and 
the conduction system (23). 

The AV valve on the right side has the features of a mitral 
valve with two papillary muscles and no insertion onto the 
interventricular septum. Penny et al. (24) have pointed out that 
10% of mitral valves in this setting will demonstrate significant 
echocardiographic abnormalities. On the left, the AV valve has 
features of a TV. This valve frequently is abnormal with anterior 
positioning bringing the septal leaflet into the “gap” created by 
the septal malalignment at the membranous septum. This leaflet 
may thus form one wall of the left ventricular outflow tract (16). 

Most frequently, AV discordance is associated with transpo- 
sition of the great arteries (TGA) and a leftward anterior posi- 
tion of the aortic valve relative to the pulmonary valve, though 
this is not absolute (21). Freedom et al. (25) have shown that 
leftward anterior positioning of the aorta also may occur in the 
setting of complete transposition, double-outlet RV, anatomi- 
cally corrected malposition, crossed AV connections, supero- 
inferior ventricles, and univentricular connections (26). The 
left ventricular outflow tract is deeply wedged between the left 
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Figure 50.1. Diagram of congenitally corrected transposition 
of the great arteries demonstrating atrioventricular and ven- 
triculoarterial discordance. Ao, aorta; LA, left atrium; LV, left 
ventricle; PA, pulmonary artery; RA, right atrium; RV, right 
ventricle. 


and right AV valves and is therefore more readily subject to 
obstruction. The pulmonary valve is most often in fibrous con- 
tinuity with the mitral valve. 

The leftward anterior aorta is supported by a muscular 
infundibulum and is not in fibrous continuity with either AV 
valve. Obstructive lesions of the right ventricular outflow tract 
and aorta perhaps have been underemphasized. Several reports 
suggest the higher frequency of this problem in association with 
severe left AV valve regurgitation. Systemic outflow obstruction 
may take the form of functional and/or true aortic valve atresia 
as well as obstructive anomalies of the aortic arch (27-29). 


ASSOCIATED LESIONS 


Patients with congenitally corrected transposition and no asso- 
ciated abnormalities are in fact the exception, with associated 
anomalies occurring in well over 90% (30). The most frequent 
abnormalities include VSD, left ventricular outflow tract 
obstruction, and anomalies of the left-sided TV (Fig. 50.2). 


VENTRICULAR SEPTAL DEFECT 

VSDs occur in approximately 80% of hearts with corrected 
transposition (18). The defects are most often perimembranous 
and a consequence of the atrial and septal malalignment (16). 
This positioning will put them in a subpulmonary position and 
in approximation to the septal leaflet of the left-sided TV. The 
defects are often large with anterior extension and therefore 
suitable for intraventricular tunneling. Other defects such as 
the subarterial or muscular defect do occur but are unusual. 


PULMONARY OUTFLOW OBSTRUCTION 

Obstruction to the outflow tract of the morphologic left ventricle 
is identified in 30% to 50% of patients with ccTGA and atrial 
situs solitus. Such pulmonary outflow tract obstruction rarely 
occurs in isolation at the valve or infundibular level, but usually 



Figure 50.2. Associated anomalies in congenitally corrected 
transposition of the great arteries. (A) Ventricular septal defect 
(VSD); (B) Ebstein anomaly of the tricuspid valve; (C) multi- 
ple-level left ventricular outflow obstruction; (D) atrial septal 
defect (ASD). 


is associated with a large VSD. In about one-third of patients 
with a VSD and pulmonary outflow tract obstruction, abnor- 
malities of the morphologic TV are observed as well. The left 
ventricular outflow tract obstruction may be muscular, reflecting 
wedging of the subpulmonary outflow tract between the infun- 
dibular septum and the ventricular free wall, with contributions 
from the right-sided ventriculoinfundibular fold. Fibrous tissue 
derived from the membranous septum may participate in left 
ventricular outflow tract obstruction. Tissue tags derived from 
the tricuspid or mitral valve or stenosis of the pulmonary valve 
itself also may obstruct flow into the pulmonary trunk. Such 
tissue tags are likely the most common obstructive lesion (31). 


LESIONS OF THE MORPHOLOGIC TRICUSPID 
VALVE 


Abnormalities of the morphologic TV are intrinsic to hearts 
exhibiting ccTGA. Although at autopsy about 90% of hearts 
exhibit some abnormality of the morphologic TV, a clinically 
apparent functional disturbance during life is considerably less 
often manifest. The most common and important underlying 
pathology is dysplasia of the valve, with or without displace- 
ment of the septal or posterior leaflets of the TV. Anderson et al. 
(32) has described the features associated with “Ebstein” anom- 
aly of the left-sided TV and has suggested along with others that 
these valves in general may represent a poor substrate for repair. 
Both the morphologic TV and on occasion the mitral valve can 
be seen to straddle the ventricular septum. It is of course very 
important to recognize this anomaly preoperatively (33). 


CORONARY ARTERY ANATOMY 

Changing approaches to the surgical management of corrected 
transposition, including the so-called double switch procedure, 
have refocused attention on the coronary artery anatomy. In 
general, the coronary arteries originate from the posterior- 
facing sinuses of the aortic valve. In patients with atrial situs 
solitus and ccTGA, the coronary arteries show a mirror-image 
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distribution. The right-sided coronary artery has the epicardial 
distribution of a morphologic left coronary artery. The main 
right-sided coronary artery bifurcates into circumflex and 
anterior descending branches, whereas the left-sided coronary 
artery runs in the left AV groove and gives rise to infundibular 
and marginal branches. 

Several investigators have demonstrated a variable pat- 
tern of coronary artery anomalies. In an angiographic study 
of 13 children, investigators reported a prevalent pattern of 
‘coronary artery-ventricular concordance 5 (34). In a 14-speci- 
men study, McKay et al. (35) observed the persistent origin of 
the sinus node artery from the circumflex artery and specu- 
lated on its course along the medial side of the right atrial wall. 
They commented on the potential surgical risk of damaging the 
artery during an atrial baffle procedure or atriotomy repair. In 
that same report, a correlation between commissural malalign- 
ment and eccentric coronary ostia was observed. Ismat et al. 
(36) analyzed 20 specimens and found 7 with eccentric ostia. 
Rare cases of an isolated origin of the sinus node artery from a 
coronary sinus have also been reported (37). The largest path- 
ologic study (46 specimens) was undertaken by Uemara and 
colleagues. They reported a 76% incidence of a relatively “nor- 
mal 55 pattern with the right and left coronaries originating from 
the left and right facing sinuses, respectively. Anomalies were 
found in 11 specimens. Single coronary artery was the most 
common in four, with two originating from the right and two 
from the left facing sinuses. A main coronary branch coursing 
anterior to the pulmonary trunk was found in 96% of the spec- 
imens, and a large coronary branch crossing the right ventricu- 
lar outflow tract was found in 61 % of the specimens. The latter 
finding is of most importance when considering a ventricular 
to PA conduit. Chiu et al. (38) described a segmental approach 
to the coronary anatomy. From their study of 62 patients, they 
concluded: (a) the proximal coronary pattern at the aortic sinus 
depends on the aortopulmonary rotation, (b) the peripheral 
coronary pattern depends on the atrial situs and apical position 
or the so-called apicocaval ipsilaterality, as well as the ventricu- 
lar looping (38). A good understanding of the type and degree 
of variability of the coronary anatomy in patients with con- 
genitally corrected transposition is crucial in the era of “double 
switch” surgical approaches to these patients. 


SPECIALIZED CONDUCTION TISSUES 


The conduction system in patients with ccTGA is abnormal 
and potentially unstable. The extensive works done by Ander- 
son, Becker, Losekoot, and others, have elucidated the pres- 
ence of normal and abnormal conduction tissue (17,39-42). 
The sinoatrial (SA) node lies in its normal position in relation 
to the atrial situs. The AV conduction tissue, on the other hand, 
is abnormal. The classic description is that of two AV nodes. A 
normal posterior AV node located at the apex of the triangle of 
Koch but with no AV bundle, and an abnormal right anterior 
AV node giving rise to the penetrating AV bundle. The latter is 
located anterosuperiorly in the area lateral to the pulmonary- 
mitral valve continuity, underneath the opening of the right 
atrial appendage. Its AV bundle has a superficial course along 
the anterior aspect of the subpulmonary outflow tract and 
superior left ventricular wall. The bundle then courses onto 
the upper interventricular septum from which it descends and 
branches. If a VSD is present, the anterior AV bundle courses 
along its anterosuperior margin. 

The conduction tissue abnormality is not universal to 
all patients with ccTGA. The reason why certain patients 
had a normal AV node and AV bundle may have been elu- 
cidated by Hosseinpour et al. (23). They hypothesized that 
the development of an AV bundle from the normal poste- 
rior AV node to the summit of the interventricular septum 


is anatomically hindered by the atrial and ventricular septal 
malalignment. The degree of malalignment is related to the 
size of the left ventricular outflow tract and the pulmonary 
trunk. They showed that patients with congenitally corrected 
transposition and a normal conduction system were frequently 
characterized by the presence of pulmonary atresia or signifi- 
cant pulmonary stenosis. These anatomical variants resulted 
in a lesser degree of atrial and ventricular septal malalignment. 
Therefore, a correlation is made between the size of the LV 
outflow tract, the degree of septal malalignment, and the pres- 
ence of normal AV conduction tissue. It is thought that the nor- 
mal conduction tissue is “in addition to” rather than “instead 
of” the abnormal anterior conduction system. In patients with 
both conduction systems straddling the anterosuperior and 
inferoposterior margins of a VSD, there can exist a sling-like 
bundle located over the anterior margin of the VSD and con- 
necting both AV bundles, as described by Monckeberg (42). 


CLINICAL FEATURES 


The clinical features of patients with ccTGA have been well 
documented (43,44). Patients with isolated ccTGA should be 
asymptomatic in childhood, though there is a high incidence of 
clinical problems in adults (30). In childhood, the timing and 
severity of symptoms, in general, reflects the associated lesions. 
Infants with ccTGA may come to attention because of brady- 
cardia, (with or without heart failure) reflecting high-degree 
AV block, tachyarrhythmia, cyanosis reflecting inadequate pul- 
monary blood flow, and/or congestive heart failure. Congestive 
heart failure may reflect a cardiac arrhythmia, but more likely 
indicates a large VSD, dysplasia or displacement of the left- 
sided morphologic TV with regurgitation, obstructive anoma- 
lies of the aortic arch, or a combination of these anomalies. 

The older child may be referred to a pediatric cardiologist 
for evaluation of a loud second heart sound (and thus the clini- 
cal suspicion of PA hypertension), but this is most uncommon 
in the neonate. The physical examination only occasionally 
raises the possibility of AV and VA discordance. Clearly, the 
presence of clinical features suggestive of “mitral regurgita- 
tion” in a neonate should prompt consideration of ccTGA and 
an abnormal systemic AV valve. 

In some neonates with ccTGA, regurgitation of the systemic 
AV valve may be massive, and such patients may have such 
profound cardiomegaly that they are considered clinically to 
have classical Ebstein anomaly of the TV (with concordant AV 
and VA connections). Organic or functional aortic atresia has 
been described in these patients, and common to them all is 
a terribly disorganized and deficient morphologic TV and an 
extremely thinned morphologic RV. 


ELECTROCARDIOGRAPHIC FEATURES 


In the patient with normal atrial situs and discordant AV and 
VA connections who is free of significant associated intracar- 
diac malformations, the direction of the frontal P-wave axis is 
normal and, therefore, positive in leads I, II, III, and aVF, but 
negative in aVR. Clearly, the position of the heart within the 
thorax does not influence the P-wave vector or axis. 

The electrical activation of the ventricles in the normal 
heart begins in the interventricular septum and is directed 
from left to right and in a slightly anterior direction as well. 
This initial activation is responsible for the normal pattern of 
Q waves in the precordial leads: a qR pattern in V 6 and an 
Rs in Vj. The absence of Q waves in the left precordial leads 
is seldom observed in normal children, but 25% of normal 
neonates may not demonstrate a Q wave in V 6 . 
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In corrected TGA, the interventricular septum has a more 
or less sagittal disposition and is oriented from left posterior 
to right anterior. With ventricular inversion, both its surfaces 
and ventricular bundle branches are inverted, and thus the 
sequence of initial activation is oriented from right to left and 
usually in a more superior and anterior direction. This results 
in a reversal of the normal Q wave pattern in the precordial 
leads: Q waves are present in the right precordial leads but 
are absent in the left precordial leads. This pattern of reversal 
is appreciated less commonly when the heart is right-sided or 
when there are confounding associated lesions producing pres- 
sure or volume overload (15). 

If one were to catalogue the electrocardiographic change 
identified in patients with corrected transposition, they would 
include reversal of Q wave disposition in the precordial leads 
with QS complexes in the right precordial leads, large Q waves 
in leads III and aVF, and left axis deviation. 

With the precarious nature of the conduction system, as 
previously noted, the occurrence of congenital and postsurgical 
complete AV block is significant. Complete AV block is pre- 
sent in about 4% of patients at birth and the overall lifetime 
incidence is 20% to 30% (45). The most important feature is 
the increasing prevalence of complete heart block in the cor- 
rected transposition population during follow-up, with an 
estimated rate of 2% per year after diagnosis (45,46). Despite 
the development of surgical techniques to reduce the incidence 
of complete heart block at surgery, this problem continues to 
be significant and progressive (47). It is imperative for this rea- 
son alone that all patients with corrected transposition have 
long-term follow-up. 


RADIOGRAPHIC FEATURES 

Although the chest radiograph is thought to provide useful 
information in the diagnosis and evaluation of the patient with 
ccTGA, these observations are probably more germane to the 
older infant or child than to the neonate with this disorder. 
The chest radiograph of the patient with levocardia, atrial 
situs solitus, and ccTGA may reflect the abnormal ventricu- 
loarterial junction. The most common spatial relationship of 
the great arteries in corrected TGA is a side-by-side or oblique 
one, with the aorta to the left. This is manifest in the plain 
chest radiograph in the frontal projection as a deformity of 
the left upper mediastinal border characterized by a convex 
prominence at its middle and upper portions with a mild 
convexity in the anticipated position of the pulmonary trunk 
(Fig. 50.3). This shadow represents the levopositioned ascend- 
ing aorta, which originates from the left-sided morphologic 
RV. A levopositioned aorta is not diagnostic of discordant 
AV and VA connections. 


ECHOCARDIOGRAPHY 

The examination of the patient with complex AV and VA con- 
nections should begin with the definition of situs, which can 
be achieved adequately by cross-sectional ultrasound exami- 
nation of the great vessels in the abdomen. In the patient with 
situs inversus, the aorta lies on the right of the spine, with 
the inferior vena cava (IVC) on the left and the morphologic 
right atrium on the left. This is important since 5% of cases of 
corrected transposition will occur in the setting of situs inver- 
sus. Patients with situs ambiguous will demonstrate either 
interruption of the IVC, or the aorta and IVC on the same side 
of the spine. By definition, these patients cannot demonstrate 
true ccTGA, but nevertheless, this may be important in the 



Figure 50.3. Chest radiography in congenitally corrected trans- 
position of the great arteries. No intracardiac abnormalities. 
Note levopositioned aorta (arrows). 


differential diagnosis. In some patients, despite an ambiguous 
atrial situs, the atria may be relatively well lateralized. 

By moving up from the cross-sectional (horizontal) view 
of the abdominal vessels to the subcostal view of the heart, 
cardiac position can be determined accurately. This is crucial 
as 25% of patients with ccTGA will demonstrate either dex- 
trocardia or mesocardia. In addition, this approach should 
make clear other abnormalities of the spatial relationships of 
the chambers, such as crisscross AV connections and supero- 
inferior ventricles. 

The subcostal views are important in the identification of 
a case of ccTGA because they allow imaging of all chambers 
and vessels. From this position, the first clue to the presence of 
AV discordance may be the significant malalignment between 
the atrial and ventricular septa that occurs in this condition 
(Fig. 50.4). 



Figure 50.4. Subcostal four-chamber view of congenitally cor- 
rected transposition of the great arteries with dextroposition, 
demonstrating malalignment of atrial septum and ventricular 
septum (arrows) with inlet ventricular septal defect. 
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Figure 50.5. Four-chamber view 
(A) and pathologic specimen (B) 
demonstrating morphologic fea- 
tures of congenitally corrected 
transposition of the great arter- 
ies. (LA, left atrium; LV, left 
ventricle; MLV, morphologic left 
ventricle; RA, right atrium; TV, 
tricuspid valve.) 


In all cases, the sonographer should look for features that 
define the morphologic right versus the morphologic left 
ventricle. These features include the apical displacement of 
the AV valve of the RV relative to the left (exaggerated in the 
presence of an Ebstein-like malformation and absent in the 
presence of an AV septal defect or a large perimembranous 
inlet VSD), a trileaflet (tricuspid) versus a bileaflet (mitral) AV 
valve, septal attachments of the AV valve of the RV (TV), the 
presence of a moderator band in the RV, an irregular mural 
endocardial surface of the RV relative to the smooth endo- 
cardial surface of the left ventricle, and a round or triangular 
shape to the right ventricular cavity versus an elongated or 
ellipsoidal shape to the left ventricular cavity. The subcostal 
four-chamber view is important in obtaining information 
about these features (Fig. 50.5) 

The long-axis views from the chest tend to be more ver- 
tically oriented than in the normal heart, and the two great 
arteries are seen to arise in parallel, confirming the presence 
of TGA. As the ventricular septum is often horizontally ori- 
ented in ccTGA, the long-axis views can be confusing, par- 
ticularly in the presence of a large perimembranous inlet VSD. 
In this case, the pulmonary valve can be seen related to either 
AV valve, creating some confusion with respect to VA connec- 
tion. Nevertheless, the long-axis views are particularly impor- 
tant in establishing the mechanisms of possible outflow tract 
obstruction to either the aorta or PA (Fig. 50.6). 

Short-axis views from the chest, on the other hand, prove 
extremely useful. At the level of the aortic and pulmonary 
valves, the aorta with its coronary arteries usually is demon- 
strated in an L-position (leftward and anterior) relative to the 
bifurcating PA (Fig. 50.7). This relationship of the great arter- 
ies, although typical, is not absolute. Short-axis sweeps will 
confirm the VA connection to be discordant, as suspected from 
the subcostal views, and will demonstrate the orientation of 
the ventricular septum as well as the AV valve leaflet anatomy 
and papillary muscle distribution. 

By tilting the transducer upward from the four-chamber 
view, one can demonstrate how the pulmonary outflow tract 
from the right-sided left ventricle is deeply wedged between 
the two AV valves. Indeed, the pulmonary outflow tract is even 
more deeply wedged than the aorta in normal hearts and sub- 
ject to obstruction from more than one source. 

The apical four-chamber views are especially useful for 
reviewing the AV valve anatomy with particular reference 
to Ebstein malformation of the left AV (tricuspid) valve. 


Color-flow Doppler is used to quantitate AV valve regurgita- 
tion. This view also clearly shows the usual perimembranous 
inlet VSD. 

A high left parasternal view oriented in the sagittal plane, 
similar to the so-called ductal cut position, not only will dem- 
onstrate the ductus arteriosus but, because of its usual left- 
ward and anterior position, will also open up the entire aortic 
arch. The suprasternal views, in fact, often demonstrate the 
aorta less well. Demonstration of the branching pattern of the 
aorta is important because a right aortic arch is more common 
than previously believed (18%). 

Atrial defects are seen in about 12% of cases and are 
most usually of the secundum type. Echocardiographically, 
the atrial septum, as in the normal heart, is best imaged 
from subcostal and foreshortened four-chamber views with 
color-flow Doppler, confirming the usual left-to-right atrial 
shunt. Alternatively, ccTGA is occasionally associated with 
an AV septal defect. Such an occurrence may complicate the 



Figure 50.6. Long-axis view in congenitally corrected transposi- 
tion of the great arteries. Note posterior pulmonary artery (PA). 
Subpuimonary stenosis with accessory atrioventricular tissue 
from both right and left atrioventricular valves. (Ao, aorta.) 
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Figure 50.7. Parasternal short-axis view of anterior levopo- 
sitioned aorta with posterior pulmonary artery bifurcation. 
(Ao, aorta; PA, pulmonary artery.) 



Figure 50.9. Apical four-chamber view in congenitally cor- 
rected transposition of the great arteries demonstrating 
herniation of the tricuspid valve septal leaflet (TV) into the 
ventricular septal defect. Arrow indicates septal leaflet of TV. 


diagnosis of AV discordance, as described already, but accu- 
rate echocardiographic identification is certainly possible. 

The left AV valve can display a wide range of structural 
abnormalities. Perhaps the most common is a variable degree 
of dysplasia with less displacement than seen in the usual 
form of Ebstein anomaly of the TV in the patient with con- 
cordant connections. These features are best demonstrated 
echocardiographically from the four-chamber (Fig. 50.8) and 
modified short-axis views. As the usual functional problem 
is valvular regurgitation, this will be readily evaluated with 
color-flow Doppler. Stenosis of the valve in this situation is 
unusual; nevertheless, inflow velocities should be evaluated. 
Significant “Ebstein-like” malformation of the left AV valve 
may be associated with right ventricular hypoplasia and 
occasional subaortic obstruction. These possible associa- 
tions should be sought. Other anomalies may affect the left 
AV valve, including a supravalvar stenosing ring and varying 
degrees of AV valve override and straddle. As the usual VSD 
in ccTGA is perimembranous inlet, posterior straddling of the 
left AV valve is significantly more common than straddling of 
the right AV valve, which requires an anterior VSD. There is 
little doubt that echocardiography is the method of choice for 
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Figure 50.8. Apical four-chamber view in congenitally 
corrected transposition of the great arteries. Dilated LA from 
tricuspid regurgitation and Ebstein-like displacement of septal 
leaflet. The arrow indicates the level of the tricuspid annulus. 
(LA, left atrium; MV, mitral valve; TV, tricuspid valve.) 


establishing the presence or absence of straddling of the AV 
valve. The parasternal short-axis and four-chamber views are 
particularly useful in this regard. Again, the presence of AV 
valve straddle should be a clue to the possibility of ventricular 
hypoplasia. 

Abnormalities of the right AV valve usually are not described 
among the common anomalies associated with ccTGA. A nec- 
ropsy series however, suggested that up to 55% of cases dem- 
onstrated a wide variety of abnormalities of the left AV valve. 
Parachute deformity of the right-sided mitral valve has been 
described (48). The subcostal four-chamber view generally 
demonstrates the right AV valve to best advantage. 

A VSD will be seen in approximately 80% of patients with 
ccTGA. Most frequently, these defects can be described as peri- 
membranous with inlet or posterior extension. Such defects, 
by the nature of their posterior extension, are predisposed to 
demonstrate partial occlusion by the apically displaced septal 
leaflet of the TV (Fig. 50.9) and also are positioned to allow 
straddling of the TV. Such anatomy is best demonstrated in 
parasternal short-axis views and apical or subcostal four- 
chamber views. Outlet defects and muscular defects are seen 
less commonly. The ventricular apex is often not well seen 
from the subcostal position; therefore, apical muscular VSDs 
are best sought in the apical four-chamber view. 

The unique anatomy of the left ventricular outflow tract 
to the PA is best demonstrated from the subcostal position 
by directing the transducer anteriorly from the four-chamber 
view. Pulsed or continuous-wave Doppler assessment of the 
outflow tract also is best undertaken from this position, as 
flow will be most parallel to the Doppler line of interroga- 
tion. As stated, the pulmonary outflow tract is wedged deeply 
between the right and left AV valves. Obstruction can result 
from one or more possible mechanisms: abnormality of the 
valve itself; prominent right-sided, muscular, ventriculoinfun- 
dibular fold with the muscular infundibular septum causing 
subpulmonary obstruction; and accessory tissue from either 
the right or left AV valve or aneurysmal tissue about the inlet 
VSD causing obstruction of the left ventricular outflow tract 
(Fig. 50.10). 

Abnormalities of the right ventricular outflow tract to the 
aorta are somewhat unusual but have a number of interest- 
ing aspects. Obstruction or severe regurgitation of the left AV 
valve commonly is associated with outflow tract obstruction. 
In fact, in the setting of severe left AV valve regurgitation, 
one must be certain that the aortic obstruction is not simply 
functional. The aortic annulus is separated from the body of 
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Figure 50-10. A: Subcostal view in patient with congenitally corrected transposition of the great arteries and 
subpulmonary obstruction. Accessory tissue is seen from both left and right atrioventricular valves. B: Pathologic 
specimen cut in same plane as echocardiogram. (LV, left ventricle; PA, pulmonary artery.) 


the ventricle by a complete muscular infundibulum; therefore, 
muscular outflow tract obstruction may seem dynamic. In 
addition, obstruction may be due to subaortic membrane, val- 
var stenosis, and accessory AV valve tissue (49). The subaortic 
area is best imaged in the left parasternal or occasionally a 
subcostal position. 

As with subaortic obstruction, coarctation of the aorta 
often is associated with severe left AV valve regurgitation, 
VSD, or hypoplasia of the RV. The diagnosis can be made 
from the high left parasternal position. 

With an anteriorly positioned aorta, imaging of the coro- 
nary arteries is excellent (Fig. 50.11). Seventy-six percent of 
patients will have a coronary distribution concordant with the 
ventricular anatomy; however, single coronary artery anoma- 
lies and others occur. 

The fetus with congenitally corrected transposition could 
come to the attention of the fetal sonographer for several rea- 
sons, including family history, detection of cardiac abnormal- 
ity on prior obstetrical ultrasound examination, and hydrops 
fetalis. Hydrops fetalis in congenitally corrected transposition 
may result from severe left AV valve regurgitation or complete 
AV block with bradycardia. The cardiac anatomy and cardiac 
rhythm are demonstrated readily by fetal echocardiography. 
The occurrence of AV block leading to the detection of con- 
genitally corrected transposition in utero is unusual. The fetus 
with severe AV valve regurgitation and ccTGA has a very 
guarded prognosis and may undergo spontaneous abortion. 
A study of 34 fetuses documents the most valuable features 
of the ultrasound diagnosis of corrected transposition in the 
fetus (50). 

Transesophageal echocardiography appears to be well suited 
to the examination of the patient with congenitally corrected 
transposition. It provides a reliable window in the older patient 


who has had prior surgery and has a limited transthoracic 
window. Furthermore, the transesophageal echocardiography 
window is ideal for examination of those structures critical to 
the patient with this disorder, including the atrial septum, left 
and right AV valves, and the inlet ventricular septum. Several 
studies have documented the advantages and disadvantages of 
transesophageal echocardiography (51,52). 



Figure 50.1 1- Cross-sectional view of levopositioned aorta dem- 
onstrating a coronary artery (arrow). PA, pulmonary artery. 
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Figure 50.12. Three-dimensional view of tricuspid valve in 
congenitally corrected transposition of the great arteries dem- 
onstrating dysplasia of septal leaflet, (ant, anterior leaflet; post, 
posterior leaflet; sept, septal leaflet.) 


Three-dimensional echocardiography is increasingly used 
in the setting of ccTGA (53,54). We use this modality to assess 
the left AV and have found it useful (Fig. 50.12). Establishing 
the nature of left ventricular outflow tract obstruction and the 
relationship of the VSD to the aorta are other areas where we 
have found three-dimensional echo to be of great value. 


MAGNETIC RESONANCE IMAGING 


Magnetic resonance imaging (MRI) allows both anatomic and 
physiologic diagnostic information, particularly for the assess- 
ment of the systemic RV. We have found MRI particularly 
useful in the assessment of patients prior to contemplated 
anatomic repair (Figs. 50.13 and 50.14). Studies to date have 



Figure 50.13. Frontal cut of T1 -weighted MRI in congeni- 
tally corrected transposition of the great arteries with dex- 
troposition, ventricular septal defect, and pulmonary atresia. 
(Ao, aorta; RV, right ventricle.) 



Figure 50.14. Frontal cut of T2-weighted MRI, in congenitally 
corrected transposition of the great arteries with mesocardia, 
ventricular septal defect, and pulmonary atresia. (Ao, aorta; 
LV, left ventricle; PA, pulmonary artery; RV, right ventricle.) 


shown good correlation with other modalities in terms of func- 
tional evaluation and have confirmed the concerns regarding 
systemic right ventricular function (55-59). In addition, MRI 
proves to be useful and reliable in patients with PA banding for 
LV retraining. It allows accurate assessment of the LV mass/LV 
volume ratio, used as one of the determinants of adequate LV 
retraining for proceeding with the double switch operation. 


CARDIAC CATHETERIZATION 


Anatomic and functional detail provided by 2-D and 3-D echo- 
cardiography and MRI have reduced the need for routine preop- 
erative catheterization in the majority of patients with ccTGA. 
In the recent past, diagnostic right and left-sided heart cath- 
eterization was performed prior to intracardiac repair, focusing 
on imaging the PA and coronary anatomy (60,61). Diagnostic 
catheterization remains important in the preoperative assess- 
ment of patients in whom pulmonary vascular resistance may 
be elevated (long-standing VSD shunt, severe left-sided AV 
valve regurgitation) along with the response to pulmonary vas- 
odilators, in patients with suspected aortopulmonary collater- 
als or unexplained cyanosis, and less commonly in those with 
abnormal coronary artery anatomy that is not well-defined 
with noninvasive imaging. The adult with unrepaired ccTGA 
may still benefit from preoperative catheterization, especially 
in the setting of arrhythmias, ventricular dysfunction, long- 
standing intracardiac shunting, or unexplained cyanosis (62). 
Cardiac catheterization remains a part of the assessment of left 
ventricular hemodynamics in patients undergoing left ventricu- 
lar retraining prior to anatomic repair (63). 

Since ccTGA of the great vessels may occur with cardiac 
malposition, noting the catheter course in the abdomen to 
identify the course of the IVC or aorta aids in the diagnosis 
of the underlying situs and malposition. Observations about 
the course of the catheter may be important in recognizing the 
abnormal position of the great arteries in relation to the ven- 
tricles as well. Using anteroposterior and lateral fluoroscopy, 
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Figure 50.15. Angiogram, A-P projection with contrast injec- 
tion in left ventricle in congenitally corrected transposition of 
the great arteries with pulmonary atresia and ventricular septal 
defect (arrows). Note vertical position of ventricular septum 
(Ao, aorta; LV, left ventricle.) 



Figure 50.16. A single-outlet aorta (Ao) in a patient with 
atrioventricular discordance. This left ventriculogram (LV) 
demonstrates a large ventricular septal defect (VSD). 


their course can be determined. In patients with situs solitus 
and levocardia, the PA lies medially and posteriorly, with the 
venous catheter following a course close to the spine. The 
aorta lies anteriorly and along the left cardiac border. 

Because of the anterior position of the AV node and the 
intrinsically fragile conduction system, patients with ccTGA 
are at higher risk of developing heart block during catheter 
manipulation, especially, but not invariably, when attempt- 
ing access into the PA. Thus, it is always important to have 
available a system for emergent transvenous pacing during the 
procedure itself. 


ANGIOCARDIOGRAPHY 

Angiocardiography today is not performed without prior 
echocardiographic or MRI imaging. These modes of imag- 
ing should establish the diagnosis and also should indicate 
the relative topography of the ventricular septum. In most 
patients with ccTGA, the ventricular mass is aligned about a 
septum that is much more sagittal than in the normal heart 
(Fig. 50.15). A horizontal ventricular septum also is well 
described in patients with AV discordance. These observations 
of the disposition of the ventricular septum are important to the 
determination of the axial projection for angiocardiography. 

Assuming the usual position of the ventricular septum, 
a frontal and lateral left ventriculogram, perhaps with 20 to 
25 degrees of right anterior oblique (RAO), should profile the 
ventricular septum, the left ventricular outflow tract, and the 
mitral inflow (Fig. 50.16). A similar projection can be used for 
the injection in the morphologic RV. Obviously, if there are 
defects in other portions of the ventricular septum, the axial 
projections will have to be modified and expanded. The charac- 
ter of the subpulmonary obstruction is best imaged by selective 
injection of contrast into the morphologic left ventricle. In the 
setting of VSD, adding 20 to 25 of RAO will demonstrate to 
advantage both the VSD and the left ventricular outflow tract 
obstruction. The functional status of the left AV valve is perhaps 
best assessed by echocardiography and color Doppler, but right 


ventricular angiography will also add information (Fig. 50.17). 
The character of subaortic stenosis, admittedly uncommon, 
may best be demonstrated by right ventricular angiography. 
Varying degrees of obliquity may be required to profile the 
small left ventricle or the VA connection of double-outlet RV. 

The pulmonary arteries and their bifurcation are best 
imaged by a selective injection of contrast into the pulmonary 



Figure 50.17. Severe systemic atrioventricular valve regur- 
gitation (arrow) demonstrated by injection of contrast into 
the morphologic right ventricle (RV). The left atrium (LA) is 
severely enlarged. 
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arteries with craniocaudal angulation. A degree of right or left 
anterior obliquity will focus on the right or left PA, respectively. 

The aorta and the coronary arteries can be profiled by 
aortography, filmed in the frontal and lateral projections. The 
coronary arteries originate from the posterior-facing sinuses, 
and selective coronary angiography may be necessary to 
obtain adequate demonstration of the anatomy. 


NATURAL HISTORY AND MANAGEMENT 


ccTGA is a complex and unusual form of congenital heart dis- 
ease. As such, it takes time to accumulate experience, and then 
meaningfully study the natural history, surgical outcomes, and 
results of changes in surgical management. 

The underlying problem with AV and VA discordance may 
be the issue of the RV as the systemic ventricle. There is how- 
ever, a very high frequency of associated lesions, which, in their 
turn, tend to have quite different pathophysiologic effects on 
systemic right ventricular function. VSDs are volume loading. 
Pulmonary outflow obstruction will alter pulmonary blood 
flow, volume loading, and right ventricle-left ventricle interac- 
tion. Tricuspid regurgitation will both volume load the ventricle 
and reduce its afterload. The complex interactions of these ana- 
tomic and physiologic variables complicate outcome analysis. 


MEDICAL MANAGEMENT 


The neonate with ductal-dependent pulmonary blood flow 
requires immediate institution of intravenous prostaglandin 
to maintain patency of the arterial duct until such time that 
a stable source of blood supply to the lungs can be surgically 
constructed. Similar management is required for the infant who 
has severe coarctation of the aorta or interruption of the aortic 
arch. The medical management of the associated lesions there- 
after dominates early medical management. Later, the medical 
management is likely to focus on systemic AV valve regurgita- 
tion and heart failure. The appropriate use of diuretics along 
with afterload reduction and beta-blockade may be required. 


PACING 


A significant proportion of patients will develop spontaneous 
or postoperative complete heart block. AV block frequently 
occurs in the setting of associated cardiac anomalies or results 
in significant bradycardia, necessitating permanent pacing. 
Depending on the patient’s size, venous anatomy, residual 
intracardiac lesions, and type of surgical repair, pacing can be 
endocardial via a transvenous approach, epicardial, or a com- 
bination of the two. For heart block, selective site RV apical or 
LV apical pacing is preferred after physiologic repair or ana- 
tomic repair, respectively. The latter also is preferred after PA 
banding. The indication for and role of biventricular pacing 
and cardiac resynchronization therapy (CRT) in ccTGA 
patients with significant heart failure and ventricular dyssyn- 
chrony has been explored (64). In fact, the first reported case 
of CRT pacing in congenital heart disease involved a patient 
with ccTGA (65). The placement of a transvenous CRT system 
is challenging due to the unusual coronary sinus and great car- 
diac vein anatomy (66). The latter would allow CRT of the sys- 
temic morphologic RV. In patients with an anatomical repair 
(described below), the coronary sinus is not transvenously 
accessible and a hybrid or epicardial approach is required for 
CRT of the morphologic left ventricle. Data on the outcome of 
CRT in ccTGA patients remain limited (67-69). 


UNOPERATED NATURAL HISTORY 


Early natural history is impacted significantly by the severity 
of associated lesions and surgical management. Although there 
have been repeated case reports of long-term survival with 
ccTGA, this is probably unusual (70,71). A few investigators 
who have tried to separate natural history from associated 
lesions and surgical outcomes suggest a different set of proba- 
bilities. Beauchesne et al. (72) followed 44 unoperated patients 
for up to 144 months and found that the majority (59%) had 
grade 3 or greater systemic AV valve regurgitation and that 
many of these demonstrated significant systemic RV dysfunc- 
tion and were symptomatic. Presbitero et al. (30) have followed 
18 patients, again pointing to systemic AV valve regurgita- 
tion and ventricular dysfunction as major concerns. In a large 
multi-institutional study, Graham et al. (73) found that while 
patients without associated lesions had a lower occurrence rate 
of heart failure and systemic ventricular dysfunction than those 
with associated lesions at a given age, these problems tended to 
increase in frequency with advancing age in both groups. 


CONVENTIONAL SURGERY AND OUTCOMES 

Conventional surgery for ccTGA includes several options based 
largely on the underlying associated lesions and their hemody- 
namic effects. PA banding or systemic to PA shunting has been 
used for palliation of increased or decreased pulmonary blood 
flow, respectively. VSD closure may be undertaken as a primary 
procedure or following debanding. Techniques for reducing the 
surgical complication of heart block following defect closure have 
been described (47). Left ventricle to PA outflow tract obstruc- 
tion may be locally resected or managed with placement of a 
left ventricle to PA conduit. TV regurgitation has been managed 
with repair or replacement. However, valve dysplasia which fre- 
quently is severe, along with surgical series showing recurrent or 
progressive regurgitation after repair, suggest that valve replace- 
ment is the preferred option when possible. When complicated 
by significant AV valve straddle or ventricular hypoplasia, man- 
agement leading to “Fontan” type palliation has been success- 
ful. Finally, for the patient with poor ventricular function, with 
severe tricuspid regurgitation, or with aortic atresia, cardiac 
transplantation may be the most successful approach. 

Many series assessing the long-term outcomes of conven- 
tional surgical approaches and factors thought to determine 
outcome have been reported (74-81). Immediate surgical 
results clearly have improved, and surgical risk is likely to 
be 3% to 10%. Hraska (77) reported 5-year survival rates 
at 75% and 10 year at 68%. These results would appear to 
be remarkably similar to those reported by the other groups. 
Reoperations for conduit replacement and systemic AV valve 
repair/replacement are frequent and may approach 40% over 
10 years. Risk factor analyses for a poor outcome repeat- 
edly identify “Ebstein” malformation of the TV, the degree of 
tricuspid insufficiency, systemic right ventricular dysfunction, 
and complete heart block as important. 


RIGHT VENTRICULAR DYSFUNCTION AND 
TRICUSPID REGURGITATION 

Ventricular dysfunction and AV valve regurgitation are, of 
course, linked through the pathophysiologies of volume load- 
ing, ventricular and annular dilation and distortion, and right 
ventricular-left ventricular interaction. In the setting of cor- 
rected transposition, this is complicated by the frequency of 
congenital dysplasia of the TV and the impact of the other 
associated lesions. 
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The RV as the systemic ventricle relative to the left ventricle 
may be disadvantaged because of poor geometry, a lower ejec- 
tion fraction, and lower coronary flow reserve (82,83). In the 
setting of simple transposition after atrial switch repair, stud- 
ies of RV function give evidence of ongoing right ventricular 
dysfunction (84,85). Overall, however, right ventricular func- 
tion may be preserved for many years. Studies in corrected 
transposition patients are limited, but tend to confirm the 
impression of systemic right ventricular dysfunction (82,86). 
Investigators of several series have reported a tendency toward 
worsening of systemic right ventricular function after conven- 
tional biventricular repair (78,87). The potential causes of this 
observation may be multiple, including complex alterations in 
right ventricular-left ventricular interaction, and the effects of 
surgical intervention itself. 

While intimately connected to the issue of systemic right 
ventricular dysfunction, several studies have drawn specific 
attention to the importance of TV regurgitation. Prieto et al. 
(88) in a study of 40 patients with corrected transposition 
concluded that tricuspid insufficiency was the single most 
important factor associated with poor outcome and that the 
occurrence of systemic right ventricular dysfunction almost 
always was linked to long-standing tricuspid regurgitation. 
Acar (89) concluded that TV function depended upon the 
loading condition of both ventricles and upon septal geometry. 
Nevertheless, the cause of death after TV replacement most 
frequently is progressive systemic ventricular dysfunction (90). 

The relationship between systemic right ventricular func- 
tion and tricuspid regurgitation was most recently evaluated 
by the group from the Mayo Clinic. Mongeon et al. (91) 
hypothesized that patients with preserved ventricular func- 
tion at the time of TV replacement would maintain preserved 
ventricular function long term. In a retrospective analysis of 
46 patients, preoperative systemic ventricular ejection fraction 
as assessed by echocardiography was an independent predic- 
tor of ventricular function at >1 year after operation. This 
study is the first to suggest that surgery for TV regurgitation 
should be considered while systemic right ventricular function 
is preserved and may halt the deterioration of ventricular func- 
tion long term in the majority of patients. 

Several studies have focused on the impact of PA banding 
on systemic right ventricular function and AV valve regurgita- 
tion. In a series where banding was used for left ventricular 
conditioning prior to arterial switching, it has been suggested 
that PA banding may improve systemic ventricular function 
and AV valve regurgitation through a mechanism involving 
septal shift (92). In another series, Winlaw et al. (93) did not 


find significant improvements in AV valve regurgitation but 
did find clinical improvement. Success at achieving biven- 
tricular repair was associated with the age at which banding 
was undertaken, with younger patients benefiting most. In the 
report by Jahangiri et al. (94), PA banding likely more often 
improved tricuspid regurgitation primarily by altering pulmo- 
nary blood flow and thereby altering loading conditions for 
the systemic RV. Neonatal PA banding has also been reported 
with similar results (95). 

Patients with low left ventricular (subpulmonary) pressures 
and a deconditioned left ventricle require “retraining” prior to 
a double switch procedure. A strategy of progressive PA band- 
ing is performed to increase the pressure load on the left ven- 
tricle and promote left ventricular hypertrophy. The adequacy 
of banding can be assessed intraoperatively with echocardi- 
ography or with the use of conductance catheters to assess 
pressure-volume relationships, or with postoperative echocar- 
diography, MRI, or cardiac catheterization. Suggested require- 
ments for proceeding to double switch operation include LV 
pressure >70% to 80% systemic, LV mass/LV volume ratio 
>1.5, normal LV wall thickness for a systemic LV, and normal 
LV function after PA banding. 


OUTCOMES OF THE ' DOUBLE SWITCH" OR 
ANATOMIC REPAIR FOR ccTGA 


The relatively poor outcomes associated with conventional 
surgery combined with considerations of the potential for 
progressive right ventricular dysfunction and tricuspid regur- 
gitation has led to an exploration of alternative surgical 
approaches to the patient with ccTGA. Ilbawi et al. (96) first 
reported the anatomic repair of corrected transposition as 
opposed to the standard physiologic repair. The approach com- 
bined atrial switching (Mustard or Senning procedures) with 
intraventricular rerouting of the VSD, such that the anatomic 
left ventricle would carry on the role of the systemic ventricle 
and the anatomic RV would become the subpulmonary ventri- 
cle after a RV to PA conduit (Fig. 50.18). They subsequently 
reported their series of anatomic repairs (97). The pathologic 
anatomy of corrected transposition that could potentially pre- 
clude such an approach has been reviewed (19,20). Relative 
or absolute contraindications to the “double switch” might 
include a restrictive VSD, specific coronary artery anatomy, 
ventricular hypoplasia by more than 50%, AV valve straddle 
and anomalies of the mitral valve. Imai (98) was the first to 



Figure 50.18. A,B: Congenitally corrected transposition of the great arteries following double-switch repair. 
A: Inferior limb of atrial baffle to the right ventricle. (B, baffle; LV, left ventricle; RV, right ventricle.) B: Ven- 
tricular septal defect (VSD) tunneling left ventricle to aorta. (Ao, aorta; PVA, pulmonary venous atrium.) 
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report a true “double switch” procedure involving both an 
atrial level switch and a full arterial level switch with coro- 
nary artery transfer (100). Subsequently, there has been a sig- 
nificant number of reports of anatomic repairs involving both 
ventricular level rerouting and/or arterial switching with some 
series large enough to address risk analysis (99-104). Com- 
plications of these often lengthy procedures can be expected 
to include those of the atrial switch (sinus node dysfunction, 
supraventricular dysrhythmias, baffle obstructions, and baf- 
fle leaks), the ventricular switch (subaortic obstruction, aortic 
regurgitation, conduit obstruction, or regurgitation), and/or 
the arterial switch (coronary artery obstructions, aortic valve 
incompetence, pulmonary arterial obstruction). 

Left ventricular dysfunction following the anatomic repair 
operation may be relatively common. Quinn et al. (105) reported 
the outcome of 44 patients following double switch in which 
LV retraining was required in 11. By multivariate analysis, the 
completion of LV retraining predicted death/transplantation, the 
development of moderate-to-severe LV dysfunction, or both. 
Moderate to severe LV dysfunction was seen in 6/11 patients 
with prior retraining compared to 6/33 patients without retrain- 
ing. Similarly, the Boston group has reported on the determi- 
nants of late LV dysfunction following anatomic repair (106). 

The quality of life of patients after the anatomic repair 
compared to patients with nonanatomic repair and a systemic 
RV has recently been reported. Initial data showed compara- 
ble results, with lower school performance in the anatomic 
repair group (107). 

In summary, when addressing the complex patient with 
ccTGA, the surgeon will need to choose between the risks 
and benefits of physiologic, anatomic, and on occasion, single 
ventricle type repairs. 


CONCLUSION 

Corrected TGA is an unusual congenital heart defect character- 
ized by AV and VA discordance. The etiology, morphogenesis, 
and morphology are complex and fascinating to consider. The 
clinical picture is dominated by the pathophysiology of associ- 
ated cardiac anomalies. Long-term follow-up of conventional 
surgical approaches is disappointing and has led to novel sur- 
gical approaches aimed at restoring normal AV and VA con- 
nections. Early results may be promising, but final assessment 
of the evidence requires further long-term follow-up. 
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DEFINITION 


Double outlet right ventricle (DORV) is a type of ventricu- 
loarterial connection in which both great arteries arise 50% 
or more from the right ventricle (RV). This chapter focuses on 
DORV with concordant atrioventricular (AV) connection with 
two ventricles. DORV may occur in univentricular hearts, par- 
ticularly in the constellation of heterotaxy syndrome, and with 
AV discordance. 

Although there were reports of hearts with DORV anat- 
omy as early as 1893, the term double outlet right ventricle 
came into use in 1957 at the time of the first surgical repair 
of a patient with this lesion at the Mayo Clinic (1,2). Prior 
descriptions, including the original report in 1949 of what 
is now known as Taussig-Bing heart, included DORV vari- 
ants as a form of partial transposition of the great arteries 
(3-5). There has been much debate about this terminology. 
For the purposes of this chapter, DORV is considered within 
the spectrum of conotruncal defects, with some forms exhibit- 
ing transposition physiology in which the pulmonary arterial 
oxygen saturation is higher than the aortic oxygen saturation. 
However, DORV and transposition are considered distinct 
anatomically, because discordant ventriculoarterial connec- 
tions are core to the anatomic definition of transposition. In 
1961, Neufeld et al. (6-8) developed a classification of DORV 
with and without pulmonic stenosis (PS). Subsequently in 
1972, Lev et al. (9) categorized many types of DORV. Shortly 
thereafter, Sridaromont et al. (10,11) reported on hemody- 
namic and angiocardiographic correlations of anatomic vari- 
ants. DORV nomenclature was reviewed more recently in 
the Congenital Heart Surgery Nomenclature and Database 
Project (12,13). 


INCIDENCE 


DORV accounts for fewer than 1% of all congenital heart 
defects. Its incidence is approximately 0.06 cases per 1,000 
live births (14). There is no known racial or gender predilec- 
tion, and no associated genetic defect has been identified. 


MORPHOLOGY 


DORV falls within the morphologic spectrum of conotruncal 
defects. As with much of congenital heart disease, the physiology 


and treatment of these defects derive from the embryology and 
morphology. 

With the exception of truncus arteriosus, which occurs due 
to failure of septation, other conotruncal defects are essentially 
rotational defects. The development of the conal septum drives 
that rotation. The variability among the individual lesions is 
best understood in terms of the spectrum of development of 
the conal septum, which determines the relative position of the 
two semilunar valves to the ventricles. The more conal mus- 
cle present beneath a semilunar valve, the more that valve is 
pushed superiorly and anteriorly, and the more likely it is that 
the associated great artery will align with the RV (15,16). 

In the normal heart, the pulmonary valve sits up on the 
conus, a circular tube of muscle, and is positioned anteriorly 
and superiorly (17). In contrast, the aortic, mitral, and tri- 
cuspid valves are all attached to the central fibrous body of 
the heart. The conal muscle beneath the aortic valve largely 
resorbs, leaving the aorta positioned inferiorly and posteriorly 
(Fig. 51.1). 

In conotruncal defects, there is a spectrum between hearts 
in which no conus exists beneath the aorta, as seen in tetral- 
ogy of Fallot, and hearts in which no conus exists under the 
pulmonary valve, as with transposition of the great arteries 
(Fig. 51.1). At each end of this spectrum, it is “all or nothing” 
in terms of the conus. DORV falls in the middle of the spec- 
trum, with forms that have variable amounts of conus under 
each semilunar valve scattered across the continuum (18). 

One common form of DORV is anatomically and physi- 
ologically similar to tetralogy of Fallot (19). There is a nearly 
normal length of conus beneath the pulmonary valve and min- 
imal conus beneath the aortic valve. Consequently, there is no 
aorto-mitral continuity, and the pulmonary valve is anterior 
and superior. At the other end of the spectrum, another DORV 
variant has conus mostly under the aortic valve but has a small 
amount of conus under the pulmonary valve, resulting in the 
loss of pulmonary-mitral continuity. This form is morphologi- 
cally and physiologically similar to transposition of the great 
arteries. In the middle is a type that has equal bilateral conus, 
such that the great arteries are side by side, with neither vessel 
tucked in posteriorly. Between the “tetralogy type” and the 
“transposition type,” there are many “shades of gray”- that 
is, DORV variants that have neither aorto-mitral nor pulmo- 
nary-mitral continuity and have variable distribution of conal 
septum (Fig. 51.1). These variations are more ambiguous both 
anatomically and physiologically and should be approached 
with an individualized management plan. 

Common nomenclature for the types of D ORV- for example, 
DORV with subaortic ventricular septal defect (VSD), DORV 
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Figure 51.1. Development of the conal septum in the fetus, in the normal heart, and in different types of DORV. 
In the fetus, there is a circular tube of muscle, the conus, beneath each great artery. The distribution of conal 
muscle is equal beneath the aorta and the pulmonary artery. 

In the normal heart, the pulmonary valve sits up on the conus, and is positioned anteriorly and superiorly. 
The conal muscle beneath the aortic valve largely resorbs, leaving the aorta positioned inferiorly and posteriorly. 

In DORV variants, the spectrum of distribution of conal muscle beneath each great artery determines the rela- 
tive position of the two semilunar valves to the ventricles. The more conal muscle present beneath a semilunar 
valve, the more that valve is pushed superiorly and anteriorly. 

“Tetralogy type”: One end of the spectrum — nearly normal length of conus beneath the pulmonary valve and 
minimal conus beneath the aortic valve. Pulmonary valve is anterior and superior. No aorto-mitral continuity. 

“Shades of gray”: Between the “tetralogy type” and the “transposition type,” there are many “shades of 
g ray ” — variants with bilateral conus that have neither aorto-mitral nor pulmonary-mitral continuity and have 
variable distribution of conal septum. Neither of the great vessels is tucked in posteriorly. 

“Transposition type”: At the other end of the spectrum — large amount of conus under the aortic valve with 
relatively little under the pulmonary valve. Aorta is pushed anteriorly and superiorly, resulting in rightward 
positioning of the aorta relative to the pulmonary artery. No pulmonary-mitral continuity. 

NOTE: Although 2-D diagrams and images demonstrate the conus as a “tear drop,” it is important to note that 
in three dimensions, it is a circular tube of muscle. 

Yellow 3 subaortic conus; Green , subpulmonary conus; Ao, aorta; PA, pulmonary artery; RV, right ventricle; LV, 
left ventricle; TGA, transposition of the great arteries; TOF, tetralogy of Fallot. 


with subpulmonic VSD, and DORV with doubly-committed 
VSD- gives the impression that VSD position creates the dif- 
ference, and that the relationship of the great arteries does 
not change (9,11). In fact, however, across the spectrum of 
DORV, it is the rotation of the great arteries, driven by conal 
development 3 that changes 3 not the position of the VSD. The 
VSD is constant; it is almost always a typical conoventricu- 
lar VSD located in the perimembranous area and extending 
into the trabecular ventricular septum, with the upper part of 
the defect bordered by the lower edge of the conus. Empha- 
sis on the influence of infundibular development unifies the 
conceptual approach to the spectrum of defects that consti- 
tute DORV. Due to the degree of morphologic variability, the 
description of an individual patient’s heart with DORV must 


include the associated relationship of the great vessels and the 
VSD to be most meaningful. 

PS is by far the most common lesion associated with 
DORV. It occurs in approximately 50% of patients and 
may be valvar or subvalvar. Secundum atrial septal defects 
are seen in 25% of all types, whereas primum defects are 
seen in the 8% of DORV patients with AV canal defects. 
Multiple other associated lesions have been reported at low 
rates: patent ductus arteriosus, right aortic arch, subaortic 
stenosis, additional muscular VSDs, left superior vena cava 
(SVC) to the coronary sinus or left atrium, intact ventricular 
septum, and mitral valve anomalies including mitral atre- 
sia (9,10,20-22). Coronary artery anomalies occur in about 
10% of patients — the most common being the anomalous 


CHAPTER 51 ■ Double Outlet Right Ventricle 1163 



Figure 51.2. Coronary artery anomalies are of particular importance, because they may alter considerations 
for surgical repair due to their effect on feasibility of conduit placement or coronary transfer. CT angiograms 
demonstrate anomalous coronary origins and the relationship of the coronaries to the sternum well. A: CT angio- 
gram, 3-D reconstruction: The right coronary artery (RCA) arises anteriorly and passes just under the sternum. 
LCA, left coronary artery; PA, pulmonary artery; Ao, aorta. B: CT angiogram, 3-D reconstruction: In a different 
patient, the RCA arises anomalously and crosses anterior to the aorta. Ao, aorta; RCA, right coronary artery. 


origin of the anterior descending coronary artery from the 
right coronary artery. However, coronary artery anomalies 
are of particular importance, because they may alter consid- 
erations for surgical repair due to their effect on feasibility 
of conduit placement or coronary transfer (23) (Fig. 51.2). 
Likewise, associated aortic arch coarctation, hypoplasia, 
or interruption — also found in about 10% of patients — 
significantly increases the complexity of surgical repair 
when present (24,25). 


CLINICAL FEATURES— COMMON VARIANTS 

The clinical features and pathophysiology of DORV are deter- 
mined by the morphologic variant (22). Even within the same 
subtype, there can be substantial variability in the clinical 
presentation. Historically, cardiac catheterization with angi- 
ography and hemodynamic assessment were used routinely 
for diagnostic evaluation. Currently, however, transthoracic 
echocardiography can identify all of the essential anatomic 
features in most cases, and the echocardiogram along with 
bedside pulse oximetry provides definitive diagnosis of the 
pathophysiology noninvasively (26). For patients with com- 
plex aortic arch anatomy, angiography may also be needed 
(27,28). Magnetic resonance imaging (MRI) is helpful to fur- 
ther define the relationship between the VSD and the semilu- 
nar valves in cases in which it is not clear which way to baffle 
the VSD during reparative surgery (29-32). In a minority of 
patients, for example those for whom the technical feasibility 
of a two-ventricle repair is debatable, cardiac catheterization 
is used to define pulmonary vascular resistance to determine 
suitability for a Fontan operation. Hemodynamic assessment 
via cardiac catheterization may also be necessary for another 
small subset of patients in whom the effects of streaming are 
variable and less apparent (10). 


"TETRALOGY TYPE" 


The most common variant is the “tetralogy of Fallot type,” 
with most of the conus under the pulmonary valve and mini- 
mal conal septum under the aorta (Fig. 51.1). This variant, 
also known as “DORV with subaortic VSD with PS,” is 
seen in approximately 40% of cases (9,11). The pulmonary 
valve is positioned anteriorly and superiorly, and the aorta 
overrides the interventricular septum. Blood from the left 
ventricle (LV) passes through the VSD to the aorta. The car- 
diovascular pathophysiology is determined predominantly by 
the degree of PS, which generally increases over time in early 
infancy. Typically there is progressive, dynamic obstruction 
to pulmonary blood flow at the subvalvar level, leading to 
oxygen saturations between 80% and 90% at baseline, with 
further desaturation during agitation. There is the potential 
for hypercyanotic spells as in tetralogy of Fallot. The cardio- 
vascular exam is notable for a long, harsh systolic ejection 
murmur, loudest at the left upper sternal border and caused 
by the subvalvar PS. Since the VSD is not pressure restrictive, 
there is no additional VSD murmur. Infants with this anatomy 
may present as cyanotic neonates if there is severe PS, but 
more often the lesion is detected due to an evaluation per- 
formed because of a murmur. Cyanosis may not be present for 
several weeks, but after that time, it gradually worsens. The 
chest radiograph demonstrates normal to mildly diminished 
pulmonary vascular markings. The electrocardiogram is nota- 
ble for right axis deviation and a right ventricular hypertro- 
phy pattern, with rR', qR, or rsR" pattern; these findings are 
not, however, sufficiently specific to be diagnostic. Echocar- 
diography can clearly define the essential anatomic features 
(Fig. 51.3A,B). In the parasternal long axis view, the absence 
of mitral-aortic continuity is shown as well as the presence 
of a large VSD. Subcostal views highlight the narrow subpul- 
monic tunnel. The apical four-chamber view demonstrates the 
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degree of aortic override over the crest of the interventricular 
septum along with two dimensions of the pathway for clo- 
sure of the VSD to the aorta. Attention must be given to the 
chordal attachments of each AV valve and their relationships 
to the VSD. The diagnosis may be made with fetal echocardi- 
ography; accurate assessment of the relationships of the great 
vessels and the VSD are possible prenatally with enough pre- 
cision to guide surgical planning in most cases with tetralogy 
features (33-35). 

Surgery is indicated to relieve the obstruction to pulmonary 
blood flow and to septate the circulations. For this type of 
DORV, surgical outcomes are excellent in both neonates and 
older infants. Surgical repair as a neonate is indicated when 
there is severe limitation to pulmonary blood flow. In most 
patients, however, surgery is performed electively between 2 
and 4 months of age before the infant becomes excessively 
cyanotic or develops hypercyanotic spells. 


TRANSPOSITION TYPE" 


The second most common variant is the “transposition type” of 
DORV, with a large amount of conal tissue beneath the aorta 
and relatively little beneath the pulmonary artery (Fig. 51.1). 
Other designations for this variant, noted in approximately 
20% of cases, include “Taussig-Bing anomaly” or “DORV 
with subpulmonic VSD” (9,11,36-38). In this type, the aorta 
is pushed anteriorly and superiorly, resulting in rightward 
positioning of the aorta relative to the pulmonary artery. There 
is no pulmonary-mitral continuity. The pathophysiology is 
determined by streaming of blood such that most of the highly 
oxygenated blood from the LV passes through the VSD into 
the pulmonary artery, whereas most of the deoxygenated blood 
from the RV flows directly into the aorta. Thus, there is transpo- 
sition physiology with a pulmonary arterial oxygen saturation 
that is higher than the aortic oxygen saturation. 




Figure 51.3. Echocardiographic views, CT angiogram image, and pathologic specimen of anatomy in “Tetralogy 
type.” A: Echocardiogram, parasternal long axis view: (Left panel) Note lack of mitral-aortic continuity due to 
conal septum beneath the aortic valve ( arrows mark the conal septum). (Right panel, same image with addition 
of color flow mapping) There is no flow disturbance through the ventricular septal defect, which is large and 
not pressure-restrictive. RV, right ventricle; LV, left ventricle; LA, left atrium; AO,aorta. B: Echocardiogram, 
subcostal coronal view: (Left panel) This image demonstrates both great arteries arising from the RV, with conal 
septum separating the aorta and the pulmonary artery. (Right panel, same image with addition of color-flow 
mapping) Color-flow mapping demonstrates mild obstruction in the subvalvar area beneath the pulmonary valve 
due to conal muscle. RV, right ventricle; LV, left ventricle; PA, pulmonary artery; AO, aorta; CS, conal septum. 
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Figure 51,3. (Continued) C: Computed tomography angiogram, oblique image: Similar to the echo subcostal 
view in 3B, CT angiography demonstrates both great arteries arising from the RV, with conal septum separating 
the aorta and the pulmonary artery. RA, right atrium; AO, aorta; PA, pulmonary artery; CS, conal septum; RV, 
right ventricle. (Courtesy of Frandics Chan, M.D., Ph.D, Stanford University) D: Pathologic specimen: The VSD 
is bounded by the underside of the aortic valve and cradled in the arms of the septomarginal trabeculations. The 
pulmonary artery is walled off by infundibular muscle. **, = borders of the VSD, white arrow = coronary artery 
orifice, black arrow = PMC, papillary muscle of the conus, Ao, aorta; PA, pulmonary artery; TVAL, tricuspid 
valve anterior leaflet; TVSL, tricuspid valve septal leaflet. (Courtesy of Diane Spicer, B.S., University of Florida.) 


These patients present as cyanotic neonates, with the degree 
of arterial hypoxemia determined by the degree of stream- 
ing and the presence and size of the interatrial connection 
and ductus arteriosus. The chest radiograph demonstrates a 
normal-sized cardiac silhouette and mildly increased pulmo- 
nary vascular markings. Echocardiography usually provides 
comprehensive anatomic definition with this type as well 
(Fig. 51.4). In particular, subcostal views can demonstrate 
the precise relationship of the great vessels and the length and 
extent of the subaortic conus. When there is significant sub- 
aortic narrowing, there is associated aortic arch hypoplasia, 
which must be imaged from the suprasternal notch views. 
There must be a high index of suspicion for arch hypoplasia 
or interruption in neonates with severe subaortic narrowing 
(Fig. 51.5). Angiography, either via computed tomography or 
via cardiac catheterization, may be required when the arch 
anatomy cannot be fully visualized by echocardiography, espe- 
cially in the face of a patent ductus arteriosus (Fig. 51.6). 

Surgery is indicated to improve systemic oxygenation and 
is performed in the neonatal period. Surgical repair also estab- 
lishes continuity between the LV and the aorta. When there 
is severe hypoxemia with a small interatrial communication, 
balloon atrial septostomy improves atrial mixing sufficiently 
to allow for non-emergent surgical repair in the first weeks of 
life, as is often true for newborns with d-transposition of the 
great arteries and intact ventricular septum. 


"VSD TYPE 


The third common variant is the “VSD type” of DORV, which 
is also known as “DORV with subaortic VSD without PS.” This 
variant is seen in approximately 15% of patients (9,11). In this 
type, there is slightly more conal tissue beneath the pulmonary 


valve than the aortic valve such that the pulmonary valve is still 
anterior, but sufficient conus is beneath the aorta so that the 
aorta is rotated rightward (Fig. 51.1). Because there is bilateral 
conus, there is loss of mitral-aortic continuity; however, the 
subaortic conus is not as large as in the “transposition type,” 
and the subpulmonary conus is not as large as in the “tetralogy 
type.” The pathophysiology is that of a large VSD with sig- 
nificant left-to-right shunting and pulmonary overcirculation. 
As for the other two common variants, echocardiography can 
typically define the essential features of the intracardiac anat- 
omy. Infants typically present with signs of congestive heart 
failure as the pulmonary vascular resistance falls between 4 and 
8 weeks of age. Failure to thrive gradually ensues, as is seen in 
other lesions with excessive pulmonary blood flow. 

Surgery is indicated to eliminate the left-to-right shunt 
with associated high pulmonary blood flow and volume load 
on the left heart. The timing of surgery is elective. How- 
ever, surgical outcomes for this variant are excellent in early 
infancy, and medical management with diuretics and nutri- 
tional supplementation is only temporizing, so there is no 
benefit in deferring surgery once symptoms of pulmonary 
overcirculation arise. 


CLINICAL FEATURES OF LESS COMMON 
VARIANTS 


DORV encompasses a broad range of variation in the spec- 
trum of conotruncal development. In all forms there is bilateral 
conus, but the distribution of the amount of conus beneath each 
semilunar valve is different (Fig. 51.1). Consequently, there are 
many “shades of gray” subtypes. In these, the distribution of 
conal tissue is closer to 50:50 beneath each semilunar valve. 
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Figure 51.4. Echocardiographic views of anatomy in “transposition type.” A: Subcostal coronal view: Aorta and 
pulmonary artery both arise from the RV and are side-by-side in the same plane with the aorta rightward. Rela- 
tively large subaortic conus (small arrow) separates the aorta and pulmonary artery. Aortic valve and ascending 
aorta are hypoplastic. SVC, superior vena cava; AO, aorta; PA, pulmonary artery; RV, right ventricle. B: Sub- 
costal coronal view: Aorta and pulmonary artery both arise from the RV with the aorta rightward and slightly 
anterior. Large subaortic conus separates the aorta and pulmonary artery with narrowing of the egress from the 
LV due to the conal septum and tricuspid valve cordal attachments. RV, right ventricle; LV, left ventricle; PA, 
pulmonary artery; AO, aorta; CS, conal septum; TV cord, tricuspid valve cordal attachment. C: Parasternal long 
axis view: Aorta and pulmonary artery both arise from the RV with the aorta rightward and anterior. There 
is tissue beneath the pulmonary valve (small arrow); due to this subvalvar obstruction, the pulmonary artery is 
relatively small compared to the aorta. RV. right ventricle; LV, left ventricle; AO, aorta; PA, Pulmonary artery; A, 
atrium. D: Subcostal coronal view: Aorta and pulmonary artery both arise from the RV, side-by-side, in the same 
plane with the aorta rightward. Aortic valve leaflet tips marked with small arrows. Note subaortic obstruction 
due to large subaortic conus (vertical arrow). Due to the subaortic obstruction, the aortic valve and ascending 
aorta are relatively hypoplastic. VSD demarcated by arrows at the crest of the interventricular septum and at the 
small rim of conal septum beneath the pulmonary valve. RV, right ventricle; LV, left ventricle; AO, aortic valve; 
PA, pulmonary artery. 
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Figure 51.4. (Continued) E: Fetal echocardiogram in Taussig- 
Bing heart: Aorta and pulmonary artery both arise from RV, 
side-by-side with the aorta rightward. Small arrow marks conal 
septum. RV, right ventricle; LV, left ventricle; AO, aorta; PA, 
pulmonary artery; DAO, descending aorta. 

In these variants, because the anatomy is more ambigu- 
ous, the diagnostic evaluation should be as comprehensive as 
possible, and serial assessments over time using complemen- 
tary imaging modalities may be needed to plan the optimal 
approach and timing of surgical repair. Often even with a 
comprehensive preoperative diagnostic evaluation, the ulti- 
mate decision making will depend on intraoperative inspec- 
tion of the anatomy and potential approaches to VSD closure 
by the surgeon. 

Discussion of all of the possible morphologic combinations 
of DORV is invigorating to the experienced cardiologist and 
surgeon because of the uniqueness of each patient; however, 
it may be cumbersome for those gaining mastery of the lesion. 
One of the less common variants, DORV with noncommitted 
VSD, warrants specific attention because it presents difficult 
management decisions, and as such constitutes a high-risk sub- 
group. Additionally, patients with this variant, who in the past 
either were marginally palliated in infancy or were deemed 
inoperable, are now resurfacing as adolescents and young 
adults for consideration for technically challenging operations. 


DORV WITH "NONCOMMITTED VSD" 

DORV with a “noncommitted VSD” occurs in slightly <10% 
of cases (9,11). In this subtype, there is a significant amount 
of conus beneath each great vessel such that neither vessel 
is truly posterior, and the interventricular connection is not 
directly related to either great vessel. Since both great arteries 
are rotated somewhat superiorly, the typically positioned VSD 
opens primarily into the body of the RV. Alternatively, there 
may be a muscular VSD connecting to the inlet or apical part 
of the RV. The pathophysiology of these variants is complete 
admixture. There may be little or no obstruction to flow to 
the pulmonary or systemic circulations, or there may be some 
degree of subvalvar and valvar pulmonic stenosis resulting 


either in balanced circulations or inadequate pulmonary blood 
flow. Complete repair in early infancy is seldom technically 
feasible. No operation may be necessary early in life, but if 
PS causing hypoxemia is present, a palliative aortopulmonary 
shunt may be required to increase the systemic oxygen level. 

As with other forms of DORV, echocardiography is used to 
define the relationships of the great vessels, the relative posi- 
tion of the VSD to the great vessels, the anatomy of the sub- 
valvar regions and the semilunar valves, and the adequacy of 
both ventricles (Fig. 51.7). Particular attention must be paid 
to the attachments of the AV valves, especially the tricuspid 
valve leaflets, which may be interposed between the VSD 
and the great arteries in a way that may impact VSD closure. 
Echocardiography, angiography, and MRI are complementary 
in defining a potential surgical pathway for VSD closure. MRI 
in particular allows for 3-D imaging of the potential pathway 
from LV to aorta and also may provide superior imaging in 
older patients whose body habitus precludes excellent tran- 
sthoracic echocardiographic imaging. Cardiac catheterization 
provides definition of the size and shape of the VSD and its 
relationship to the great vessels, and it allows assessment of 
the pulmonary vascular resistance. Catheterization is advis- 
able when it remains debatable whether the VSD can be closed 
to direct flow to either great vessel; for these patients, a Fon- 
tan operation is typically the fallback option intraoperatively. 

Because these repairs are technically complex, and because 
the VSD patch may encroach upon the RV cavity, repair of 
this subtype is generally deferred until the patient is at least 
several years of age. Young adult patients presenting for 
evaluation without detailed information about their prior 
care warrant special attention. Because serial data or multi- 
ple prior echocardiograms for comparison of the anatomy are 
often not available, obtaining multiple complementary imag- 
ing studies is critical. Although intraoperative inspection of 
the anatomy is always necessary, obtaining comprehensive 
anatomic detail preoperatively minimizes the additional time 
on cardiopulmonary bypass required to determine the opti- 
mal operation. This is an important consideration since the 
bypass times for these patients are typically prolonged due to 
the technical complexity. 


OTHER LESS COMMON VARIANTS 


DORV with “doubly committed VSD” occurs in approxi- 
mately 10% of cases (9,11). In this variant, only fibrous as 
opposed to muscular conal septum separates the leaflets of the 
pulmonary and aortic valves (Fig. 51.8). Both great vessels 
override the crest of the ventricular septum. The VSD is in the 
typical position, cradled between the limbs of the septomar- 
ginal trabeculation. The pathophysiology is predominantly 
left-to-right shunting with pulmonary overcirculation. Surgi- 
cal VSD closure directs flow from the LV to the posterior and 
rightward aorta. 

DORV occurs with mitral atresia and with AV canal defects 
in the constellation of heterotaxy syndrome. DORV is also 
noted with AV discordance. 


HISTORY OF SURGICAL REPAIR OF DOUBLE 
OUTLET RIGHT VENTRICLE 


The first successful correction of DORV was performed by 
Kirklin and associates in 1957 and subsequently by Barratt- 
Boyes and associates in 1958 (39, 40). Although these first 
repairs were for “VSD type” DORV, since that time, a large 
number of surgical reports have appeared including “tetralogy 





Figure 51.5. Series of views of a pathologic specimen demonstrating Taussig-Bing anomaly with interrupted 
aortic arch. These images are all from the same specimen, which has been opened from different perspectives in 
each view to demonstrate different anatomic elements optimally. A: The specimen was dissected into the RV. The 
delimiting coronary artery, the LAD, is shown. Both the aorta and the pulmonary artery arise from the RV. The 
aorta is smaller and rightward. The innominate artery and left common carotid arise from the ascending aorta. 
The ductus arteriosus arises from the pulmonary artery. The ductus arteriosus supplies the descending aorta and 
the left subclavian artery. RV, right ventricle; LV, left ventricle; LAD, left anterior descending coronary artery; 
MPA, main pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery; Ao, aorta; PDA, patent 
ductus arteriosus; IA, innominate artery; LCC, left common carotid artery; DAo, descending aorta; LSCA, left 
subclavian artery. B: In this view of the same specimen, the large circular tube of conal septum (CS) has been cut 
through to show the aorta, the coronary artery (small arrow), and the papillary muscle of the conus (small arrow). 
Ao, aorta; MPA, main pulmonary artery; LAD, left anterior descending coronary artery. C: The conal septum has 
been moved toward the RV. In this view, note the VSD just inferior to the pulmonary artery. The papillary muscle 
of the conus can be seen attached to the malaligned conal septum. LAD, left anterior descending coronary artery; 
MPA, main pulmonary artery; Ao, aorta; CS, conal septum; VSD, ventricular septal defect. D: Left ventricular 
view demonstrates that the only egress from the left ventricle is through the VSD, which is immediately inferior 
to the pulmonary artery. Note proximity of the VSD to the cusps of the pulmonary valve (small arrows) as well 
as the fibrous continuity between the anterior leaflet of the mitral valve and the pulmonary valve cusps. MPA, 
main pulmonary artery; VSD, ventricular septal defect; MV, mitral valve; PV Cusp, cusp of pulmonary valve. 
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Figure 51.6 For patients with complex aortic arch anatomy, 
angiography may further define associated aortic arch coarcta- 
tion, hypoplasia, or interruption. CT angiogram: Hypoplastic 
ascending aorta nearly side by side and leftward of the pulmo- 
nary artery with associated aortic arch hypoplasia. PA, Pulmo- 
nary artery; Ao, Aorta; LV, Left ventricle; RV, Right ventricle; 
RA, right atrium; H, Head; R, Right; F, Front; L, Left 



Figure 51.8. Echocardiogram of DORV with doubly commit- 
ted VSD. Subcostal coronal view demonstrates VSD in conti- 
nuity with both great arteries (arrows demonstrate egress to 
both aorta and pulmonary artery). RV, right ventricle; AO, 
aorta; PA, pulmonary artery; RA, right atrium. 


ESSENTIAL DETERMINANTS OF SURGICAL 
CORRECTION AND TIMING OF THE OPERATION 


type,” “transposition type,” and “noncommitted type” by 
multiple surgical teams (41-45). Because of the complexity of 
the lesion and associated anomalies, various surgical proce- 
dures have been described over time. Due to the variety of 
procedures described, surgical planning must be applied to 
individual patients based on their specific cardiac anatomy. 



Figure 51.7. Echocardiogram of DORV with noncommitted 
VSD. Subcostal coronal view demonstrates the VSD (arrows 
mark the crest of the interventricular septum and the tip of the 
conal septum), which is remote from both great arteries due to 
bilateral conus. VSD, ventricular septal defect; AO, aorta; PA, 
pulmonary artery. 


It is not an exaggeration to state that surgical decision making 
for DORV is the most complicated in congenital heart sur- 
gery. Surgical decisions depend not only on specific anatomic 
features, but also on the patient’s age, body size, and clinical 
condition and the surgeon’s skill. Because each patient may be 
sufficiently unique to require an individual approach, repeated 
imaging with transthoracic or transesophageal echocardiog- 
raphy, angiography, computed tomography, or MRI may be 
required to obtain a precise anatomic roadmap. The relatively 
poor outcomes in the early years of surgery for DORV were 
due in part to the lack of precise anatomic definition and rec- 
ognition of associated lesions. 

Several anatomic features must be identified and defined 
well to allow for optimal surgical decision making (Table 51.1). 
The exact position, size, and number of VSDs are crucial to 
decide the type of repair. In addition, the relationship of the 


table 51.1 


Essential Anatomic Determinants 
of Method of Surgical Repair of 
DORV 


The position, size, and number of VSD(s) and its relationship 
to the conduction system 


The distance between the tricuspid valve and the pulmonary 
valve 

Straddling or overriding of the AV valve 
Relationship of the great arteries 


Presence of pulmonary (right ventricular outflow tract) stenosis 
Presence of aortic (left ventricular outflow tract) stenosis 


Coronary artery anatomy 
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"VSD type": one-stage complete repair as a neonate or 
young infant because of pulmonary overcirculation 

"Transposition type": one-stage complete repair as a 
neonate before the LV becomes unprepared 

"Tetralogy type": one-stage repair within a few months of 
birth, or two stages with an initial palliative shunt followed by 
complete repair >6 mo of age 

"Noncommitted type": complete biventricular repair is usually 
deferred beyond 6 mo of age because of the complexity of the 
baffle. Initial palliation with either an aortopulmonary shunt or 
pulmonary artery band may be needed. 


conduction system to the VSD is important, because some 
VSDs must be enlarged to create a sufficient pathway for intra- 
cardiac baffling. The distance between the tricuspid valve and 
the pulmonary valve should be large enough to employ a LV- 
to-aorta baffle repair. If papillary muscle tissue is located in the 
pathway from the LV to aorta, relocation of the papillary mus- 
cle or valve replacement may need to be considered. An exam- 
ple of this situation would be straddling or severe overriding of 
the AV valve (46). If an adequate pathway cannot be achieved, 
a Fontan operation is required. In the current era, coronary 
artery anomalies are less challenging technically. However, the 
exact course of the coronary arteries is relevant to plan for 
coronary transfer and/or right ventriculotomy, if required. 

The timing of the surgical intervention depends on the type 
of DORV and the specifics of the procedure (Table 51.2). In gen- 
eral, patients with “VSD type” DORV develop clinical signs of 
pulmonary overcirculation as young infants from an unrestric- 
tive VSD and usually require intracardiac repair. Patients with 
“transposition type” DORV develop progressive cyanosis and 
should undergo surgical repair as neonates while the LV remains 
prepared for systemic after load. Patients with “tetralogy type” 
DORV show signs of cyanosis and require surgery in the first 
several months of life. However, because of the complexity of 
the intracardiac baffle and right ventricular outflow reconstruc- 
tion, some surgeons opt for initial palliation with a systemic- 
to-pulmonary artery shunt and defer corrective surgery beyond 
6 months of age. Patients with “noncommitted type” DORV 
often require complex intracardiac baffling. Because of the 
complexity of intracardiac repair, many surgeons prefer to defer 
corrective surgery and initially palliate those infants and young 
children who become symptomatic in the first 1 to 2 years of 
life. Lastly, for those whose anatomy precludes complex repair 
and a Fontan operation is the final palliation, an aortopulmo- 
nary shunt or pulmonary artery band is often selected as the 
initial technique to control pulmonary blood flow. 


TYPES OF SURGERY AND SURGICAL STRATEGY 


Historically, beginning with simple VSD closure in “VSD type” 
DORV, various surgeries have been proposed for the multiple 
forms of DORV (Table 51.3). These range from simple VSD 
closure to arterial switch to the highly complicated types of 
surgery such as aortic translocation (47). Some techniques 
are no longer employed because of poor outcomes, and oth- 
ers are not preferred because of the complexity of the proce- 
dure. In order to appreciate the strategic approach to surgical 


I Possible Surgical Procedures 
Bj for DORV 

Palliation (banding or systemic-to-pulmonary shunt) 
LV-to-aorta baffle closure (intracardiac rerouting) 

Simple VSD closure (subaortic VSD type) 

Patrick-McGoon 

Kawashima (for original Taussig-Bing anomaly) 
Intraventricular repair with RVOT reconstruction 
Rastelli 

REV(Lecompte) 

Switch operation 
Arterial switch operation (Jatene) 

Atrial switch operation (Senning, Mustard) 

Switch with RVOT reconstruction 
Switch + Rastelli (or REV) 

Aortic translocation (Nikaidoh, double root, truncal switch) 
Single ventricle approach 
Bidirectional Glenn shunt 

Fontan operation 

Biventricular repair with DKS 
Yasui procedure 

VSD, ventricular septal defect; RVOT, right ventricular outflow tract; DKS, 
Damus-Kaye-Stansel. 


management of DORV, the following principles should be 
applied: (a) biventricular repair is performed if it is feasible, 
and (b) an adequate left ventricular outflow tract must be 
created, even if it compromises the right ventricular outflow 
(the right ventricular outflow tract can be reconstructed by 
infundibulectomy, valvotomy, gusset or conduit). The primary 
reason multiple surgical approaches have been proposed is 
that the left ventricular outflow tract must be created without 
obstruction in multiple anatomic variants. In addition, many 
variations have been proposed for surgical right ventricular 
outflow tract reconstruction. 

In thinking of the surgical strategy for DORV, it is impor- 
tant to understand the patient’s cardiovascular physiology. The 
surgical correction should also be a physiologic correction. For 
“VSD type” DORV, the purpose of the surgery physiologically 
is to eliminate the left-to-right shunt. This can be achieved by 
closing the VSD. In “transposition type” DORV, the ventricu- 
lar outflows must be switched to achieve normal two-ventricle 
physiology. In “tetralogy type” DORV, routing blood from the 
LV to the aorta with enlargement of right ventricular outflow 
tract is required. After determining each patient’s physiology, 
the anatomic features are identified to determine which surgi- 
cal procedure is feasible (Figs. 51.9 and 51.10). 

First, the sizes of the ventricles and AV valves should be 
measured. If the sizes of the ventricles and AV valves are ade- 
quate, a biventricular repair is planned. If the tricuspid valve 
or RV is small, a “one and one-half ventricle” repair can be 
selected. In this approach, the systemic and pulmonary circu- 
lations are fully separated, but the RV only pumps systemic 
venous blood from the inferior vena cava (I VC) to the lungs; 
blood from the SVC enters the lungs by a cavopulmonary 
anastomosis (typically a bidirectional Glenn shunt). Therefore, 
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Sizes of ventricles and atrioventricular valves are adequate 
/ Yes 



VSD to AV baffle can be created without LVOT obstruction 

Glenn/Fontan 

Yes No 

Any obstruction in PV or RVOT? VSD to pv baff,e can be created 

without obstruction 

Yes 



Any obstruction in Neo PV or RVOT? 

No/ / es 



SV approach 
Glenn/Fontan 


Simple IVR 


IVR with RVOT 


Switch 


Switch with RVOT reconstruction 

Simple VSD closure 

reconstruction 

Arterial switch Switch + Rastelli 


Patrick-McGoon 

Kawashima 


Rastelli 

REV (Lecompte) 


Atrial switch Switch + REV 

(Senning, Mustard) Nikaidoh (aortic translocation) 
Double root translocation 
Truncal switch (Yamagishi) 


Figure 51.9. Anatomical approach to the 
repair of the various anatomic subtypes of 
DORV. SV, single ventricle; PV, pulmonary 
valve; RVOT, right ventricular outflow tract; 
VSD, vetricular septal defects; DKS, Damus- 
Kaye-Stansel; RV-PA, right ventricle to pul- 
monary artery; IVR, intraventricular repair. 


the RV is only required to pump IVC blood, since blood from 
the SVC is diverted directly into the pulmonary arteries. 

Second, a determination must be made about whether a LV- 
to-aortic baffle can be created without creating any LV outflow 
tract obstruction. For this purpose, the distance between the 
tricuspid valve and pulmonary valve should be greater than 
normal. Some VSDs need to be enlarged, if possible, or the 
outlet septum should be resected. Some papillary muscles may 
need to be reattached. Most “VSD type” DORV patients can 
be repaired by simple patch closure of the VSD. In some cases 
of “transposition type,” this type of repair is also technically 
feasible and can be successful. Other approaches to “transpo- 
sition type” DORV include the Patrick-McGoon procedure (if 
great vessel relationships are anterior-posterior or 1-position 
with a large VSD) or a Kawashima procedure (Taussig-Bing 
anatomy with a large distance between the tricuspid valve and 
pulmonary valve) (41,42). Currently, however, because of the 
complexity of the intracardiac baffling techniques, an arterial 
switch operation is preferred, if possible (48,49). If right ven- 
tricular outflow reconstruction is required due to stenosis, a 
Rastelli procedure (right ventricle-to-pulmonary artery con- 
duit) or REV procedure (Lecompte) is chosen (50,51). 

Third, when a left ventricle-to-aortic baffle cannot be cre- 
ated, but a left ventricle- to-pulmonary valve pathway can be 
constructed without any stenosis, an arterial switch operation 
can be performed. In the past, an atrial switch operation with an 
intraventricular tunnel repair was used. However, this strategy 
has produced poor results in general, including hospital mortal- 
ity rates as high as 30% to 40% (52,53). For this reason it is no 
longer employed. If there is any stenosis in the right ventricle-to- 
pulmonary artery route, a Rastelli conduit or REV procedure is 
added to the arterial switch. For this group of patients, and as an 
alternative to the arterial switch with right ventricular outflow 
tract reconstruction, more complicated approaches such as the 
Nikaidoh procedure (aortic translocation), double root translo- 
cation, or truncal switch operation were described (47,54,55). 

If neither a LV-to-aortic valve nor a pulmonary valve 
pathway can be created without obstruction, a Damus-Kaye- 
Stansel (DKS) anastomosis with right ventricle-to-pulmonary 
artery conduit (Yasui procedure) for biventricular repair can 
be performed (56). Otherwise, conversion to a Fontan path- 
way is chosen. In some patients in whom straddling of the 
right or left AV valve complicates the anatomy of the VSD, 


septation may not be possible without replacement of the 
straddling valve. Alternatively, if the pulmonary pressure and 
resistance are low, definitive palliation can be achieved in a 
stepwise fashion by an initial bidirectional Glenn shunt fol- 
lowed by a Fontan operation. 


SURGICAL OUTCOMES 


Mortality for repair of DORV depends on the anatomic vari- 
ant and presence of any associated anomalies. Overall, early 
mortality for repair of DORV has been reported to range from 
2% to 9%, and 15 -year overall survival ranges from 56 % to 
90% in most recent large series (57-61). 

In 1997, Kleinert et al. reported 193 DORV patients oper- 
ated at Royal Children’s Hospital in Melbourne from 1978 to 
1993 (24). They divided patients into two groups. Patients in 
group 1 had AV concordance, a single VSD, balanced ventri- 
cle size, no straddling AV valve tissue, and no major pulmo- 
nary artery anomaly. Patients in group 2 were complex; they 
had multiple VSDs, straddling AV valve tissue, and ventricu- 
lar hypoplasia. Of the 193 patients, 148 had a biventricular 
repair. Early mortality in group 1 was 3.6% versus 22% in 
group 2. Risk factors for mortality were multiple VSDs, opera- 
tion before 1985, and aortic arch obstruction. 

In 1999, Masuda et al. reported a series of 27 DORV patients 
with subpulmonary VSD (62). There was one operative death 
(3.7%) and three late deaths. The actuarial survival rate was 
83% at 9 years. In 2001, Brown et al. reviewed 124 DORV 
patients from 1980 to 2000 (57). In this series, the early mortal- 
ity was 4.8%; survival at 15 years was 95.8% for non-complex 
patients, 89.7% for subpulmonary VSD patients, and 89.5% for 
patients with straddling AV valve or hypoplastic ventricle. 

In 2001, Takeuchi et al. reported the experience of patients 
with DORV and a subpulmonary VSD at Children’s Hospi- 
tal, Boston, from 1992 to 1999 (58). Of 34 total patients, 20 
patients underwent an arterial switch operation and 12 under- 
went a bidirectional Glenn procedure followed by a modified 
Fontan. There were no deaths in the Glenn/Fontan group. Four 
patients in the arterial switch operation group died within 33 
days of surgery. Actual survival at 5 years for the entire group 
was 87%. 
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Figure 51.10. A-C Surgical repair of the 
“VSD type” (A), “transposition type” (B), 
and “tetralogy type” (C) DORV. In each dia- 
gram, a cross section (superior to inferior) 
of the RV is shown along with the location 
of the VSD (shaded oval) and the position 
of the great arteries relative to the VSD. In 
the “transposition type” DORV diagram, 
the great arteries have been switched surgi- 
cally (indicated by suture lines in each great 
artery). 



In 2002, Lacour-Gayet et al. reported 10 patients with 
DORV with noncommitted VSD repaired by intracardiac 
rerouting to the pulmonary artery and arterial switch (63). At 
a mean follow-up of 20 months, there was one non-cardiac 
death, and all nine survivors had normal sinus rhythm and 
subaortic gradients <15 mm Hg. 

In 2007, Bradley et al. published a review of 393 children 
with DORV at the Hospital for Sick Children in Toronto (64). 
These patients were classified as follows: subaortic VSD with 
or without pulmonary stenosis in 47%, subpulmonic VSD 
in 23%, noncommitted VSD in 26%, and doubly commit- 
ted VSD in 4%. Biventricular repair was performed in 55% 
at a median age of 10 months, and a Fontan operation was 
performed in 23% at a median age of 3.7 years. Overall sur- 
vival was 56% at 15 years. Interestingly, for complex DORV, 


a Rastelli-type repair increased the early reintervention risk (p 
= 0.04) and late post-repair mortality ( p = 0.02), whereas the 
arterial switch operation increased early post-repair mortality 
(p = 0.02) but improved late post-repair survival. They con- 
cluded that extending biventricular repair to borderline ana- 
tomic candidates who had hypoplastic left-sided structures or 
a non-subaortic VSD is a questionable strategy. 


REINTERVENTION AND RE0PERATI0N 


In patients with simpler forms of DORV such as “VSD type” 
or “tetralogy type,” freedom from reoperation is excellent and 
comparable to the outcomes of patients with simple VSD and 
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tetralogy of Fallot (57,64,65). However, patients who undergo 
a Rastelli-type repair require one or more right-ventricle-to- 
pulmonary artery conduit replacements. 

Patients with a complex intracardiac baffle are at substan- 
tial risk of left ventricular outflow tract obstruction. The risk 
of reoperation has been reported to vary from 5% to 50%, 
and this risk is particularly high in those with a subpulmonary 
VSD (66). 

The survival of patients with “transposition type” DORV is 
now comparable to the outcomes of those with uncomplicated 
d-transposition of the great arteries (67). However, neoaortic 
valve regurgitation in these patients is more common than in 
uncomplicated D-transposition of the great arteries, implying 
that they may need future aortic valve repair or replacement (67). 


MANAGEMENT OF THE ADULT WITH DORV 

The surgical treatment of DORV is so varied that the appro- 
priate follow up depends on multiple factors including the 
patient’s condition, type of repair, and residual lesion(s), if 
any. The American College of Cardiology/American Heart 
Association (ACC/AHA) and Canadian Cardiovascular Soci- 
ety have published consensus guidelines for the management 
of adults with VSD, D-transposition of the great arteries, 
tetralogy of Fallot, and single ventricle with a Fontan opera- 
tion individually, and these types of DORV patients should 
be managed according to the appropriate diagnosis-specific 
guidelines (68,69). All patients with DORV, whether they have 
undergone surgery or not, can benefit from regular follow up 
with a cardiologist who has expertise and experience in the 
management of adults with congenital heart disease. Exer- 
cise intolerance and decline in functional status are important 
changes that should alert the cardiologist to the possibility of 
either a residual lesion or reduction in ventricular function. 
Patients with DORV, whether operated on or not, are at risk of 
both atrial and ventricular arrhythmias. Arrhythmia in these 
patients is typically caused by progressive, abnormal hemody- 
namics leading to chamber dilatation and/or hypertrophy with 
resultant ventricular dysfunction. Right bundle branch block 
and QRS prolongation after repair are common and may sug- 
gest an increased risk of sustained ventricular tachycardia and 
sudden cardiac death (70). These and other complications 
associated with DORV in adults are listed in Table 51.4. 

Successful pregnancy and delivery after biventricular repair 
of DORV have been reported (71). When complications occur, 


Complications Associated with 
DORV in Adults 


LV outflow tract obstruction 

RV outflow tract obstruction and pulmonary regurgitation 

Failure of the right ventricle-to-pulmonary artery conduit 
(stenosis or regurgitation) 

Aortic valve regurgitation (following arterial switch 
operation) 

Coronary artery stenosis (following coronary transfer) 
Right ventricle failure 

Arrhythmia (atrial or ventricular) and sudden death 

Endocarditis 

Thromboembolic event 


they are primarily non-cardiac, and the cardiac complications 
are less common and typically minor in comparison. However, 
infertility and menstrual cycle disorders appear to be more 
prevalent. Because of the lack of large studies with follow- 
up data on DORV patients, it seems reasonable to monitor 
pregnancy closely in “tetralogy type” patients with a subaortic 
VSD who underwent intracardiac biventricular repair. Gen- 
erally, patients with a biventricular repair should have a low 
pregnancy risk, assuming good biventricular function, normal 
oxygen saturations, and absence of significant residual lesions 
causing hemodynamic effects (72,73). For patients with a Fon- 
tan palliation, successful pregnancy and delivery after a Fon- 
tan procedure for DORV have been reported (74). 

Patients following DORV repair do not require routine 
endocarditis prophylaxis except in the following situations: 
prosthetic cardiac valve or device, previous endocarditis, for the 
first 6 months after intervention, and residual defect(s) at the 
site or adjacent to the site of a prosthetic patch or device (75). 
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NOMENCLATURE 


Considerable controversy exists regarding the definition, clas- 
sification, and nomenclature for various forms of complex 
congenital heart disease. As a result, the potential exists for 
confusion and misunderstanding both between and within 
institutions. This is especially true for the nomenclature of 
hearts with a large dominant ventricle and a small rudimentary 
ventricle. Terms that have been used to describe this group of 
hearts include single ventricle, univentncular heart, common 
ventricle and, more recently, single functional ventricle. 

Van Praagh et al. (1) have emphasized that it is inaccurate 
to label hearts in this category as “single ventricle,” given that 
there are always two ventricular chambers present in mamma- 
lian hearts. In the late 1970s and early 1980s, Anderson et al. 
(2,3) attempted to clarify the classification of these hearts by 
introducing a new definition for what constitutes a ventricle. 
This definition was based on several important observations. 
First, normal ventricles possess an inlet, trabecular, and outlet 
portion. The inlet portion extends from the atrioventricular 
(AV) annulus to the insertions of the papillary muscles and 
does not require a perforate AV valve annulus. The trabecu- 
lar portion exists between the inlet and outlet portions and 
includes the ventricular apex. Finally, the outlet portion of the 
ventricle includes the nontrabeculated region beneath a semi- 
lunar valve. The second observation that Anderson et al. based 
their definition on was that in the normal heart the inlet and 
outlet portions of the morphologic left ventricle (LV) are in 
fibrous continuity. But, in a morphologic right ventricle, the 
inlet and outlet portions are separated from one another by 
the crista supraventricularis. Their final observation that they 
based their definition of a ventricle on was that in the normal 
heart, each trabecular zone receives its own inlet. Based on 
these observations, Anderson et al. proposed that a chamber 
must have 50% or more of an inlet portion to be classified as 
a ventricle and need not have an outlet portion. Chambers 
receiving <50% of an inlet were defined as rudimentary cham- 
bers. Rudimentary chambers consisting of an outlet portion 
were classified further as an “outlet chamber.” Those possess- 
ing only a trabecular zone were called “trabecular pouches.” 
Based on these rules, Anderson et al. used the term univen- 
tricular heart of left ventricular type to describe hearts in 
which the dominant chamber was morphologically a LV and 
the rudimentary chamber had characteristics of the trabecular 
portion of a right ventricle. They used the term univentricular 
heart of the right ventricular type to describe hearts in which 
the dominant chamber was morphologically a right ventricle 
and the rudimentary chamber had the characteristics of the 
trabecular portion of a LV. 

While their definitions have been accepted by many, other 
investigators believed these definitions were confusing, argu- 
ing that using the term “univentricular heart” is misleading 
because all hearts have two ventricular chambers. As result, in 
the late 1970s and early 1980s, many other authors continued 


to describe these hearts based upon their abnormal AV connec- 
tion, and preferred terms such as double inlet LV and tricuspid 
atresia. In 1984, in response to arguments against their defi- 
nition of a ventricle, Anderson et al. (2) introduced the term 
“univentricular AV connection” to describe hearts in which 
both inlets (whether patent or not) were committed primar- 
ily to one dominant ventricle. In this system, the emphasis is 
on the use of the sequential segmental approach to define the 
dominant ventricular morphology present, the position and 
morphology of the rudimentary ventricle, the type of AV con- 
nection, and, finally, the position of the semilunar valves. 

As discussed in some detail by Edwards and Maleszewski 
in Chapter 2, there are six possible AV connections. Two are 
biventricular (concordance and discordance), one is ambigu- 
ous (in cases of atrial isomerism), and three are univentricu- 
lar (double inlet, single inlet, and common inlet). We prefer 
the definition of a ventricle as an endocardial-lined chamber 
within the ventricular mass, regardless of the ventricular com- 
ponents that are present or absent. The term “single functional 
ventricle” encompasses hearts with a small nonfunctional ven- 
tricle and includes hearts with univentricular AV connections, 
as well as those with an atretic semilunar valve and an intact 
ventricular septum (the hypoplastic left and right heart syn- 
dromes). Patients with any type of single functional ventricle 
are amenable to a modified Fontan type of surgical repair. 

Throughout the remainder of this chapter we will use the 
sequential segmental approach to discuss conditions resulting 
in a univentricular AV connection (aortic or pulmonary atre- 
sia with an intact septum are discussed in two Chapters 41 
and 48). For each condition, we will describe the dominant 
ventricular morphology as left or right, the type of AV connec- 
tion, the position and morphology of the hypoplastic ventricle, 
and the spatial relationship of the great arteries. We will use 
the term “single functional ventricle” to help avoid any con- 
ceptual confusion that terms like “univentricular heart” and 
“single ventricle” might cause. 


PATHOLOGIC ANATOMY 


Ventricular Morphology 

The most common form of univentricular AV connection is a 
double inlet LV with a hypoplastic right ventricle (1). In this 
anomaly, the rudimentary right ventricle is located anterior 
and superior to the dominant left ventricular chamber and 
most commonly connects to the ascending aorta (ventriculoar- 
terial discordance). If the hypoplastic right ventricle lies along 
the right shoulder of the heart, the sidedness of the dominant 
LV will be normal, and if it is found on the left shoulder of 
the heart, then the left ventricular sidedness will be the mir- 
ror image (ventricular inversion or L-loop ventricles). In the 
dominant chamber, direct continuity between one or both AV 
valves and the semilunar valve establishes its morphology as 
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left ventricular. In short axis, the plane of the ventricular sep- 
tum will be angled rather than perpendicular to the diaphrag- 
matic ventricular wall and it will be displaced superiorly. 

Double inlet right ventricle is an exceedingly rare anomaly. 
In this condition, the hypoplastic left ventricular chamber 
will be located along the inferior (diaphragmatic) aspect of 
the heart, usually to the right or left of midline. Only rarely 
will the hypoplastic chamber give rise to a great artery. Conse- 
quently, the ventriculoarterial connections are almost always 
right ventricular and may be double outlet, common outlet 
(truncus arteriosus), or single outlet (with pulmonary or aortic 
atresia). Demonstration of separation of the AV valves from 
the semilunar valves by a collar of myocardium (the conus, 
infundibulum, or outflow tract) will establish the morphology 
of the dominant chamber as right ventricular. 

Rarely, the morphology of neither the dominant chamber 
nor the hypoplastic chamber can be determined with certainty. 
Such cases are typically categorized as single functional ventri- 
cle of undifferentiated or indeterminate type. 

Atrioventricular Connections 

A double inlet AV connection is almost always associated with a 
dominant morphologic LV. In this situation, both atria connect to 
the dominant ventricle by two distinct AV valves, which are usu- 
ally mirror-image morphologic mitral valves, thus fulfilling the 
embryologic concept that AV valve morphology always corre- 
sponds to the morphology of the ventricle to which they connect 
(Fig. 52.1). When one of the valves straddles into the hypoplastic 
right ventricle, it will have a hybrid mitral-tricuspid morphology. 
In such hearts, the AV valves should be labeled as “right” and 
“left” rather than ambiguously as “mitral” and “mitral.” 

In contrast, in hearts with a common inlet AV connection, 
the dominant ventricle is almost always of right ventricular 
morphology. It should be noted that common inlet right ven- 
tricle occurs much less frequently than double inlet LV (12% 
vs. 88%) (4). 

The third form of univentricular AV connection is a sin- 
gle inlet ventricle, which includes tricuspid atresia and mitral 
atresia (discussed in detail in Chapters 38 and 48). These are 
characterized either by an imperforate valve orifice with a 
fibrous plug or by absence of the AV connection such that the 
corresponding atrium and ventricle are completely separated 
from one another (Fig. 52.2 and 52.3). 

Annular, rather than cordal, features are used to determine 
AV connections. Overriding refers to partial commitment of an 
AV valve annulus to the contralateral ventricular chamber and 
results from malalignment of the atrial and ventricular septa. 



Figure 52.2. Double inlet with single AV valve. Echocardio- 
gram demonstrating an apical four-chamber view. There is 
DILV with atresia of the right AV valve. Note that the atretic 
right AV valve plate (arrow) is directed to the main ventricular 
chamber (MVC) of left ventricular morphology with malalign- 
ment of the atrial and ventricular septa. I, inferior; L, left; LA, 
left atrium; OC, outlet chamber of right ventricular morphol- 
ogy; PV, pulmonary vein; R, right; RA, right atrium; S, supe- 
rior; SR, ventricular septal remnant. (From Seward JB, Tajik 
AJ, Hagler DJ, et al. Two-dimensional echocardiographic 
Atlas. Vol. 1. Congenital Heart Disease. New York, NY: 
Springer-Verlag, 1987:250, with permission.) 


It can influence the determination of an AV connection. The 
percentage of annular commitment to a ventricular chamber 
relative to the position of the ventricular septum determines 
the AV connection to a ventricular chamber. In the setting of 
an overriding AV valve, an atrium is considered to connect 
to the ventricle into which 50% of its valve empties. Thus, 
an annular commitment of 50% or more to a ventricular 





Common Inlet 


Figure 52.1. Univentricular AV connection. Schematic illustrating three basic types of univentricular connection: 
double inlet, single inlet, and common inlet. LA, left atrium; RA, right atrium; V, ventricle. 
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Figure 52.3. Angiographic, pathologic, and echocardiographic correlation in single-inlet LV. A,B: Anteroposte- 
rior and lateral views of a selective injection into the LV or main ventricular chamber (MVC) with absent right 
AV valve or tricuspid atresia. A hypoplastic right ventricular outlet chamber (OC) is observed anteriorly and 
supplies the pulmonary artery (PT). The great arteries are normally related, with the aorta (Ao) originating from 
the LV. C, catheter. C,D: Pathologic and echocardiographic comparison of findings observed in absent right 
AV valve. The specimen is cut similarly to the echocardiographic four-chamber view. The small arrow points 
to a tiny slit-like remnant of right ventricle. The main ventricular chamber (MVC) is the morphologic LV. The 
arrowhead points to the junction of the atrial and ventricular septa (VS), which are aligned. Only the left AV 
(mitral) valve (L) is committed to the LV. The right atrium (RA) is enlarged, and the atrial septum (AS) bulges 
into the left atrium (LA). MV, mitral valve. 


chamber establishes the valve connection to that ventricular 
chamber (Fig. 52.4). If 75% or more of the annulus of a com- 
mon AV valve empties into one ventricular chamber, then a 
common inlet ventricle pertains. 

In contrast to annular overriding, straddling is a feature of 
the tendinous cords and papillary muscles and results from their 
insertions into the contralateral ventricle through a ventricular 
septal defect (VSD). In double inlet LV, an AV valve may straddle 
into the hypoplastic right ventricular chamber. The valve that 
straddles is almost always on the same side as the hypoplastic 


outlet chamber. Thus, with a right-sided hypoplastic right ven- 
tricle, it is the right AV valve that may straddle. Figure 52.5 
schematically depicts the progressive changes in AV connections 
that occur, linking double inlet connection to overriding connec- 
tions to normal concordant connection. This may occur with 
either D-loop or L-loop ventricles. Straddling AV valves are often 
large and redundant and can develop appreciable regurgitation. 

Occasionally, stenosis of an AV valve may be encountered. 
In a study by Shiraishi and Silverman (4), 30% of patients 
with a double inlet ventricle had at least mild stenosis of an AV 
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Figure 52.4. AV commitment. 
Schematic illustration of the 
determination of AV connec- 
tion based on the 50% rule. 
Note the associated effect of 
increasing atrial and ventricular 
septal malalignment produced 
by increasing annular override. 
When the right AV annulus over- 
rides >50%, there is a predomi- 
nant right atrium (RA) to the LV 
connection. LA, left atrium, RV, 
right ventricle. 



without 
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with 

Overriding 



with 

Overriding 
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valve, most commonly the left-sided valve. Parachute mitral 
valve can also occur (Fig. 52.6). 

Ventricular Arterial Connections 

In univentricular heart, any ventriculoarterial connection can 
occur, including concordant connection (i.e., aorta arising 


from morphologic LV), discordant connections (i.e., aorta 
arising off rudimentary outlet chamber with right ventricular 
morphology), double outlet from the dominant ventricular 
mass or from the hypoplastic rudimentary outlet chamber, and 
single outlet from the dominant ventricular mass. Similar to 
the normal two-ventricle heart, the ventriculoarterial relation- 
ship is defined by the ventricle from which most (>50%) of an 
overriding semilunar valve originates. 


Figure 52.5. Embryology. A: The series of anom- 
alies that link the different types of double-inlet 
ventricles with the normal heart when there has 
been right-hand (d) embryonic ventricular looping. 
B: The comparable series of double-inlet ventricles 
when there has been left-hand (1) embryonic ven- 
tricular looping. L, left; R, right; LV, left ventricle; 
RV, right ventricle. Double inlet with single AV 
valve. Echocardiogram demonstrating an apical 
four-chamber view. There is DILV with atresia 
of the right AV valve. Note that the atretic right 
AV valve plate (arrow) is directed to the main 
ventricular chamber (MVC) of left ventricular 
morphology with malalignment of the atrial and 
ventricular septa. I, inferior; L, left; LA, left atrium; 
OC, outlet chamber of right ventricular morphol- 
ogy; PV, pulmonary vein; R, right; RA, right 
atrium; S, superior; SR, ventricular septal remnant. 
(From Seward JB, Tajik AJ, Hagler DJ, et al. Two- 
Dimensional Echocardiographic Atlas. Congenital 
Heart Disease. Vol. 1. New York: Springer-Verlag, 
1987:250, with permission.) 
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Figure 52.6. AV valve abnormalities. Echocardiogram demon- 
strating double-inlet right ventricle (RV) with severe stenosis 
of the left AV valve. There is a parachute-like deformity of the 
left AV valve with all the valve chordae committed to a single 
papillary muscle (P). The leaflets are also severely thickened 
(arrows). The left atrium (LA) is severely enlarged, consistent 
with severe left AV valve obstruction. A hypoplastic left ventri- 
cle (LV) is located posterior and to the left. I, inferior; R, right; 
S, superior; VS, ventricular septum. 


Although many types of ventriculoarterial connections can 
occur in the setting of the univentricular heart, certain combi- 
nations are more common than others. In the setting of uni- 
ventricular heart of left ventricular morphology, the majority 
of patients will have discordant ventriculoarterial connections, 
with the aorta arising from the rudimentary outlet chamber 
of right ventricular morphology, and the pulmonary artery 
arising from the dominant ventricular mass of left ventricu- 
lar morphology. In the series by Shiraishi and Silverman (4), 
86% of patients with univentricular LVs with a double inlet 
AV connection had transposition of the great arteries (4). 
Similar to the series published by Van Praugh et al. (1), the 
majority of patients in their series who had transposition of 
the great arteries also had L-looped ventricles (occurring in 
63% of the patients). In this form, the aorta arises from the 
rudimentary outlet chamber of right ventricle morphology 
that is anterior, and leftward of the AV valves. The pulmo- 
nary artery arises from the morphologic LV. For the rest of the 
patients in their series, 23% were found to have transposition 
of the great arteries of the D-loop variety (i.e., aorta arising 
from outlet chamber of right ventricle morphology that sits 
anterior and rightward) and 14% of the patients had normally 
related great vessels (Holmes heart). Other common combina- 
tions described in the literature include the pattern seen with 
univentricular heart of right ventricular morphology. In this 
situation, the ventriculoarterial connection usually is double 
outlet from the dominant ventricular mass or is a single outlet 
with pulmonary atresia. In the univentricular heart of inde- 
terminate morphology, there often is no outlet chamber and 
as result, there can only be a double outlet or a single outlet. 

Pulmonary outflow tract obstruction frequently occurs with 
a univentricular heart. This can occur with either concordant 


or discordant ventricular-arterial connections. When subpul- 
monary obstruction occurs, it typically is present within the 
ventricle of left ventricular morphology and is due to posterior 
deviation of the infundibular septum. Other causes of pulmo- 
nary outflow tract obstruction include anomalous attachments 
of the right AV valve or herniation of valvular tissue into the 
pulmonary outflow tract. In rare cases, there can be severe 
stenosis at the level of the pulmonary valve due to malformed 
leaflets or annulus hypoplasia. 


Interventricular Communications 

The connection between the dominant ventricular mass and 
the rudimentary hypoplastic outlet chamber has been referred 
to by several terms in the literature, including VSD, the bul- 
boventricular foramen, and the outlet foramen. In double inlet 
LV, the defect will be in the muscular portion of the trabecu- 
lar septum in most cases, separated from the semilunar valves 
and completely surrounded by muscle. However, when there 
is hypoplasia of the infundibulum, the defect may extend into 
the outlet septum to sit immediately underneath the semilu- 
nar valve (subaortic VSD). The outlet foramen often can be 
restrictive, occurring in 47% of cases in the series published 
by Bevilacqua et al. (5). The defect can be restrictive or unre- 
strictive at birth but often will become restrictive over time. 
In the series by Bevilacqua et al. (5), patients with double- 
inlet left ventricle (DILV) and transposed great arteries and 
pulmonary stenosis, the outlet foramen rarely was restrictive. 
However, when transposition of the great arteries was present 
without pulmonary stenosis, a restrictive outlet foramen was 
significantly more common. 


COMMON FORMS OF SINGLE VENTRICLE 


Double Inlet Left Ventricle 

DILV is the most common form of single ventricle described 
in all series and represents the classically described form of 
single ventricle. It represents 78% of the cases reviewed by 
Van Praagh et al. (1). The Van Praagh classification also distin- 
guished four subgroups of DILV based on the great artery rela- 
tionships: I, normally related great arteries; II, right-anterior 
aorta; III, left-anterior aorta; and IV, left-posterior aorta 
(inverted). By combining the criteria distinguishing the types 
of DILV, three clinically observed forms occur (A-I, A-II, and 
A-III). In each of these clinical forms, other common associa- 
tions include subaortic obstruction, pulmonary outflow tract 
obstruction, and conduction abnormalities (6). 

Subaortic obstruction usually occurs with ventricular-great 
artery (VA) discordance and is located primarily at the VSD 
(bulboventricular foramen type). It also can be secondary to 
severe ventricular hypertrophy of muscle bundles within the 
hypoplastic right ventricle (Fig. 52.7). Subaortic obstruction 
occurs more often in patients with associated right AV valve 
atresia and in patients who have had previous pulmonary 
artery banding procedures. Pulmonary artery banding can set 
the stage for progressive ventricular hypertrophy and obstruc- 
tion in patients who have naturally occurring mild restriction 
at the VSD. These patients often present in infancy with asso- 
ciated coarctation of the aorta. 

Pulmonary outflow tract obstruction frequently occurs in 
DILV and may occur with either concordant or discordant VA 
connections. When subpulmonary obstruction occurs within 
the left ventricular chamber, it most frequently is due to pos- 
terior deviation of the infundibular septum. Alternatively, it 
may be due to anomalous attachments of the right AV valve or 
herniation of valvular tissue into the pulmonary outflow tract. 
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Figure 52.7, Subaortic obstruction. Pathologic specimen dem- 
onstrating the anatomic substrate of subaortic stenosis in 
double-inlet left ventricle (LV). There is severe stenosis of the 
VSD, or the embryologic bulboventricular foramen (arrow), 
communicating to the hypoplastic subaortic right ventricle (RV). 
There is secondary endocardial fibrosis at the site of obstruc- 
tion. There is severe hypertrophy of the ventricular septum and 
the free walls of both RV and LV. A pulmonary artery (PA) 
band was present previously and has been removed. Ao, aorta; 
R, right atrioventricularvalve; L, left atrioventricular valve. 


Severe pulmonary valve stenosis and annular hypoplasia can 
occur. The valve is often bicuspid and thickened. 

Conduction abnormalities similar to those described with 
AV and VA discordance (corrected transposition of the great 
arteries) can be present. When the AV connection is double 
inlet, the connecting AV node always is located anterolater- 
ally at the acute margin of the right AV valve orifice (7,8). 
It subsequently perforates the annulus of the right AV valve 
to enter the main left ventricular chamber (Fig. 52.8). The 
nonbranching bundle courses along the right-sided rim of 
the VSD (outlet foramen) to reach the trabecular septum. 
The subsequent course of the bundle depends on the location 
of the rudimentary right ventricular chamber relative to the 
main ventricular chamber (MVC). If the hypoplastic right ven- 
tricle is right-sided, the right margin of the VSD is adjacent to 
the anterolateral node, and the nonbranching bundle passes 


down directly onto the right rim of the VSD. The nonbranch- 
ing bundle then descends toward the crest of the trabecular 
septum along the left ventricular aspect of the ventricular sep- 
tum and branches beneath the septal crest. When the hypo- 
plastic right ventricle is left-sided, the right rim of the VSD, 
which is now also the anterior margin of the defect, is sepa- 
rated from the anterolateral node by the posterior great artery. 
The nonbranching bundle therefore must run a more exten- 
sive course anterior to the posterior semilunar valve annulus 
to reach the trabecular septum (Fig. 52.8). In all instances, it is 
located on the left ventricular aspect of the trabecular septum 
and descends down the right rim of the ventricular septum, 
branching below the septal crest. Although the nonbranching 
bundle always maintains the same relationship to the right rim 
of the VSD, it appears to be in a different location with right- 
or left-sided hypoplastic right ventricle when viewed from the 
hypoplastic right ventricle. If the hypoplastic right ventricle is 
left-sided, the conduction tissue appears to run above the ven- 
tricular defect when viewed from the MVC. If the hypoplastic 
right ventricular chamber is right sided, the conduction bundle 
appears to run beneath the VSD when viewed from the MVC. 

DILV with Normally Related Great Arteries 
(A-l Single Ventricle, "Holmes Heart") 

This form of DILV remains relatively rare, observed in only 
15% of the Van Praagh series (7) (Fig. 52.9). Embryologically, 
the VSD providing communication between the main left ven- 
tricular chamber and the hypoplastic right ventricle represents 
the primitive bulboventricular foramen. Frequently, the VSD 
creates significant subpulmonary obstruction, resulting in a 
somewhat balanced circulation with some hypoxia and low 
pulmonary artery pressure. 

DILV with Right-Sided Hypoplastic Subaortic Right 
Ventricle (A-ll Single Ventricle) 

DILV with right-sided hypoplastic subaortic right ventricle 
shares many anatomic features with a similar anomaly con- 
sisting of complete transposition of the great arteries with 
severe override and straddling of the right AV valve into the 
morphologic LV and associated hypoplasia of the morpho- 
logic right ventricle (Fig. 52.10). It was observed in 25% of 
the cases of single ventricle reviewed by Van Praagh et al. (9). 
The embryologic development of various types of DILV rep- 
resenting the extreme forms of AV valve straddling (Fig. 52.5) 
easily supports the common features shared by these defects. 
In some cases, the AV valve morphology also may follow this 
schema, with the left-sided AV valve having morphologic fea- 
tures of a mitral valve and the right AV valve features of a 
tricuspid valve. With VA discordance, the aorta also typically 
is right-anterior in location. Subaortic and pulmonary stenosis 
may occur. The conduction tissue enters the trabecular septum 


Figure 52.8. Conduction tissue. Schematic illus- 
tration of the course of the nonbranching bundle 
of the conduction tissue along the right rim of 
the VSD in DILV. A: The findings in DILV with 
a left-anterior subaortic right ventricle. B: The 
conduction tissue in DILV with a right-anterior 
subaortic right ventricle. LAW, left atrioven- 
tricular valve; RAW, right atrioventricular 
valve. (From Davies MJ, Anderson RH, Becker 
AE. Atrioventricular conduction tissues in con- 
genital heart disease. In: Davies MJ, Anderson 
RH, Becker AE, eds. The Conduction System of 
the Heart. London: Butterworths, 1983:137.) 


Bundle in front of 
pulmonary outflow tract 



Bundle lateral to pulmonary 
outflow tract 
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Figure 52.9. Holmes heart. Pathologic specimen illustrating DILV with VA concordance and normally related 
great arteries. A: An external view demonstrating the opened hypoplastic right ventricle (RV), which gives off 
the pulmonary artery (PA). The aorta (Ao) is right posterior. B: Opened view of the LV, which receives both the 
right (R) and left (L) atrioventricular valves. The aorta originates entirely from the LV. 



Figure 52.10. Ventricular myocardial morphology. A: Pathologic specimen demonstrating the typical left ventric- 
ular wall and fine myocardial trabeculations in the left ventricular (LV) chamber of DILV. There is also straddling 
(small arrow) of the right AV valve (R) into the hypoplastic right ventricle (RV). The large arrow indicates the 
stenotic pulmonary outflow tract. Subpulmonary stenosis is present because of posterior deviation of the conus 
septum the aorta [Ao] overrides the ventricular septum producing a tunnel-like fibromuscular stenosis. B: Patho- 
logic specimen demonstrating typical right ventricular myocardial pattern of an irregular coarse ventricular wall 
with thick heavy trabeculations in the main chamber of common-inlet RV. The white probe enters the ventricle 
through a common atrioventricular valve. L, left atrioventricular valve. 
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Figure 52.11 . Pathologic specimen of the most common form of DILV with left-sided hypoplastic subaortic right 
ventricle (RV) and left-anterior aorta (Ao) (A-III single ventricle). There is situs solitus of the atria and both right 
(R) and left (L) AV valves are entirely committed to the LV with no AV valve straddling. The VSD is well observed 
in the short-axis cut demonstrated in C. LA, left atrium; PA, pulmonary artery; RA, right atrium. 


from an anterolateral node (7). The nonbranching bundle 
courses along the rightward rim of the VSD and subsequently 
distributes over the crest of the ventricular septum. Cook and 
Anderson reported an example of DILV with double-outlet 
LV and a small right-sided morphologic right ventricle which 
lacked both inlet and outlet components. 

DILV with Left-Sided Subaortic Hypoplastic Right Ventricle 
(A-III Single Ventricle) 

DILV with left-sided subaortic hypoplastic right ventricle is 
the most common type of univentricular connection observed 
in most reviews (9,10). It was encountered in 38% of the series 
review by Van Praagh et al. (9) In this early series, most exam- 
ples of this defect were thought to represent examples of ven- 
tricular l-looping with the morphologic LV to the right and 
therefore with the morphologic mitral valve to the right of 
the morphologic tricuspid valve. Developmentally, one could 
speculate that this form of DILV shares anatomic features sim- 
ilar to AV and VA discordance (corrected transposition of the 
great arteries) but that severe overriding and straddling of the 


left-sided tricuspid valve ultimately resulted in predominant 
commitment of the left AV valve to the morphologic LV and 
DILV (Fig. 52.11). Thus, varying degrees of residual strad- 
dling of the left AV valve into the morphologic right ventricle 
would not be an unusual finding in this form of DILV. This 
seems a plausible and rational developmental explanation; 
however, in many instances of DILV, the AV valve anatomy 
is not sufficiently distinct to allow accurate differentiation of 
morphologic mitral or tricuspid valves. There also is signifi- 
cant variation in the size of the morphologic right ventricu- 
lar cavity. It may be extremely hypoplastic — a tiny slit-like 
chamber — or can be 75% or 80% of the size of a normal right 
ventricular chamber, particularly when the left AV valve strad- 
dles into the right ventricle. 

A variety of associated AV valve, semilunar valve, and outflow 
tract anomalies may occur. Subaortic obstruction is an impor- 
tant associated lesion that must be assessed when considering 
a modified Fontan procedure. Significant ventricular hypertro- 
phy substantially increases operative risk for Fontan operation 
because of associated ventricular diastolic filling abnormalities 
and elevated left ventricular end-diastolic pressure. 
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The conduction tissue abnormalities are similar to those 
described for AV and VA discordance (7). The AV node is ante- 
rolateral, and the nonbranching bundle courses into the ven- 
tricle anterior to the pulmonary outflow tract, subsequently 
coursing superiorly along the right (anterior) rim of the VSD. 
An ECG feature typically described for DILV is abnormal ini- 
tial septal depolarization with the initial horizontal plane QRS 
vector directed leftward and anteriorly rather than rightward. 
There is an absence of a precordial Q wave. This abnormal 
septal depolarization is secondary to the abnormal course of 
the conduction system as previously described and in patients 
with AV and VA discordance. 

Double-Inlet Right Ventricle 

Double-inlet right ventricle was found in only two patients, or 
5%, of the series reviewed by Van Praagh et al. (1,9). These 
investigators described it as an absence of the left ventricular 
sinus. There was a virtual absence of the LV, however. The 
ventricular myocardium had coarse, straight trabeculations 
consistent with right ventricular morphology. However, inves- 
tigators in more recent reviews (6) noted the presence of a 
hypoplastic rudimentary left ventricular chamber that usu- 
ally can be recognized by careful angiographic or echocardio- 
graphic analysis. Both AV valves either have >75% of the total 
AV valve orifices or complete connection to the morphologic 
right ventricle. The hypoplastic LV usually is located posteri- 
orly and slightly to the left of the morphologic right ventricle. 
This ventricular relationship is consistent with an embryologic 
d- ventricular loop. Less often, the ventricular relationships are 
inverted, with the hypoplastic LV anterior and to the right, 
consistent with an L-ventricular loop. There is considerable 
variability in the size of the hypoplastic left ventricular cham- 
ber, but most often it is very hypoplastic. The VA connections 
may be concordant or discordant, but double-outlet right 
ventricle is usually present. Frequently, pulmonary stenosis or 
atresia is present with infundibular and pulmonary annular 
hypoplasia. If there is significant straddling of the AV valve, 
the LV may be large. 


The path of the conduction tissue is related to the location 
of the hypoplastic LV and is normal when the hypoplastic LV 
is leftward and posterior (7). With the ventricular relation- 
ships inverted, the pattern is typical of that observed with AV 
and VA discordance (congenitally corrected transposition of 
the great arteries). Essed et al. (11) reported a sling of conduc- 
tion tissue between a regularly positioned posterior node and a 
typical anterolateral node in AV and VA discordance. 

Double-Inlet Ventricle of Mixed Morphology 

Double-inlet ventricle of mixed morphology is a rare form 
of univentricular connection and occurred in only 5% of the 
series reported by Van Praagh et al. (1,9). Also called a com- 
mon ventricle, it was designated by Van Praagh as the C type 
of single ventricle with absence of the ventricular septum or 
undivided ventricles with a rudimentary septum. A small api- 
cal ridge of ventricular septum may often separate the right 
and left ventricular zones of the heart. Relationships of the 
ventricular zones are usually consistent with normal ventricu- 
lar locations or D-ventricular looping. Often, the great arteries 
are normally related; however, malposition with right- or left 
anterior aorta may occur. Subvalvular and valvular pulmonary 
stenosis may be present. 

The conduction system has been described as normal, with 
a regular posterior position for the AV node (7). In some, there 
may be dual AV nodes with a sling of conduction tissue con- 
necting the two. The nonbranching bundle appears to descend 
into the remnant of ventricular septum that separates the right 
and left ventricular zones. 

Double-Inlet Ventricle with Indeterminate 
or Undifferentiated Morphology 

This often is considered a primitive form of univentricular AV 
connection without a rudimentary chamber. It shares many 
of the pathologic features of both double-inlet right ventricle 
and double-inlet of mixed morphology (Fig. 52.12). This type 



Figure 52.12. Double-inlet ventricle (mixed and indeterminate). The pathologic descriptions of these forms of 
double-inlet ventricle often share similar features. A: Pathologic features of mixed or indeterminate ventricular 
morphology with coarse trabeculated myocardium on the right and smooth-walled myocardium on the left. 
B: Pathologic specimen demonstrating double-inlet ventricle (V) of indeterminate morphology. Some features of 
this specimen suggest DILV but with left ventricular noncompaction. The right (R) and left (L) AV valve chordae 
interdigitate into the same papillary muscles within the same ventricle. Only the aorta (Ao) originated from the 
ventricular chamber. 
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of double-inlet ventricle often is diagnosed when no clear-cut 
differentiation or distinction of ventricular myocardium can 
be determined. AV valve abnormalities can include valvular 
stenosis or hypoplasia. Large, malformed AV valves often are 
regurgitant. The great arteries may be normally related. How- 
ever, most commonly, the aorta is located anteriorly and to the 
right or left of the pulmonary artery. Pulmonary stenosis with 
subvalvular and valvular stenosis or pulmonary atresia may 
be present. 

Location of the conduction system varies, with anterolat- 
eral and normally positioned posterior nodes described (7). 
The nonbranching bundle either penetrates directly into the 
right lateral wall of the ventricular chamber or descends 
through a large trabeculation toward the ventricular apex. 

Single-Inlet Ventricle 

This can include all forms of univentricular AV connection 
resulting from atresia or absence of either the right or left AV 
valve. The single-inlet connection may be to either a morpho- 
logic right ventricle with mitral valve atresia or a morphologic 
LV with tricuspid valve atresia. AV concordance is common, 
but the AV connection can be discordant. Either ventricle can be 
hypoplastic. Figure 52.3 illustrates a pathologic, angiographic, 
and echocardiographic correlation of single-inlet LV with right 
AV valve (tricuspid) atresia. VA concordance or discordance 
occurs with a range of great artery relationships from normal 


to transposition with a right or left anterior aorta. Subvalvular 
and valvular pulmonary stenosis can occur with concordant or 
discordant VA connections. Subaortic obstruction may occur 
predominantly with discordant VA connections. 

When there is AV concordance with absent right AV con- 
nection or classic tricuspid atresia, the conduction system 
is similar to that seen in isolated VSD (12). As viewed from 
the hypoplastic right ventricle, the nonbranching bundle is 
located on the left ventricular aspect of the right rim of the 
VSD, unrelated to the septal crest. With AV discordance, the 
regular posterior node cannot make contact with the ventricu- 
lar myocardium. Instead, the anterior AV node is the connect- 
ing node, and the nonbranching bundle encircles the anterior 
aspect of the pulmonary valve to reach the right rim of the 
VSD where the bundle branches. With single-inlet right ventri- 
cle, the nonbranching bundle on the ventricular septum makes 
contact with the normally located posterior AV node. In some 
cases, the conduction tissues may descend through a large, 
free-running trabeculation to the ventricular apex. 

Common-Inlet Ventricle 

Common-inlet ventricle is a unique form of univentricular AV 
connection that is characterized by communication of both 
atria to a single- ventricular chamber by a common AV valve. 
It is a form of AV septal defect. Frequently, this is associated 
with situs ambiguus, particularly asplenia (Fig. 52.13). In the 



Figure 52.13. Common-inlet AV connections. A: Pathologic 
specimens illustrating features of common atrium and com- 
mon-inlet right ventricle (RV). A, 2-day-old infant with situs 
ambiguus, levocardia, and asplenia (right isomerism). There 
is a common atrium (CA) and common-inlet RV. With the 
opened view of the RV, the white arrows outline the common 
inlet. The atretic pulmonary outflow tract (black arrow) is to 
the right and slightly posterior to the aorta (Ao). There is no 
evidence of a LV. B: Common-inlet RV in a 14-year-old with 
levocardia and polysplenia (left isomerism). The hepatic veins 
(HV) entered the floor of the left side of the common atrium 
(CA) while the pulmonary veins entered the ipsilateral side of 
the atrium. A tiny slit-like left ventricle (LV) does not receive 
inflow from the common AV valve. C: Common-inlet RV in 
a 7-year-old patient with right isomerism. The common AV 
valve is nearly entirely committed to the large morphologic 
RV. There is an L ventricular loop with a small right-sided 
morphologic LV (probe), which receives a few cords of the 
AV valve. 
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common -ventricle series of Van Praagh et al. (1,9), about 33% 
had a common AV inlet, with 40% of these having asplenia. 
As with unbalanced AV septal defects, the main or larger ven- 
tricular chamber, depending on the predominant commitment 
of the common AV valve, may be a morphologic LV (type A 
Van Praagh), a morphologic right ventricle (type B), or a ven- 
tricle with undifferentiated myocardium (type D). There often 
is double-outlet right ventricle or VA discordance with a right 
or left anterior aorta, but normally related great arteries also 
have been reported. Stenosis or atresia of the pulmonary valve 
is frequent. In hearts with MVC of left ventricular type, the 
right ventricular portion of the common AV valve may be sten- 
otic or partially atretic, resulting in predominant commitment 
of the common AV valve to the morphologic LV. Similarly, ste- 
nosis or atresia of the left component of the common AV valve 
may occur with a predominant right AV component and mor- 
phologic right ventricle. Because of the common drainage of 
both atria through a common AV orifice, the stenotic or atretic 
portion of the AV valve does not seem to disqualify such cases 
from the category of common AV connection. The disposition 
of the AV conduction tissue seems determined primarily by the 
anatomic relationships observed in AV septal defects. Often, 
both posterior and anterolateral node structures give rise to 
the penetrating bundles and a sling of conduction tissue. With 
indeterminate or morphologic right ventricular morphology, 
the penetrating bundles are described as descending along the 
posterolateral aspect of the MVC. Some hearts with L-loop 
ventricular relationships have been described as having pre- 
dominant or single anterolateral node with the penetrating 
bundle having a relationship to the ventricular septum typi- 
cal of that observed with corrected transposition of the great 
arteries. 

Clinical Features 

The clinical of features of univentricular AV connection are 
determined primarily by the presence or absence of pulmo- 
nary outflow obstruction. Patients without obstruction to 
pulmonary blood flow will demonstrate signs and symptoms 
typical of other large, left-to-right shunting VSDs. Severe con- 
gestive heart failure with tachypnea, tachycardia, diaphoresis, 
hepatomegaly, and failure to thrive may manifest within the 
first 3 months of life. Symptoms of congestive heart failure 
earlier in the neonatal period will more often be secondary 
to associated lesions such as AV valve abnormalities, aortic 
outflow obstruction, and coarctation of the aorta. Because 
of increased pulmonary blood flow, cyanosis may not be evi- 
dent. Some patients with DILV and subaortic right ventricle to 
the left (inverted) have “favorable streaming,” with systemic 
venous blood preferentially directed into the pulmonary artery 
and pulmonary venous return directed to the aorta. Similarly, 
patients with right-sided subaortic right ventricle and various 
degrees of straddling right AV valve may have “unfavorable” 
streaming with transposition-like blood flow patterns result- 
ing in significant systemic hypoxemia and cyanosis. A soft 
systolic ejection murmur secondary to flow-related relative 
pulmonary outflow obstruction or flow through the VSD to 
the hypoplastic right ventricle may be heard. Because of the 
presence of large pulmonary blood flow, a diastolic AV valve 
inflow murmur may be present. Pulmonary congestion and 
pneumonia can be the presenting findings. 

If moderate pulmonary outflow obstruction or atresia 
is present, hypoxemia and cyanosis may be observed dur- 
ing the neonatal period. A systolic thrill may be present with 
pulmonary or subaortic outflow obstruction. A systolic ejec- 
tion murmur and single second heart sound may be heard. 
The pulmonary valve closure sound may be audible and have 
mild degrees of pulmonary obstruction. No murmur may be 


audible, or a soft continuous murmur may be evident second- 
ary to a patent ductus arteriosus or a systemic pulmonary 
collateral artery with pulmonary atresia. In older patients 
with long-standing pulmonary hypertension, severe pulmo- 
nary vascular obstructive disease may be present by 2 years 
of age, resulting in progressive reduction in pulmonary blood 
flow and cyanosis. The second heart sound may be single and 
accentuated. A diastolic murmur of pulmonary valve regurgi- 
tation may be present. 

Echocardiographic Features 

Diagnostic features of univentricular AV connection are best 
detailed from the apical view delineating the crux of the heart, 
as in the apical four-chamber view, demonstrating the AV con- 
nection and the status and commitment of the AV valves (13- 
15). Figure 52.14 demonstrates the echocardiographic apical 
view in the basic type of univentricular connection, includ- 
ing double-inlet ventricle, single-inlet ventricle, and common- 
inlet ventricle. Additionally, parasternal short-axis scans and 
subcostal four-chamber views are particularly important for 
detailing the location of papillary muscle and chordal attach- 
ments within the ventricular chambers, the location of hypo- 
plastic outlet or rudimentary chambers, the status of the AV 
valve leaflets and orifice sizes to assess for valvular stenosis, 
and for illustrating the location, commitment, and relation- 
ships of the great arteries. Figure 52.15 illustrates progres- 
sive short-axis scans in a patient with DILV with hypoplastic 
subaortic right ventricle anterior and to the left. At the apex 
(Fig. 52. 15 A), a large MVC of left ventricular morphology is 
observed posteriorly. As the scan progresses to the base, both 
AV valves are committed nearly entirely to the LV, and a sin- 
gle chordae of the left AV valve attaches near the VSD in the 
hypoplastic right ventricular outlet chamber. At the base of 
the heart (Fig. 52.15D), the aorta is anterior and to the left. 
There is evidence of severe pulmonary valve stenosis with a 
thickened bicuspid pulmonary valve. Short-axis scans demon- 
strate the ventricular chamber dimensions and wall thickness 
and provide a visual estimate of global ventricular contractil- 
ity. Figure 52.16 illustrates parasternal short- and long-axis 
scans in a patient with DILV and hypoplastic subaortic right 
ventricle. Both the short- and long-axis scans allow estimation 
of the size of the VSD, which is relatively obstructive. There 
also is hypertrophy of the ventricular septum, producing addi- 
tional right ventricular outflow obstruction. A tight pulmo- 
nary artery band that produces severe main pulmonary artery 
obstruction is seen. Subaortic obstruction has been observed 
frequently in patients with DILV following pulmonary artery 
banding and Fontan operation (16). It remains uncertain 
whether pulmonary artery banding simply provokes progres- 
sive ventricular hypertrophy in a patient with an underlying 
substrate of mild subaortic obstruction or whether the devel- 
opment of subaortic obstruction occurs de novo in a patient 
with no previous evidence of aortic obstruction. 

Continuous-wave Doppler interrogation of the ascending 
aorta from a high left parasternal location (near the second 
intercostal space in the midclavicular line) provides an esti- 
mate of the subaortic obstruction by determining the mean 
subaortic gradient by planimetry of the ascending aortic 
velocity tracing to obtain a mean velocity and applying the 
Bernoulli equation (pressure gradient = 4V 2 ). A mean gradi- 
ent estimate of the subaortic obstruction is used because the 
maximum instantaneous gradient overestimates the catheter- 
measured peak-to-peak systolic gradient (17). If significant 
subaortic obstruction is observed, there may be concomitant 
hypoplasia of the aortic annulus and ascending aorta with 
associated coarctation of the aorta. Adequate parasternal and 
suprasternal notch imaging must be obtained to assess the 
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Figure 52.14. Univentricular AV connections. Two-dimen- 
sional echocardiographic apical four-chamber views demon- 
strating (A) double-inlet, (B) single-inlet, and (C) common-inlet 
connections. In (B), the arrowhead points out the AV junction. 
There is no malalignment of the atrial and ventricular septa. 
There is only the left AV valve committed to the main ven- 
tricular chamber (MVC). In (C), there is a common inlet with 
a common AV valve (CAW) draining both right and left atria. 
AS, atrial septum; L, left atrioventricular valve; LA, left atrium; 
PV, pulmonary vein; R, right atrioventricular valve; RA, right 
atrium. 



status of the aorta and aortic arch. Figure 52.17 illustrates 
parasternal short-axis scans of two examples of double-inlet 
right ventricle with posterior rudimentary left ventricular 
chambers. Ventricular morphology can be assessed from simi- 
lar parasternal short-axis scans, demonstrating the AV valve 
leaflet configuration (trileaflet vs. bileaflet) and the papillary 
muscle arrangement (multiple vs. double). Ventricular myo- 
cardial morphology suggested by a coarse trabecular ventricu- 
lar wall pattern or smooth wall appearance is illustrated with 
short-axis scans of Figure 52.18, demonstrating double-inlet 
ventricle of mixed morphology. The anatomy is suggestive of 
the type C common ventricle of Van Praagh et al. (1,9) or an 
undivided ventricle with right ventricular morphology on the 
right and left ventricular morphology on the left. 

Apical and subcostal four-chamber views should be used 
to demonstrate AV valvular abnormalities, including atre- 
sia or stenosis, and annular override or valvular straddling. 
Figure 52.19 illustrates an apical view in a patient with DILV 
and overriding and straddling right AV valve. There is >50% 
commitment of the right AV valve into the LV, establishing 
the diagnosis of DILV; however, the right AV valve also has 
some commitment and chordal attachment into the morpho- 
logic right ventricle. This observation is similar to the sche- 
matic drawings proposing the embryologic development of 
double-inlet ventricle from a progressively increasing degree of 


AV valve override. The apical four-chamber view of Figure 52.2 
illustrates an example of DILV with right AV valve atresia. The 
AV septum is shifted to the left, resulting in primary commit- 
ment of the atretic plate of the right AV valve into the mor- 
phologic LV and establishing the diagnosis of DILV. A small 
subpulmonary right ventricular outlet chamber is observed 
on the right. The apical view allows assessment of the planes 
of the atrial and ventricular septa, determining the degree of 
atrial commitment to a ventricular chamber. When combined 
with Doppler echocardiography and color-flow imaging, an 
estimate of severity of AV valve stenosis or regurgitation can 
be made. Subcostal views may be used to illustrate the status 
of the AV connection (double, single, common) and to obtain 
parasagittal or long-axis views to demonstrate the aortic and 
pulmonary outflow tracts. The four-chamber view illustrated 
in Figure 52.6 demonstrates an example of double-inlet right 
ventricle with severe stenosis of the left AV valve. There is 
marked thickening of the valve leaflets with short, thickened 
chordae to a papillary muscle in the right ventricle. The left 
atrium is enlarged, consistent with left AV valve obstruction. 
A hypoplastic, rudimentary left ventricular chamber also is 
observed to the left of the large right ventricle. Figure 52.20 
illustrates a pathologic specimen and an echocardiographic 
subcostal view demonstrating single-inlet right ventricle with 
left AV valve atresia. Atretic valve tissue forms a dense plate at 




CHAPTER 52 ■ Univentricular Atrioventricular Connection 1187 



Figure 52.15. Progressive parasternal short-axis scans from apex (A) to base (D) in a patient with DILV with left- 
anterior subaortic right ventricle. There is a large VSD ( white arrow) from the main ventricular chamber (MVC) 
of the left ventricular morphology into the hypoplastic outlet chamber (OC) of right ventricular morphology. 
The left (L) AV valve straddles into the right ventricular chamber through the VSD. There is pulmonary valve 
(PV) stenosis with thickened leaflets (black arrows ). Ao, aorta; LA, left atrium; PA, pulmonary artery; R, right 
atrioventricular valve; RA, right atrium; VS, ventricular septum. 



Figure 52.16. Parasternal short-axis (left panel) and long-axis (right panel) scans in a patient with DILV with 
previously placed pulmonary artery (PA) band. The VSD ( arrows ) is a moderately restrictive communication 
between the main ventricular chamber (MVC) and the outlet chamber (OC) of right ventricular morphology. In 
addition, the ventricular septum (VS) is moderately hypertrophied. Ao, aorta; L, left atrioventricular valve; LA, 
left atrium; R, right atrioventricular valve; RA, right atrium; VS, ventricular septum. (From Seward JB, Tajik 
AJ, Hagler DJ, et al. Two-dimensional echocardiographic Atlas. Congenital Heart Disease . Vol. 1. New York: 
Springer-Verlag, 1987:240, with permission.) 
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Figure 52.17. Parasternal short-axis scans demonstrating two examples of double-inlet right ventricle with a 
posterior hypoplastic LV. A: Hypoplastic LV ( white P) posterior and to the right. B: Hypoplastic LV (P) posterior 
and to the left. The right-sided hypoplastic LV suggests that L-ventricular looping occurred, and the LV suggests 
a D-ventricular loop. In both cases, the AV valves were entirely committed to the main ventricular chamber (CV 
and MVC). L, left atrioventricular valve; black p, papillary muscle; PW, posterior wall; VS, ventricular septum. 



Figure 52.18. Progressive parasternal short-axis scans (A-C) 
from apex to mid-ventricle demonstrate features of double- 
inlet ventricle of mixed ventricular morphology. Typical 
echocardiographic features for right ventricular morphol- 
ogy with coarse and dense myocardial trabeculations are 
observed on the right side of the main ventricular chamber 
(MVC); a smooth wall appearance and two papillary (P) 
muscles are noted on the left . At mid-ventricle, the right (R) 
AV valve has a triangular shape (trileaflet), and the left (L) 
has an oval (bileaflet) shape. There is no evidence of a ven- 
tricular septal ridge or remnant. 
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Figure 52.19. Apical four-chamber view demonstrating double- 
inlet LV with straddling right AV valve. More than 50% of 
the right AV valve annulus is committed to the left-sided mor- 
phologic LV. Arrows point to abutting leaflet of the right and 
left AV valves. LA, left atrium; RA, right atrium; RV, right 
ventricle; VS, ventricular septum. 


the expected site of the mitral valve. A hypoplastic rudimen- 
tary LV is observed inferior to the atretic valve tissue. Both 
great arteries arise from the morphologic right ventricle. 

Radiographic Features 

Several typical radiographic findings may be observed in 
patients with double inlet with hypoplastic subaortic right 
ventricle located anteriorly and to the left (18). As in AV and 
VA discordance (corrected transposition), the posteroanterior 
chest film demonstrates a prominent upper left-sided heart bor- 
der consisting of the right ventricular infundibulum, the aortic 
root, and the ascending aorta (Fig. 52.21). The main pulmo- 
nary artery and the right pulmonary artery may be dilated and 
can produce a prominent upper right-sided heart border and 
right pulmonary hilum described as a waterfall right hilum. 

In cases with a moderate degree of pulmonary stenosis, 
the pulmonary vascularity may appear normal or slightly 
decreased. The heart size may be normal or only mildly 
enlarged. With pulmonary atresia, the pulmonary vascularity 
may be reduced or asymmetric as a result of systemic-to-pul- 
monary artery shunting. 

Magnetic resonance imaging (MRI) is extremely valuable 
for demonstration of extracardiac abnormalities of systemic 
and pulmonary venous connections and aortic arch and cen- 
tral and proximal pulmonary artery branch abnormalities. 
When used in combination with coronal images, MRI has 
been an effective means of establishing segmental descriptions 
of congenital cardiovascular anomalies, including visceroatrial 
situs and types of AV and VA connections. ECG-gated trans- 
verse images should provide an excellent means of accurate 
assessment of ventricular mass, similar to techniques described 
for cine computed tomography (CT) studies. Recognition of 
the impact of increased ventricular mass on surgical mortality 
and morbidity has been described in several studies that inves- 
tigated the development of subaortic stenosis in patients with 


double-inlet ventricle both before and after surgical repair by 
the modified Fontan procedure (16,19). Recent studies dem- 
onstrated that MRI provides an excellent noninvasive method 
for preoperative assessment of ventricular mass, volume, 
and function for the irregularly shaped ventricular chambers 
observed in the various types of univentricular AV connection. 

Cardiac Catheterization and Angiography 

The goals of cardiac catheterization should include a dem- 
onstration of (a) the location and integrity of systemic and 
pulmonary venous connections, including the presence and 
adequacy of atrial communications; (b) the status and func- 
tion of AV and VA connections and valves; (c) basic ventricu- 
lar morphology and function, including chamber dimensions, 
hypertrophy, and systolic and diastolic function; (d) the size, 
integrity, distribution, and arteriolar resistance of the pulmo- 
nary vascular bed; and (e) the location and integrity of the 
aorta and aortic arch to exclude coarctation and to assess 
presence of systemic-pulmonary arterial collaterals or shunts. 

Venous Connections 

An assessment of the systemic venous connections should 
include demonstration of hepatic and inferior vena caval con- 
nections either by echocardiography or angiography. Also, 
angiographic demonstration of the innominate vein should 
establish its drainage through the right superior vena cava and 
exclude the presence of a persistent left superior vena cava. 
If a left superior vena cava is present, its size and connection 
either to the right or left atrium should be determined. If sur- 
gical ligation of a persistent left superior vena cava is consid- 
ered, balloon occlusion of each superior vena cava with an 
end-hole balloon-tipped catheter should be used to determine 
the rise in venous pressure distal to the balloon. An increase 
in superior vena caval pressure to >20 mm Hg suggests inad- 
equate collateral venous communications to allow safe liga- 
tion of the superior vena cava. The presence and integrity of 
pulmonary venous connections should be determined either 
by direct catheter measurement of pulmonary venous pressure 
and pulmonary venous angiography or by pulmonary arterial 
angiography and pulmonary venous wedge pressure measure- 
ment. Anomalous pulmonary venous connections and pulmo- 
nary venous stenoses should be excluded. If a single-inlet or an 
atretic AV connection is present, the presence and adequacy 
of an interatrial communication should be assessed by echo- 
cardiography and Doppler color-flow imaging and by direct 
catheter measurement of the interatrial pressure gradient. If 
obstructed systemic or pulmonary venous drainage is deter- 
mined, atrial septostomy should be performed. 

Atrioventricular and Ventricular-Great Artery Connections 

Two-dimensional (2-D) echocardiography provides excellent 
demonstration of the status of the AV connections; however, 
cineangiography also provides clear demonstration of AV 
valve commitment, annulus size, and leaflet abnormalities as 
well as reliable assessment of the presence and severity of val- 
vular regurgitation. Severe AV valvular regurgitation results in 
ventricular volume overload and elevated filling pressures. Pre- 
operative recognition of these abnormal hemodynamic states 
is mandatory for accurate assessment of the potential benefits, 
morbidity, and mortality of the modified Fontan procedure 
compared with staged palliative procedures (19,20). An ini- 
tial ventriculogram using standard anteroposterior (AP) and 
lateral projections provides excellent demonstration of the AV 
valves and function. As with echocardiography, better demon- 
stration of AV valve commitment and annulus size is obtained 
from a four-chamber view. The standard AP and lateral views 



1190 SECTION VI ■ Congenital Cardiovascular Malformations 



40 mm Hg or greater have been associated with high operative 
mortality for the modified Fontan procedure (19). Aortic valve 
regurgitation usually is demonstrated by 2-D Doppler color- 
flow imaging; however, in the presence of severe regurgitation, 
aortic root angiography is necessary to assess the severity of 
valvular regurgitation prior to aortic valve replacement. 

Ventricular Morphology and Function 

The basic intracardiac anatomy and ventricular morphol- 
ogy usually can be determined using standard AP and lateral 
projections by selective injection into the MVC. Figure 52.23 
illustrates AP and lateral views of three types of double-inlet 
ventricle. Double-inlet ventricles of left, right, and indetermi- 
nate morphology are demonstrated. Rudimentary hypoplastic 
right and left ventricular chambers also can be recognized in 
the same views. Some investigators prefer axial cineangiogra- 
phy to demonstrate the ventricular anatomy. An AP projection 
of double-inlet ventricle with mixed morphology is demon- 
strated in Figure 52.24. In this example, the morphologic right 


Figure 52.20. Subcostal 2-D echocardiogram demonstrating 
features of single-inlet right ventricle with left atrioventricular 
(mitral) valve atresia. A: The scan also demonstrates a dense 
echo ( arrowheads ) at the anticipated site of the atretic mitral 
valve overlying a small muscular chamber suggestive of the LV. 
The atrial and ventricular septa are aligned, and only the tri- 
cuspid valve (TV) is committed to the right ventricle. B: Patho- 
logic specimen cut to conform to the subcostal echo view also 
demonstrates a single-inlet right ventricle. Arrowheads point 
to the anticipated site of the mitral valve, which is absent. C: 
The same specimen cut in a long-axis plane to demonstrate the 
main right ventricular chamber and a slit-like hypoplastic pos- 
terior LV ( arrowhead ). LA, left atrium; RA, right atrium; RV, 
right ventricle. (A: From Seward JB, Tajik AJ, Hagler DJ, et al. 
Two-dimensional echocardiographic Atlas. Congenital Heart 
Disease. Vol. 1. New York, NY: Springer-Verlag, 1987:240, 
with permission.) 


of the ventriculogram generally provide an excellent demon- 
stration of the VA connections and great artery relationships. 
Figure 52.22 demonstrates AP and lateral views in three types 
of DILV with anterior hypoplastic right ventricular outlet 
chamber. These views demonstrate examples of VA concord- 
ance, VA discordance, and double-outlet chamber connections. 
In most cases of DILV, the AP view provides clear demonstra- 
tion of the size and adequacy of the VSD and the presence of 
subaortic obstruction at the VSD or within the hypoplastic 
right ventricle (Fig. 52.23). With angiographic or echocardio- 
graphic evidence of subaortic obstruction or a restrictive VSD, 
careful catheter measurement of aortic and ventricular pres- 
sures should be obtained to assess the presence and severity 
of subaortic obstruction. Simultaneous pressure recordings 
from the LV and aorta provide accurate measurements of the 
subaortic gradient. Isoproterenol infusion with simultaneous 
catheter measurement of left ventricular and aortic pressures 
also has been recommended to unmask mild or potential sub- 
aortic obstruction in the absence of a resting significant pres- 
sure gradient (16,21). Resting subaortic pressure gradients of 
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Figure 52.21. Anteroposterior left ventricular angiocardio- 
gram demonstrating the cardiac structures making up typical 
cardiac shape or contour observed in DILV with left-anterior 
aorta. Arrows point out the descending right lower lobe pul- 
monary artery described as producing a waterfall right hilum 
appearance. Ao, aorta; LV, left ventricle; RPA, right pulmo- 
nary artery; RV, right ventricle. 


ventricle is located on the left, and there is a double-outlet right 
ventricle. Despite the irregular ventricular shape, estimates of 
ventricular ejection fraction obtained from ventricular volume 
calculations provide a global assessment of systolic ventricu- 
lar function. Both 2-D and 3-D echocardiography can provide 
reliable assessments of ventricular volume, mass, and systolic 
function. Recent comparisons of 3-D echocardiography and 
MRI images in univentricular AV connection demonstrated 
similar results. 

Ventricular diastolic function may be assessed by 2-D and 
Doppler echocardiography by assessing pulmonary venous 
and AV inflow patterns. Findings associated with restrictive 
disease and ventricular hypertrophy have been described. 
Further assessment in the cardiac catheterization laboratory 
can be achieved by measuring ventricular end-diastolic vol- 
ume, ventricular mass, and estimates of ventricular mass to 
end-diastolic volume ratio, with concomitant measurement 
of atrial filling pressures and ventricular end-diastolic pres- 
sures. Mean atrial pressures and ventricular end-diastolic 
pressures exceeding 14 mm Hg may reflect ventricular volume 
load states, decreased ventricular compliance, or intermediate 
combinations of both hemodynamic conditions. Elevated fill- 
ing pressures obligatorily result in elevated mean pulmonary 
artery pressures, but pulmonary arteriolar vascular resistance 
determinations also depend on pulmonary flow volume. Sev- 
eral groups demonstrated successful Fontan repairs in patients 
who did not meet the selection criteria originally proposed by 
Choussat et al. (22). 

Pulmonary Circulation 

Adequate pulmonary artery size and distribution have been 
considered critical components in planning palliative surgical 
procedures as well as in predicting successful definitive sur- 
gical repair, such as modified Fontan procedure. Adequate 
demonstration of the pulmonary arterial system to delineate 
the central pulmonary artery size and to exclude distortion 
or stenoses of the central pulmonary arteries and the distal 





Figure 52.22. Anteroposterior and lateral views of selective left 
ventricular angiography in DILV demonstrating three types of 
great artery relationships. Top panel (A-I) illustrates ventricu- 
lar-great artery (VA) concordance with normally related great 
arteries. Middle panel (A-III) illustrates VA discordance with 
left-anterior aorta. In addition, an aortic arch anomaly with 
coarctation is present. The subaortic area and the VSD are 
mildly stenotic. After a Fontan operation, the subaortic ste- 
nosis increased requiring further intervention. Bottom panel 
(DORV) illustrates a double-outlet “outlet chamber,” or dou- 
ble-outlet right ventricle. 


pulmonary arterial distribution remains a critical component 
of a complete preoperative assessment. This requires spe- 
cial efforts to obtain selective pulmonary artery injections in 
AP and lateral projections and, if necessary, using cranially 
angulated right and left oblique views to delineate the cen- 
tral and distal pulmonary arteries. Nakata et al. (12) proposed 
a method for quantitative standardization of pulmonary 
artery cross-sectional areas. They determined a normal pul- 
monary artery area index of 330 mm 2 /m 2 . Girod et al. (23), 
however, observed Fontan survivors with pulmonary artery 
cross-sectional areas as low as 188 mm 2 /m 2 . Previously placed 
surgical systemic-to-pulmonary artery shunts and Glenn-type 
cavopulmonary artery shunts must be demonstrated angio- 
graphically to exclude pulmonary artery distortion or stenosis. 

Pulmonary arteriovenous fistulae are a recognized compli- 
cation of the standard Glenn shunt to the right pulmonary 
artery. Angiographic study of Glenn shunts should be rou- 
tinely obtained to detect the presence of venous collaterals, 
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Figure 52.23. Anteroposterior and lateral views of selective 
ventricular injections in three morphologic types of DILV. 
(Top panel) illustrates typical features of DILV. Note the 
pulmonary band and anatomic evidence of subaortic steno- 
sis at the VSD. (Middle panel) demonstrates an example of 
double-inlet right ventricle with double-outlet right ventricle 
and an anterior aorta. A hypoplastic rudimentary LV is noted 
posteriorly (arrow). (Bottom panel) demonstrates double-inlet 
indeterminate ventricle with pulmonary atresia. The ventricle 
is coarsely trabeculated and irregular, but no hypoplastic LV 
could be identified. 

pulmonary artery stenoses, and pulmonary arteriovenous 
fistulae. However, contrast echocardiography demonstrating 
contrast effect appearing within the right pulmonary veins 
remains a most sensitive method for detection of fistulae. 
Demonstration of a lower right pulmonary venous blood oxy- 
gen saturation compared with the oxygen saturation of the 
left pulmonary venous blood also may suggest the presence of 
right pulmonary arteriovenous fistulae. 

Systemic Circulation 

Aortic arch anatomy should be adequately demonstrated by 
ventricular angiography or by selective injections to delineate 
the location of the aortic arch, to obtain the status of the bra- 
chiocephalic branches, and to exclude significant coarctation 
of the aorta. The progressive ventricular hypertrophy and 
decreased ventricular compliance secondary to the systemic 



Figure 52.24. Anteroposterior view of selective ventricular 
injection in patient with situs solitus, mesocardia, double-inlet 
ventricle of mixed myocardial morphology. The aorta is ante- 
rior and slightly to the left of the pulmonary artery. Angio- 
graphically, the ventricle is divided into a smooth-walled left 
ventricular (LV) zone on the patient’s right and a trabecular 
right ventricular (RV) zone on the left, consistent with embryo- 
logic L-ventricular looping. Both great arteries originate from 
the right ventricular zone. The patient underwent a modified 
Fontan procedure. 


hypertension and increased afterload associated with signifi- 
cant coarctation of the aorta are hemodynamic conditions that 
are poorly tolerated following modified Fontan operation. 
Preoperative assessment should include angiographic or cath- 
eter pressure measurements to exclude this associated lesion. 
Also, patency of surgically placed systemic pulmonary shunts, 
persistent ductus arteriosus, or systemic pulmonary collateral 
vessels should be determined preoperatively with aortic or 
selective arterial angiography. 

Treatment 

Rarely, unoperated patients with perfectly balanced circulation 
may survive into the sixth decade (24). Palliative surgical pro- 
cedures are important to protect the integrity of both the pul- 
monary vascular bed and the myocardium. Pulmonary artery 
banding has been recommended for patients with univentricu- 
lar AV connection without pulmonary stenosis. Uncontrolla- 
ble congestive heart failure, excessive pulmonary blood flow, 
and severe pulmonary hypertension should prompt pulmonary 
artery banding in early infancy (i.e., younger than 6 months 
of age) to prevent the development of pulmonary vascular 
obstructive disease. When performed, pulmonary artery band- 
ing should be monitored carefully to determine that reduction 
of the pulmonary blood flow reduces the pulmonary pressure 
to normal levels. Even mild elevations of pulmonary vascular 
resistance (3 U/m 2 ) will preclude successful Fontan operation. 
However, several reports have recognized that some patients 
with univentricular AV connections subjected to pulmonary 
artery banding will develop subaortic stenosis (24). One must 
be cognizant of the potential for development of subaortic 
stenosis and its consequences. Patients with subaortic steno- 
sis, but without pulmonary stenosis, may require alternative 
methods to protect the pulmonary vasculature. One option is 
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to interrupt the pulmonary outflow tract and place a systemic - 
to-pulmonary artery shunt large enough to provide adequate 
pulmonary blood flow. If significant subaortic stenosis already 
is present, an aortopulmonary window together with a distal 
pulmonary artery band has been recommended. 

Progressive cyanosis and secondary erythrocytosis in 
patients with naturally occurring pulmonary stenosis may 
require a systemic -to-pulmonary artery shunt. The modified 
Blalock-Thomas-Taussig (BTT) shunt uses a Gore-Tex graft 
from the subclavian artery to the pulmonary artery. It is pre- 
ferred because it does not require ligation of the subclavian 
artery and the length of graft is not limited. Beyond the first 
4 to 6 months of life, the bidirectional cavopulmonary con- 
nection (bidirectional Glenn shunt) is an effective means of 
providing long-term palliation for patients with univentricular 
connection. The bidirectional cavopulmonary shunt includes 
anastomosis of the cardiac end of the superior vena cava to 
the right pulmonary artery but leaves the pulmonary arter- 
ies confluent. The bidirectional Glenn shunt provides effective 
pulmonary blood flow by directing desaturated blood directly 
into the pulmonary circuit. It does not increase the ventricular 
volume load as does a systemic-to-pulmonary shunt. 

Previously, the classic Glenn shunt was the preferred tech- 
nique, consisting of anastamosing the superior vena cava to 
the right pulmonary artery resulting in nonconfluent pulmo- 
nary arteries. Several serious complications and disadvantages 
however became increasingly recognized and as result, the 
classic Glenn is no longer done routinely (25). The most signif- 
icant complication was the development of pulmonary arterio- 
venous fistulae. They develop around 5 years after placement 
of the Glenn shunt. Other significant disadvantages include 
loss of confluence between right and left pulmonary arteries, 
distortion or stenosis of the superior vena cava or the right 
pulmonary artery, right pulmonary artery thrombosis, abnor- 
mal right pulmonary blood flow distribution, and failure of 
the right pulmonary artery to develop normally. 

Although the bidirectional cavopulmonary shunt produces 
excellent palliation in the first 2 to 3 years of life, progressive 
cyanosis and secondary erythrocytosis usually prompt further 
palliative efforts to improve pulmonary flow. If the pulmo- 
nary arteries remain hypoplastic, an additional systemic-to- 
pulmonary shunt may provide greater pulmonary blood flow 
for relief of cyanosis and promote growth of the pulmonary 
vascular bed. In general, the bidirectional cavopulmonary 
shunt alone does not provide sufficient pulmonary blood flow 
to palliate adequately patients with univentricular AV connec- 
tion into childhood. 

Three options for more definitive surgical correction of 
patients with univentricular AV connection are ventricular 
septation, modified Fontan operation, and cardiac transplan- 
tation (19-26). In 1956, Kirklin performed a septation opera- 
tion in a 12-year-old patient who had a single ventricle with 
a small ridge of apical ventricular septum. Based on this and 
similar early successes, the initial efforts at surgical correction 
of univentricular AV connection were directed toward ventric- 
ular septation or placement of a prosthetic patch to separate 
the MVC into right and left components, basically in a plane 
between the two AV valves. The earliest report by McGoon et 
al. (27) described the most successful early septation results in 
patients with DILV and left-anterior subaortic right ventricle 
(A-III single ventricle). However, early mortality rates were 
high, approximately 38% to 40%, and subsequent reports 
noted similar results (27,28). A progressive late mortality rate 
secondary to ventricular failure, progressive AV valve regurgi- 
tation, residual left-to-right shunts, conduit failure, and com- 
plete heart block prompted abandonment of this method of 
surgical correction for univentricular AV connection. 

The modified Fontan procedure with direct atriopulmo- 
nary connection and a lateral right atrial tunnel to produce a 


bicaval bidirectional or “total” cavopulmonary anastomosis 
have become common methods for a more definitive surgi- 
cal “correction” or palliation for patients with univentricular 
AV connection. Also, the bidirectional caval pulmonary anas- 
tomosis and an added external or internal conduit from the 
inferior vena cava to the right pulmonary artery are optional 
methods for surgical repair. Although initial surgical reports 
from 1973 to 1980 suggested that the mortality for modi- 
fied Fontan procedure was somewhat higher for patients with 
single ventricle (21%) than for patients with classic tricuspid 
atresia (17%) (26), current results (1988 to 1992) indicate 
substantial improvement with the same early mortality rate of 
about 4% for both tricuspid atresia and DILV (29). Even the 
more complex forms with common-inlet AV connection and 
situs ambiguus have early mortality rates of approximately 
1 1 % when stronger screening efforts are used to provide bet- 
ter patient selection, as described in the catheterization sec- 
tion. Earlier operation, that is, when the patient is between 
2 and 3 years of age, is now recommended to avoid com- 
plications related to long-term ventricular volume overload, 
hypoxia, cyanosis, AV valve regurgitation, pulmonary artery 
distortion, and pulmonary hypertension. Surgical techniques 
have improved to provide more efficient and direct flow from 
the cavae into the pulmonary arteries by lateral tunnels or 
external conduits and direct anastomoses described as bicaval, 
bidirectional, or total cavopulmonary connections. Such direct 
connections seem to provide more efficient and directed flow 
to the pulmonary artery and avoid dilated atrial chambers that 
appear to promote blood stasis and pooling with potential for 
thromboses and atrial arrhythmias. The use of a lateral tun- 
nel, intra-atnal, or extracardiac conduits in univentricular 
connection also provides greater flexibility for management of 
patients with common and single-inlet connections and avoids 
the necessity for AV valve patch closure in double-inlet con- 
nections. Some reports suggesting extremely poor results and 
high mortality rates in earlier series (1973 to 1983) typically 
included older and more debilitated patients prior to attempted 
repair and did not reflect recent improvements in medical and 
surgical management currently available (29). 

Current data from the long-term evaluation of postopera- 
tive univentricular AV connection patients continue to demon- 
strate generally satisfactory results in most patients after the 
modified Fontan procedure (29,30). Most surviving patients 
report a subjective improvement in their quality of life and 
exercise tolerance compared with their preoperative condi- 
tions. A number of reports reviewed some of the hemodynamic 
abnormalities, rhythm disturbances, and protein-losing enter- 
opathy that have been recognized in late survivors following 
modified Fontan procedure. Mechanical causes for a poor 
clinical result and high right atrial pressure include obstruction 
of caval or atriopulmonary connections, pulmonary artery dis- 
tortion or hypoplasia, pulmonary vascular obstructive disease, 
pulmonary venous obstruction, poor ventricular function, 
significant AV or semilunar valve regurgitation, and residual 
left-to-right shunts. Elevated right atrial pressures also result 
in right atrial distension and stretching of the right atrial wall. 
Significant arrhythmias have been reported following modified 
Fontan procedure and are primarily supraventricular in origin. 
They have included atrial flutter, primary atrial tachycardia, 
atrial fibrillation, and accelerated junctional tachycardia. Med- 
ical management and antitachycardia pacing devices have been 
used successfully to control these rhythm disturbances. 

Orthotopic cardiac transplantation also has been used suc- 
cessfully in chronically debilitated patients who have a variety 
of congenital cardiac defects, including univentricular AV con- 
nection. Usually, patients with severe ventricular dysfunction 
following modified Fontan procedure have experienced pro- 
gressive physical deterioration and have required cardiac trans- 
plantation for survival. Although the early surgical results for 
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these patients have been encouraging, the long-term morbidity 
and mortality rates for cardiac transplantation have not war- 
ranted consideration of cardiac transplantation as the first or 
primary option for surgical management of patients with uni- 
ventricular AV connection. In spite of the apparent benefits, 
40 years of experience with the Fontan procedure have gradu- 
ally revealed the shortfalls of such a circulatory arrangement. 
Sequelae related to the underlying congenital anomaly or to 
the altered physiology of passive, nonpulsatile flow through 
the pulmonary arterial bed commonly contribute to an increas- 
ing incidence of failure of the Fontan circulation over time 
(31). Morbidities include rhythm disturbances, thromboem- 
bolic events, protein-losing enteropathy, systemic ventricu- 
lar dysfunction, and heart failure (31-33). Extracardiac late 
complications also appear to be common. These late extracar- 
diac complications include restrictive lung disease, renal dys- 
function, and liver dysfunction (34-36). Liver abnormalities 
include clotting cascade, cirrhosis, and hepatocellular carci- 
noma (36). The clinical significance of these findings, however, 
remains poorly understood (36). 

We, therefore, currently recommend palliative support, 
including selected pulmonary artery banding and systemic - 
to-pulmonary shunts in univentricular AV connection patients 
during the first 6 months of life. If significant subaortic 
obstruction is present, an aortopulmonary window and an 
endoluminal banding operation should be performed early to 
prevent ventricular hypertrophy and to protect the pulmonary 
vasculature. After 6 months of age, a bidirectional cavopul- 
monary shunt could be considered to increase pulmonary 
blood flow and to reduce ventricular volume loading. This, 
in conjunction with additional pulmonary flow through the 
native pulmonary outflow tract or a small systemic-to-pulmo- 
nary shunt, should provide adequate pulmonary blood flow 
to reduce cyanosis and promote growth of the pulmonary 
arteries without substantial ventricular volume overload. If 
this provides adequate palliation, a complete modified Fontan 
procedure could be considered when the patient is between 2 
and 3 years of age. 
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C ardiac malposition describes an abnormal or anomalous 
location of the heart. Our discussion of cardiac malposi- 
tion includes abnormalities of overall cardiac position (dextro- 
cardia, mesocardia, levocardia [isolated]), as well as pericardial 
defects, and the complex anomaly of ectopia cordis (1,2). 
Cardiac malpositions often are integral components of com- 
plex cardiac anomalies involving abnormal visceral and atrial 
situs (sidedness). Due to the complex nature of these groups 
of anomalies, pathologists and clinicians have pursued a logi- 
cal, systematic, and consistent method of analysis typically de- 
scribed as a segmental approach to the diagnosis of congenital 
heart disease. This approach begins with a description of the 
asymmetrically arranged organ systems of the abdomen and 
thorax (determination of situs), proceeds to define the cardiac 
position and orientation within the chest, and concludes with 
a detailed description of the venous, cardiac, and arterial seg- 
mental anatomy, as well as the spatial relationships of the seg- 
ment components and the connections of adjacent segments to 
one another (see Chapter 2). 


DEFINITIONS 


Understanding of the often complex malformations associated 
with abnormal cardiac position is facilitated by a clear defini- 
tion of the terminology used to describe them. 

The classification of overall cardiac position is determined 
by the cardiac base-apex axis as illustrated in Figure 53.1. 
Dextrocardia has been defined classically and most consist- 
ently as the location of the heart in the right hemithorax with 
the apex pointing (base-apex axis) to the right. Dextrocar- 
dia may occur with atrial situs solitus, situs inversus, or situs 
ambiguus. When it occurs with situs solitus, it also has been 
called isolated dextrocardia. Although the normal heart can 
be “shifted” into the right chest by a variety of extracardiac 
processes (diaphragmatic hernia, tumors, or tension pneumo- 
thorax), these situations, in which the cardiac base-apex axis 
is still oriented to the left, are better described as “dextroposi- 
tion,” rather than dextrocardia. 

Mesocardia is the location of the heart with the cardiac 
base-apex axis directed inferiorly in the midline of the thorax 
(neither to the right nor left). The ventricular apices are equally 
directed to both right and left side of the sternum. This ana- 
tomic description of cardiac malposition often is ignored as 
being infrequent and atypical. However, many cases accepted 
as having dextrocardia may be described more accurately as 
mesocardia, because of a midline cardiac position. Most cases 
of mesocardia have been described with situs solitus. How- 
ever, mesocardia also has been described with situs inversus 
and situs ambiguus. 

Levocardia as a cardiac malposition only is considered as 
isolated levocardia, occurring in conjunction with situs inver- 
sus and situs ambiguus. Thus, despite an abnormal atrial and 


visceral situs, the heart is in its normal location in the left 
hemithorax with the apex (base-apex axis) pointing to the left. 

Situs (or sidedness) is a term used to describe the spatial 
relation of an asymmetrically arranged organ system (or group 
of related organs). For our discussion, the situs of the abdomi- 
nal organs (stomach, liver, bowel, and spleen) and the atria 
would receive the most attention. Situs solitus describes the 
normal site or position of the viscera or atria. Typically, both 
must be independently considered and described for a precise 
segmental approach. Situs inversus describes an inversion or 
right/left reversal of visceral or atrial site or position, i.e, a 
mirror image of the normal situation. In cases of atrial situs 
inversus, the right atrium will lie to the left and the anatomic 
left atrium to the right. Abdominal situs inversus consists of 
a right-sided stomach and spleen, and a left-sided liver. Situs 
ambiguus describes an uncertain or indeterminate visceral or 
atrial position because of symmetric or indeterminate anatomy 
bilaterally. Frequently, patients with abdominal situs ambiguus 
will have a liver that is “bilateral” and in a midline position, 
and absence of the spleen (asplenia) is common. Figure 53.2 
schematically illustrates the three types of visceral-atrial situs. 

Heterotaxia is the term used to describe an anomalous posi- 
tion of the viscera. In humans, anatomic left-right asymmetry is 
established during embryogenesis. Variations from the normal 
situs solitus result in heterotaxy, expressed as either randomi- 
zation (situs ambiguus) or complete reversal of visceral posi- 
tion as in situs inversus. In 1993, Casey et al. (1,2) localized a 
genetic defect in familial heterotaxy. They found an X-linked 
recessive trait associated with the inability of the developing 
embryo to establish normal left-right asymmetry. They later 
localized this deletion to X q26.2. They further reported that 
familial heterotaxy occurs with autosomal dominant, recessive, 
and X-linked inheritance. Kato et al. (3) and Peeters et al. (4) 
have reported de novo balanced translocations involving 
chromosome band 6q21 in a patient with heterotaxia and 
left isomerism. Genes implicated in human heterotaxy include 
Zic3, LeftyA, Cryptic, and Acvr2B (5). Both situs ambiguus 
and situs inversus can appear in some families with heterotaxy. 


SEGMENTAL DIAGNOSIS 


A segmental approach implies a systematic and therefore 
sequential review of all structures involved by the congenital 
anomalies. This sequence would determine the pathologic status 
of the viscera, the atria, the atrioventricular (AV) connection(s), 
the ventricles, the ventriculoarterial (VA) connection(s), and the 
great arteries. 

Pathologists have emphasized cardiac segments as the ana- 
tomic and developmental components of all human hearts. 
Van Praagh included ten cardiac segments from an embryo- 
logic standpoint: the sinus venosus, the primitive atrium, the 
common pulmonary vein, the AV canal, the primitive ventricle 
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Figure 53.1. Cardiac positions. Pathologic specimens of anatomically corrected TGA. A: Dextrocardia. B: Meso- 
cardia. C: Levocardia. The base-apex axis of the heart defines the type of cardiac malposition. Note that with 
mesocardia there are two relatively well-defined apices of the heart defined by each ventricle but with the major 
axis of the heart directed in the midline. 


(proampulla), the proximal bulbus cordis (meta-ampulla), the 
infundibulum (conus), the truncus arteriosus, the aortic sac, 
and the arterial arches (6). However, from a practical clinical 
approach, some embryologic segments have little relevance or 
application for anatomic or pathologic examination. 

Therefore, a more practical clinical and pathologic segmen- 
tal analysis begins with definition of major organ positions 
(visceral situs, atrial situs, and cardiac position/orientation), 
followed by a detailed description of four segments and the 
three connections between them. The seven components of 
this sequential system are (a) the venous segment (systemic and 
pulmonary veins, plus the coronary sinus), (b) the venoatrial 
connections, (c) the atria and the atrial septum, (d) the AV 
connection(s), (e) the ventricles and the ventricular septum, 
(f) the ventriculoarterial (VA) connection(s), and (g) the great 
arteries (aorta, pulmonary arteries, coronary arteries, and ductus 
arteriosus). Table 53.1 illustrates a basic strategy for segmen- 
tal diagnosis including many criteria and anatomic features 
that must be determined for accurate diagnosis. This approach 
should be applied regardless of the method of examination 
being used (clinical imaging or pathologic examination). 


VISCERAL AND ATRIAL SITUS ABNORMALITIES 

As illustrated in Table 53.1, the evaluation begins with defini- 
tion of visceral and atrial situs. Visceral (abdominal) situs is 
determined by the positions of the liver and stomach (Fig. 53.1 ). 
The pancreas and spleen generally are located on the same 
side of the vertebral column as the stomach. Atrial and vis- 
ceral situs generally are considered together because they are 
concordant in most cases (the atrial and visceral situs are the 
same). However, exceptions occur, and venous connections 
and visceral situs may not necessarily agree with the apparent 
atrial situs. These features can be particularly variable in situs 
ambiguus. Situs ambiguus may be best defined as an uncer- 
tain or indeterminate situs (organ positions do not fit into any 


standard category). However, in many cases, the right and left 
components appear very similar to each other, and have been 
described as mirror images. Such cases also have been referred 
to as “isomeric” or as having bilateral right or left sidedness. 

In visceral situs ambiguus with right isomerism (bilateral 
right sidedness), the spleen is usually absent (asplenia) and the 
liver is centrally located, symmetrically straddling the midline. 
In this situation, two mirror-image morphologic right hepatic 
lobes are present. In contrast to the normal arrangement, the 
inferior vena cava (IVC) and abdominal aorta will be found 
on the same side of the vertebral column. In addition, these 
patients almost always will have malrotations of the bowel. 

Situs ambiguus with polysplenia has been described as 
bilateral left-sidedness or left isomerism (5-12). However, the 
degree of right/left symmetry is less pronounced in cases of 
polysplenia than in those with asplenia and bilateral right sid- 
edness. In fact, the most common arrangement of the abdomi- 
nal viscera in polysplenic patients is more consistent with situs 
inversus. As a teaching tool, the concept of isomerism (mirror 
image sidedness) is an attempt to simplify (group) the typical 
features of complex anomalies in which multiple abnormali- 
ties tend to occur together as a syndrome. Thus, the asplenia 
syndrome (Ivemark syndrome) appears as a pathologic group- 
ing of features emphasizing right sidedness, such as bilateral 
right bronchi and bilateral right (trilobed) lungs, bilateral right 
atria, and a symmetrical liver. Ivemark described the implica- 
tions of asplenia on the pathogenesis of conotruncal anomalies 
in 1955. Van Mierop et al. (12) pointed out that the asplenia 
syndrome is associated with pulmonary stenosis or atresia, 
whereas in polysplenia syndrome, presence of single ventri- 
cle physiology and obstruction to pulmonary arterial blood 
flow are less common. In contrast, interruption of the IVC 
with azygous continuation of the inferior venous system and 
anomalous, bilateral pulmonary venous connection of each 
lung to the ipsilateral atrium are common in polysplenia, but 
rare in asplenia. 

Although splenic anomalies often are associated with 
complex congenital heart disease and with abnormalities of 
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Figure 53.2. Cross-sectional drawings of the abdomen illustrating visceral anatomy similar to that observed 
echocardiographically during a short-axis scan of the abdomen from a costal position. They demonstrate the 
three basic types of visceral atrial situs: situs solitus (A), situs inversus (B), and situs ambiguus (C,D). The cross- 
sectional relationships of the visceral structures are easily defined relative to fixed structures such as the vertebral 
body (Vert) and the diaphragm. The diaphragm limits the abdominal cavity so that posterior structures such as 
the aorta (Ao) and the azygous continuation of the IVC are retroperitoneal structures, as demonstrated in (D). 
Separate hepatic venous connections may be present in situs ambiguus, as evident in (C). (ESO, esophagus.) 


visceral situs, they are not the cause. Embryologically, the 
spleen, in contrast to the other thoracoabdominal viscera, 
does not initially develop as a midline structure. Rather, the 
splenic anlage is left-sided from its inception. As a result, in the 
case of bilateral right-sided symmetry, the spleen would not 
be expected to develop — hence the association of right isom- 
erism with asplenia. In contrast, left isomerism frequently is 
associated with polysplenia, although multiple spleens are 
usually found on only one side of the vertebral column (along 
the dorsal aspect of the stomach). 

Clinically, the identification of the morphologic right 
atrium is important for establishing atrial situs. This is due to 
the fact that much of the anatomic left atrium is derived from 
the embryonic common pulmonary vein. As a result, its walls 
are relatively smooth and lack distinctive features for identifi- 
cation by clinical imaging modalities. In contrast, the anatomic 
right atrium is derived from the primitive atrium and has sev- 
eral muscular structures that make it more recognizable. Its 
most reliable anatomic hallmark is the relatively thick superior 


limbus of the fossa ovalis, which can be observed by direct 
inspection at operation, at autopsy, or by tomographic imag- 
ing techniques (echocardiographic, CT, or cardiac MR scan- 
ning). In cases in which the atrial septum is absent, distorted, 
or cannot be visualized, atrial morphology may be inferred by 
inspection of the free atrial wall. A morphologic right atrium 
contains a large pyramidal appendage, a crista terminalis, and 
pectinate muscles (13). Angiographically, identification of the 
morphologically right atrium usually is inferred based upon 
the presence of large, wide-based, triangular atrial appendage, 
because the limbus and pectinate architecture cannot be visu- 
alized with this type of projection imaging. In situs ambiguous 
and other complex cases, the atrial septum essentially can be 
absent, resulting in a common atrium. In these cases, assign- 
ment of atrial “identity” can be challenging. The presence of 
pectinate muscles and the crista is helpful in anatomic speci- 
mens. However, when imaging a patient, the connection of the 
coronary sinus and/or the suprahepatic segment of the IVC 
can provide a reasonable marker identifying the position of 
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TABLE 53.1 


Segmental Approach to Evaluation of Complex Congenital 
Heart Disease 


Visceral, atrial situs and cardiac position/orientation 
The venous segment 

Systemic: superior and inferior caval position, number, and connections 
Hepatic veins 
Coronary sinus 

Pulmonary venous connections 
The A V connections (morphology/function) 

Valve "number," morphology, and commitment (AV malalignment — overriding, crisscross) 

Insertion of valvar supports (chordal attachments; septal versus intracavitary, straddling, ...) 
Leaflet anomalies (thickening, clefts, fenestrations, . . .) 

Papillary muscles (position, number, abnormality — parachute) 

Valvar function (stenosis, regurgitation) 

Functional status (regurgitation, stenosis) 

The ventricular segment 
Ventricular morphology 

- Relative AV valve septal insertion/hinge point (more basal — LV, more apical — RV) 

- Papillary muscle anatomy (large, discrete, midcavitary — LV, irregular, small and multiple — RV) 

- Endocardial appearance (smooth with small trabeculae — LV, multiple, coarse trabeculae with 
a moderator band — RV) 

Ventricular positions (relative to the other ventricle, to any VSD, and to the great arteries) 
Ventricular free walls (hypertrophied, thin, dyskinetic, ...) 

Ventricular septum (intact, defect(s), malalignment, ...) 

AV valve chordal attachments (relative to the outlets, or any VSD) 

Functional assessment (systolic contractility, diastolic relaxation) 

The ventricular-arterial connection(s) 

Number, patency vs. atresia, and appropriateness (concordant/discordant) of connections 
Relative position of the semilunar valves to 

- any VSD (override, remote, . . .) 

- any other outlet valve (normal, side-by-side, right anterior aorta, left anterior aorta) 

Functional assessment (stenosis, regurgitation) 

The great arteries (aorta, pulmonary arteries, coronary arteries, and the ductus) 

Identification of the presence (absence/atresia) and size of each vessel 

Identification of relative spatial relationships between vessels 

Definition of the extracardiac course and branching patterns 

Aortic arch location (right, left) and the brachiocephalic branching pattern 

Arch anomalies (hypoplasia, coarctation, patent ductus arteriosus) 


AV, atrioventricular; VSD, ventricular septal defect 


the morphologic right atrium (14,15). Anatomic determinants 
of the other cardiac segments also have been described and are 
summarized in Table 53.2. 

One can encounter cases of truly bilateral right atria (or 
right atrial isomerism). In these patients the appearance of 
both atrial appendages and the atrial free walls will have the 
characteristics of a right atrium (Fig. 53.3). Even more rarely, 
in polysplenia syndrome with left atrial isomerism, both atrial 
appendages and free walls typically resemble a left atrial 
appendage. The left atrial appendage usually has a narrow base 


and a tubular, hooked shape (13) (Fig. 53.2) (16). However, 
the atrial appendage shape often is quite variable and may be 
described best in some instances as simply abnormal. In most 
cases with asplenia or polysplenia, the atrial anatomy is poorly 
defined, with a large common atrium, a thin rudimentary rem- 
nant of atrial septum, anomalies of systemic and pulmonary 
venous connections, and abnormal but similarly shaped bilat- 
eral appendages. Van Praagh et al. (14) have argued that the 
concept of bilateral or two right atria and bilateral or two left 
atria is anatomically unrealistic. These researchers and also 
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Anatomic Features of Cardiac Segments 

Right Atrium 

Left Atrium 

Thick, superior limbus of fossa ovalis 

Thin valve of the fossa ovalis 

Large pyramidal appendage 

Ostium secundum 

Crista terminalis 

Small finger-like appendage 

Pectinate muscles 

No crista terminalis 

Receives suprahepatic IVC, coronary sinus 

No pectinate muscles 

Tricuspid valve 

Mitral valve 

Septal chordal attachments 

No septal chordal attachments 

Apical septal annular attachment/hinge 

Basal septal annular attachment/hinge 

Triangular orifice (midleaflet) 

Elliptical orifice (midleaflet) 

Three leaflet A V valve 

Two leaflet A V valve 

Multiple, small papillary muscles 

Two large papillary muscles 

Empties into RV 

Empties into LV 

Right ventricle 

Left ventricle 

Large apical trabeculations 

Small apical trabeculations 

Coarse septal surface 

Smooth upper surface 

Moderator, septal and parietal bands 

No moderator, septal or parietal band 

Receives tricuspid valve 

Receives mitral valve 

Tricuspid-pulmonary discontinuity 

Usually mitral-aortic continuity 

- muscular outflow tract (infundibulum) 

Crescentic in cross section 

Circular in cross section 

Pulmonary valve 

Aortic valve 

Empties into pulmonary trunk 

Empties into ascending aorta 


IVC, inferior vena cava; SVC, superior vena cava. 


De la Cruz and Nadal-Ginard (15) emphasized the importance 
of the suprahepatic segment of the IVC as a reliable marker 
for the morphologic right atrium, because embryologically, 
the sinus venosus is incorporated into the right atrium, and 
IVC-to-right atrium concordance is diagnostically accurate, 
even when there is visceroatrial discordance. With incorpora- 
tion of the sinus venosus, the coronary sinus also can be rec- 
ognized as a reliable marker for the morphologic right atrium. 
The morphologic right atrium, then, can be determined by a 
normally formed coronary sinus, a larger and more anterior 
appendage, and connection of the suprahepatic portion of the 
IVC. This approach allows clinical assignment of atrial situs 
in most cases, although the most important clinical issues are 
often related to the position and spatial arrangement of the 
venoatrial connections rather than the morphologic identities 
of the atria themselves. 

Pulmonary situs is determined by the sidedness of the mor- 
phologic right and left lungs. Clinically, this is defined by the 
relationship of the pulmonary arteries to their adjacent bron- 
chi, and not by the number of lobes in each lung. In a mor- 
phologic right lung, the pulmonary artery travels anterior to 
the upper lobe and intermediate bronchi. In contrast, a mor- 
phologic left lung is characterized by a pulmonary artery that 
courses over the main bronchus and posterior to the upper 
lobe bronchus. The distance from the carina to the origin of 
the upper lobe bronchus is 1.5 to 2 times greater for the mor- 
phologic left lung than for the right lung (17). These relative 
distances may be used clinically to infer pulmonary situs. The 


simplest method is by examination of the air bronchograms on 
a plain chest x-ray. This ratio applies regardless of the sided- 
ness of the aortic arch (i.e., regardless of the bronchus over 
which the aorta travels) (Fig. 53.4). In the setting of pulmo- 
nary isomerism (both lungs having the same morphology), 
however, the ratio approaches unity, because the lengths of the 
two main bronchi are similar. In these cases, bilateral trilobed 
(right) lungs should suggest the diagnosis of situs ambiguus 
with the asplenia syndrome (right isomerism), and bilateral 
bilobed (left) lungs the polysplenia syndrome (left isomerism). 
However, lung isomerism does not exist in all cases of cardiac 
isomerism and pulmonary isomerism can occur in patients 
without features of cardiac heterotaxia. 

The cardiac and vascular segments are evaluated not only 
according to morphology but also in terms of spatial orien- 
tation. For example, atria and ventricles should be described 
both by their morphology and right or left sidedness. In gen- 
eral, the position and orientation of the ventricular septum is 
used to describe the location of the ventricular chambers. In 
hearts with levocardia with normally positioned ventricles, the 
right ventricle (RV) is to the right and anterior, while the left 
ventricle (LV) is left and posterior. In contrast, in situs inver- 
sus totalis the usual ventricular arrangement is the LV — right 
posterior and the RV — left anterior. Mesocardia is character- 
ized by a vertical midline septum with side-by-side ventricles. 
Rarely, the ventricular septum is horizontal rather than verti- 
cal and results in superoinferior (over-and-under or “upstairs- 
downstairs”) ventricles. 
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Figure 53.3. Atrial appendage anatomy. Pathologic specimen 
illustrating the anatomic features of the morphologic right and 
left atrial appendages with left- juxtaposed atrial appendages. The 
right atrial appendage (RAA) has a large pyramidal shape with a 
broad base, whereas the left atrial appendage (LAA) has a narrow 
base and a tubular, hooked, or irregular shape. (LV, left ventricle; 
RV, right ventricle.) (Provided by Dr. William D. Edwards.) 


The position of the aorta is described relative to the 
pulmonary trunk. Normal hearts are characterized by a right 
posterior aorta. After the morphology and position of the 
cardiac segments are determined, the manner in which they 
connect to one another is evaluated. The three forms of con- 
nections to be investigated are venoatrial, AV, and VA. 

The difficulties encountered in the accurate definition 
of atrial situs based on atrial anatomy alone emphasize the 
importance of accurate determination of systemic and pulmo- 
nary venous connections, as described in Tables 53.1 and 53.2. 
Regardless of the designation of a right or left atrium or the 
shape of the atrial appendages, the localization of the superior 


vena cava (SVC), IVC, hepatic veins, coronary sinus, and pul- 
monary venous connections should be determined individually 
and recognized as unilateral or bilateral. This determination is 
particularly important for surgical management and should be 
a routine part of any imaging study. 


ATRIOVENTRICULAR CONNECTIONS 

AND ATRIOVENTRICULAR VALVE MORPHOLOGY 


The AV connection defines which atrium is connected or 
aligned with which ventricle. The normal AV connection, 
or right atrium-to-RV connection, defines a concordant AV 
connection, whereas a discordant connection is the abnormal 
connection of the right atrium to the morphologically LV. The 
term ventricular inversion also has been used to describe a dis- 
cordant AV connection, but this terminology does not convey 
the central nature of the connection to these malformations. 
Discordant AV connections develop during the embryonic pro- 
cess of cardiac looping. The normal looping process begins 
with the embryonic heart tube bending and growing anteriorly 
and to the right, allowing the right horn of the sinus veno- 
sus to associate with the precursor of the RV. This has been 
described as a d-ventricular loop and results in AV concord- 
ance. In contrast, it is inferred that AV discordance develops 
due to a defect in cardiac looping, with the heart tube bend- 
ing anterior and to the left (1-loop). A simplified form of the 
ventricular loop rule as proposed by De la Cruz et ai. (18) 
and illustrated by Van Praagh et al. (8) is demonstrated in 
Figure 53.5, which presents four clinical conditions associated 
with d- or 1-ventricular looping. Although originally proposed 
as an embryologic hypothesis to explain ventricular inversion, 
there has been mouse embryo documentation that both ven- 
tricular d- and 1-loops do occur (19). Although this study dem- 
onstrated the occurrence of 1-loops in mouse embryos with 
situs inversus, it did not document the occurrence of l-looping 
as the cause of AV discordance. 

The concept of d- and 1-ventricular looping has been devel- 
oped further and defined anatomically in terms of chirality 



Figure 53.4. Normal bronchial anatomy. Pathologic specimen (A) and drawing (B) illustrate normal tracheobron- 
chial branching pattern as observed from anterior. The left bronchus and lung are on the right side of each image. 
Note that the length of the left bronchus from the carina to its first branch is normally 1.5 to 2 times as long as 
the length of the right bronchus from the carina to its first branch. This anatomic feature allows prediction of the 
pulmonary visceral situs based on measurements of the bronchial length. (Provided by Dr. William D. Edwards.) 



CHAPTER 53 ■ Cardiac Malpositions and Abnormalities of Atrial and Visceral Situs 1201 



Normal 



D-transposition 


L-transposition 



Inversus 



CE PHALAO 


CAU DAO 



A 


D-loop Straight L-loop 

tube 



Figure 53.5. Cardiac loop formation as observed embryologi- 
cally with the loop rule for ventricular localization as proposed 
by De la Cruz et ah (17) as an explanation for corrected trans- 
position of the great arteries. d-Ventricular looping would 
result in normal ventricular situs, with the morphologic right 
ventricle to the right and anterior and the morphologic left 
ventricle to the left and posterior. 1-Ventricular looping would 
result in inverted ventricular situs. (A, anterior; P, posterior; 
R, right; L, left; V, ventricle; RV, right vent; LV, left vent; 
BC, bulb cardis; TA, truncus arteriosus.) (From Van Praagh R. 
Malpositions of the heart. In: Moss AJ, Adams FH. Heart 
Disease in Infants , Children , and Adolescents. 1st ed. Balti- 
more, MD: Williams &c Wilkins, 1968:604, with permission.) 



Figure 53.6. The use of chirality to describe what is a d-loop 
and what is an 1-loop. The morphologic right ventricle (RV) of 
d-looped ventricles is right handed. The RV of 1-looped ven- 
tricles is left handed. The d-loop RV in situs solitus and the 
1-loop RV in situs inversus totalis are stereoisomers, or spatial 
mirror images, just as are the right and left hands. Hence, it 
is possible to diagnose the type of ventricular loop (d or 1) no 
matter what the spatial relationships of the ventricles may be. 
Whichever hand fits within the morphologically RV such that 
the palmar surface is toward the septum and the thumb in the 
inlet and the fingers in the outlet defines the ventricular loop. 


(20,21) to explain other more-complex abnormalities of ven- 
tricular situs (criss-cross relations, as discussed below). The 
concept of chirality has been used to easily predict the ven- 
tricular “loop” that led to a particular malformation based on 
a right- or left-handed orientation as illustrated in Figure 53.6. 
The type of AV connection is associated with intrinsic varia- 
tions of AV conduction tissue pathways. 

The concepts of AV concordance or discordance usually 
will adequately define the type of AV connection in biven- 
tricular situations. Other more complex malformations can be 
described based on their presence (or absence), number, and 
their relationship(s) to the ventricular inlet(s). These abnor- 
mal categories of AV connection, whether concordant or dis- 
cordant, include absent (atretic), overriding, and crisscross 
and are more fully described in a separate chapter detailing 
univentricular AV connection. When both atria connect with 
only one ventricular chamber, a univentricular AV connection 
applies. The same discussion reviewed the classification of 
single-, double-, and common-inlet ventricles. 

Crisscross AV connection results due to a rotational abnor- 
mality of the ventricles (22). The ventricles often have a 
superoinferior ventricular relationship that appears to result 
primarily from an abnormally rightward or leftward rotation 
of the ventricular mass, and crossed AV connections. The right- 
sided AV inlet relates to the ventricular chamber that forms the 
left apex, while the left connection is associated with the right 
(and usually superior) ventricle. These complex abnormalities 
frequently are associated with large ventricular septal defects 
(VSDs), allowing overriding AV connections. These frequently 
are associated with straddling AV valve chordae and/or mala- 
ligned AV connections. Straddling is a feature of the tensor 
apparatus (chordae tendineae and papillary muscles) of an AV 
valve and indicates anomalous insertion into the contralateral 
ventricle, either along its septum or its free wall. The severity 


of AV valve straddling has been categorized as type A, B, or C, 
depending on the position of the abnormal straddling chordae. 

The simplest form of chordal straddling, type A, occurs 
when the abnormal chordae are attached to the upper portion 
(crest) of the ventricular septum (within 1 cm of the VSD), but 
on the side opposite from the position of the originating AV 
valve. In cases of Type B straddling, the anomalous chordal 
attachment is still found on the contralateral septal surface, but 
more than 1 cm removed from the edge of the VSD. Valves with 
type C straddling have abnormal chordal attachments that are 
supported by papillary muscles within the contralateral ventric- 
ular cavity or arising from the opposite ventricular free wall. 


VENTRICULAR SITUS AND MORPHOLOGY 


Complete assessment of this segment includes an assessment 
of the cardiac base-apex axis to describe the three basic pos- 
sibilities of levocardia, dextrocardia, or mesocardia as detailed 
previously. In addition, an evaluation of this segment should 
incorporate descriptions of the ventricular locations, relation- 
ships, function, and morphology, as well the anatomy of the 
ventricular septum and any defects in it. These details have 
been covered elsewhere and need not be repeated here. 


GREAT ARTERY RELATIONS 

The great arterial connections, the spatial relationships 
between the arteries and their subsequent distribution/branch- 
ing patterns, must be determined as described in Table 53.1. 
Eight basic types of great artery relationship are possible based 
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Situs Solitus 



Situs Inversus 



Inv Inv comp Inv corr 

normal TGA TGA 


Dis 

Con 


Figure 53.7. Four basic combinations of atrioventricular and 
ventricle-great artery relationships schematically displayed for 
atrial visceral situs solitus and situs inversus. Although these 
basic combinations do not include all possible variations in 
ventricular and great artery spatial relationships, the impor- 
tant aspects of atrioventricular and ventricle-great artery con- 
nections are demonstrated, allowing an understanding of the 
possible hemodynamic variables and the surgical manipulation 
required for correction. (Comp TGA, complete transposition 
of the great arteries; Con, concordant; Corr TGA, congenitally 
corrected transposition of the great arteries; Dis, discordant; Isol 
vent inv, isolated ventricular inversion; Inv, inverted; LA, left 
atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.) 


on the aortic and pulmonary valve positions at the level of 
the semilunar valves. They can be best described by the aortic 
location as follows: 

1. Right posterior aorta (normally related) 

2. Right lateral aorta (side by side) 

3. Right anterior aorta (d-malposed) 

4. Directly anterior aorta 

5. Left anterior aorta (1-malposed) 

6. Left lateral aorta (left side by side) 

7. Left posterior aorta (inverted normal) 

8. Directly posterior aorta 


pivotal dextrocardia and dextroversion. All the above descrip- 
tions try to convey the concept that the heart in this condition 
appears externally normal, but the apex is rotated toward the 
right hemithorax. Figure 53.8 illustrates pathologic features of 
this form of dextrocardia. The heart appears to have twisted to 
the right. The base-apex axis of the heart is actually directed 
to the right, and the ventricular and great artery relationships 
are normal. There were no gross intracardiac defects. In a 
series reported by Van Praagh et al. (8), 17 of 23 patients had 
multiple congenital extracardiac anomalies and 17 of 24 cases 
had congenital heart defects, including VSD, left SVC to the 
coronary sinus, coarctation of the aorta, secundum atrial sep- 
tal defect (ASD), anomalous pulmonary venous connections, 
and complete AV septal defect. 

The clinical presentation of patients with this form of dex- 
trocardia depends upon any other lesions that may be pre- 
sent, such as VSD, coarctation, and AV septal defect, rather 
than upon the malposition itself. The geometric distortion 
of isolated dextrocardia compounds the clinical differential 
diagnosis and surgical management. Radiographic findings 
include the finding of dextrocardia with the heart positioned 
in the right chest. Volume overload lesions have radiographic 
evidence of pulmonary hyperperfusion. Bronchial branching 
patterns are normal. Visceral situs solitus is recognized by the 
left-sided stomach bubble and right-sided liver. Electrocardio- 
graphic findings can be typical for isolated dextrocardia. Atrial 
activation is normal, and the P-wave frontal plane axis is 
70 to 80 degrees. Due to the shift of the ventricular mass toward 
the right, the frontal plane QRS axis shows a rightward shift 
or right-axis deviation. The most striking feature is a transloca- 
tion or shift of the typical horizontal loop R-wave progres- 
sion into the right chest. Therefore, as typical left precordial 
leads are observed, a gradual and progressive reduction in 
the QRS R-wave voltage is observed. It is therefore necessary 
to obtain additional complete right precordial leads (V3R to 
V6R) to correctly record the more typical QRS pattern and 
R-wave progression that is normally expected from the left 
chest. Other voltage abnormalities would depend on associ- 
ated congenital cardiac anomalies. 

Isolated Dextrocardia with Atrial Situs Solitus, 
Atrioventricular and Ventriculoarterial Discordance, and 
Left Anterior Aorta (Corrected Transposition of the Great 
Arteries with Isolated Dextrocardia) 


This type of segmental approach to complex cardiovascular 
malformations allows prediction of all possible cardiac condi- 
tions that could be encountered. Its flexibility depends upon 
the sequential addition of each cardiac segment and its rel- 
evant connections, accounting for all possible combinations 
of atrial, ventricular, and great arterial anomalies. Figure 53.7 
schematically illustrates four typical clinical examples of seg- 
mental variations occurring in both atrial situs solitus and situs 
inversus. The remainder of this chapter is devoted to descrip- 
tions of these complex malformations and the other defects 
associated with them as they are encountered clinically. 


DEXTROCARDIA 


Dextrocardia with Atrial Situs Solitus 

Isolated Dextrocardia with Atrioventricular Concordance 
and Normally Related Great Arteries 

Isolated dextrocardia with AV concordance and normally 
related great arteries represents a true form of dextrocardia 
with the cardiac base-apex axis oriented inferiorly and to the 
right. It has been described using several names, including 


Isolated dextrocardia with atrial situs solitus, AV and VA dis- 
cordance, and left anterior aorta is a spatially complex form 
of congenitally corrected transposition of the great arteries 
(TGA). Congenitally corrected TGA is the most common com- 
plex cardiac malformation associated with dextrocardia and 
normal atrial situs. Although these hearts meet all the crite- 
ria for dextrocardia, the cardiac position is often close to the 
midline with only a slight rightward dominance, mimicking 
mesocardia (Figs. 53.9 and 53.10). There is a high incidence 
of additional cardiac anomalies observed with this form of 
isolated dextrocardia, including VSD and pulmonary stenosis. 
A similar group of anomalies associated with double-outlet 
RV (instead of TGA) has been well documented. Isolated 
dextrocardia with atrial situs solitus is also frequently seen 
in double-inlet LV with hypoplastic subaortic RV. Pulmo- 
nary atresia, complete AV septal defect, mitral atresia (right 
AV valve), tricuspid regurgitation (left AV valve) with Ebstein 
anomaly-like malformation, and anomalous systemic and pul- 
monary venous connections (especially with a persistent left 
SVC to the right atrium or directly to the left atrium with an 
unroofed coronary sinus) have also been reported (6,8,9). 

Radiographic and electrocardiographic findings in this 
form of isolated dextrocardia are similar to those observed 
in dextrocardia with normally related great arteries. 
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Figure 53.8. Upper left: Situs solitus, dextrocardia with normally related great arteries. The schematic drawing 
at (upper right) depicts normal atrioventricular and ventricle-great artery relationships. The pathologic specimen 
illustrates normal internal morphologic characteristics of both ventricles. (Ao, aorta; APM, anterolateral papillary 
muscle; CS, crista supraventricularis; LA, left atrium; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; 
PB, parietal bond; PPM, posteromedial papillary muscle; RA, right atrium; RV, right ventricle; SB, septal band; TV, 
tricuspid valve; VS, ventricular septum.) (From Van Praagh R, Van Praagh S, Vlad P, et al. Anatomic types of con- 
genital dextrocardia: diagnostic and embryologic implications. Am J Cardiol 1964;13:510-531, with permission.) 


The ECG shows normal P-wave axis and right QRS axis 
deviation. However, the initial qR wave of the QRS complex 
is abnormally directed to the left, consistent with abnormal 
septal depolarization associated with AV discordance. 

Dextrocardia with Situs Inversus 

Dextrocardia with Situs Inversus, AV and VA Concordance, 
and Inverted Great Arteries (Left Posterior Aorta) 

Although the atria, ventricles, and great arteries are all 
inverted from their normal location and spatial relation- 
ships, in this form of dextrocardia, there is persistence of 


normal AV and VA connections. This form of dextrocardia 
was not reported with high frequency in pathologic series, 
perhaps because of normal physiology often associated with 
it. However, in life it may be one of the more common forms 
of dextrocardia. In the review of Van Praagh et al. (21), it 
occurred in only 7 of 24 cases with situs inversus, and all but 
2 cases had associated cardiac anomalies. Ventricular sep- 
tal defect, tetralogy of Fallot, pulmonary atresia, complete 
AV septal defect, and secundum ASD were observed in this 
group. The radiographic findings are consistent with visceral 
situs inversus and dextrocardia. The electrocardiographic 
findings in this form of dextrocardia include atrial and 
ventricular voltage changes that are inverted from normal. 
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Figure 53.9. Isolated dextrocardia. A: Posteroanterior chest 
radiograph demonstrating cardiac malposition consistent with 
dextrocardia, with the base-apex axis oriented to the right; how- 
ever, the heart is just slightly to the right of a midline location, 
illustrating an intermediate position between mesocardia and 
dextrocardia. B,C: Angiocardiograms demonstrating dextro- 
cardia with atrioventricular and ventriculoarterial discordance. 
They also show a large ventricular septal defect and some degree 
of pulmonary arterial overriding. (Ao, aorta; LV, left ventricle; 
PA, pulmonary artery.) 



The P-wave axis is directed to the right and inferiorly because 
of atrial inversion. Other voltage abnormalities depend on 
the associated cardiac lesions. 

Dextrocardia with Situs Inversus, Atrioventricular 
Concordance, and Ventriculoatrial Discordance with Left 
Anterior Aorta 

Dextrocardia with situs inversus, AV concordance, and VA 
discordance with left anterior aorta represents an “inverted” 
form of complete TGA (Fig. 53.11) and is one of the most 
common reported forms of dextrocardia with situs inversus, 
occurring in seven of 24 patients in the Van Praagh et al. (21) 
series. The hemodynamics and physiology are identical to 
complete TGA with levocardia. The electrocardiogram shows 
an inverted P-wave axis because of the atrial inversion; how- 
ever, there may be more evidence of associated right and left 
ventricular hypertrophy because of transposition physiology. 

Dextrocardia with Situs Inversus and Atrioventricular and 
Ventriculoatrial Discordance, with Right Anterior Aorta 

Dextrocardia with situs inversus and AV and VA discordance, 
with right anterior aorta, is an inverted form of congenitally 
corrected TGA. It is rare, occurring in only 3 of 136 cases of 


dextrocardia (21) (Fig. 53.12). Although the segmental car- 
diac connections would, theoretically, be physiologically cor- 
rect in these hearts, there was a high frequency of significant 
additional associated anomalies, resulting in profound hemo- 
dynamic impairments. In the example demonstrated, there is 
a VSD and subpulmonary stenosis. Also, there is significant 
cardiac rotation to the right, so that the aorta is actually in a 
right posterior position relative to the pulmonary valve and 
main pulmonary artery. 

Dextrocardia with Situs Inversus, Atrioventricular 
Discordance, and Ventriculoatrial Concordance with 
Inverted Normally Related Great Arteries (Left Posterior 
Aorta) 

Dextrocardia with situs inversus, AV discordance, and VA 
concordance with inverted normally related great arteries (left 
posterior aorta) has been described as being similar to isolated 
ventricular inversion, and shares hemodynamics compara- 
ble to those of complete TGA. This is also an extremely rare 
form of dextrocardia, with only two cases reported in the Van 
Praagh et al. (21) review. One of these patients had multiple 
additional cardiac abnormalities, including common atrium, 
common AV valve, and severe right ventricular hypoplasia. 
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Figure 53.10. Isolated dextrocardia. Pathologic specimen illustrating the most common form of dextrocardia asso- 
ciated with atrial and visceral situs solitus. There is atrioventricular (AV) and ventriculoarterial discordance. Note 
the great artery orientation with the left anterior aorta (Ao). The resulting hemodynamics are consistent with the 
physiology of congenitally corrected transposition of the great arteries. A: External view of the heart. B: A four- 
chamber cut demonstrating the pathologic features of AV discordance. The left atrium (LA) connects to the mor- 
phologic right ventricle (RV) on the left. The arrow points out one identifying feature of the morphologic RV, the 
typical tricuspid valve attachment to the ventricular septum at a point inferior to the mitral valve attachment. (LV, 
morphologic left ventricle; RA, right atrium; RAA, right atrial appendage.) (Provided by Dr. William D. Edwards.) 



Figure 53.11. Pathologic specimen demonstrating situs inver- 
sus, dextrocardia with AV concordance, VA discordance, and 
left anterior aorta in a 26-week-gestation stillborn fetus. It rep- 
resents an inverted form of complete transposition of the great 
arteries. A prominent morphologic right (systemic venous) 
atrial appendage (RA) and the ascending aorta (Ao) are noted 
on the left of the fetus. The arrow points to the stomach on the 
right side of the fetus. (PA, main pulmonary artery; RV, right 
ventricle.) (Provided by Dr. William D. Edwards.) 


The eight forms of dextrocardia described above are identi- 
cal to the eight possible theoretical variations of possible AV 
and VA connections previously outlined in Figure 53.7. 


SITUS AMBIGUUS 

Situs ambiguus could be present in association with right atrial 
(asplenia) or left atrial (polysplenia) isomerism. Dextrocardia 
with situs ambiguus was the most common form of dextro- 
cardia in the Van Praagh et al. (21) review, occurring in 46 of 
136 cases: 27 patients had asplenia and 18 had polysplenia. In 
the pathologic series reported by Lev et al. (9), 12 of 41 cases 
were “undetermined” or “presumptive” forms of dextrocar- 
dia with some features typical of situs ambiguus. Eight of these 
patients had asplenia. 


ASPLENIA 

Three of the six examples of dextrocardia with situs ambiguus 
and asplenia originally reviewed by Van Praagh and Vlad (6) 
demonstrated features of common atrium, common AV valve, 
common-inlet ventricle of right ventricular type, hypoplastic 
LV, and VA discordance or double-outlet RV with pulmonary 
atresia or severe stenosis. All had normally related ventricles 
with the RV to the right (d-ventricular loop) and a right anterior 
aorta. The remaining three were similar with the exception of 
the ventricular arrangement. They had the RV positioned to the 
left of the LV remnant (1-ventricular loop, ventricular inversion) 
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Figure 53.12. Dextrocardia with situs inversus and atrioventricular and ventriculoarterial discordance (con- 
genitally corrected transposition). A: The posteroanterior chest radiograph demonstrates dextrocardia with a 
right-sided stomach bubble consistent with situs inversus and dextrocardia. The angiocardiograms (B-E) demon- 
strate a catheter in a left-sided inferior vena cava (IVC) joining a left-sided systemic venous atrium (RA), which 
connects with a morphologic left ventricle (LV) and a left-sided pulmonary artery (PA). Note that the ascending 
aorta (Ao) is right posterior in relation to the pulmonary valve because of marked cardiac rotation to the right. 
(VSD, ventricular septal defect.) (From Van Praagh R, Van Praagh S, Vlad P, et al. Diagnosis of anatomic types 
of dextrocardia. Am J Cardiol 1965;15:234-243, with permission.) 
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and left anterior aorta (Fig. 53.13). As is typical with asplenia, 
all had multiple anomalies of systemic and pulmonary venous 
connections. Bilateral superior venae cavae with direct connec- 
tions to the atria, bilateral pulmonary venous connections (direct 
right and left pulmonary venous connections to the ipsilateral 
atrium), anomalous supracardiac pulmonary venous connec- 
tions, absent coronary sinus, bilateral hepatic venous connections 
to the ipsilateral atrium, and azygous or hemiazygous continu- 
ation of the IVC to the SVC are all typical venous anomalies in 
situs ambiguus. This constellation of anatomic features is char- 
acteristic of situs ambiguus and right isomerism, regardless of 
the cardiac position (levocardia, mesocardia, or dextrocardia). 
Eleven patients with dextrocardia and asplenia were observed 
in the series reported by Stanger et al. (11). All had AV septal 
defects, and seven of these had ventricular inversion (1-loop) and 
VA discordance with an anterior left aorta. Two had nomnverted 
ventricles (d-loop) and VA discordance with anterior right aorta, 
and two had single LVs with an anterior left aorta. Although 
these were the most common types of anomalies reported, sev- 
eral other variations have been reported. Most patients have 
some AV valve abnormality, such as common AV inlet, but right 
or left AV valve atresia is also recognized. Many have an unbal- 
anced form of VSD, most often with left ventricular hypoplasia, 
but they may have tricuspid valve atresia and right ventricular 
hypoplasia. Some may have a single ventricle of uncertain or 
indeterminate morphology with a common AV inlet. As previ- 
ously noted, most patients with asplenia have pulmonary steno- 
sis or atresia. Aortic atresia is a rare finding in asplenia. 


POLYSPLENIA 


The features classically included with the polysplenia syn- 
drome and dextrocardia are similar to those just described with 
asplenia, including common-inlet ventricle of right ventricular 
morphology and double-outlet RV. However, some outstand- 
ing differences are noteworthy, including a lower incidence 
of associated pulmonary stenosis and a more frequent occur- 
rence of bilateral pulmonary venous connections to the ipsi- 
lateral atrium. In addition, patients with polysplenia have had 


a much wider variation in the cardiac anomalies described, 
in many cases having features more typically observed with 
situs inversus totalis. In the review by Van Praagh et al. (21), 
the most common form of congenital heart disease associated 
with the polysplenia syndrome was dextrocardia, atrial situs 
ambiguus, ventricular inversion, and VA concordance with 
left posterior aorta. The next most frequent complex observed 
was dextrocardia, situs ambiguus, ventricular inversion, and 
VA discordance with left anterior aorta. In the Stanger et al. 
(11) series, nine patients had dextrocardia and four had AV 
discordance with VA concordance (ventricular inversion) or 
double-outlet RV. This review also suggested that situs inver- 
sus and polysplenia with dextrocardia may be interrelated 
etiologically and embryologically. They noted that the associ- 
ated cardiovascular malformations found in the polysplenia 
syndrome were similar to, but often less severe than, those 
found in the asplenia syndrome. For example, only complete 
common AV septal defects were found in the asplenia syn- 
drome, but partial AV septal defects also were observed in the 
polysplenia syndrome. Pulmonary outflow tract obstruction 
(stenosis or atresia) occurred in 5 of 18 patients with polys- 
plenia, whereas pulmonary outflow tract obstruction was pre- 
sent with asplenia in 16 of 18. Features characteristic of the 
polysplenia syndrome, such as interruption of the IVC with 
azygous continuation to the SVC and ipsilateral pulmonary 
veins, also were noted. 


LEVOCARDIA (ISOLATED LEVOCARDIA) 


When the heart is in a normal position and has a normal 
base-apex cardiac axis, isolated levocardia implies that 
either atrial situs inversus or atrial situs ambiguus is present. 
In the autopsy series reported by Van Praagh et al. (8) and 
by Stanger et al. (11), atrial situs inversus with levocardia 
was unusual and occurred in only 3% to 14% of the cases 
described with isolated levocardia. Most of these had AV 
discordance and either VA discordance or double-outlet RV 
with anterior right aorta, resembling malpositioned forms of 
corrected TGA. 



Figure 53.13. Pathologic specimen demonstrating anatomic features observed with situs ambiguus, dextrocardia 
with asplenia. A: Frontal view demonstrating the heart and lungs. The cardiac base-apex axis (arrow) points to 
the right, consistent with dextrocardia. The lungs are trilobed bilaterally. The aorta (Ao) is left anterior with a 
right aortic arch. B: An open view of the morphologic right ventricle (RV). There was a common-inlet (CAV) 
RV with double-outlet RV and severe pulmonary stenosis. A white probe is inserted into the stenotic pulmonary 
outflow tract. The white arrowhead indicates a hypoplastic rudimentary morphologic left ventricle to the right 
and posterior. The ventricular relationships are consistent with ventricular inversion or 1-ventricular looping. 
(Provided by Dr. William D. Edwards.) 
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MESOCARDIA 


As defined previously, mesocardia is present when the heart 
is in a midline position and the cardiac base-apex axis is ori- 
ented directly inferiorly (neither to the right nor left). Autopsy 
series (6,8,9,23) have consistently included a very low incidence 
of mesocardia. The series by Stanger et al. (11) included only 
patients with asplenia (situs ambiguous). However, the series 
by Lev et al. (23) included 17 cases with situs solitus, inversus, 
and ambiguus. Most of these had situs solitus and were either 
normal hearts or examples of VA discordance with and with- 
out AV discordance (complete or congenitally corrected TGA). 
Lev et al. (23) defined mesocardia as that condition in which 
the longitudinal axis of the heart lies in the midsagittal plane 
with the heart possessing no distinct apex. The low incidence 
of mesocardia in these reports may reflect a tendency to have 
included such cases in the groups with dextrocardia or isolated 
levocardia. As a group, the hemodynamic and clinical findings 
in mesocardia are also similar to those previously described with 
dextrocardia. Figure 53.1 (panel B) illustrates pathologic find- 
ings in a patient with situs solitus and mesocardia, as well as AV 
and VA discordance. 


ECHOCARDIOGRAPHIC FEATURES OF CARDIAC 
MALPOSITION 


Two-dimensional and Doppler echocardiography have become 
the cornerstone of the initial diagnostic evaluation of patients 
with all forms of congenital heart disease and provide essential 


anatomic data in patients with cardiac malpositions. Tran- 
sthoracic echocardiography is a convenient and noninvasive 
technique that can provide most of the clinically relevant 
information concerning the cardiovascular anatomy and phys- 
iology, especially in young patients. In situations where a tran- 
sthoracic examination is inadequate (i.e., patients with poor 
transthoracic images, large body size, or postoperative bandag- 
ing, etc.) or impossible (during an operation), transesophageal 
echocardiography can be used to obtain additional echocardio- 
graphic information. 

Segmental Approach 

The echocardiographic approach to patients with cardiac mal- 
positions should follow the sequential segmental analysis that 
was outlined earlier in this chapter and in many other reports 
(24-26). The following section and its echocardiographic 
images of normal and malpositioned hearts are included to 
illustrate the tomographic anatomy associated with these mal- 
formations and to assist the reader in correlating the echo- 
cardiographic findings with the previously presented anatomic 
and angiographic examples of these complex hearts. 

Visceral Situs 

Images of the liver, hepatic veins, IVC, stomach, spleen, and 
abdominal aorta are obtained from the subcostal transducer 
position. The normal position of these organs and vessels is 
demonstrated in Figure 53.14. Visceral situs inversus is char- 
acterized by a left-sided liver and IVC in association with a 
right-sided stomach, spleen, and abdominal aorta (Fig. 53.15). 



Figure 53.14. Atrial and visceral situs solitus. A: The subcos- 
tal short-axis scan of the abdomen demonstrates an initial 
right-to-left orientation for visceral situs determination. The 
spine is readily recognized as a posterior midline structure. 
The liver mass is noted predominately in the right side of the 
abdomen. The intrahepatic portion of the inferior vena cava 
(IVC) is observed on the right and the abdominal aorta (Ao) 
on the left. The stomach is noted on the left as a bright echo. 
B: A long-axis view of the IVC illustrates the connection of 
the IVC to the right atrium (RA) consistent with situs solitus. 
The hepatic vein (HV) is also noted draining to the IVC-RA 
junction. C: With the transducer oriented to the left of the 
abdomen, the stomach and spleen are identified. 
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Figure 53.15. Atrial and visceral situs inversus. Subcostal 
short-axis scan of the abdomen provides right-to-left spatial 
orientation. The liver (L), inferior vena cava (IVC), and hepatic 
veins (HVs) are on the patient’s left, and the stomach (S) is seen 
on the patient’s right. The descending abdominal aorta (Ao) is 
directly anterior to the vertebral body (VB). 

As previously described, situs ambiguus has been used 
to describe a wide spectrum of anomalies, including the vis- 
ceral abnormalities present in the asplenia and polysple- 
nia syndromes (Fig. 53.16). The visceral situs is considered 




“ambiguous,” because it does not conform to the classical pat- 
terns of situs solitus or inversus. Nearly all possible combina- 
tions of abdominal organ and great vessel location have been 
reported (17,21). The term visceral situs ambiguus does not 
mean that the positions of the abdominal organs cannot be 
determined. Their positions and venous connections can and 
must be accurately defined before corrective surgical proce- 
dures can be performed. 

The obvious echocardiographic finding in patients with 
asplenia is the absence of or the inability to demonstrate the 
presence of a spleen. The spleen, when present, is always located 
posterolateral to the stomach (7,11,17,27). Routine transtho- 
racic echocardiography can easily determine splenic status by 
locating the stomach and interrogating the area posterior and 
lateral to the stomach (Fig. 53.14). The splenic tissue may have 
a denser echocardiographic appearance than the liver and its 
comma-shaped curvilinear splenic vein may be identifiable. In 
patients with asplenia, no splenic tissue can be identified in this 
position; however, both flank areas must be carefully exam- 
ined. When this echocardiographic finding is associated with 
the presence of Howell-Jolly bodies on the peripheral blood 
smear, the diagnosis of asplenia can be made with 100% con- 
fidence. Patients with asplenia usually will have a midline liver 
(a large central liver mass equally committed to both the right 
and left upper quadrants of the abdomen) (Fig. 53.16). The 
liver will frequently have two lobes that are relatively equal in 
size and resemble morphologic right lobes. Occasionally, some 
of the hepatic veins will connect directly to the atrium instead 
of draining to the IVC. The positions of the stomach, IVC, and 



Figure 53.16. Visceral situs ambiguus: A: Asplenia: subcostal 
short-axis horizontal-plane image of the upper abdomen in a 
patient with situs ambiguus and asplenia. Note the large mid- 
line liver mass occupying both (especially the left) quadrants of 
the abdomen. The stomach was on the right side of the abdo- 
men. The inferior vena cava (IVC) and aorta (Ao) both occupy 
a position directly anterior to the spine with the Ao posterior 
to the IVC. B: Polysplenia: subcostal short-axis horizontal- 
plane image of the abdomen in a patient with situs ambiguus 
and polysplenia. The liver is large and midline. The aorta (Ao) 
and an azygous (Az) continuation of the IVC are noted on the 
left side of the spine (VB). The azygous continuation is located 
posteriorly in the retroperitoneal space. C: Long-axis image in 
the same patient demonstrating the aorta and the azygous vein. 
Note that a hepatic vein (HV) enters directly into the common 
atrium (CA). 
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Figure 53.17. Polysplenia. Long-axis image from the left flank 
demonstrating two equal-sized spleens adjacent to the liver and 
superior to the left kidney. This finding is consistent with the 
diagnosis of situs ambiguous, with left isomerism. 


aorta are more variable than that of the liver, and they must 
be individually described. Characteristically, the I VC and aorta 
are both located on the right side of the vertebral column in 
a parallel anteroposterior orientation (Figs. 53.2 and 53.16). 

Patients with polysplenia will have multiple, separate 
spleens positioned posterior to the stomach (Fig. 53.17). As 
with asplenia, multiple or multilobulated spleens can be read- 
ily detected by echocardiography (27). Other visceral fea- 
tures of the polysplenia syndrome may include interruption 
of the I VC with azygous continuation and a midline location 
of abdominal aorta. With interruption of the suprahepatic 
portion of the IVC, the hepatic veins will connect directly to 
the atrium. Occasionally, there may be two or more separate 
hepatic vein connections to the right or left sides of the atrium. 
The location of the liver and stomach are variable, but most 
commonly in polysplenia syndrome with cardiac malposi- 
tion, they are inverted, with the stomach and multiple spleens 
located on the right side of the abdomen. 

Venous Connections 

Venous abnormalities are common when cardiac malpositions 
are present. These abnormalities include, but are not limited 
to, bilateral superior vena cavae connecting directly to the ipsi- 
lateral atrium (absent coronary sinus), interruption of the IVC 
with azygous or hemiazygous continuation to the ipsilateral 
SVC, and various anomalous pulmonary venous connections 
as described earlier in this chapter. Direct pulmonary venous 
connections to the ipsilateral atrium, as well as complete or 
partial connections to the right or left SVC can be defined 
echocardiographically (26,28), especially during the newborn 
and neonatal period. If transthoracic images are inconclusive, 
a complete transesophageal study can be helpful to define 
these abnormal pulmonary venous connections. 

Atrial Situs 

Once visceral situs and the venous structures and connections 
have been defined, atrial situs should be determined. These 
two portions of the exam, however, are intimately related. 


Each major venous connection (SVC, IVC, hepatic veins, and 
each pulmonary vein) to the heart must be identified. Specific 
attention should be paid to the coronary sinus, when present, 
as its connection represents a marker for the morphologic 
right atrium. Additionally, dilation of the coronary sinus may 
signal an anomalous venous connection, and, unroofing of the 
coronary sinus should be ruled out, which if undetected could 
lead to residual atrial shunting after repair. 

Although venous connections can assist in determining 
atrial situs, it is the relationship between septum primum 
and septum secundum that is the most reliable determinant 
of atrial situs (7). The thick remnant of septum secundum 
is best seen by echocardiography as the superior limbus of 
the fossa ovalis (Fig. 53.18). This limbus will be associated 
with the morphologic right atrium. The thin remnant of sep- 
tum primum, best seen by echocardiography as the valve of 
the fossa ovalis, will be associated with the morphologic left 
atrium. Unfortunately, these structures are not always present 
in patients with congenital heart disease. When the remnants 
of these septa are absent, other markers for atrial situs must 
be used. Van Praagh et al. (21) suggest that the connection of 
the suprahepatic IVC be used as the next most reliable marker. 
In their experience, the suprahepatic IVC always connects to 
the morphologic right atrium. The morphology of the atrial 
appendages also has been used to determine atrial situs (13). 
Classically, the appendage associated with a morphologic right 
atrium (Fig. 53.19) is described as a broad, somewhat trian- 
gular structure, whereas the left atrial appendage is more of a 
finger-like, narrow projection. Figure 53.20 demonstrates the 
echocardiographic features of left- juxtaposed atrial append- 
ages in a patient with double-outlet RV. In this short-axis view, 
both atrial appendages are well visualized and demonstrate 
the typical anatomic features described above for the atrial 
appendages. The connections of the SVC and pulmonary veins 
are not reliable predictors of atrial situs. 

Atrioventricular Connection 

The routine evaluation of the AV connection has been described 
earlier in this chapter. In the presence of cardiac malposition, the 
echocardiographic evaluation includes an extensive assessment 
of the AV connection using the segmental approach. Few gener- 
alizations are valid with respect to the complex AV connections 
found in malpositioned hearts, and each type of connection is 
best considered as unique to the patient being examined. Right 
and left parasternal short-axis, as well as apical and subcostal 
four-chamber views, generally, are best used for assessment of 
the AV connections. As described in Table 53.1, abnormali- 
ties of both AV commitment and valve abnormalities must be 
defined. Echocardiographic examples of three types of abnormal 
AV connection often observed in cardiac malposition (single-, 
double-, and common-inlet connections) were discussed in the 
previous chapter dealing with univentricular AV connections. 
Figure 53.21 demonstrates an example of dextrocardia with 
severe overriding and straddling (type C) of the tricuspid valve 
with AV concordance, illustrating one of the variations on the 
basic themes that may exist in these complex patients. 

Cardiac Base-Apex Axis 

Previously, we have defined cardiac malpositions including 
dextrocardia, mesocardia, and levocardia based on the orien- 
tation of the cardiac apex or the cardiac base-apex axis. Not 
only can the position of the heart in the chest be defined, but 
also its base-apex axis can be accurately defined echocardio- 
graphically. The subcostal transducer position is most useful 
for making these assessments. The center of the scan plane 
is positioned at the upper abdominal midline, and coronal 
images of the heart are obtained. Thus, the position of the 




CHAPTER 53 ■ Cardiac Malpositions and Abnormalities of Atrial and Visceral Situs 1211 



Figure 53.18. Atrial situs. A: Subcostal parasagittal view demonstrating the right and left atria in a newborn. The 
right atrial aspect, the limbus of the fossa ovalis (septum secundum) is identifiable ( arrowhead ), and on the left 
atrial side, the valve of the fossa ovalis (septum primum) is evident (arrows). B: Long-axis transesophageal scan 
of the atrial septum (AS) demonstrating similar anatomic landmarks to define atrial situs. Again the arrowhead 
points to the limbus of the fossa ovalis of the morphologic right atrium (RA). The arrows point to septum pri- 
mum on the left. Note that the right atrial appendage (RAA) is observed anterior and adjacent to the superior 
vena cava (SVC). The RAA has a broad base and pyramidal shape. (A, anterior; LA, left atrium; P, posterior; 
RPA, right pulmonary artery; S, superior.) 


heart within the thorax can be defined easily. When most of 
the heart is located to the left of the midline, the heart is then 
said to have levoposition. When most of the cardiac mass is 
to the right or evenly spread across the midline, there is dex- 
troposition or mesoposition, respectively. The second compo- 
nent of cardiac position is more anatomically descriptive and 
involves the cardiac base-apex axis. When the cardiac axis is 
oriented to the left, levocardia is present (Fig. 53.1). When this 
axis is oriented to the right or directly inferior, there is dextro- 
cardia or mesocardia, respectively (Fig. 53.1). 

As previously described, isolated levocardia and isolated 
dextrocardia can be associated with various complex congeni- 
tal anomalies. These diagnoses imply the presence of discord- 
ance between atrial situs, and the plane of the atrial septum 
will be distorted and it will not be found in a plane parallel 
to the cardiac base-apex axis and ventricular septum. Rather, 
the bulk of the atrial septum in hearts with isolated dextro- or 
levocardia will be perpendicular to that plane (Fig. 53.22). As 
a result of the discordance between the atrial situs and the 
base-apex orientation, the atrial septum assumes a curved 
shape that is characteristic of this abnormality. 

Ventricles, Ventriculoarterial Connection, and Great 
Arteries 

Ventricular anatomy, ventricular-great artery connection, and 
the great arteries themselves can be described according to the 
standard techniques described in earlier echocardiographic 
reports (25,26). Abnormalities of VA connections and great 
artery relationships are common in cardiac malpositions. Posi- 
tioning of echocardiographic scans must be modified from the 
standard right or left parasternal and subcostal positions to 
adequately delineate VA connections and great artery relation- 
ships in these complex hearts. Parasternal long and short-axis 
scans are particularly helpful in determining concordant, dis- 
cordant, or double-outlet connections as described in previ- 
ous chapters devoted to these specific entities. Figure 53.20B 
illustrates a parasternal long-axis scan in a patient with 


double-outlet RV. The pulmonary artery is demonstrated 
coursing posteriorly and is primarily committed to the ante- 
rior RV. The accompanying short-axis scan illustrates the 
great artery relationship with left anterior aorta. Additionally, 
suprasternal scans should be obtained to assess the proximal 
pulmonary and aortic arch anatomy. The aortic arch should 
be determined as right or left sided and the brachiocephalic 
branching pattern defined. 


TREATMENT 


Treatment of the wide variety of congenital cardiac malfor- 
mations observed in cardiac malpositions, obviously, must 
depend on the specific lesion. Surgical correction should 
be achieved as frequently as possible using a standard two- 
ventricular-type repair such as an arterial switch procedure 
(Jatene, Kaye-Damus-Stansel, or Aubert procedure), or with 
VSD closure connecting the systemic ventricle to the aorta, 
transsection of the pulmonary artery, and establishment of 
pulmonary ventricle-to-pulmonary artery continuity with an 
extracardiac conduit. 

More complex malformations associated with situs 
ambiguus, such as common atrium with common-inlet single 
ventricle or unbalanced ventricles, and complex malforma- 
tions associated with crisscross AV relations and severe AV 
valve straddling have fewer options for successful biventricu- 
lar surgical correction. Most can only be directed toward a sin- 
gle ventricle pathway with systemic-pulmonary artery shunts, 
Glenn-type shunts, bidirectional cavopulmonary shunts, and 
finally the modified Fontan procedure. 

All such procedures have had moderately increased mor- 
tality risks when applied to patients with the more-complex 
lesions observed in situs ambiguus. When anomalies of sys- 
temic and pulmonary venous connection are present, special 
efforts must also be directed toward surgical establishment of 
appropriate venous connections or relief of venous stenoses 
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Figure 53.19. Atrial situs. Composite images showing pathologic and echocardiographic correlates of atrial 
morphologic features. A: Typical anatomic features of right and left atrial appendages (RAA and LAA). 
B: A right parasternal image illustrating the right atrial appendage (RAA), which is broad based and pyramidal. 
C: A specimen showing the inferior vena cava (IVC) draining to the right atrium (RA). D: Similarly, a subcostal 
echocardiogram illustrating the IVC connection to the right atrium and the small finger-like left atrial appendage 
(LAA) of the left atrium (LA). Ao, aorta. 


that may be present. Unfortunately, because of their complex 
anatomic and situs abnormalities, such patients present sig- 
nificant challenges for cardiac transplantation when this is 
considered the only possible or one of the best options for 
surgical management. Medical management of these com- 
plex malformations offers little hope for long-term survival 
because of known complications of progressive hypoxia and 
polycythemia, progressive ventricular fibrosis, and ventricular 
failure, stroke, and brain abscess associated with such lesions 
(5,11,21). 

Waldman et al. (29) showed a greatly increased frequency 
of fulminating and fatal septicemia produced by encapsulated 
bacteria in patients with the asplenia syndrome compared 
with appropriate controls. It generally is recommended that 
some form of antibiotic prophylaxis be given for congenitally 
asplenic patients. Klebsiella and Escherichia coli are the prin- 
ciple pathogens in patients younger than 6 months of age, 
whereas Streptococcus pneumoniae (pneumococcus) and Hae- 
mophilus influenzae predominate after 6 months. The report 
of the Committee on Infectious Diseases of the American 
Academy of Pediatrics recommendations includes using con- 
tinuous antibiotic prophylaxis in infants, children, and adults 
with the asplenia syndrome. For antimicrobial prophylaxis, 
oral penicillin V (125 mg, twice a day, for children younger 
than 5 years of age and 250 mg, twice a day, for children 
5 years of age and older) is recommended. Some experts 


recommend amoxicillin (20 mg/kg/day) (30). H. influenzae 
vaccine (Hib Vax), and hepatitis B vaccine should be given as 
routinely recommended in infancy. Pneumococcal conjugate 
vaccine is recommended for routine administration as a four- 
dose series for all children 23 months and younger (PCV7), 
and a dose of PS23 is recommended to be given at 24 months 
and an additional dose 3 to 5 years after the first dose. Quad- 
rivalent meningococcal vaccine is recommended for optimal 
effect at 2 years of age or older. Routine use of yearly influenza 
vaccine is also recommended. 


CONGENITAL PERICARDIAL DEFECTS 


Congenital pericardial defects include a wide range of defects 
varying from minor partial defects to total absence of the peri- 
cardium (31). 

Van Praagh et al. (21) noted the first report of congeni- 
tal pericardial defects by Columbus in 1559. Although an 
uncommon lesion, congenital pericardial defects are dif- 
ficult to diagnose clinically and often are first recognized at 
autopsy. Pericardial defects represent defective formation of 
the pleuropericardial membrane or, if diaphragmatic, defec- 
tive formation of the septum transversum (32). Most investi- 
gators (31) reported left-sided congenital pericardial defects 
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Figure 53.20. Left- juxtaposed atrial appendages in double-outlet right ventricle (RV). A: High left parasternal 
short-axis scan demonstrating left-juxtaposed atrial appendages in a patient with double-outlet right ventricle. 
Note the wide base and more bulbous appearance of the right atrial appendage (RAA) located more anteriorly 
and superiorly. The left atrial appendage (LAA) has a narrow base and finger-like projection. B: Parasternal 
long-axis scan of the same patient demonstrating the pulmonary artery (PA) coursing posteriorly and primarily 
originating from the anterior RV. Because the right atrium (RA) courses behind the PA in left- juxtaposed atrial 
appendages, it also separates the pulmonary artery from the mitral valve. A, anterior; Ao, aorta; L, left; LA, left 
atrium; S, superior; VS, ventricular septum. 


as the most common, and the classification by Ellis et al. (33) 
demonstrated the complete left-sided defect as by far the most 
common form, representing 56% of their cases. Right-sided, 
diaphragmatic, and total absence of the pericardium are rare. 
Approximately one-third of patients with total absence of the 



Figure 53.21. Atrioventricular override and straddling. Api- 
cal four-chamber view in a patient with isolated dextrocardia 
and severe (type C) straddling of the tricuspid valve in situs 
solitus, atrioventricular concordance, and dextrocardia. The 
arrow points to the septal tricuspid leaflet crossing into the left 
ventricle (LV) with a chordal attachment near the apex. The 
tricuspid annulus also overrides the ventricular septum (VS) 
and is partially committed to the LV. L, left; LA, left atrium; 
RA, right atrium; RV, right ventricle; S, superior. 


pericardium have associated pulmonary lesions such as bron- 
chogenic cyst or sequestration and congenital heart lesions 
such as tetralogy of Fallot. 

Manifestations 

Associated anomalies may dominate the clinical presentation 
if the pericardial defect is associated with other congenital 
anomalies such as diaphragmatic hernia or congenital heart 
disease. Many patients with isolated pericardial defect are 
asymptomatic. Symptoms, when present, are nonspecific, con- 
sisting of vague left chest discomfort, recurrent pulmonary 
infection, palpitations, and occasionally dizziness and syn- 
cope. Partial left-sided pericardial defects may be associated 
with herniation of the ventricles through the patent pleurop- 
ericardial foramen, resulting in strangulation of the ventricles 
and leading to death. Herniation and strangulation of the left 
atrial appendage also can occur. Obstruction of the SVC can 
be associated with a right-sided pericardial defect secondary 
to herniation of the right lung into the pericardial space. Chest 
pain and the radiographic appearance of cardiomegaly may 
occur with diaphragmatic pericardial defect, because the asso- 
ciated diaphragmatic defect allows herniation of the greater 
omentum into the pericardial space. 


Diagnosis 

Physical examination may yield few abnormal signs. A crescendo- 
decrescendo systolic murmur at the left sternal border has been 
attributed to turbulent blood flow with an unusually mobile 
heart. The apical impulse may be hyperactive and displaced 
to the left. 

The chest radiograph often provides the first clues to the 
diagnosis. In those with a complete left pericardial defect, the 
cardiac silhouette is displaced to the left and the left heart bor- 
der has unusually prominent bulges at the aortic knob, the 
pulmonary artery, and the LV. There may be insertion of a 
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Figure 53.22. Two-dimensional echocardiographic demon- 
stration of isolated dextrocardia. The subcostal four-chamber 
view illustrates features similar to those noted in the patho- 
logic specimen of Figure 53.10. There is atrioventricular con- 
cordance, with a lower attachment of the right atrioventricular 
valve along the ventricular septum (VS) consistent with the 
tricuspid valve (TV). Because of the orientation of the ventricu- 
lar mass, the atrial septum (AS) assumes a curvilinear shape 
(white arrow) extending from the right pulmonary veins (PV) 
to the crest of the VS. (I, inferior; L, left; LA, left atrium; LV, 
left ventricle; MV, mitral valve; R, right; RA, right atrium; RV, 
right ventricle; S, superior.) 


small portion of the lung between the aorta and the main pul- 
monary artery or between the left portion of the diaphragm 
and the inferior border of the heart. A partial left pericardial 
defect may result in herniation of the left atrial appendage, 
and there may be prominence of the pulmonary artery seg- 
ment or the atrial appendage or both. Computed tomography 
of the chest or magnetic resonance imaging now permit better 
visualization of absence of the pericardium. 

Treatment 

Complete absence of the pericardium is usually asymptomatic 
and is not treated. Only partial forms of pericardial defect (left 
sided, right sided, or diaphragmatic) require surgical treat- 
ment. Surgical treatment of partial pericardial defect has been 
of two types: enlargement, to avoid the risk of strangulation 
or closure, usually with a flap of mediastinal pleura. The latter 
is considered preferable. A defect of the diaphragmatic peri- 
cardium requires reduction of the abdominal contents into the 
abdomen and repair of the diaphragmatic defect. 


ECTOPIA CORDIS 

Ectopia cordis represents a form of pericardial defect but is 
further complicated by a partial or complete displacement 
of the heart outside the thorax. The term ectopia implies an 
abnormal displacement away from the expected position. 
A strict interpretation of this term would include any cardiac 
malposition, such as simple dextrocardia. However, the clas- 
sic definition of ectopia cordis has represented this entity as a 
congenital displacement of the heart to a position outside of the 
thoracic cavity. Kanagasuntheram and Verzin (34) suggested 
a classification including five types: cervical, thoracocervical, 


thoracic, thoracoabdominal, and abdominal. Van Praagh et al. 
(21) classified ectopia cordis as represented by four types — 
cervical, thoracic, thoracoabdominal, and abdominal — but 
suggested that for practical purposes, only two types, tho- 
racic and thoracoabdominal, are clearly represented clinically. 
Tetralogy of Fallot has been reported in association with the 
thoracoabdominal form of ectopia cordis. 

Cervical forms of ectopia usually are observed with the 
sternum intact. This form is thought to be rare and may simply 
represent retention of the heart in its embryonic position in the 
neck. In the review by Leca et al. (35), they noted 18 cases of 
cervical ectopia (8.5%), but included some cases with a partial 
sternal defect. 

However, thoracocervical forms of ectopia cordis, with 
the heart partially in the cervical region and a defect in the 
superior end of the sternum appear to represent a distinct 
type of complete ectopia cordis. This form was not included 
in their review (35) (Fig. 53.23). In this abnormality, the 
heart is completely outside the thoracic cavity, and there is a 
complete absence of parietal pericardium and a cephalic ori- 
entation of the cardiac apex. No omphalocele or abdominal 
diastasis was present. 

The thoracic type is the classic form of ectopia cordis (21), 
which is characterized by the following: a sternal cleft allow- 
ing protrusion of the heart outside the chest cavity, complete 
absence of the parietal pericardium, cephalic orientation of the 
cardiac apex, epigastric omphalocele or diastasis recti, and a 
small thoracic cavity (Fig. 53.24). The thoracic type occurred 
in 80 cases (37%) in the review by Leca et al. (35) A small 
thoracic cavity appears to be a significant etiologic agent as 
well as having significant implications for successful surgical 
correction of this defect. Congenital heart disease, most com- 
monly tetralogy of Fallot, but also ventricular hypoplasia, 
TGA, and double-outlet RV, may be present. Van Praagh 
et al. (21) also hypothesized that the ruptured amnion 
syndrome associated with some cases of thoracic ectopia 
cordis results in oligohydramnios and leads to excessive 



Figure 53.23. Thoracocervical ectopia cordis in a 20-week- 
gestation fetus. There is a defect in the superior portion of 
the sternum. There is cephalic orientation of the cardiac apex 
and complete absence of the parietal pericardium. However, 
there is no omphalocele, and no abdominal visceral anomalies 
were present. Double-outlet right ventricle and left ventricular 
hypoplasia were found. Extracardiac defects were also present 
as evidenced by the bilateral cleft lip and palate. Chromosome 
analysis was normal. (Provided by Dr. William D. Edwards.) 
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Figure 53.24. Thoracic ectopia cordis in a newborn infant. 
There is a sternal defect with complete ectopia cordis. There 
is cephalic orientation of the cardiac apex and complete 
absence of the parietal pericardium. There is also a typical 
epigastric omphalocele. (From Bryon F. Ectopia cordis: report 
of a case with attempted operative correction. J Thorac Surg 
1948;17:717, with permission.) 


compression of the heart during cardiogenesis, resulting in 
anterior extrusion of the heart from the chest cavity. Despite 
this apparent mechanical explanation, chromosomal abnor- 
malities and multiple extracardiac malformations also have 
been associated with complete thoracic ectopia cordis. Pro- 
lapse of the forebrain, meningocele, cleft lip, and palate 
deformities predominated. A defect in the primitive mesen- 
chyme of the body wall also has been proposed as an expla- 
nation for ectopia cordis. 

Thoracoabdominal ectopia cordis appears to represent a 
partial form of ectopia cordis. It typically includes the follow- 
ing: partial absence or a cleft of the lower sternum, a cres- 
centic midline anterior diaphragmatic defect, a defect of the 
diaphragmatic parietal pericardium resulting in a free peri- 
cardioperitoneal communication, an omphalocele-like ventral 
abdominal defect or diastasis recti with partial displacement 
of the ventricular portion of the heart through the diaphrag- 
matic defect into the epigastrium, and intracardiac congenital 
heart disease. It has been reported in approximately 37% of 
cases with ectopia cordis (21). Many different types of con- 
genital heart disease have been reported with thoracoabdomi- 
nal ectopia cordis including tetralogy of Fallot, double-outlet 
RV, VSD, ASD, tricuspid atresia, Ebstein anomaly, common 
atrium, common AV septal defect, anomalous pulmonary 
venous connections, single-ventricle pulmonary stenosis/ 
atresia, aortic stenosis, coarctation of the aorta, TGA, and 
diverticulum of the LV or both ventricles. Toyama (36) also 
reported that at least five cases have had no congenital cardiac 
malformations. 

The abdominal form of ectopia cordis has been extremely 
rare in some reviews and appears to represent a diaphragmatic 
defect with continued migration of the heart into the abdomi- 
nal cavity. In some cases, the patients were apparently healthy, 
had no other cardiac disease, and died as adults. In the review 
of Leca et al. (35), 24 cases (11%) were reported to be the 
abdominal type. 


Treatment 

Saxena (37) reported the first successful surgical repair of 
thoracic ectopia cordis. Scott (38) reported the first successful 
surgical repair of thoracoabdominal ectopia cordis in 1950 by 
Brock. Repair in this case included repair of the diaphragmatic 
defect and of the epigastric hernia. 

However, most surgical reports have demonstrated poor 
results for repair of this defect. Nevertheless, due to the com- 
plex nature of these malformations and the risk of infection, 
most have advocated immediate surgery to correct their con- 
genital heart disease and the anterior chest wall defect. Most 
advocate some form of prosthetic reconstruction of the chest 
wall and covering the heart with skin. Dobel et al. (39) advised 
a staged approach with enlargement of the posterior pericar- 
dial space by dividing posterior pericardial attachments to the 
rib margins. Van Praagh et al. (21) advocated avoidance of 
sepsis, compression, and kinking of the heart. Thus, it was 
recommended that the cephalic orientation of the ventricular 
apex not be corrected or altered. 
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C ardiomyopathies, or primary diseases of the myocardium, 
are not uncommon in infants and children. Although these 
conditions have been the subject of intensive investigation, our 
understanding of this diverse group of diseases is constantly 
evolving with regard to clinical identification, genetics, natural 
history, and therapy. A contemporary diagnostic classification 
of cardiomyopathies, including those occurring in young pa- 
tients, has been proposed through the American He^rt Asso- 
ciation (AHA) (1). 

Hypertrophic cardiomyopathy (HCM) is a genetic cardiac 
disease with heterogeneous clinical expression, unique patho- 
physiology, and a diverse natural history caused by >1,400 
distinct disease-causing mutations in 11 or more genes 
encoding proteins of the cardiac sarcomere (1-21). HCM 
may be diagnosed and cause disability and death at virtually 
any age, including early childhood and infancy, and notably 
is the most common cause of sudden death (SD) in young 
people, including competitive athletes (2-4). Since its mod- 
ern description almost 50 years ago (8), our understanding 
of the complexity of HCM has increased dramatically. On 
the other hand, perhaps no other childhood cardiovascular 
disease continues to present the challenges and controversies 
with respect to diagnosis, clinical course, and management 
as does HCM. 


DEFINITION AND NOMENCLATURE 


HCM is characterized by a thickened but nondilated left 
ventricle (LV) in the absence of another cardiac or systemic 
disease capable of producing the magnitude of hypertrophy 


evident (e.g., aortic valve stenosis, systemic hypertension, or 
some physiologic expressions of athlete’s heart) (1-7,22). 

In 1958, Donald Teare (8), the coroner of London, 
published the first modern pathologic report of this disease, 
in which he described SD in eight young people due to asym- 
metrical hypertrophy of the ventricular septum (VS). Sub- 
sequent investigations led to a dramatic evolution in our 
perceptions of the HCM clinical spectrum. In the process, the 
disease acquired a confusing array of names, all presumably 
describing the same clinical entity. Most of these terms used to 
describe HCM emphasized LV outflow obstruction. Thus, the 
names “idiopathic hypertrophic subaortic stenosis,” “hyper- 
trophic obstructive cardiomyopathy,” and “muscular subaor- 
tic stenosis” (as well as their abbreviations: IHSS, HOCM, 
and MSS) became widely used. However, about one-third of 
patients with HCM have either no or only mild obstruction 
to LV outflow at rest or with exercise (2,3,23). Hence, the 
preferred name for this condition has become hypertrophic 
cardiomyopathy (with or without obstruction). However, it is 
potentially confusing to apply this term to describe systemic, 
metabolic, or multiorgan syndromes associated with increased 
LV wall thickness (21). 


PREVALENCE 


Several epidemiologic studies are now available showing that 
HCM is the most common of the genetic heart diseases occur- 
ring in at least 1:500 of the general population (2,24,25). 
This overall prevalence is disproportionate to the numeri- 
cal recognition of HCM in clinical cardiology practice (26), 
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particularly pediatric cardiology. HCM is a global disease 
now reported from >50 countries (27), with the most intense 
interest and reporting of cases from North America, Western 
Europe, Africa, and Asia (Japan and China). 


MORPHOLOGY 


Left Ventricular Hypertrophy 

Multiple echocardiographic studies have defined the gross 
morphologic features of HCM, particularly its pronounced 
diversity and myriad patterns of LV hypertrophy (LVH) 
(2,3,6,7,9-18,28-30) (Figs. 54.1-54.4). Indeed, in HCM, there 
is no single or classic morphologic form, and virtually all pos- 
sible patterns of LVH have been observed. Even closely related 
relatives with the same genetic substrate usually have dissimilar 
patterns of LVH with the exception of identical twins in whom 
the hearts appear identical. Although a truly symmetric (con- 
centric) pattern of LVH may occur occasionally (6) (Fig. 54.2), 
the distribution of wall thickening in HCM is characteristically 
asymmetric, in which >1 segment of the wall shows greater 
hypertrophy than other areas (6,7,28-30). Frequently, the pat- 
tern of hypertrophy is particularly heterogeneous, with contig- 
uous segments of the LV wall differing greatly in thickness (7). 

Clinical diagnosis of HCM is usually made with 2-D echo- 
cardiography (6) or cardiovascular magnetic resonance (CMR) 
imaging (7). CMR may be advantageous by visualizing areas 
of segmental hypertrophy, specifically in the anterolateral free 
wall and LV apex, not always reliably identifiable with echo- 
cardiography (Fig. 54.3) (7,28,29). 

Hypertrophy may be diffuse and involve substantial portions 
of VS and LV free wall, including the most substantial hypertro- 
phy observed in any cardiac disease, with wall thicknesses rang- 
ing up to 5 to 6 cm (6,7,12,29), and often three to five times 
normal (Figs. 54.1-54.4). However, notably, in about one-third 
of HCM patients, LVH is relatively mild (13) and confined to lim- 
ited areas of the LV wall, that is, usually basal anterior septum, 
but less frequently the apex, posterior portion of septum, and 
anterolateral or posterior free wall (6,7,28-30) (Figs. 54.1-54.3). 

Segmental wall thickening confined to the LV apex (Fig. 54.2), 
a form of HCM more commonly reported from Japan, is asso- 
ciated with a “spade” deformity of the distal LV and striking 
T-wave inversion and increased R-wave voltages in the lateral 
precordial leads on ECG (15-17,31). However, it should be 
underscored that asymmetric patterns of LVH are not unique 
to HCM and may also be observed in systemic hypertension 
and in children and adults associated with other congenital or 
acquired heart diseases, including those with pulmonary arterial 
hypertension (1). Notably, based on genotype-phenotype stud- 
ies in HCM families, genetically affected relatives may neverthe- 
less have normal LV wall thicknesses (a subgroup referred to 
as genotype positive/phenotype negative) (32). Therefore, any 
absolute LV wall thickness is compatible with HCM. 

Serial echocardiographic investigations have shown that 
LVH in HCM is not usually present at birth, but commonly 
develops in a dynamic fashion after a period of prolonged 
latency (33-36). Typically, the HCM phenotype (i.e., LVH) is 
not complete until adulthood, and during adolescence when 
body growth accelerates, genetically affected patients often 
show striking spontaneous increases in wall thickness (i.e., 
by an average of 100%) and more extensive distribution of 
hypertrophy (33) (Fig. 54.4). These dynamically evolving 
changes in LVH occurring during adolescence appear to be 
part of the genetically predetermined morphologic expression 
of HCM and are not per se associated with development 
or progression of symptoms or cardiac events. Mitral valve 


systolic anterior motion (SAM) and outflow obstruction may 
also develop in childhood, during the period of progressive 
LVH, and in the presence of a developmentally small outflow 
tract (35). Of note, in genetically affected children, 12-lead 
ECG abnormalities may be the initial clinical manifestation 
of the disease, even preceding appearance of LVH on 2-D 
echocardiogram or CMR (34,36) (Fig. 54.4). 

Mitral Valve 

Structural abnormalities of the mitral valve, characteristic 
of many patients with LV outflow obstruction, may also be 
regarded as primary features of HCM (37,38). The majority of 
patients studied at necropsy (37) or by CMR (38) show impor- 
tant alterations in mitral valve size and shape. These primary 
abnormalities include increased overall mitral leaflet area (up 
to twice normal) owing largely to elongation of the leaflets 
(37) and, with considerable diversity, an increased size of both 
anterior and posterior leaflets. 

Secondary thickening of the anterior mitral leaflet may result 
from frequent contact with the VS, associated with localized 
endocardial thickening of the septum in the LV outflow tract 
adjacent to the anterior leaflet. Endocardial plaques on ventricu- 
lar septum occur most commonly in the presence of LV outflow 
obstruction (due to mitral valve-septal systolic contact), but may 
also develop in nonobstructive HCM due to diastolic mitral 
valve-septal contact. 

Histopathology 

Cardiac muscle cells (myocytes) in VS and LV free wall have 
increased transverse diameter as well as bizarre shapes, often 
maintaining intercellular connections with several adjacent 
cells (39-43). Of note, many of these myocytes do not show 
normal parallel alignment, but are arranged in a chaotic, dis- 
organized fashion at oblique and perpendicular angles to each 
other (Fig. 54.3); myofibrils within cardiac muscle cells may 
also show disarray. Areas of disorganized cardiac muscle cells 
are found in about 95% of patients dying of HCM and usually 
occupy substantial portions of LV myocardium, that is, about 
33% of septum and 25% of free wall (39,43). Disorganized 
myocytes are not confined to markedly thickened segments of 
the wall but can also be present in nonhypertrophied areas of 
the LV, and with little relationship evident between the magni- 
tude of wall thickening and extent of disarray (41). The find- 
ing of marked cellular disorganization in a few symptomatic 
infants with HCM suggests that this histologic abnormality 
can be present from birth (42). 

It is likely that disorganized cells dispersed in the LV wall 
impair transmission of normal electrophysiologic impulses and 
predispose to disordered patterns and increased dispersion of 
electrical depolarization and repolarization. Therefore, this 
chaotic architecture may well serve as an electrically unstable 
arrhythmogenic substrate and the nidus for potentially lethal 
ventricular tachyarrhythmias and SD in HCM or as a determi- 
nant of LV diastolic or systolic dysfunction. 

Abnormalities of intramural coronary arteries (i.e., “small 
vessel disease”) are present in about 80% of patients studied 
at necropsy, most commonly in VS (44,45) (Fig. 54.3). These 
vessels are characterized by thickening of the arterial wall with 
increased intimal or medial components and apparent narrow- 
ing of the lumen. The abnormal arterioles may be responsi- 
ble for silent myocardial ischemia and are most frequently 
observed within or in close proximity to areas of replacement 
fibrosis. HCM patients show variable severity and distribu- 
tion of such fibrous tissue formation within LV myocardium, 
including patchy replacement fibrosis and grossly visible scars 
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FIGURE 54.1. Morphologic components of the underlying disease process in HCM. A: A gross heart specimen 
sectioned in a cross-sectional plane similar to that of the echocardiographic (parasternal) long axis showing a 
common pattern of asymmetric LVH with wall thickening confined primarily to the AVS, which bulges promi- 
nently into the left ventricular outflow tract. LV denotes left ventricular free wall. B: A heart specimen in the 
transverse cross-sectional plane with a different pattern of hypertrophy; here, marked LV wall thickening is also 
asymmetric but predominantly in the PVS, whereas the AVS is only minimally thickened. C,D: Histology char- 
acteristic of the LV in HCM. C: The septal myocardium shows a markedly disordered architecture with adjacent 
hypertrophied cardiac muscle cells arranged at perpendicular and oblique angles. D: Bundles of hypertrophied 
cells show a disorganized, interwoven arrangement. E: An intramural coronary artery with an apparently nar- 
rowed lumen and thickened wall owing primarily to medial (M) hypertrophy. F: Extensive scarring of ventricular 
septum that is transmural in distribution, characteristic of the end-stage phase. LV, left ventricle; AVS, anterior 
ventricular septum; PVS, posterior ventricular septum; VS, ventricular septum. (From Maron BJ, Bonow RO, 
Cannon RO, et al. Hypertrophic cardiomyopathy. Interrelations of clinical manifestations, pathophysiology, and 
therapy. N Engl J Med 1987;3 16:780, with permission of Massachusetts Medical Society.) 






SECTION VII ft Diseases of the Endocardium, Myocardium, and Pericardium 



ft C R r 

FIGURE 54.2. Patterns of LVH in HCM. Heterogeneous distribution and extent of LV waJJ thickening by echo- 
cardiography. A: Massive asymmetrical hypertrophy of VS with thickness >50 mm. B: Septal hypertrophy with 
distal portion considerably thicker than proximal region. C: Hypertrophy confined to proximal septum just 
below aortic valve ( arrows ); D: Hypertrophy localized to LV apex ( asterisk ) — that is, “apical HCM”; E: Rela- 
tively mild hypertrophy in symmetrical pattern showing similar or identical thicknesses within each segment 
{paired arrows ); F: Inverted pattern with posterior free wall (PW) thicker (40 mm) than anterior VS. Calibration 
marks = 1 cm. Ao, aorta; AML, anterior mitral leaflet; LA, left atrium. (Reproduced from, Maron MS, Maron BJ, 
Harrigan C, et al. Hypertrophic cardiomyopathy phenotype revisited after 50 years with cardiovascular magnetic 
resonance. J Am Coll Cardiol 2009;54:220-228, with permission of Elsevier). 
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FIGURE 54.3. CMR identification of segmental LV wall thickening in HCM. Diagnosis. Two-dimensional echo- 
cardiogram (A) and comparative CMR (B) images acquired in short-axis plane at end-diastole at the same level 
from 13-year-old asymptomatic identical twin. A: Echocardiogram shows normal anterolateral free wall thick- 
ness (asterisks). B: CMR shows segmental area of hypertrophy confined to anterolateral LV free wall (20 mm) 
and small portion of contiguous anterior septum. Calibration marks are 1 cm apart. (Reproduced from Maron 
MS, Maron BJ, Harrigan C, et al. Hypertrophic cardiomyopathy phenotype revisited after 50 years with car- 
diovascular magnetic resonance. J Am Coll Cardiol 2009;54:220-228, with permission of AHA). Echocardio- 
gram (C) and comparative CMR (D) from 46-year-old man with HCM. C: Echocardiographic short-axis shows 
anterolateral free wall thickness of 18 mm. D: CMR shows focal area of massive LVH (wall thickness, 35 mm) 
in the same region of LV, significantly underestimated by 2-D echocardiography. CMR finding defined high-risk 
status, prompting altered management strategy with an ICD recommendation for primary prevention of SD. 
Calibration markers are 1 cm apart. RV, right ventricle. (Reproduced from, Maron MS, Maron BJ, Harrigan C, 
et al. Hypertrophic cardiomyopathy phenotype revisited after 50 years with cardiovascular magnetic resonance. 
J Am Coll Cardiol 2009;54:220-228, with permission of Elsevier). 
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AGE IN YEARS 


FIGURE 54.4. LV remodeling with development or progression of HCM phenotype. Left: Childhood/adolescence. 
Increased echocardiographic LV wall thickness in patients with familial HCM, unassociated with changes in clinical 
course. Open symbols denote those without initial evidence of hypertrophy in any LV segment. (Reproduced from 
Maron BJ, Spirito P, Wesley Y, et al. Development and progression of left ventricular hypertrophy in children with 
hypertrophic cardiomyopathy. N Engl ] Med 1986;315:610-614, with permission of Massachusetts Medical Soci- 
ety). Right: Adulthood. Woman with myosin-binding protein C mutation shown at age 30 years with normal LV 
thickness (<12 mm) in all segments of the wall (Top); 6 years later, at age 36, wall thickness has increased to 20 mm 
in both anterior ventricular septum and posterior septum, as well as anterolateral free wall. Bottom: LV wall thick- 
ness eventually increased to >30 mm, and the patient was prophylactically implanted with a defibrillator for primary 
prevention of SD. Calibration marks are 10 mm apart. VS, ventricular septum. (Reproduced from Maron BJ, Niimura 
H, Casey SA, et al. Development of left ventricular hypertrophy in adults with hypertrophic cardiomyopathy caused 
by cardiac myosin-binding protein C mutations . } Am Coll Cardiol 2001;38:315-321, with permission of Elsevier). 


that may be extensive or even transmural, representing a 
repair process following myocyte death (44-49) (Fig. 54.3). 
This myocardial fibrosis, long recognized at autopsy (48), can 
now be identified in vivo with contrast CMR (50). In addi- 
tion, the interstitial (matrix) collagen compartment, constitut- 
ing the structural framework of LV is substantially increased 
in size; its components (perimysial coils, pericellular weaves 
and struts) are increased in number, appear morphologically 
abnormal, and often show disorganized arrangement (49). 

Taken together, these findings suggest a form of small-vessel 
disease that may be responsible for silent myocardial ischemia, 
necrosis, and ultimately replacement fibrosis in HCM (51-55). 
Areas of myocardial fibrosis and scar can be responsible for 
LV systolic dysfunction (i.e., end-stage HCM) (56) and/or 
represent a substrate for clinically important ventricular tach- 
yarrhythmias (57,58). 


PATHOPHYSIOLOGY 


Left Ventricular Outflow Obstruction 

The presence of LV outflow tract obstruction under basal 
conditions (gradient >30 mm Hg) over many years is a 


determinant of progressive heart failure symptoms and 
cardiovascular death in HCM (59) (Fig. 54.5). The relation- 
ship of obstruction specifically to sudden cardiac death is much 
weaker, encumbered by particularly low positive-predictive 
value (59). Obstruction in HCM represents true mechanical 
impedance to LV outflow, producing markedly increased intra- 
ventricular pressures, which can be detrimental to LV function 
by increasing myocardial wall stress and oxygen demand. 

Dynamic subaortic obstruction in HCM is usually pro- 
duced by the mitral valve, causing contact between the mitral 
valve and VS (SAM). Characteristic of young patients with 
this disease is an abrupt anterior motion in which the elon- 
gated mitral valve leaflets move toward (or contact) the VS 
in early systole (with a 90-degree sharp-angled bend). Mag- 
nitude of the outflow gradient is directly related to duration 
of mitral-septal contact with prolonged contact throughout 
midsystole indicative of marked obstruction. Estimation of the 
magnitude of outflow obstruction is made conventionally with 
continuous wave Doppler (60), which obviates the need for 
diagnostic cardiac catheterization. 

SAM and subaortic obstruction are determined by several 
geometric factors including the size of the outflow tract, distribu- 
tion of LVH, and length of the mitral leaflets (37,61,62) as well 
as the ejection velocity. SAM appears to occur either by virtue of 
the high-velocity jet streaming through a narrowed outflow tract 
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FIGURE 54.5. Left ventricular outflow tract obstruction. A: Probability of severe progressive heart failure 
(NYHA classes III or IV), heart failure death, or stroke in patients with LV outflow obstruction exceeds that in 
patients without obstruction (relative risk, 4.4; p < 0.001). (Reproduced from Maron MS, Olivotto I, Betocchi 
S, et al. Effect of left ventricular outflow tract obstruction on clinical outcome in hypertrophic cardiomyopa- 
thy. N Engl J Med 2003;348:295-303, with permission of Massachusetts Medical Society). B: Changes in LV 
outflow tract gradient from resting (basal) conditions to immediately after termination of treadmill exercise. 
Each patient is depicted by a line connecting the two gradient measurements. 0 indicates the mean. (Reproduced 
from Maron MS, Olivotto I, Zenovich AG, et al. Hypertrophic cardiomyopathy is predominantly a disease 
of left ventricular outflow tract obstruction. Circulation 2006;114:2232-2239, with permission of AHA.) C: 
Following myectomy with relief of LV outflow obstruction, survival free from all-cause mortality compared 
with age- and gender-matched U.S. population and also nonoperated patients with obstruction (p < 0.001). 
(Reproduced from Ommen SR, Maron BJ, Olivotto I, et al. Long-term effects of surgical septal myectomy on 
survival in patients with obstructive hypertrophic cardiomyopathy. / Am Coll Cardiol 2005;46:470-476, with 
permission of Elsevier.) 
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and pulling the mitral leaflets toward the septum (i.e., Venturi 
effect) or probably more likely due to drag (the hydrodynamic 
pushing force of flow) on the leaflets (63). The posteriorly 
directed mitral regurgitation jet, as a consequence of SAM, is 
usually only mild to moderate; severe mitral regurgitation in an 
HCM patient should raise the possibility of an intrinsic mitral 
valve abnormality such as myxomatous degeneration (64). 

The subaortic gradient (and systolic ejection heart murmur) 
in HCM is characteristically dynamic (65) and may show con- 
siderable spontaneous variability, that is, reduced or abolished 
by interventions that decrease myocardial contractility (e.g., 
/3-adrenergic receptor blocking drugs) or increase ventricular 
volume or arterial pressure (e.g., squatting, isometric hand- 
grip, or phenylephrine administration). Alternatively, the out- 
flow gradient and murmur can be augmented by circumstances 
that decrease arterial pressure or ventricular volume (e.g., 
the Valsalva maneuver or administration of nitroglycerin) or 
that increase contractility, such as premature ventricular con- 
traction, standing, amyl nitrite inhalation, administration of 
isoproterenol, or exercise (2-4,65). Daily activities such as 
consuming a heavy meal may also transiently magnify the 
subaortic gradient (2,3). A large proportion of HCM patients 
without SAM or gradients at rest may nevertheless generate 
outflow obstruction with physiologic exercise. Indeed, fully 
70% of an HCM cohort may have the propensity to develop 
obstruction (gradient >30 mm Hg) either at rest or with exer- 
cise (Fig. 54.5) (23). 

In infants and young children with HCM, obstruction to 
right ventricular outflow is not uncommon, usually occurring 
in association with subaortic obstruction. Subpulmonic gradi- 
ents represent a form of fixed obstruction due to exaggerated 
hypertrophy of right ventricular musculature that projects into 
the relatively small outflow tract (i.e., crista supraventricula- 
ris muscle, papillary muscles, moderator band, or trabeculae) 
(66). The infrequency of subpulmonic obstruction in adult 
HCM patients suggests that these gradients probably disap- 
pear with body growth and cardiac remodeling. 

Myocardial Ischemia 

Regional myocardial ischemia (in the absence of atheroscle- 
rotic coronary artery disease) occurs commonly in HCM 
(51-54,67), as demonstrated by atrial pacing, reversible 
exercise-induced myocardial perfusion defects, dipyridamole 
stress ECG, necrosis, and replacement fibrosis observed at 
autopsy or by CMR imaging (as delayed enhancement), or 
abnormalities recognized by position emission tomography 
(PET) (54,67). Potential mechanisms by which myocardial 
ischemia may occur in HCM include inadequate capillary 
density compared with greatly increased LV muscle mass, or 
alternatively, small vessel disease with narrowed intramural 
coronary arteries (44,45). It is difficult to clinically measure 
and quantitate the extent or location of myocardial ischemia 
in HCM patients, or consistently derive relevant correlations 
or prognostic information from these observations, although 
observations with PET suggest ischemia is a determinant of 
progressive heart failure in HCM (67). 

Diastolic Dysfunction 

Abnormalities of LV relaxation and filling have been identi- 
fied by a variety of echocardiographic-Doppler methods in a 
majority of patients with HCM and presumably contribute 
to (or are responsible for) symptoms of fatigue, exertional 
dyspnea, and angina pectoris (2,3,5,68-74). The rapid fill- 
ing phase of diastole is significantly prolonged and associ- 
ated with decreased rate and volume compared with normal. 
Consequently, there is usually a compensatory increase in the 


contribution of atrial systole to overall LV filling. Conversely, 
diastolic dysfunction may be present in the absence of both 
symptoms and outflow obstruction and unrelated to the sever- 
ity or distribution of ventricular hypertrophy (70). Reduced 
ventricular distensibility probably results largely from those 
factors, which determine the passive elastic properties of the 
LV chamber, such as severity of hypertrophy, replacement and 
interstitial myocardial fibrosis, and cardiac muscle cell disor- 
ganization. 


GENETICS 


The capability of achieving an unequivocal diagnosis of HCM 
with DNA-based laboratory methods has led to enhanced 
recognition of HCM and consequently to a more complete 
definition of its broad clinical spectrum, as well as provid- 
ing practical insights into appropriate genetic counseling 
(1-3,19,20,75-79). 

HCM is a Mendelian trait with an autosomal dominant 
pattern of inheritance (1,19,20,75,80,81). Molecular stud- 
ies with clinical genotype-phenotype correlations, conducted 
intensively over more than a decade, have provided impor- 
tant insights into the genetics of HCM, as well as access to 
definitive laboratory- based diagnosis by virtue of detecting 
pathogenic mutations, even in the absence of obvious clini- 
cal evidence of the disease. This substantial investigative effort 
has demonstrated convincingly that HCM is caused by domi- 
nant mutations in 11 or more genes encoding thick and thin 
contractile myofilament protein components of the sarcomere 
and the adjacent Z-disc. Several additional mutations have 
also been identified but are associated with less defini- 
tive evidence to support their pathogenicity. About 70% of the 
HCM mutations are reported in the two most common genes, 
/3-myosin heavy chain and myosin-binding protein C, while 
troponin T and several other genes account for much smaller 
proportions. Underscoring the vast genetic heterogeneity of 
HCM, over the last 20 years >1,400 individual mutations 
(mostly missense, but also insertions, deletions, splice, and 
truncated mutations) have been identified among these genes, 
with about two-thirds unique to individual families when first 
identified (i.e., “private”). 

The vast majority of patients who inherit a disease-causing 
mutation will demonstrate structural evidence of HCM (i.e., 
LVH) by early adulthood, appearing typically during periods 
of accelerated adolescent growth and usually completed when 
physical maturity is achieved (age 17 to 18 years), but gener- 
ally unassociated with symptom onset or disease progression 
(33). However, variable and age-related penetrance can occa- 
sionally result in delayed expression of the phenotype into the 
third decade of life, or potentially even later (77). 

Development of rapid, automated DNA sequencing now 
provides the opportunity for comprehensive genetic testing 
panels, which permit identification of HCM mutations and 
definitive molecular diagnosis as part of routine clinical prac- 
tice (19,77-79,80,81). However, disease-causing mutations 
can be identified definitively in only about one third of those 
probands studied, underscoring that all genes that cause HCM 
are not known. Therefore, the precise mutation responsible for 
HCM remains uncertain in a significant proportion of patients. 
In addition, not uncommonly, DNA-based testing may identify 
novel DNA sequence variants for which true pathogenecity is 
unresolved (“variants of uncertain significance”) (80,81). 

Despite these limitations, the most important role of 
DNA molecular testing is to identify HCM family members 
at risk for developing disease who do not have LV hypertro- 
phy. If a disease-causing mutation can be identified in a phe- 
notypically expressed relative with HCM, the genetic status 
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FIGURE 54*6, LAMP2 cardiomyopathy. A: From 14-year-old boy with SD and septal thickness of 65 mm (heart 
weight 1,425 g); B: Clusters of myocytes with vacuolated sarcoplasm (stained red) embedded in area of scar 
(stained blue; Masson trichrome). C: Disorganized arrangement of myocytes most typical of sarcomeric HCM. 
D: Intracardiac electrogram. ICD elicited five defibrillation shocks that failed to interrupt VF (280 beats/min). 
(Reproduced from Maron BJ, Roberts WC, Arad M, et al. Clinical outcome and phenotypic expression in 
LAMP2 cardiomyopathy. JAMA 2009;301:1253-1259,with permission of American Medical Association.) 


of other members of the family can be determined defini- 
tively. In addition, genetic testing has the potential to clarify 
diagnosis in patients for whom the pattern of LVH mimics 
HCM, for example, metabolic storage disease phenocopies: 
PRKAG2 (regulatory subunit of adenosine monophosphate- 
activated protein kinase); Fabry disease (alpha-galactosidase 
deficiency), and LAMP2 (Danon disease; lyosome-associated 
membrane protein-2) (82,83) (Fig. 54.6). Genetic diagnosis 
of Fabry disease is highly advantageous, given the availabil- 
ity of enzyme replacement therapy (84). LAMP2 cardiomy- 
opathy is associated with severe and lethal natural history 
with survival uncommon over 25 years of age (and implant- 
able defibrillators [ICDs] are unreliable), requiring early rec- 
ognition by genetic testing to permit timely consideration for 
prophylactic heart transplant (83) (Fig, 54.6). 


However, after two decades of the molecular era and many 
genotype-phenotype correlation studies, the overall relation- 
ship between single sarcomere mutations and prognosis or 
clinical outcome in HCM has proved unreliable, due largely 
to genetic heterogeneity, disputing earlier notions that specific 
mutations would have prognostic relevance (i.e., “malignant” 
or “benign” mutations) (80,81,85). Therefore, despite consid- 
erable initial optimism and perhaps the unrealistic expectation 
that the discipline of molecular biology would create a new 
paradigm for predicting prognosis and directing management 
in HCM, this aspiration has been largely unrealized. Never- 
theless, preliminary data suggest that double or compound 
sarcomere mutations (present in about 5% of HMC patients) 
may be associated with greater disease severity and adverse 
events (86). 
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It is presently unknown what proportion of mutation car- 
riers (gene positive-phenotype negative family members with- 
out hypertrophy) will ultimately develop LVH, but the risk for 
SD (or disease progression) in this subset appears particularly 
low (32). At present, clinical decisions regarding disqualifica- 
tion from competitive sports or occasionally consideration for 
prophylactic ICDs (74) in such individual are unavoidably 
made on a case-by-case basis (32). This emerging patient sub- 
set will require much longer periods of follow-up before reli- 
able guidelines regarding management can be formulated. 


CLINICAL SCREENING STRATEGIES IN FAMILIES 

In clinical practice, prospective screening of HCM fam- 
ily members to ascertain affected or unaffected disease sta- 
tus usually takes place independent of genetic testing and is 
performed primarily with 2-D echocardiography, CMR, and 
ECG, as well as history- taking and physical examination (20). 

The traditional recommended strategy for screening rela- 
tives in most HCM families calls for such evaluations on a 
12- to 18 -month basis, usually beginning at least by age 12 
(20). If these studies do not show evidence of LVH by the time 
full growth is achieved (at the age of about 18 to 21 years), it 
had been customary practice to conclude that a HCM-mutant 
gene is probably absent and reassure family members accord- 
ingly that further echocardiographic testing would be unnec- 
essary. However, recognition of the possibility that later-onset 
morphologic conversions to the HCM phenotype may occur 
in young and middle-aged adults (and even older individuals) 
has potentially created new practice strategies for screening 
families and genetic counseling in this disease (2,20,77) (Table 
54.1). Therefore, it is no longer possible to routinely hold 
to the traditional tenet that a normal echocardiogram (and 
ECG) obtained at maturity itself defines a genetically unaffected 


Proposed Clinical Family 
Screening Strategies with 
Echocardiography or CMR 
(and 12-lead ECG) for Detection 
of HCM with LVH 

Age <12 y 

Optional unless 

Malignant family history of premature death from HCM, or 
other adverse complications 
Competitive athlete in an intense training program 
Onset of symptoms 
Other clinical suspicion or early LVH 
Age 12 to 18-21 y a 
Every 12-18 months 

Age >21 years 

At onset of symptoms or possibly every 5 years. More 
frequent intervals are appropriate in families with a 
malignant clinical course or late-onset HCM 

s Age range takes Into consideration individual variability in achieving physical 
maturity and in some patients may justify screening at an earlier age. Initial 
evaluation should occur no laterthan early pubescence. 


family member. It is now probably prudent to extend the time 
period into adulthood for clinical surveillance of phenotype- 
negative relatives at about 5-year intervals with serial 2-D 
echocardiography or CMR, and ECG (20). 

While this recommendation (triggered by the recognized 
potential for adult-onset hypertrophy) is probably unavoidable 
in current clinical practice, there are nevertheless potentially 
negative implications for this strategy. By extending almost 
indefinitely the period of morphologic (i.e., echocardiographic) 
surveillance and implied indecision regarding the diagnosis of 
HCM in family members, there is the potential risk of elicit- 
ing the psychological perception and stigma of cardiac dis- 
ease in young, healthy individuals, the vast majority of whom 
are not in fact affected by a mutant gene. If the causative 
HCM gene is identified in a family member, molecular test- 
ing can be definitive by excluding affected status and thereby 
eliminating the need for serial clinical studies and prolonged 
surveillance. 


CLINICAL FEATURES 


Physical Examination 

The classic findings on physical examination in patients with 
HCM are variable and related in large measure to hemody- 
namic state (65). For example, in patients with obstruction 
to outflow, a double or triple LV apical impulse may be pal- 
pable. These impulses probably reflect the usual outward 
systolic thrust due to ventricular contraction, a presystolic 
thrust of accentuated atrial contraction, and occasionally the 
expansion of early diastolic filling. In addition, patients with 
obstruction have a medium-pitch systolic ejection murmur 
that varies in intensity with respect to the magnitude of the 
subaortic gradient. Patients with loud systolic murmurs along 
the lower left sternal border and at the apex of at least grade 
3/6 in intensity will probably have a peak systolic gradient 
>50 mm Hg. In some patients, the murmur may sound hol- 
osystolic at the apex and mimic mitral regurgitation. In the 
presence of outflow obstruction, the arterial pulses are unusu- 
ally sharp and rapid rising with a distinct Bisferiens contour. 
External carotid pulse recordings demonstrate a bifid pulse 
contour, shortened upstroke time, and increased systolic ejec- 
tion period. Indeed, infants and young children with HCM 
are most commonly identified because of a heart murmur or 
vigorous precordial thrust, with a diagnosis subsequently con- 
firmed by imaging (87-92). 

In contrast, physical findings in HCM patients without out- 
flow obstruction may be subtle and not suggestive of underly- 
ing heart disease. The systolic murmur is characteristically soft 
or absent, although the LV apical impulse may nevertheless 
be forceful. In some patients, a murmur representing dynamic 
outflow obstruction may be provoked by standing, or with the 
Valsalva maneuver. 


Symptoms 

The onset of heart-failure symptoms often occurs in early 
adulthood, between 20 and 40 years of age, although symp- 
toms can become evident at any age, from young children to 
the elderly (2). Nevertheless, it is uncommon for children or 
adolescents to experience marked progressive functional dis- 
ability equivalent to New York Heart Association (NYHA) 
class III. In most patients, the predominant complaint is exer- 
tional limitation due to heart failure-related symptoms such 
as dyspnea and/or fatigue and also occasionally orthopnea or 
paroxysmal nocturnal dyspnea (very uncommon in children). 


TABLE 54.1 
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which may be accompanied by chest discomfort that is either 
typical or atypical of angina. The etiology of chest pain in 
HCM is not completely understood, but may be a manifesta- 
tion of myocardial ischemia due to microvascular structural 
abnormalities (44,54). Severity and character of these symp- 
toms may be similar in patients with or without obstruction 
to LV outflow. Episodes of impaired consciousness (syncope/ 
presyncope/near syncope) are common and may raise consid- 
eration of SD risk. 


Electrocardiogram 

The 12-lead ECG is abnormal in about 90% to 95% of HCM 
probands identified as part of hospital-based populations and 
shows a wide variety of abnormal patterns, some of which 
may be bizarre in appearance (31,93-95). Normal ECGs are 
much more common in asymptomatic family members recog- 
nized during pedigree screening (up to 25%). Most common 
ECG abnormalities are increased voltages suggestive of LVH, 
ST-T changes including marked T-wave inversion in the lateral 
precordial leads, left atrial enlargement, deep and narrow Q 
waves, and diminished R waves in the lateral precordial leads. 

However, no particular ECG pattern is characteristic of 
HCM or predictive of future events (94), although normal 
ECGs appear to be most commonly associated with benign 
clinical course (95). Increased voltages (tall R or deep S waves) 
show only a weak correlation with magnitude of LVH by echo- 
cardiography and do not discriminate the presence or absence 
of outflow obstruction at rest (94). Paradoxically, infants with 
HCM often show a pattern of right ventricular hypertrophy, 
which only in some cases may reflect obstruction to right ven- 
tricular outflow (66,87). 


HCM AND ATHLETE'S HEART 


Long-term athletic training can produce increases in LV dias- 
tolic cavity dimension, wall thickness, and calculated mass 
that constitute a syndrome commonly known as “athlete’s 
heart” (22,96-98). Such absolute increases in LV wall thick- 
ness are usually modest, but may be more substantial in some 
athletes, particularly those participating in the rowing and 
cycling sports (97). In this way, a diagnostic dilemma in dis- 
tinguishing the clinically benign physiologic hypertrophy of 
the athlete’s heart from HCM (with relatively mild LVH) may 
arise (22,96). Several clinical parameters have been suggested 
to aid this differential diagnosis (Fig. 54.7). Some useful cri- 
teria that support the diagnosis of HCM in trained athletes 
who fall into the “gray zone” of overlap between the two 
conditions with maximum LV wall thickness of 13 to 15 mm 
include (22,96) demonstration of a HCM disease-causing 
mutation with genetic testing, documentation of HCM in a 
relative, an abnormal transmitral Doppler waveform consist- 
ent with altered LV relaxation and filling, or LV end-diastolic 
cavity dimension <45 mm. Parameters favoring athlete’s heart 
include regression of LV wall thickness following a brief (4 to 
8 weeks) period of deconditioning and LV end-diastolic cavity 
dimension >55 mm. 


PREPARTICIPATION SCREENING FOR HCM IN 
ATHLETIC POPULATIONS 


Detection of preexisting cardiovascular abnormalities such 
as HCM, with the potential for SD or significant morbidity 
associated with intense physical training and competition, is 



“Gray Zone” of 
LV Wall Thickness 
(13-15 mm) 


Unusual Patterns of LV 
Hypertrophy 

LV Cavity < 45mm 
LV Cavity > 55mm 
Left Atrial Enlargement 
Bizarre ECG Patterns 
Abnormal LV Filling 
Female Gender 

l Thickness with Deconditioning 


Family History of HCM 

Max. V0 2 > 45 ml/kg/min T 

> 110% predicted 

FIGURE 54.7. Differential diagnosis of HCM versus physi- 
ologic athlete’s heart. Clinical criteria used to distinguish non- 
obstructive HCM from athlete’s heart when maximal LV wall 
thickness is within the shaded gray area of overlap, consistent 
with both diagnoses. !, decreased. (Adapted from, Maron BJ, 
Pelliccia A. The heart of trained athletes: cardiac remodeling 
and the risks of sports, including sudden death. Circulation 
2006;114:1633-1644, reproduced with permission of AHA.) 


a major objective of preparticipation screening of high school 
and college-aged sports participants (99-101). In the United 
States, customary screening practice dictates that a personal 
and family history be obtained and a physical examination 
performed. However, although HCM can be identified by 
this process, in some cases, the disease remains unsuspected, 
given that many affected individuals do not have a diagnos- 
tic heart murmur or historical clues (e.g., syncope or family 
history of HCM). It has been suggested that identification of 
HCM by screening would theoretically be enhanced by rou- 
tinely incorporating noninvasive testing with the 12-lead ECG 
(or echocardiography) (102). However, cost-effectiveness and 
a number of resource and practical obstacles make routine 
application of such tests impractical as part of a theoretical 
mandated and nationally administered (and federally funded) 
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mass screening program of U.S. athletes (99). Frequency of 
borderline and false-positive (or false-negative) test results, 
and the uncertainty and anxiety that accompanies such cir- 
cumstances, represent additional limitations to high school 
screening programs with routine ECGs (99). 


CLINICAL COURSE 


Overall Patient Population 

Predicting the clinical course and outcome for individual 
young patients with HCM continues to be difficult because of 
the marked variability and heterogeneity in disease expression. 
For patients first identified in the pediatric age group, accurate 
predictions regarding natural history and prognosis are partic- 
ularly daunting given the particularly long period (>50 years) 
of potential risk that lies ahead. Annual HCM mortality rates 
have previously been reported at 3% to 6%, with the highest 
rate in children (103,104). However, these are now outdated 
estimates derived largely from HCM cohorts at major HCM 
referral centers, incorporating substantial patient selection 
bias skewed toward high-risk patients (105). Therefore, highly 
selective referral patterns have previously overestimated and 
mischaracterized the risk for premature death in the overall 
HCM population. Over the more recent 15 years, in unselected 
community-based patient populations less contaminated by 
tertiary center referral basis (and therefore more representa- 
tive of the true disease state), more realistic mortality rates 
for HCM of about 1 % per year have been reported, although 
somewhat higher in children (i.e., 2 % per year) (2,3,106-109). 

The clinical dilemma encountered in pediatric cardiology 
practice with respect to HCM is unique, given the youth of 
the patients and the difficulties encountered in predicting 
outcome for such a heterogeneous disease over long periods. 
This is compounded by the fact that most children who die 
suddenly have previously been asymptomatic (or only mildly 
symptomatic), and such catastrophes are often the first clini- 
cal manifestation of the disease (2,3). On the other hand, it is 
inappropriate to regard all patients identified with HCM in 
infancy and childhood as having an ominous prognosis sim- 
ply by virtue of diagnosis early in life, particularly since most 
such clinical identifications are made under fortuitous circum- 
stances. 

Thus, HCM should be viewed as a complex disorder 
capable of producing important clinical consequences and pre- 
mature death in some patients, whereas many other patients 
may live their natural lives (even achieve statistical life expec- 
tancy) with little or no disability and do not require aggressive 
therapeutic interventions. These observations emphasize the 
importance of providing many HCM patients (including many 
children) with reassurance regarding their prognosis, but also 
with prudent caution and long-term regular surveillance, for 
what is also an unpredictable disease. 

Infants 

Experience with assessing the clinical course and prognosis of 
patients with HCM identified in the first 2 years of life has 
been limited. Relatively few patients considered to have HCM 
are reported so early in life (87-92), and a large proportion of 
such infants with LVH do not have true familial HCM caused 
by mutations in genes encoding sarcomere proteins (1). Such 
HCM phenocopies include Noonan syndrome, glycogen stor- 
age disease, or a transient and nonfamilial cardiomyopathy in 
infants of insulin-dependent diabetic mothers with generalized 
organomegaly (1). 


Other diseases in this category are primary mitochondrial 
myopathies caused by mutations encoding mitochondrial 
DNA (e.g., Kearns-Sayre syndrome) or mitochondrial proteins 
associated with adenosine triphosphate (ATP) electron trans- 
port chain enzyme defects (1). Also included in these consider- 
ations are metabolic myopathies representing ATP production 
and utilization defects involving abnormalities of fatty acid 
oxidation (acyl CoA dehydrogenase deficiencies) and carnitine 
deficiency, as well as infiltrative myopathies such as Hunter 
and Hurler diseases (1). 

HCM is a particularly uncommon cause of SD during 
infancy and is not a cause of the sudden infant death syndrome 
(110). Nevertheless, the onset of symptoms and heart failure in 
infancy or early childhood appears to be an unfavorable prog- 
nostic sign indicative of early disease progression (87,89,103) 
with high mortality in the ensuing months or years from heart 
failure, despite aggressive surgical and/or medical therapy. 
Reports of spontaneous regression of LVH and resolution of 
heart failure within the first few months of life appear to be 
virtually confined to infants of diabetic mothers. 

Children 

Prognostic assessment of children with HCM is also limited 
by the low frequency with which such patients are identified 
in standard pediatric practice, and the relatively brief period 
of their life time they are followed. Most HCM patients rec- 
ognized as children and adolescents are asymptomatic, and 
it is uncommon for severe functional disability, such as with 
NYHA class III, to appear at this time in life. Nevertheless, 
HCM-related mortality has consistently been reported to be 
highest in HCM patients identified as children or adolescents, 
with most of these deaths occurring suddenly and unexpect- 
edly (89,92,109,111-114). 

Noonan syndrome, an autosomal dominant cardiofacial 
condition, can mimic sarcomeric HCM. In about 50% of 
cases, Noonan syndrome is familial with an autosomal domi- 
nant transmission, caused by mutations in PTPN11, a gene 
encoding the nonreceptor protein tyrosine phosphatase SHP-2 
genes (1). Noonan syndrome deserves special emphasis here 
because of the frequency with which LVH occurs (about 25% 
of such patients). There is also frequent association with other 
congenital heart malformations, the most common of which 
is dysplastic pulmonary valve stenosis and atrial septal defect. 
Cardiomyopathies characterized by LV wall thickening have 
also occasionally been reported in young children with other 
systemic diseases: neuroectodermal anomalies, pheochromo- 
cytoma, tuberous sclerosis, neurofibromatosis, lentigonosis, 
Friedreich ataxia, Turner syndrome, and hyperthyroidism (1). 
It is more likely that such infrequent associations represent 
only the sporadic association of two rare diseases rather than 
constituting an etiologic relationship. 


SUDDEN CARDIAC DEATH AND RISK 
STRATIFICATION 


SD may occur in HCM at a wide range of ages, but most com- 
monly during adolescence and young adulthood (usually 12 to 
35 years of age) and rarely before 1 0 years (2-4,57, 1 03, 1 09,1 1 1- 
115) (Fig. 54.8). Indeed, HCM is the most common cause of 
SD in the young. Although most patients die while sedentary 
or during normal or modest physical exertion, an important 
proportion die suddenly during or just after vigorous activity. 
HCM is also the most common cause of sudden cardiac death 
in young competitive athletes (2,3,111,116) (Fig. 54.8). This 
latter observation is the basis for the standard recommendation 
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FIGURE 54.8. Clinical profile of SD. Top: SD is most com- 
mon in children and young adults before about 25 years of 
age, while heart failure and stroke generally occur later in 
life. (Reproduced from Mar on BJ, Olivotto I, Spirito P, et al. 
Epidemiology of hypertrophic cardiomyopathy-related death. 
Revisited in a large non-referral-based patient population. Cir- 
culation 2000;102:858-864, with permission of AHA.) Bot- 
tom: HCM is the single most common cause of SD in young 
competitive athletes in United States. ARVC, arrhythmogenic 
right ventricular cardiomyopathy; AS, aortic valve stenosis; 
CAD, coronary artery disease; CHD, congenital heart dis- 
ease; CM, cardiomyopathy; LAD, left anterior descending; 
MVP, mitral valve prolapse; WPW, Wolff-Parkinson-White. 
"Regarded as possible (but not definitive) evidence for HCM 
at autopsy with mildly increased LV wall thicknesses (18 ± 4 
mm) and heart weight (447 ± 76 g). includes most commonly 
Kawasaki disease, sickle cell trait, and sarcoidosis. (Repro- 
duced from Maron BJ, Doerer JJ, Haas TS, et al. Sudden deaths 
in young competitive athletes: analysis of 1866 deaths in the 
United States, 1980-2006. Circulation 2009;119:1085-1092, 
with permission of AHA.) 


to disqualify young patients with HCM from intense competi- 
tive sports to reduce their risk for SD under the guidelines of 
the 36th Bethesda Conference (117). 

At present, the greatest risk for SD in children with HCM 
appears to be associated with one or more of the following 
clinical risk markers (Fig. 54.9) (118): (a) prior cardiac arrest 
or sustained ventricular tachycardia (VT) for secondary pre- 
vention. For primary prevention: (b) family history of one or 
more premature HCM-related deaths, particularly if sudden 
and multiple; (c) unexplained syncope; and (d) massive degrees 
of LVH (maximum wall thickness >30 mm, a cutoff independ- 
ent of age or body size) (Fig. 54.9) and most relevant to young 
patients. Other risk factors, more applicable to adults with 
HCM, are multiple, repetitive (or prolonged) nonsustained 
VT on serial Holter monitoring and hypotensive or attenuated 
blood pressure response to exercise. 

Of note, although the presence of a subaortic gradient (>30 
mm Hg at reset) is a strong determinant of progressive heart 
failure and cardiovascular death (Fig. 54.5) (59), it is a much 
weaker marker specifically for sudden cardiac death, and con- 
sequently obstruction has insufficient power to be regarded as 
a sole or primary factor to justify primary prevention interven- 
tion with an ICD (57). However, due to the substantial genetic 
heterogeneity in HCM, it is now evident that the prediction of 
clinical course and SD risk based on knowledge of the disease- 
causing mutation is unreliable for the management of indi- 
vidual patients (80,81). 

Also, the relationship between SD risk and intramuscular 
course of a segment of the proximal left anterior descending 
coronary artery (i.e., myocardial bridging; tunneled coronary 
arteries) in children is not established (119). Electrophysi- 
ologic testing with programmed ventricular stimulation has 
been abandoned as a workable strategy to risk stratify young 
HCM patients (2,3). 


MANAGEMENT 


Medical 

Response of heart failure symptoms to medical treatment is 
highly variable, and therapy must often be empirically tailored 
to the individual requirements of patients (2-5). Figure 54.10 
presents a current management algorithm. Since the mid- 
1960s, various /3-adrenergic receptor blocking drugs have been 
used extensively to relieve and control heart failure symptoms 
in HCM patients with either the obstructive or nonobstruc- 
tive forms (2). Long-acting preparations of propranolol, ate- 
nolol, metoprolol, or nadolol are now most commonly used. 
/3-blockers may improve symptoms by slowing heart rate and 
reducing force of LV contraction, thus augmenting ventricu- 
lar filling and relaxation and decreasing myocardial oxygen 
consumption. In addition, /3-blockers inhibit sympathetic 
stimulation of the heart and may reduce the outflow gradi- 
ent under conditions of exercise and augmented sympathetic 
stimulation. 

Most experience with verapamil has been in adult HCM 
patients (daily dose <480 mg; 5 mg/kg/day) (120), although 
some children have also achieved symptomatic benefit from 
this drug (73,121). Short- and long-term studies have reported 
oral verapamil to improve cardiac symptoms and exercise 
capacity, largely in nonobstructive patients, due to a benefi- 
cial effect on LV relaxation and filling (72,73). Patients with 
elevated pulmonary venous pressures, particularly when asso- 
ciated with marked outflow obstruction, may be at increased 
risk for pulmonary edema or SD while taking verapamil. When 
patients fail to experience symptom control from /3-blockers 
and verapamil (administered separately), empiric trials with 
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FIGURE 54.9. SD risk stratification. Top: Risk 
pyramid currently used to identify the most 
likely high-risk candidates for prevention of SD 
with ICDs. Depending on the age of the patient, 
certain markers of risk may be less relevant, for 
example, NSVT less than age 1 8 years. BP, blood 
pressure; LVH, left ventricular hypertrophy; 
NSVT, nonsustained ventricular tachycardia. 
Bottom: Relation between magnitude of LVH 
(maximum [max] wall thickness by echocardiog- 
raphy) and SD risk in an unselected HCM cohort. 
Mild hypertrophy conveys generally lower risk 
and extreme hypertrophy (wall thickness > 30 
mm) the highest risk. CAD, coronary artery 
disease. (Reproduced from Spirito P, Bellone P, 
Harris KM, et al. Magnitude of left ventricular 
hypertrophy predicts the risk of sudden death 
in hypertrophic cardiomyopathy. N Engl J Med 
2000;342:1778-1785, with permission of Massa- 
chusetts Medical Society.) * Sustained ventricular 
tachyarrhythmias have been reported in a signifi- 
cant minority of patients short term following the 
alcohol septal ablation procedure (118). 
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disopyramide in combination with a /3-blocker (122) have 
been reported to reduce outflow gradient and symptoms. Data 
on the use of this drug in HCM have to date been largely lim- 
ited in adults. Diuretic agents may also be administered judi- 
ciously, either alone or in conjunction with either /3-blockers 
or verapamil, to reduce pulmonary congestion and improve 
symptoms. These beneficial actions likely result from a reduc- 
tion in LV filling pressures. 

Patients with HCM may manifest evidence of heart failure 
in either of two clinical profiles, which largely require different 
therapeutic strategies (2-5). The usual circumstance occurs in 
children or adults who experience exertional dyspnea indica- 
tive of elevated pulmonary venous pressures, associated with 
intact or hyperdynamic systolic function. Medical treatment 
is generally with the aforementioned /3-blockers or calcium 
antagonist drugs, although either medication can be admin- 
istered first. There is no evidence that taking /3-blockers and 
verapamil together is more advantageous than either drug 
alone. Furthermore, this combination may lower heart rate 
and/or blood pressure excessively. 

Alternatively, about 3% of HCM patients will manifest the 
end stage of HCM with systolic dysfunction (ejection frac- 
tion < 50%) in which progressive heart failure is often associ- 
ated with LV remodeling, including wall thinning, and cavity 


dilation (56). The therapeutic approach to these patients is 
similar to that of congestive heart failure in other cardiac 
diseases, including administration of /3-blockers, angiotensin- 
converting enzyme inhibitors, angiotensin-receptor blockers, 
and diuretics, as well as selectively digoxin, spironolactone, 
and warfarin. 

Bacterial endocarditis appears to be virtually confined to 
patients with the obstructive form of HCM, with a preva- 
lence of <1% (123). Vegetations most commonly involve 
the anterior mitral leaflet or septal endocardium at the site 
of mitral valve-septal contact and less commonly the aortic 
valve. Therefore, this investigator believes that children with 
obstructive HCM should receive standard antibiotic proph- 
ylaxis prior to dental procedures, despite the recent revised 
AHA recommendations (124). 


Prevention of Sudden Death 

In selected patients with evidence of high risk for SD, treat- 
ment for the prevention of SD with an ICD is recommended 
as the only treatment known to extend life in HCM (57). The 
strategy of long-term prophylactic treatment with amiodarone 
(125) is obsolete and has been abandoned, and is particularly 
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FIGURE 54.10. Management strategies for patient subgroups within the broad HCM clinical spectrum. Notably, 
atrial fibrillation (AF) is distinctly uncommon in the pediatric age group. 'Generally no specific treatment or 
intervention indicated. AF, atrial fibrillation; DDD, dual chamber; ICD, implanted cardioverter-defibrillator; 
RF, radiofrequency; SD, sudden death. 


unrealistic for children given the likelihood of side effects over 
the long period of risk, as well as the lack of data substantiat- 
ing the effectiveness of amiodarone in protecting young HCM 
patients against SD. 

The ICD is proven to be effective in high-risk HCM patients 
by reliably sensing ventricular tachycardia/fibrillation (VT/VF) 
and restoring sinus rhythm by delivering appropriate defibril- 
lation shocks or antitachycardia pacing (Fig. 54.11) (57,126). 
The ICD may be lifesaving in young patients, both in the con- 
text of secondary prevention after a cardiac arrest (11% per 
year) or for primary (prophylactic) prevention owing to high- 
risk status based on the presence of one or more risk factors 
(4% per year) (57) (Fig. 54.11). Appropriate intervention rates 
for primary prevention are even higher in young patients, that 
is, 7%/year when implanted <20 years of age and 11% per 
year when implanted <15 years old, consistent with the known 
age predilection for HCM-related SD. 

Of the single risk factors that triggered the ICD option, 
unexplained syncope was most commonly associated with 
appropriate ICD interventions (massive LV hypertrophy in 
children). Notably, long time periods may elapse between the 
decision to implant an ICD and when the device is required to 
issue an appropriate defibrillation shock to terminate VT/VF 
(Fig. 54.11). The ICD has altered the natural history of HCM 
for many young patients, and in fact, is the only therapeutic 
intervention that prolongs life in this disease. 

While this consideration for prophylactic ICDs is particu- 
larly relevant to young patients who may anticipate extended 
periods of risk over many decades, the strategy of implanting 


young patients with lifelong devices (and perhaps the inevi- 
table possibility of device complications) requires some 
adjustment in management philosophy within the practicing 
pediatric cardiology community. Device complications are an 
important consideration but, nevertheless, the risk for SD in 
HCM has a predilection for patients in the pediatric age group 
(particularly adolescents) (2,3,57,126,127). Therefore, to ulti- 
mately impede occurrence of SD due to HCM, more of the 
availability of a definitive intervention such as the ICD prob- 
ably will be necessary. 

Surgical 

Based on substantial data accumulated over >40 years, opera- 
tion for HCM (surgical septal myectomy) is the primary treat- 
ment for most patients with severe drug-refractory symptoms 
resulting in functional disability and associated with mechani- 
cal obstruction to LV outflow under basal conditions or with 
physiologic exercise (gradient > 50 mm Hg) (2-5,128-132). 
The traditional operative procedure has beer) the transaortic 
septal myectomy (Morrow procedure) in which a portion of 
muscle is resected from the basal septum (usually about 2 to 
5 g). At some centers, the myectomy is extended much more 
distally in the septum (extended myectomy) (129). Results 
achieved at several institutions with this operation over the 
past 45 years have been excellent, with the vast majority of 
patients afforded substantial symptomatic and hemodynamic 
benefit (2-5,128-132). Operative mortality has steadily 
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decreased and is now <1% at the most experienced centers. A 
Mayo Clinic operative series of children with HCM reported 
zero operative mortality over a 20-year period (131). 

More than 90% of patients who undergo myectomy 
experience abolition or substantial reduction in the outflow 
gradient under basal conditions (owing to reduction of SAM), 
but without important compromise in global LV function. 
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FIGURE 54.11. Prevention of SD. Top: Primary prevention. 
Intracardiac electrogram obtained at 1 :20 AM with patient asleep, 
5 years after implant. Patient received prophylactic ICD based 
on family history of SD and extreme ventricular septal thick- 
ness. A: Ventricular tachycardia (VT) begins abruptly, apparently 
unprovoked, at 200 beats/minute. B: Defibrillator senses VT 
and charges. C: VT deteriorates into VF. D: Defibrillator issues 
20-J shock (arrow) immediately restoring sinus rhythm. A virtu- 
ally identical sequence occurred 9 years later, also during sleep; 
Patient is now 53 years old and asymptomatic. (Reproduced 
from Maron BJ, Shen WK, Link MS, et al. Efficacy of implant- 
able cardioverter-defibrillators for the prevention of sudden death 
in patients with hypertrophic cardiomyopathy. N Engl J Med 
2000;342:365-373, with permission of Massachusetts Medical 
Society.) Center: Flow diagram summarizing ICD-r elated out- 
come in 506 high-risk HCM patients from international, mul- 
ticenter ICD registry (57,126). Bottom: ICD intervention rates 
in patients implanted prophylactically for only one risk factor. 
ICD, implanted cardioverter-defibrillator; LVH, left ventricular 
hypertrophy; NSVT, nonsustained ventricular tachycardia. 


Long-term follow-up studies from surgical centers have demon- 
strated that basal outflow obstruction does not recur and heart 
failure is largely reversed by surgical septal myectomy, with 
symptoms relieved long term in about 90% of patients (132). 
Of particular note, recent data from the Mayo Clinic myectomy 
cohort show that operated patients achieve the same longevity as 
the general population and demonstrate significantly better sur- 
vival than nonoperated patients with outflow obstruction (129). 

Occasionally, patients develop outflow obstruction from a 
mechanism other than SAM. For example, anomalous papil- 
lary muscle insertion directly into the anterior mitral leaflet 
(without the interposition of chordat tendinae) produces mus- 
cular midventricular obstruction (133,134). This congenital 
anomaly of the mitral apparatus should be considered prior 
to intervention since targeted surgical strategy requires distally 
extended myectomy to relieve obstruction (134). 

The technique of alcohol septal ablation has been intro- 
duced to reduce outflow gradient in selected symptomatic adult 
HCM patients as an alternative to surgery (128,135). This 
method involves introduction of about 2 ml of 95% alcohol 
into the first major septal perforator to produce a transmural 
myocardial infarction. This procedure should not be performed 
(or even considered) in young HCM patients, given their long 
period of potential longevity and the distinct possibility that 
the healed scar may enhance the pre-existent arrhythmogenic 
LV substrate and ultimately increase the risk of SD (128). 
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ETIOLOGY AND PATHOGENESIS 


Cardiac dilation and decreased systolic function, the uniform 
diagnostic features of dilated cardiomyopathy (DCM), fail 
to reflect the many causes of DCM (Table 55.1). Infectious, 
metabolic, ischemic, toxic, and hereditary factors have been 
implicated in the disease pathogenesis (1-5). DCM, with a 
prevalence of 36.5 per 100,000 population (1), is thus a final 
common pathway for diverse disease processes that lead to 
heart failure. When an infant or child presents with echo- 
cardiographically confirmed DCM, knowledge of the broad 
differential diagnosis and additional testing may uncover 
a reversible cause for myopathic heart failure and/or aid in 
establishing prognosis (6,7). However, the primary cause of 
DCM is unknown in 66% of children (7) and 50% of adults 
(8). The preclinical cascade of molecular and cellular events 
leading to heart failure thus remains poorly understood. Most 
patients with idiopathic DCM have clinically silent disease in 
childhood, developing symptoms only in middle age (mean 
age at diagnosis 45 ± 17 years) (9). The delayed onset of clini- 
cally apparent disease suggests a subtle congenital defect in 
myocardial function inciting a gradual degenerative process 
that progresses over several decades. 

Sensitive preclinical markers of DCM unfortunately are 
lacking, and family history may be the only clue prompting 
echocardiographic screening and presymptomatic diagnosis 
in hereditary forms of DCM. Despite an insidious onset, 
advanced myocardial disease with substantial maladaptive 
ventricular remodeling often is present in both adults and 
children with symptomatic DCM. As a result, DCM is the 
indication for cardiac transplantation in 31% of infants and 
64% of older children (10). Late diagnosis is confounded 
further by limited evidence-based guidelines for the treat- 
ment of cardiomyopathic heart failure in children (11). 
Indeed, conventional medical therapies with established effi- 
cacy in adults appear to have a limited impact on pediatric 
outcomes (12,13). Consequently, only 46% of children with 
DCM are alive and free from cardiac transplantation at 
10 years of follow-up (7). The prognosis in individual 
patients, nevertheless, often is unpredictable ranging from 
intractable heart failure to occasional spontaneous recov- 
ery (1,14). Improved treatment and prevention of DCM will 
require identification of preclinical markers, new insights 
into disease mechanisms and risk classification, and opti- 
mal therapies that specifically alter pathologic molecular 
and cellular processes prior to the development of end-stage 
myocardial disease. 

Cardiac Dilation 

Cardiac performance is determined by preload, afterload, 
contractility, and heart rate. In the normal heart, dilation, 
like hypertrophy, may represent an appropriate response to 


(patho)physiologic demands. According to the Frank-Starling 
Law, increased preload results in enhanced cardiac output. 
For example, increased left ventricular end-diastolic volume 
may be an adaptation to inadequate systemic oxygen delivery 
(chronic anemia) or contractile dysfunction (acute hypoxic- 
ischemic insult). In idiopathic DCM, by contrast, dilation 
initially or eventually becomes maladaptive. The cardiotho- 
racic ratio on chest radiography is predictive of mortality in 
patients with DCM (1). Moreover, clinical studies of familial 
DCM indicate that left ventricular dilation is present in 9% 
to 20% of asymptomatic relatives and serves as a marker for 
later progression to DCM (9,15,16). It is unknown whether 
dilation initially is an adaptive response to myocellular dys- 
function or a primary, pathologic process of ventricular 
remodeling. In either case, unless wall thickness increases, 
dilation leads to increased wall stress (Laplace law) and mis- 
match of myocardial oxygen supply and demand. In fact, 
decreased posterior wall thickness in DCM is associated with 
a worse prognosis (1). 

Myocellular Hypertrophy and Death 

In acquired forms of heart failure due to ischemia or increased 
afterload, cardiac hypertrophy is an adaptive response that 
preserves myocardial performance. Although myocardial 
mass is increased in DCM because of a severalfold increase 
in interstitial collagen content (17), left ventricular posterior 
wall thickness is normal or decreased (2). On microscopic 
examination, compensatory hypertrophy of viable myocytes 
is present in human DCM and in animal models of DCM 
(18,19). However, cumulative loss of myofibrils and car- 
diac myocytes, lacking sufficient capacity to regenerate (20), 
occurs concomitantly. Consequently, ongoing myocyte death 
coupled with progressive chamber dilation contributes to lack 
of compensatory increase in wall thickness. Myocyte loss in 
chronic DCM occurs by two general processes — apoptosis, 
programmed cellular self-destruction (21), and subclinical 
necrosis, detected by release of cardiac enzymes into the blood 
stream (22). Quantitative morphometric studies of pathologic 
heart specimens confirm that cardiac myocyte death is a major 
pathologic process in DCM (23) and correlates with worse 
prognosis (2). 

Extracellular Matrix Remodeling 

Cardiac myocytes play an indispensable role in the heart, 
yet they constitute only one-third of total myocardial cells 
(24). Fibroblasts, vascular smooth muscle, and endothelial 
cells make up the remainder of cells and, unlike cardiac myo- 
cytes, retain the capacity to rapidly proliferate. The extra- 
cellular matrix is composed of connective tissue proteins 
such as collagen, fibronectin, and laminin (25). These 
proteins form a scaffold that maintains cardiac architecture 
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table 55.1 


Causes of Dilated Cardiomyopathy 


Acute and chronic myocarditis 
Autoimmune disease 
Chronic tachycardia 

Drugs — alcohol, sympathomimetics, anthracyclines 
End-stage hypertrophic cardiomyopathy 

Endocrine — growth hormone deficiency, thyroid disease, 
hypocalcemia, diabetes mellitus, pheochromocytoma 

Hereditary — autosomal dominant, autosomal recessive, 
X-linked, mitochondrial 

Inborn errors of metabolism 

Infiltrative — glycogen storage disorders, hemochromatosis, 
amyloidosis 

Ischemic — atherosclerosis, Kawasaki disease, anomalous 
origin of left coronary artery 

Muscular dystrophies 

Nutritional deficiency — selenium, carnitine, thiamine 
Peripartum 

Structural heart disease 
Systemic hypertension 
Toxins — cobalt, lead 


and myocyte alignment, and transmits mechanical force 
generated by cardiac myocytes (17). Ventricular remodeling 
is a pathologic process of the failing heart, whereby cardiac 
fibroblasts proliferate, mechanically stable cross-linked col- 
lagen is degraded by metalloproteinases, and an excess of 
poorly cross-linked collagen is deposited into the interstitium 
(17). In DCM, this remodeling process contributes to both 
increased myocardial mass, owing to interstitial fibrosis, and 
ventricular dilation and wall thinning, owing to slippage of 
aligned myocytes (24). Contemporary medications to treat 
heart failure, such as angiotensin-converting enzyme (ACE) 
inhibitors and beta-receptor blockers, may exert their benefi- 
cial effects by retarding or reversing maladaptive ventricular 
remodeling (26). 

Familial Dilated Cardiomyopathy 


DCM, recent epidemiologic studies show an 8% to 19% 
frequency of familial disease despite lack of systematically 
applied family screening (4,5). If less stringent criteria, such 
as isolated left ventricular enlargement or sudden unex- 
plained death, are used to diagnosis DCM in relatives, the 
frequency of familial DCM may be as high as 35% to 48% 
(15,30). 

Familial DCM most commonly is inherited as an autoso- 
mal dominant trait, conferring a 50% risk of DCM for chil- 
dren of an individual with DCM (31). Less commonly, DCM 
is an X-linked disorder in males who have inherited a muta- 
tion from their mothers who exhibit only mild or no cardiac 
disease (32,33). Autosomal recessive and maternally inherited 
forms of DCM, as in disorders of cardiac energy metabolism 
(34), are relatively rare and frequently are associated with 
neuromuscular disease or metabolic derangements. Only one 
instance of autosomal recessive inheritance of nonsyndromic 
DCM has been reported (35). 

Penetrance and Expression 

Traits such as subtle skeletal myopathy, cardiac conduction 
system disease, and atrial arrhythmia segregate with DCM in 
certain families with autosomal dominant or X-linked disease 
(30,36-38). These phenotypic subtypes may suggest specific 
gene defects and predict progression of DCM (39). Most 
reports of familial DCM as an isolated disorder or as part 
of a syndrome, however, have shown age-dependent pen- 
etrance and variable expression of disease among members 
of the same family. Some carriers of a gene mutation may 
not have DCM or may have an intermediate cardiomyopa- 
thy phenotype, such as isolated left ventricular enlargement 
or conduction system disease. Consequently, interpretation 
of a normal or nondiagnostic screening echocardiogram and 
electrocardiogram in a child or adolescent at risk for famil- 
ial DCM should take into account disease penetrance as low 
as 5 % to 20% in this age group (40). Conversely, when a 
child presents in congestive heart failure, familial DCM may 
not be suspected because of variable expression, for example, 
a parent with a milder form of DCM who is asymptomatic 
(41,42). Collectively, family-based studies of DCM provide 
the rationale for clinical screening by echocardiography and 
electrocardiography in first-degree relatives, regardless of 
family history or age of the index case (9,15,16,31). Early 
diagnosis and treatment of asymptomatic DCM may prevent 
or attenuate heart failure (26). Moreover, in individuals with 
a recognized genetic predisposition to DCM, close surveil- 
lance and modification of acquired traditional risk factors 
can be implemented to reduce the overall risk burden for 
heart failure. 


Prior to 1992, the importance of hereditary factors in the 
pathogenesis of idiopathic DCM was not fully recognized. 
A focused family history identified a hereditary form of DCM 
in only 6% to 8% of cases (9). Moreover, when familial and 
nonfamilial cases of idiopathic DCM were compared, no 
differences in baseline clinical, serologic, histopathologic 
characteristics, or long-term outcome were observed to help 
distinguish familial cases (9,27,28). The concept of DCM as a 
genetic disorder received major impetus from a 1992 study in 
which first-degree relatives of index patients were screened by 
echocardiography (9). DCM was identified in presymptomatic 
members of several families, accounting for a 20% frequency 
of familial disease in this patient cohort. A similarly designed 
study identified familial disease in 25% of cases (29). In both 
studies, the average age at diagnosis in probands and their rela- 
tives was in the fourth to fifth decade, yet children in their first 
decade of life also were diagnosed with either symptomatic or 
clinically silent DCM. In children presenting with idiopathic 


Dilated Cardiomyopathy Genes 

Dramatic technologic advances in DNA and genomic analy- 
sis have evolved over the last half-century, beginning with 
Watson and Crick’s discovery of the double helical struc- 
ture of DNA and culminating in the decoding of the entire 
human genome through the Human Genome Project. These 
advances, together with the emerging recognition of DCM as 
a familial disorder (9), have culminated in discovery of muta- 
tions in 37 genes that cause or confer susceptibility to DCM 
(43-45) (Table 55.2). While a majority have been identified 
by hypothesis-based candidate gene approaches, unantici- 
pated DCM genes have been revealed by genomic mapping 
in multigenerational families (32,37,38,48,50,57,66) or 
microarray-based “molecular karyotyping” (67). In a less 
restrictive classification scheme, which includes DCM 
associated with primary skeletal myopathies, multisystem 
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Cellular Variably 

Gene Symbol, Defect Associated Primary 


Locus 

Protein 

Protein Class 

(Fig. 55.1 ) 

Phenotypes 

Allelic Disorders 

References 

1 p31 .1 

NEXN, nexilin 

Z-disc 

A 

None 

HCM 

46 

1 q21 .2— q21 .3 

LMNA, lamin A/C 

Nuclear membrane 

C 

Conduction defects, 
atrial arrhythmia, 
myopathy, CK 

Six distinct 
disorders 3 

37 

1q31-q42 

PSEN2, presenlin 2 

Gamma-secretase 

complex 

G 

None 

Alzheimer disease 

47 

1q32 

TNNT2, cardiac tropo- 
nin T2 

Thin filament of 

sarcomere 

B 

None 

HCM, RCM, LVNC 

48 

1 q42-q43 

ACTN2, actinin, alpha 2 

Z-disc, intercalated disc 

A 

None 

None 

49 

2q31 

77/V, titin 

Sarcomeric 

cytoskeleton 

A 

None 

HCM, primary 
skeletal myopathy 

50 

2q35 

DES, desmin 

Extrasarcomeric 

cytoskeleton 

A 

None 

Primary skeletal 
myopathy, RCM 

51 

3p21 

SCN5A, sodium chan- 
nel, voltage-gated, 
type V, alpha 

Voltage-gated ion 
channel 

E 

Conduction defects, 
atrial arrhythmia 

Primary arrhythmia 
syndromes 6 

38 

3p21.3-p14.3 

TNNC1, troponin C, 
slow 

Thin filament of 

sarcomere 

B 

None 

HCM 

52 

4q35 

PDLIM3, PDZ and LIM 
domain 3 

Z-disc 

A 

None 

None 

53 

5q33-q34 

SGCD, delta 
sarcoglycan 

Membrane-associated 

cytoskeleton 

A 

None 

Primary skeletal 
myopathy 

54 

6q21 

LAMA4, laminin, alpha 4 

Extracellular matrix 

F 

None 

None 

55 

6q22.1 

PLN, phospholamban 

Sarcoplasmic reticulum 

E 

None 

HCM 

56 

6q23 

EYA4, eyes absent 
homolog 4 

Transcription 

coactivator 

D 

Sensorineural 
hearing loss 

Sensorineural 
hearing loss 

57 

6q25 

SYNE1, spectrin repeat 
containing, nuclear 
envelope 1 

Nuclear membrane 

C 

None 

Spinocerebellar 
ataxia, primary 
skeletal myopathy 

58 

7q31-q35 

CHRM2, cholinergic 
receptor, muscarinic 2 

G-protein-coupled 

receptor 

E 

Ventricular 

arrhythmia 

None 

59 

1 0pl 2 

NEBL, nebuiette 

Sarcomeric 

cytoskeleton 

A 

None 

None 

60 

1 0q21 .3 

MYPN, myopalladin 

Z-disc 

A 

None 

None 

61 

10q22.1-q23 

l /CL, vinculin 

Intercalated disc 

A 

None 

HCM 

62 

10q22.3-q23.2 

LDB3, LIM domain 
binding 3 (ZASP) 

Z-disc 

A 

LV noncompaction 

LVNC 

63 

10q23.31 

ANKRD1, ankyrin 
repeat domain 1 
(cardiac muscle) 

Transcription 

corepressor 

D 

None 

HCM 

64,65 

10q25.2 

RBM20, RNA-binding 
protein motif protein 20 

Spliceosome 

D 

None 

None 

66 

10q25.2-q26.2 

BAG3, BCL2- 
associated 
athanogene 3 

Co-chaperone of heat 
shock proteins 

G 

None 

Primary skeletal 
myopathy with 

HCM or RCM 

67 

11 pi 5.4 

ILK, integrin-linked 
kinase 

Extracellular matrix 

F 

None 

None 

55 


(Continued) 
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table 55.2 

] Dilated Cardiomyopathy Genes (Continued) 




Locus 

Gene Symbol, 
Protein 

Protein Class 

Cellular 
Defect 
(Fig. 55.7) 

Variably 

Associated 

Phenotypes 

Allelic Disorders 

Primary 

References 

1 1 pi 5.1 

CSBP3, cardiac LIM 
protein (MLP) 

Z-disc 

A 

None 

HCM 

68 

1 1 pi 1 .2 

MYBPC3, myosin-bind- 
ing protein C, cardiac 

Sarcomeric 

cytoskeleton 

B 

None 

HCM 

69 

11q22.3-q23.1 

CBYAB, crystallin, 
alpha B 

Chaperone protein 

G 

None 

Cataract, primary 
skeletal myopathy 

70 

1 2p 1 2. 1 

ABCC9, sulfonylurea 
receptor 2A 

ATP-sensitive ion 
channel 

H 

Ventricular 

arrhythmia 

None 

71 

12q22 

TMPO , thymopoietin 

Nuclear membrane 

C 

None 

None 

72 

14q12 

MYH7, cardiac beta 
myosin heavy chain 

Thick filament of 

sarcomere 

B 

None 

HCM, RCM, LVNC 

48 

1 4q 1 2 

MYH6 , cardiac alpha 
myosin heavy chain 

Thick filament of 

sarcomere 

B 

None 

HCM 

73 

14q24.3 

PSEN1, presenilin 1 

Gamma-secretase 

complex 

G 

None 

Alzheimer disease 

47 

1 5q 1 1— ql 4 

ACTC1, cardiac actin 

Thin filament of 

sarcomere 

B 

None 

HCM, RCM, LVNC 

41 

15q22.1 

TPM1, alpha- 
tropomyosin 1 

Thin filament of 

sarcomere 

B 

None 

HCM 

42 

17q12 

TCAP, titin-cap 
(telethonin) 

Z-disc 

A 

None 

HCM, primary skel- 
etal myopathy 

74 

1 9q1 3.4 

TNNI3, troponin 1, 
cardiac 

Thin filament of 

sarcomere 

B 

None 

HCM, RCM 

35,75 

Xp21 .2 

DMD , dystrophin 

Membrane-associated 

cytoskeleton 

A 

Subclinical 
myopathy, CK 

Primary skeletal 
myopathy 

32,33 


Genes for which DCM is only associated with primary skeletal myopathies, multisystem syndromes, or metabolic disorders are excluded. 

s Ch a rcot- Marie -Tooth disease, Emery-Dreifuss muscular dystrophy, familial partial lipodystrophy, Hutchinson-Gilford progeria syndrome, limb girdle muscular dystrophy, LVNC. 
6 Brugada syndrome, heart block, long QT syndrome 3, sick sinus syndrome, ventricular fibrillation, atrial fibrillation. 

HCM, hypertrophic cardiomyopathy; CK, creatine kinase; LVNC, left ventricular noncompaction; ATP, adenosine triphosphate; RCM, restrictive cardiomyopathy 


syndromes, or metabolic disorders, an even larger number 
of genes have been identified (44). Mutations in known 
genes are estimated to account for only a third of cases (43), 
however, prompting continued research efforts to discover 
novel DCM genes. No common gene (genetic heterogeneity) 
or mutation (allelic heterogeneity) for DCM has emerged. 
However, targeted genetic testing of LMNA (encoding lamin 
A/C, a nuclear membrane protein) and SCNSA (encoding 
the cardiac sodium channel) may be justified in the subset 
of patients with DCM associated with atrial arrhythmia and 
conduction system disease (37,38). In addition, early-onset, 
clinically aggressive DCM has been reproducibly associated 
(albeit not invariably) with mutations in TNNT2 (encoding 
cardiac troponin T) and RBM20 (encoding RNA binding 
motif protein 20), and recurring mutations/mutation hot- 
spots have been identified in these genes (43,66). To address 
the challenge of marked genetic and allelic heterogeneity in 
DCM, chip-based resequencing arrays have been developed 
to facilitate efficient clinical genetic testing of many of the 
established DCM genes (76). 


Knowledge of the molecular underpinnings of DCM contin- 
ues to evolve with the identification of mutant genes that serve 
diverse functions within the heart, implicating perturbation 
of distinct biologic pathways in myopathic heart failure 
(see Table 55.2; Fig. 55.1). In a broad classification scheme, 
eight types of heritable myocellular defects have been linked to 
DCM: (a) disruption of cytoskeletal structure/integrity (n = 13); 

(b) altered contractile force transmission or generation (n = 8); 

(c) defective nuclear structure (n = 3); (d) altered gene transcrip- 
tion or translation (n - 3); (e) dysregulation of ion flux (n = 3); 

(f) disruption of extracellular matrix structure/integrity (n = 2); 

(g) impaired protein-protein interactions (n = 4); and (h) def- 
icit in stress adaptation ( n = 1). The emerging technology of 
next generation sequencing, enabling comprehensive mutation 
scanning of all genes, provides an unprecedented opportunity 
to complement traditional disease gene discovery strategies 
(77). Ongoing discovery of novel DCM genes, together with 
biochemical, cellular, and animal studies of DCM-associated 
mutant proteins, will continue to advance our understanding of 
the pathobiology of myopathic heart failure. 
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A. Cytoskeleton 

B. Sarcomere 

C. Nucleus 


D. Gene regulation 

E. Ions 

F. Extracellular matrix 

G. Protein interactions 

H. Stress response 


Myocyte injury and death 
Compensatory hypertrophy 
Interstitial fibrosis 





Cardiac dilation 
Systolic dysfunction 


Figure 55.1. Defects in proteins governing diverse myocellular processes lead to cardiac remodeling and the 
phenotype of dilated cardiomyopathy. (Modified from Olson TM. Monogenic dilated cardiomyopathy. In: Walsh 
RA, ed. Molecular Mechanisms of Cardiac Hypertrophy and Failure. London: Taylor &C Francis, 2005:525-540.) 


Clinical Heterogeneity 

Clinical and genetic overlap of familial DCM with other 
cardiac and noncardiac disorders is an established paradigm 
(Fig. 55.2). For example, mutations in the same gene can lead 
to muscular dystrophies with variable cardiac involvement or 
to DCM with subclinical skeletal muscle involvement, evident 
only by elevated serum muscle creatine kinase (32,33). Simi- 
larly, heritable defects in certain contractile and other proteins 
can cause dilated, hypertrophic, restrictive, or left ventricu- 
lar noncompaction cardiomyopathy. The divergence of car- 
diac remodeling pathways into either dilated congestive heart 


failure or pathologic cardiac hypertrophy can be attributable 
partially to mutation-specific effects. For instance, mapping 
of cardiac actin mutations in an atomic model of the actin- 
myosin complex indicated that hypertrophic cardiomyopathy- 
associated mutations were in myosin-binding domains critical 
for contractile force generation (41,78). In contrast, DCM- 
associated mutations were in anchoring domains that transmit 
contractile force from the thin filament to other myocellular 
proteins. The modifying effects of other genes also are impor- 
tant in cardiac remodeling pathways. This is exemplified by 
an animal model of genetic cardiomyopathy in which devel- 
opment of either dilated or hypertrophic cardiomyopathy 




Dystrophin 


Muscular dystrophy 


Dilated cardiomyopathy Hypertrophic cardiomyopathy 


Figure 55.2. Heritable defects in dystro- 
phin cause muscular dystrophy and/or 
dilated cardiomyopathy. Similarly, amino 
acid substitutions in cardiac actin cause 
either dilated cardiomyopathy (purple 
residues) or hypertrophic cardiomyopa- 
thy (green residues). (From Olson TM. 
Monogenic dilated cardiomyopathy. In: 
Walsh RA, ed. Molecular Mechanisms of 
Cardiac Hypertrophy and Failure . Lon- 
don: Taylor Francis, 2005:525-540, 
with permission.) 
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depends on genetic background (79). This concept was estab- 
lished further by identification of similar or identical cardiac 
sodium channel mutations in humans that cause either isolated 
rhythm disorders or a syndrome of DCM, conduction disease, 
and atrial fibrillation (38). 


CLINICAL FEATURES AND TREATMENT 


History 

Patients with DCM usually develop symptoms correlating 
with the degree of myocardial dysfunction. The onset of 
symptoms often is gradual unless it is due to acute viral 
myocarditis. Shortness of breath and exercise intolerance 
are the most common symptoms in the older child and are 
related to low cardiac output and pulmonary venous con- 
gestion. In severe cases, fulminant pulmonary edema may 
occur. In younger children, especially infants, the symptoms 
are often vague. They present with tachypnea, dyspnea, 
irritability, and poor feeding. Additional symptoms related 
to recent viral infections, signs of rheumatic fever, and 
Kawasaki disease may coexist in patients who develop a 
cardiomyopathy secondary to these inflammatory diseases. 
A history of dry skin and peripheral edema may indicate 
hypothyroidism. 

A careful family history is critical to identify hereditary 
forms of DCM. Also, one must identify previous exposure to 
cardiac toxins, especially previous chemotherapeutic agents. 
Trypanosomiasis and Lyme disease should be suspected if 
recent travel into endemic areas has occurred. A history of 
cardiac surgical procedures and tachyarrhythmias should be 
determined. 

Physical Examination 

A child who has heart failure may be anxious, diaphoretic, 
tachycardic, and tachypneic. Grunting may result from efforts 
to minimize alveolar collapse secondary to pulmonary edema. 
Often, accessory muscles are recruited for increased respira- 
tory effort. The older child often may have orthopnea. Wheez- 
ing is common. Of note, these patients will rarely respond to 
beta-receptor agonist aerosol treatments. Indeed, use of these 
agents may be detrimental owing to their possible arrhythmo- 
genic potential. 


The patient may be febrile because of an acute infectious ill- 
ness that may be exacerbating symptoms that otherwise would 
be subtle. The patient’s blood pressure can be low because of 
inadequate cardiac output. Invariably, the heart rate is ele- 
vated. If the tachycardia exceeds the maximum heart rate for 
age, supraventricular tachycardia or ventricular tachycardia 
should be considered. The oxygen saturation level often is 
within normal limits except in severe cases when pulmonary 
edema has affected normal gas exchange. 

Palpation of the precordium usually demonstrates an api- 
cal impulse displaced downward and laterally. A right ven- 
tricular lift may be present as a result of elevated pulmonary 
artery pressure. The first heart sound often is normal, whereas 
the pulmonic component of the second heart sound may be 
increased. An S3-S4 gallop rhythm is often audible. However, 
the absence of a gallop rhythm may occur in a patient who 
is in extremis owing to severe congestive heart failure. If the 
heart sounds are distant, it is imperative to exclude pericardial 
effusion. Jugular venous distention may be present but is dif- 
ficult to appreciate in young infants. 

A murmur of mitral regurgitation is common. This murmur 
is coincident with the first heart sound and best heard at the 
apex and the left lower sternal border. It can be accentuated by 
having the patient lean forward while in the sitting position or 
lie in the left lateral position. With improved ventricular func- 
tion in response to therapy, the murmur may become more 
prominent, and S3 and S4 may be heard. 

A distended abdomen is common. The liver span is 
increased with descent of the liver edge. Occasionally there 
may be ascites. Pretibial edema can be present in older 
patients. The extremities may be cool and poorly perfused 
because of vasoconstriction. Capillary refill time can be 
increased. 


Electrocardiogram 

There usually is sinus tachycardia. The presence of incessant 
supraventricular or ventricular tachycardia should be treated 
aggressively because these rhythms are poorly tolerated in 
patients with DCM. Indeed, these tachyarrhythmias may be 
the cause of the cardiomyopathy. Left ventricular hypertrophy 
often is present and manifest by increased left precordial volt- 
ages (Fig. 55.3). Nonspecific ST-segment and T-wave abnor- 
malities often are present. The presence of deep Q waves in 
leads I and aVL should suggest anomalous origin of the left 
coronary artery from the pulmonary artery. 
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Figure 55.3. (A,B) correspond to limb leads and precordial leads, respectively. Twelve-lead electrocardiogram 
of a 14-year-old boy with severe dilated cardiomyopathy. Note the voltages are at one-quarter standard and the 
recording speed is 50 mm/s. There is severe left ventricular hypertrophy. There are also T-wave and ST-segment 
changes. An ectopic atrial beat is seen in leads VI, V2, and V3R. 
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Figure 55.4. Posteroanterior (A) and lateral (B) chest roentgenograms of the same patient shown in Figure 55.3, 
demonstrating marked cardiomegaly, elevated left mainstem bronchus from left atrial enlargement, and pulmo- 
nary congestion. 


Thoracic Roentgenography 

The cardiothymic silhouette is enlarged mainly because of left 
atrial and ventricular dilation (Fig. 55.4). Left atrial enlarge- 
ment may cause elevation of the left main stem bronchus. 
Pulmonary venous congestion and pulmonary edema often 
are evident. The pattern of the increased pulmonary vascular 
markings is reticular. Pleural effusion may be present, demon- 
strated by loss of the sharp posterior and lateral pleural angles. 
Lateral decubitus films better define the location and extent of 
any fluid collection. 

Doppler Echocardiography 

Echocardiography is an excellent noninvasive method for 
detecting DCM. The cardiac chambers, especially the left 
atrium and ventricle, are enlarged (Fig. 55.5). End-diastolic 
and end-systolic volumes are increased when indexed to 
body surface area. Systolic function is decreased and can be 
assessed by shortening fraction and ejection fraction. Seg- 
mental dyskinesis may suggest an ischemic cause for the car- 
diomyopathy. During diastole, nonapposition of the mitral 
valve to the interventricular septum can be measured as 
E-point septal separation. This displacement is most notable 
on M-mode echocardiography and reflects left ventricular 
enlargement. In severe cases, spontaneous echogenic signals 
result from slowly moving red blood cells and may predict 
an increased risk of spontaneous thrombosis. Occasion- 
ally, fibroelastosis may be demonstrated by an echo-bright 
appearance to the endocardium. Care should be taken to 


document the origin of the coronary arteries, especially the 
left. The presence of diastolic flow in the main pulmonary 
artery toward the transducer may indicate the presence of 
anomalous pulmonary artery origin of the left coronary 
artery. Additional coronary artery abnormalities such as 
aneurysms or ectasia also should be identified. With DCM, 
the vena cavae and hepatic veins may be dilated. Pericardial 
and pleural effusion may be evident. 

Mitral regurgitation is well demonstrated by color-flow 
Doppler imaging (Fig. 55.6). If tricuspid regurgitation is pre- 
sent, Doppler interrogation can estimate the right ventricular 
systolic pressure, and in the absence of right ventricular out- 
flow obstruction, pulmonary arterial systolic pressure. Dop- 
pler interrogation of the ascending aorta may demonstrate 
decreased forward flow, and diastolic flow reversal may occur 
in the descending aorta. 

Cardiac Catheterization 

Indications for cardiac catheterization include documentation 
of coronary artery anatomy and endomyocardial biopsy. The 
presence of left ventricular thrombus is a relative contrain- 
dication for cardiac catheterization. Meticulous monitoring 
should be performed at all times. Catheter manipulation can 
result in arrhythmias, and the laboratory should be equipped 
to handle any emergencies. 

A carefully planned hemodynamic study should include 
pressure measurements in the aorta, left ventricle, pulmo- 
nary capillary wedge position, and pulmonary artery. Car- 
diac output calculated by the Fick method or thermodilution 
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Figure 55.5. A: Two-dimensional echocardiographic findings of a patient with dilated cardiomyopathy. Note the 
severely dilated left atrium and ventricle. B: M-mode findings of another child with congestive cardiomyopathy. 
Note the large chamber dimensions and the depressed systolic wall motion. LA, left atrium; LV, left ventricle. 


often will demonstrate a low cardiac index. Angiography 
should include an ascending aortic injection. Selective coro- 
nary angiography sometimes is needed to clearly define these 
vessels. 

Endomyocardial biopsy may be helpful in determining the 
cause of the myopathy. Because of frequent nonuniformity of 
myocardial involvement, there can be false-negative results. 
Standard techniques using either the femoral or internal jugu- 
lar vein approaches may be chosen depending on the experi- 
ence of the operator. How the specimen is going to be used 
should be well defined prior to the biopsy so that unnecessary 
sampling can be avoided. After the biopsy is performed, a peri- 
cardial effusion from perforation of the thinned myocardium 
can be excluded by echocardiography. 



Figure 55.6. Two-dimensional echocardiographic image with 
color-flow Doppler demonstrating severe mitral regurgitation 
seen in a case of severe dilated cardiomyopathy. (From Arm- 
strong WF, Ryan T. Feigenbaum’s Echocardiography, 7th ed. 
Philadelphia, PA: Lippincott Williams & Wilkins, 2010:519, 
with permission.) 


Treatment 

Please refer to other chapters on Chronic Congestive Heart 
Failure (Chapter 73) and Cardiac Intensive Care (Chapter 20) 
for comprehensive discussions of management of chronic heart 
failure and acute decompensated heart failure in children. 
This section provides a framework for treatment options, with 
specific issues unique to DCM, where necessary. 

The clinical picture of a patient with symptomatic DCM 
usually consists of low cardiac output, fluid retention, and 
increased peripheral vasoconstriction owing to neurohumoral 
activation to maintain adequate perfusion pressure. The goals 
of medical therapy, therefore, are to address each of these 
issues. Additionally, if a metabolic abnormality is present, 
appropriate treatment should be started without delay. Recent 
practice guidelines for the management of heart failure in 
children have been reported. These recommendations largely 
represent expert consensus opinion in the absence of rand- 
omized clinical trials (80). Nonetheless, this document is the 
most contemporary consensus resource providing guidelines 
for care of heart failure in children. 

Combined Inotropic and Vasodilator Support 

The phosphodiesterase inhibitors milrinone and amrinone 
increase stroke work and cardiac output. Both systemic and 
pulmonary vascular resistances are decreased, and these 
drugs evoke unique lusitropic properties affecting relaxa- 
tion and ventricular compliance. Because of untoward side 
effects, amrinone is no longer used. Milrinone, a bipyridine 
compound and derivative of amrinone, is the primary agent 
of choice. This drug is thought to promote increase in intra- 
cellular calcium concentration by inhibition of phosphodi- 
esterase III. In studies done in adults, potential side effects 
included thrombocytopenia, hypotension, and arrhythmias. In 
children, the efficacy of milrinone is supported by the preven- 
tion of low cardiac output syndrome after biventricular repair 
(PRIMACORP multicenter trial). However, there have been 
no longitudinal studies in pediatric patients with cardiomyo- 
pathy and decompensated heart failure. In the PRIMACORP 
trial, milrinone did not have the same incidence of side effects 
that were reported in adults (81,82). Many clinicians use 
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milrinone for decompensated heart failure, often in combina- 
tion with catecholamines such as dobutamine or dopamine. 
Synergistically, these medications may augment cardiac output 
via different mechanisms and may prove beneficial in lower- 
ing pulmonary vascular resistance. The half-life of milrinone 
varies depending on the age of the patient but generally is 
between 1 and 4 hours. The dose should be adjusted if there is 
renal impairment. 

Levosimendan is a calcium-sensitizing agent that has been 
evaluated in adults with acute decompensated heart fail- 
ure and in patients with chronic heart failure (83-86). This 
agent binds to troponin-C in cardiac myocytes and improves 
cardiac contractility. It also opens adenosine triphosphate 
(ATP)-sensitive potassium channels causing peripheral arte- 
rial and venous dilation. There is no increase in myocardial 
oxygen consumption or arrhythmias. Although initial expe- 
rience with levosimendan was encouraging in both adults 
and children (87), results from a large prospective rand- 
omized trial failed to show any benefit of levosimendan over 
dobutamine in 180-day mortality or any other secondary 
outcomes (88). 

Catecholamines 

Sympathomimetic agents, such as dopamine, dobutamine, 
isoproterenol, and epinephrine, stimulate adrenergic recep- 
tors directly and/or indirectly. The average half-life of these 
medications is 2 to 7 minutes, and steady-state concentrations 
are reached in 10 to 15 minutes. Many patients are treated 
with beta-blockers such as carvedilol. One must be careful 
when administering catecholamines to patients receiving 
beta-blocking drugs because the alpha-adrenergic effects of 
the catecholamines may predominate in the presence of beta- 
blockade. Many clinicians consider phosphodiesterase inhibi- 
tors to be the treatment of choice for patients who are taking 
beta-blocker drugs. Milrinone retains its full hemodynamic 
effects in the presence of beta-blocker therapy. 

Digoxin 

Digoxin, a cardiac glycoside, is the primary long-term medi- 
cation used to improve ventricular contraction. It blocks the 
Na + -K + ATPase pump, resulting in increased intracellular cal- 
cium concentrations. Its effectiveness as an inotropic agent has 
been questioned, but it continues to be used widely. An addi- 
tional potential benefit of digoxin may be its central nervous 
system effects that lessen sympathetic tone. This may decrease 
heart rate, allowing more efficient ventricular filling. 

Digoxin should be used with caution in acutely ill children. 
In this group of patients who may have decreased renal func- 
tion, drug toxicity can occur owing to decreased renal excre- 
tion of the medication. Additionally, some clinicians believe 
that the use of digoxin in patients with an inflamed myocar- 
dium may promote ventricular arrhythmias. Careful attention 
to normalize electrolytes, especially potassium, will help to 
minimize the potential for digoxin toxicity. There is evidence 
that lower serum concentrations of digoxin in adults may be 
safer and possibly more beneficial than higher serum con- 
centrations (89,90). Use of digoxin has been controversial in 
many clinical situations in pediatric cardiology. Extrapolated 
from adult trials, digoxin is not recommended for pediatric 
patients who have asymptomatic left ventricular dysfunction, 
yet digoxin, in low doses, is recommended for those patients 
who are symptomatic (80). 

Diuretics 

Furosemide is the agent of choice in most patients with fluid 
overload. Its primary mode of action is to block electrolyte reab- 


sorption at the loop of Henle. Thus, monitoring the electrolyte 
status is imperative. Hypokalemia can be avoided by using 
KC1 supplementation or by the addition of spironolactone. 
Spironolactone, a weak diuretic, can help maintain potassium 
homeostasis by countering the actions of aldosterone. In adults, 
spironolactone was shown to improve survival (Randomized 
Aldactone Evaluation Study). This study was terminated early 
because patients had improved survival, reduction in hospitali- 
zations, and improved New York Heart Association class (91). 
A similar survival benefit was found in the study of the newer 
aldosterone antagonist, eplerenone, in adults with heart failure 
(92). The potential mechanisms of this benefit are complex, and 
may be at least partially related to an attenuation of aldoster- 
one-induced myocardial fibrosis or catecholamine release (93). 

Other potent diuretics include ethacrynic acid and 
bumetanide. These drugs also act at the loop of Henle. The 
effects may be synergistic with other diuretics. As with furo- 
semide, electrolyte imbalance can occur with aggressive 
diuresis. Excessive diuresis may reduce preload and lead to 
diminished cardiac output. Thiazides should be considered 
as additive therapy for those patients who become resistant 
to loop diuretics, or who require additional dieresis. A recent 
study failed to show any benefit of continuous infusion of 
diuretics over high-dose intermittent infusion of diuretics in 
adults with acute decompensated heart failure (94). 

Vasodilator Agents 

Nitroprusside and hydralazine effectively dilate peripheral 
vessels and decrease afterload, increase cardiac output, and 
decrease filling pressures. The action of both agents is relaxa- 
tion of smooth muscle cells in the muscular layer of arterioles. 
Prolonged nitroprusside use can result in cyanide accumula- 
tion, a metabolic by-product of the drug. A possible side effect 
of hydralazine is a lupus-like reaction. 

Effective orally administered afterload-reducing agents 
include ACE inhibitors. Captopril and enalapril are used 
most commonly in children. Other commonly used agents are 
monopril, lisinopril, and quinapril. The choice depends on 
cost and dosage convenience. The actions of ACE inhibitors 
include decreased synthesis of angiotensin II, a potent vaso- 
constrictor, and decreased breakdown of bradykinins, which 
are potent vasodilators. Additional effects of these medica- 
tions include sparing urinary potassium loss by inhibiting 
aldosterone secretion. 

The use of ACE inhibitors has gained wide acceptance for 
treating children with DCM. This has been supported by large 
multicenter studies in adults that demonstrated improved sur- 
vival in patients with chronic congestive heart failure treated 
with enalapril. Angiotensin receptor blockers have been studied 
in adult patients, but there are no data in pediatric patients with 
heart failure. Studies in adults have not shown significant differ- 
ences between ACE inhibitors and angiotensin receptor block- 
ers in either efficacy or safety. Angiotensin receptor blockers do 
not cause bradykinin accumulation and thus do not cause cough 
as a side effect as occurs with ACE inhibitors (80). In patients 
of African ancestry with DCM and heart failure, one may want 
to consider the use of isosorbide dinitrate and hydralazine (95). 

Beta-Blocking Agents 

Clinical trials have suggested that carvedilol, a drug that 
has both beta-receptor-blocking and vasodilating actions, 
improved the left ventricular performance and clinical status 
of adult patients with heart failure (96-100). 

Both metoprolol and carvedilol use has been reported in chil- 
dren. Many of these early studies showed a beneficial effect in a 
subset of patients (101-104). However, in the prospective, ran- 
domized, multicenter trial of carvedilol in children with heart 
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failure, carvedilol failed to show a benefit over placebo (added 
to background therapy) on a composite endpoint of clinical 
heart failure outcomes in children with symptomatic heart fail- 
ure (11). In a prespecified analysis, the response to carvedilol 
may be dependent on ventricular morphology, in that there was 
a significant difference in the degree of improvement in those 
whose systemic ventricle was a left ventricle compared with 
those whose systemic ventricle was a right or single ventricle. 

Other Therapeutic Options 

Antiplatelet and antithrombotic agents may have a role in the 
treatment of DCM. The propensity for thrombus formation 
in patients with large cardiac chambers and blood stasis may 
prompt the use of antiplatelet or antithrombotic agents such 
as aspirin, low molecular weight heparin, or warfarin. Cer- 
tainly, if thrombi are detected, they should be treated aggres- 
sively with heparin and then with warfarin. 

Bed rest may be helpful for the acutely ill child. Salt and 
free water intake may need to be restricted. Careful attention 
to daily weights is an effective gauge of diuretic therapy and 
the degree of fluid retention. 

If carnitine deficiency is the cause of the cardiomyopathy, 
carnitine supplementation must be started without delay. Con- 
firmatory diagnostic testing from urine and plasma sampling 
can still be performed with concurrent treatment of the pre- 
sumed deficiency. 

Antiarrhythmic drugs and/or radiofrequency ablation are 
used when the diagnosis of tachycardia-induced cardiomyo- 
pathy is established. The therapy of choice depends on the 
cause of the tachyarrhythmia. Many effective antiarrhythmics, 
such as procainamide, may have negative inotropic effects and 
should be used with caution in this group of patients. Ulti- 
mately, these patients should be considered for ablative ther- 
apy as a potential cure. 

Cardiac Resynchronization Therapy 

Resynchronization therapy in adult patients with a left bundle 
branch block (QRS duration >130 ms) and decreased ventricu- 
lar function (ejection fraction <35%) has proven to be effica- 
cious in improving symptoms and decreasing hospitalization 
rates (105,106). A few experiences with this therapy in pediat- 
ric patients, including those with congenital heart disease, have 
been published (107-109). Further studies are necessary before 
the usefulness of this type of treatment for children is known. 

ICD Implantation 

Implantation of a defibrillator for secondary prevention due 
to previous arrhythmic event is a fairly well-accepted practice 
(110). In contrast, primary prevention among children is not 
well established. Reports of ICD use in children with DCM 
are extremely limited. Extrapolation of indicators from large 
multicenter studies with adults should be done with caution 
as the heterogeneity of etiologies is quite different between the 
two age groups. 

The obvious indication for ICD implantation is to prevent 
sudden cardiac death. A large single center study has reported 
only a 1% incidence of sudden death (111,112). This would 
suggest primary prevention in this cohort is usually not indi- 
cated. To further the difficulty in offering guidelines for pri- 
mary prevention, the single case of sudden cardiac death did 
not have a history of sustained arrhythmias. 

Cardiac Transplantation 

For a more complete discussion of heart transplantation, see 
Chapter 65. Transplantation should be considered if short- 
term survival is unlikely or for severe symptoms unresponsive 


to conventional therapy. Griffin et al. (113) identified age at 
presentation, presence of arrhythmias, and heart size as use- 
ful determinants of timing for cardiac transplantation. Lewis 
and Chabot (114) suggested that left ventricular end-diastolic 
pressure >25 mm Fig is a predictor of poor outcome and there- 
fore an indication for earlier transplantation. In a multivari- 
ate analysis, investigators concluded that although pediatric 
patients with DCM may have one of many outcomes, recovery 
is the most frequent. The greatest risk of death or transplanta- 
tion was associated with age younger than 1 year or older than 
12 years, and female sex. With transplantation, 1- and 5-year 
actuarial survival for pediatric patients with DCM was 90% 
and 83%, respectively (115). 

Natural History of Dilated Cardiomyopathy 

The natural history of DCM in children is difficult to predict 
owing to the heterogeneous diseases that can result in cardio- 
myopathy. If the cause for the cardiomyopathy is identified 
and is treatable, such as carnitine deficiency, one should expect 
a high survival rate. Children with idiopathic DCM constitute 
the cohort of most studies that attempt to identify predictors 
of poor outcome. The actuarial survival rate in this group of 
patients is 63% to 90% at 1 year and 20% to 80% at 5 years 
(7,113-116). The cause of death usually involves ventricular 
arrhythmias and progressive intractable ventricular failure or, 
more rarely, complications of heart transplantation. Among 
the survivors, about half demonstrate an improvement in car- 
diac function. Taliercio et al. (119) reported that a history of 
viral symptoms within 3 months of presentation was associ- 
ated with improved survival. 

The presence of arrhythmias is not uniformly predictive of 
poor outcome. Indeed, patients may succumb at the time of 
their initial documented arrhythmia. However, patients with 
treatable arrhythmias, supraventricular or ventricular, had a 
higher survival rate when the arrhythmia was adequately con- 
trolled (114,118). 

Intracardiac thrombi were identified in 16% to 23% of 
patients by thorough 2-D echocardiograms (119). In a study 
of autopsy specimens, 43% had thrombi (117). Although 
thrombus is not a predictor of survival, it does point to the 
importance of anticoagulation therapy and the potential mor- 
bidity in this group of patients. 

Other suggested predictors of outcome include cardio- 
thoracic ratio on chest roentgenograms, electrocardiogram 
abnormalities such as ST-T wave changes, left ventricular 
hypertrophy, left atrial enlargement, right atrial enlargement, 
and right ventricular hypertrophy. Unfortunately, none of 
these factors is a dependable predictor of survival. 
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M yocarditis is an inflammatory disease of the myocardium 
with necrosis and/or degeneration of adjacent myocytes 
not typical of the ischemic damage associated with coronary 
artery disease (1). This definition does not take into account 
the underlying causative mechanism of disease. 


ETIOLOGY 


Many cases of myocarditis remain unrecognized because they 
may have a nonspecific or benign presentation leaving the 
true incidence of myocarditis unknown. However, in those 
children presenting with dilated cardiomyopathy (DCM), 
myocarditis (46%) is the most frequent known cause for 
this newly diagnosed myocardial disease (2). Cases that are 
definitively diagnosed as myocarditis in developed countries 
are most commonly a result of a viral infection diagnosed 
by the molecular biologic amplification method called poly- 
merase chain reaction (PCR) from an endomyocardial biopsy 
(EMB) (3-6). The true incidence of viral-induced myocardial 
inflammation is difficult to predict since children with new- 
onset DCM are infrequently biopsied due to the small but 
measurable risk of myocardial perforation or the develop- 
ment of untoward hemodynamic or arrhythmic events dur- 
ing the catheterization and biopsy. However, using data from 
both pediatric and adult centers, it has been shown that the 
most common virus detected, in those patients who have 
had a biopsy, has shifted with each decade. In the 1970s and 
1980s, coxsackievirus was the most common viral etiology 
in both adult and pediatric patients, but in the 1990s and 
early 2000s, the most common viral causes included adenovi- 
rus (especially serotypes 2 and 5) (7,8) and enterovirus (cox- 
sackieviruses A and B, echo virus, and poliovirus), particularly 
coxsackievirus B (CVB) (9,10) (Table 56.1). Most recently, 
parvovirus B19 (PVB19) has become the most commonly 
identified virus in patients with myocarditis (11-17). Many 
reports have shown a strong association between inflamma- 
tion, coronary artery inflammation and insufficiency, and 
resulting systolic dysfunction with PVB19 infection, but inter- 
estingly, approximately 50% of adult patients with isolated 
diastolic dysfunction were also found to be PCR positive for a 
viral genome, most commonly PVB19 (17). 

Although there is an era effect, many other viral causes 
of myocarditis (18) have been described, including influenza 
A (19), influenza H1N1 (20,21), cytomegalovirus (CMV) (22), 
herpes simplex type 2 (HSV) (23), hepatitis C virus (24,25), 
rubella (26), varicella (27), mumps (28), Epstein-Barr virus 
(EBV) (29), human immunodeficiency virus (HIV) (30), human 
herpesvirus (HHV6) (31), respiratory syncytial virus (32), 
among others. Other nonviral causes include other infectious 
agents such as rickettsiae, bacteria, protozoa, and other para- 
sites, fungi, and yeasts (Table 56.2) (33-44); various drugs, 
including antimicrobial medications (45); hypersensitivity, 


autoimmune, or collagen- vascular diseases (46-48) such as 
systemic lupus erythematosus, mixed connective tissue disease, 
rheumatic fever, rheumatoid arthritis, and scleroderma; toxic 
reactions to infectious agents (49) (e.g., mumps or diphtheria); 
or other disorders such as Kawasaki disease and sarcoidosis 
(Table 56.3) (50,51). 


EPIDEMIOLOGY 

Myocarditis is an underdiagnosed entity, but estimates of the 
incidence can be made via review of autopsy results. In the 
large multicenter Myocarditis Treatment trial, there was a 
reported incidence of myocarditis in 9% of adult patients (52). 
A review of all autopsies in children (n = 1,516) at a single 
center over a 10-year period demonstrated that only 1.8% of 
postmortem exams were consistent with myocarditis. Of the 
positive cases, 57% had presented with sudden cardiac death 
(6). Viral myocarditis is a major cause of unexpected death in 
persons <40 years of age and may progress to DCM, which is 
a major health concern worldwide (53,54). 

Usually sporadic, viral myocarditis can also occur as an 
epidemic, correlating with viral outbreaks (55). In children 
and adults, outbreaks usually occur in a seasonal distribution. 

In pediatrics, the prevalence of virus-associated myocarditis 
is highest in the neonatal period, and the most common etiol- 
ogy in this age group was previously CVB, but PVB19 has 
been important this past decade as well. In the case of CVB, 
the neonatal infection can be secondary to intrauterine expo- 
sure or postnatal spread of coxsackievirus via the fecal/oral or 
airborne route. Other important viral causes, such as PVB19, 
adenovirus, and influenza A, are transmitted through the air. 


CLINICAL MANIFESTATIONS 


Presentation depends on the age of the child (4,18,56). Non- 
specific flu-like illness or episodes of gastroenteritis may pre- 
cede symptoms of congestive heart failure. 

Newborns and Infants 

Newborns or infants present with poor appetite, vomiting, 
fever, irritability or listlessness, pallor, and diaphoresis. Sudden 
death may occur in this subgroup of children (57). On physical 
examination, pallor, in addition to classic signs of congestive 
heart failure, such as hepatomegaly, tachypnea, tachycardia, 
and occasionally a gallop, is commonly noted. It is important 
to keep in mind that the younger the child, the more likely it 
is that intrauterine myocarditis is now expressed as a chronic 
disease (18,49). 
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Viral Causes of Myocarditis 

Enterovirus 

Varicella 

Coxsackie A 

Mumps 

Coxsackie B 

Measles 

Echovirus 

Rabies 

Poliovirus 

Hepatitis B, C 

Adenovirus 

Rubella 

Parvovirus B19 

Rubeola 

Cytomegalovirus 

Respiratory syncytial virus 

Herpesvirus 

Human immunodeficiency virus 

Influenza A and H1N1 

Epstein-Barr virus 

Human herpesvirus 6 


Children and Adolescents 

Older children and adolescents commonly have a recent his- 
tory of viral disease 10 to 14 days prior to presentation. Initial 
symptoms include lethargy, low-grade fever, and pallor; the 
child usually has decreased appetite and associated vomiting 
with complaints of episodic abdominal pain. Diaphoresis, pal- 
pitations, rashes, exercise intolerance, and general malaise are 
common signs and symptoms. Later in the course of illness, 
respiratory symptoms become predominant; syncope or sudden 
death may occur owing to cardiac collapse. Physical examina- 
tion findings are consistent with congestive heart failure (8), as 


described above. Unlike in newborns, jugular venous distention 
and pulmonary rales may be observed, and resting tachycardia 
may be prominent. Occasional ectopy and arrhythmias including 
atrial fibrillation, supraventricular tachycardia, ventricular tach- 
ycardia, and atrioventricular block may occur (56) (Fig. 56.1). 


DIAGNOSTIC TESTS 


The diagnosis of myocarditis is often difficult to establish but 
should be suspected in any infant or child who presents with 
unexplained congestive heart failure or ventricular tachycar- 
dia. Each patient must be approached individually recognizing 
the availability of modalities at the managing institution with 
the diagnostic evaluation including the following tests. 

Chest Radiography 

Chest radiography is routinely performed in the evaluation of 
patients with clinical suspicion of myocarditis. Cardiomegaly is 
often present with well-described prominent vascular markings 
of pulmonary edema consistent with left-sided heart failure 
(Fig. 56.2). There may also be evidence of right ventricular 
dilation with loss of the retrosternal space on a lateral view 
if there is biventricular involvement or severe left ventricular 
disease. Patients with chronic myocarditis may have evidence 
of left atrial dilation that can result in widening of the carinal 
angle which is typically <75 degrees. However, a normal radio- 
graph may be seen if the patient presents early in the course. 

Electrocardiography 

Sinus tachycardia with or without low- voltage QRS complexes 
and/or inverted T waves is classically described (Fig. 56. 3A). 


Nonviral Causes of Myocarditis 

Rickettsial 

Protozoal 

Fungi and Yeasts 

Rickettsia rickettsii 

Trypanosoma cruzi 

Actinomycosis 

Rickettsia tsutsugamushi 

Toxoplasmosis 

Coccidioidomycosis 


Amebiasis 

Histoplasmosis 

Candida 

Bacterial 

Other Parasites 


Meningococcus 

Toxocara canis 


Klebsiella 

Schistosomiasis 


Leptospira 

Heterophyiasis 


Mycoplasma 

Cysticercosis 


Salmonella 

Echinococcus 


Clostridia 

Visceral larva migrans 


Tuberculosis 

Trichinosis 


Brucella 

Legionella pneumophila 

Streptococcus 


Smallpox 
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TABLE 56.3 


Causes of Myocarditis: 
Noninfectious Etiologic Agents 


Toxic Hypersensitivity/ Autoimmune 


Scorpion Rheumatoid arthritis 

Diphtheria Rheumatic fever 

Ulcerative colitis 
Systemic lupus erythematosus 
Mixed connective tissue disease 
Scleroderma 
Whipple disease 


Drugs Other 

Sulfonamides Sarcoidosis 

Phenylbutazone Kawasaki disease 

Cyclophosphamide Cornstarch 

Neomercazole 

Acetazolamide 

Amphotericin B 

Indomethacin 

Tetracycline 

Isoniazid 

Methyldopa 

Phenytoin 

Penicillin 


A pattern of myocardial injury or infarction may be seen with 
changes in ST segments (Fig. 56. 3B). These changes may be 
diffuse or in a defined coronary distribution pattern. With suf- 
ficient time and myocardial damage, Q waves may also be 
seen and are commonly wide and notched. Pericarditis may 
also accompany the clinical picture with resultant diffuse ST 
segment elevation. Ventricular arrhythmias including ven- 
tricular tachycardia (Fig. 56.3C) and fibrillation, supraven- 
tricular tachycardias and atrial fibrillation, or conduction 
system disease including atrioventricular block (Fig. 56. 3D) 
may occur in some patients and may even be the presenting 
complaint (58). 


Echocardiography 

Echocardiography is widely used in the assessment of suspected 
myocarditis because it is readily available at most institutions. 
Assessment of chamber size, ventricular thickness, and systolic 
function has been classically pursued as part of the evaluation 
as well as evaluation for pericardial effusion (PE). This includes 
described views with the use of Z-scores based on normal cal- 
culations for body surface area. In addition, assessment for seg- 
mental wall motion abnormalities is advocated as there may be 
regional dysfunction in the setting of a normal shortening frac- 
tion (SF) and/or ejection fraction (EF). Newer echocardiographic 
modalities have greatly enhanced the ability to assess diastolic 
function and should be pursued when possible. A dilated and 
dysfunctional left ventricle consistent with DCM is often seen 
on two-dimensional (Fig. 56.4A,B) and M-mode echocardiog- 
raphy (Fig. 56.4C) (59). Segmental wall motion abnormalities 
are relatively common, but global hypokinesis is predominant. 
PE frequently occurs. Doppler and color Doppler commonly 
demonstrate mitral regurgitation (Fig. 5 6.4 A). Dilation of other 
chambers also may be seen. Newer strategies that assess regional 
myocardial deformation such as strain and strain rate imaging 
may offer opportunities to detect myocardial inflammation prior 
to overt changes in regional or global systolic function (60). 


Serologic Testing 

Serologic markers are increasingly used to identify ongoing 
myocardial damage and may offer insight into future progno- 
sis. However, there are no current serologic biomarkers that 
clearly differentiate myocarditis from other causes of acute 
myocardial dysfunction such as ischemia. Traditional mark- 
ers of myocardial cell lysis such as creatine kinase (CK), crea- 
tine kinase myocardial band (CKMB), and troponin may be 
elevated in acute myocarditis and are readily available at the 
majority of hospitals. The identification of elevated troponin 
I levels may assist in the identification of pediatric patients 
with myocarditis but may not be as helpful in predicting out- 
comes as in the adult with myocardial infarction. (61,62) In 
actuality, troponin measurements may only be elevated in 
35% to 45% of biopsy-proven myocarditis cases. (63) There 
are increasing reports describing the utility of B-type natriu- 
retic peptide (BNP) in children. Mlczoch et al. (64) recently 
reported serial measurement of NT-pro BNP in children with 
acute myocarditis and found them to be elevated at time of 
presentation and that they decreased over the following year 
with appropriate medical therapy. In addition, nontraditional 
cardiac biomarkers to assess end-organ function may be of 
benefit to assist in evaluation for perfusion as well as aiding in 
the decision to pursue mechanical support (65). 


ACUTE VIRAL MYOCARDITIS 


No symptoms 
(Subclinical) 


Chronic dilated 
cardiomyopathy 



i 


Heart failure 
(Systolic + diastolic dysfunction) __ 


Complete recovery 


Dysrhythmias/Conduction Disease 

/ I ^4 

VT AFib/SVT Complete AV Block 


i 


Sudden death 


Figure 56.1. Clinical presentation of myocarditis. AFib, atrial fibrillation; AV, atrioventricular; SVT, supraven- 
tricular tachycardia; VT, ventricular tachycardia. 
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Figure 56.2. Chest radiograph in a child with acute myocarditis. Left: Initial radiograph demonstrating car- 
diomegaly and increased pulmonary vascular markings consistent with pulmonary edema. Right: Radiograph 
obtained 6 months after initial presentation demonstrates normalization of heart size and lung markings. 


Magnetic Resonance Imaging 

Advanced imaging techniques have greatly enhanced the oppor- 
tunities to characterize myocardial inflammation in patients 
with myocarditis as well as predict all-cause and cardiac mortal- 
ity. Cardiovascular magnetic resonance (CMR) imaging offers 
a noninvasive strategy that reports reproducible volumetric 
and functional data as well as localizing areas of myocardial 
inflammation and edema. Specific techniques for myocardial 
characterization have been developed including T2-weighted 
imaging to localize myocardial edema and Tl-weighted con- 
trast enhanced fast spin echo images for hyperemic responses. 
Furthermore, with the use of gadolinium, late gadolinium 
enhancement (LGE) can be obtained on technically feasible 
patients, which will localize areas of irreversible myocardial 
injury (necrosis and fibrosis) (66). A recent report described 
203 consecutive adult patients with biopsy-proven myocardi- 
tis who also underwent CMR on presentation as well as dur- 
ing clinical follow-up. The presence of LGE resulted in hazard 
ratios of 8.4 and 12.8 for all-cause mortality and cardiac mor- 
tality, respectively. This was a more robust predictor than the 
typical echocardiographic markers typically assessed includ- 
ing left ventricular EF and LV end-diastolic volume. Further- 
more, no subject without presence of LGE was found to have 
sudden cardiac death (67). CMR offers a unique modality to 
follow patients with myocarditis longitudinally assessing for 
reversible/irreversible myocardial injury, myocardial viability, 
favorable remodeling, and scar burden (68). All of these find- 
ings may have impact on clinical decision making including 
response to therapy and need for advanced interventions such 
as implantable cardioverter defibrillators as well as need for 
cardiac transplantation. 

Endomyocardial Biopsy 

The gold standard for identification of the underlying cause 
of acute and chronic myocarditis remains the analyses per- 
formed on tissue obtained by EMB. These tests include 
routine histologic examination as well as targeted immuno- 
histochemical analysis. In addition, we perform viral PCR 
analysis on all EMB samples, given the inherent limitations 
of the existing Dallas criteria used for diagnosis (69). Cardiac 
catheterization typically demonstrates low cardiac output and 
elevated ventricular end-diastolic pressures in patients with 
significant myocardial involvement. EMB (Fig. 56.5) from 


the right ventricle is evaluated for inflammation (Fig. 56.6). 
The inflammatory infiltrate is usually patchy and scattered in 
the ventricular myocardium. A mononuclear cell infiltrate is 
diagnostic of myocarditis, although this does not delineate 
cause. EMB is diagnostically sensitive in 3% to 63% of cases 
(70-73). Because of the reported insensitivity of biopsy, Chow 
et al. (72) and Hauck et al. (73) reported that to identify 80% 
of cases, 17 or more specimens must be obtained. Because 
there is risk associated with EMB, particularly in young 
children or those with thinning of the ventricular wall and/ 
or active inflammation, many centers have abandoned this 
procedure. However, in experienced centers, the risk associ- 
ated with EMB is quite low in children of all age groups (74). 
It should be noted that foci of inflammation may be seen in 
all forms of cardiomyopathy, irrespective of etiology, due to 
the disruption of cardiomyocytes as part of the pathophysiol- 
ogy and cellular biology of the disease. These are not cases of 
myocarditis in the usual sense. 

The Dallas Criteria 

The Dallas Criteria define myocarditis as “a process charac- 
terized by an inflammatory infiltrate of the myocardium with 
necrosis and/or degeneration of adjacent myocytes not typi- 
cal of ischemic damage” owing to coronary artery or other 
disease (75). At the time of initial EMB, a specimen may be 
classified as active myocarditis, borderline myocarditis, or no 
myocarditis, depending on whether an inflammatory infiltrate 
occurs in association with myocyte degeneration or necrosis 
(active), too sparse an infiltrate, or no myocyte degeneration 
(borderline) (75). Repeat EMB may be appropriate in cases 
where strong suspicion of myocarditis exists clinically; on 
repeat EMB, histology may be classified as ongoing myocardi- 
tis, resolving myocarditis, or resolved myocarditis. However, 
increasing evidence has led to more extensive studies on EMB 
samples including histopathology, immunohistochemistry, 
viral PCR, and cardiac antibody testing to better make the 
diagnosis of myocarditis. 

Viral Studies 

A positive viral culture from the myocardium has been consid- 
ered the diagnostic standard in the past. Viral culture of periph- 
eral specimens, such as blood, stool, or urine, is commonly 
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Figure 56.3. Electrocardiogram in a case of myocarditis. A: Sinus tachycardia and low-voltage QRS complexes 
with inverted T waves. B: Pattern of myocardial infarction with wide Q waves in leads I and aVL, and ST- 
segment changes consistent with ischemia noted throughout. C: Ventricular tachycardia. ( Continued ) 
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Figure 56.3. (Continued) D: Complete atrioventricular block. 



Figure 56.4. Echocardiographic features of 
myocarditis. A: Two-dimensional paraster- 
nal long-axis view demonstrating left ventric- 
ular (LV) dilation and a pericardial effusion 
(PE). Color Doppler interrogation provides 
evidence of mitral regurgitation. B: Para- 
sternal short-axis view demonstrating LV 
dilation and normal papillary muscles (P). 
C: M mode demonstrating systolic dysfunc- 
tion with flattened interventricular septal 
(IVS) motion, fair LV posterior wall (LVPW) 
excursion, LV dilation with increased LV 
end-diastolic dimension (D), and reduced 
systolic function (S) and PE. Ao, aorta; LA, 
left atrium; MR, mitral regurgitation. 
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Figure 56.5. Endomyocardial biopsy technique. The bioptome 
is advanced via the superior vena cava into the right atrium, 
across the tricuspid valve into the right ventricle, and finally 
situated against the interventricular septum, where the biopsy is 
performed. The bioptome also can be advanced via the inferior 
vena cava with similar results. (Reprinted from Towbin JA. 
Molecular genetic aspects of cardiomyopathy. Biochem Med 
Metab Biol 1993;49:285-320, with permission from Elsevier.) 

performed but is unreliable in identifying the causative infec- 
tion. A fourfold increase in antibody titer correlates with 
infection (76). However, these studies are nonspecific because 
prior infection with the causative virus is commonplace. PCR 



Figure 56.6. Endomyocardial biopsy histology demonstrates 
lymphocytic infiltrates, myocardial edema, and necrosis. 


(5) amplifies viral sequences from cardiac tissue samples, is 
extremely sensitive, and is typically specific. 

Molecular Diagnostics 

First reported in 1986, in situ hybridization was performed 
on myocardial tissue using probes for coxsackievirus (65,66) 
(Fig. 56.7). This technique is difficult to use in a hospital 
setting and, for this reason, lost favor and has never gained 
widespread use. The PCR amplification process, which iden- 
tifies specific portions of a viral genome, is quite sensitive and 
specific (5,7) (Fig. 56.8). Around 20% to 50% of cases were 
initially reported to identify enterovirus PCR-positive results 
although no other viral genome was analyzed in these early 
cases (77-79). PCR also has been used to screen for other 
viral genomes within cardiac tissue specimens. We showed 
that adenovirus (Fig. 56.9) is identified as commonly as 
enterovirus in heart tissue specimens of patients with myo- 
carditis or DCM in the 1990s and through 2003 (Table 56.4) 
(18). Additional viral genomes identified using PCR include 
CMV, parvovirus, respiratory syncytial virus, EBV, HSV, and 
influenza A virus. ( 1 8,80,81 ) Mumps virus (Fig. 56.10) is 
responsible for endocardial fibroelastosis (EFE), a previously 
important cause of heart failure in children that has decreased 
significantly over the past three decades (49). Since 2000, 
other viruses have been increasingly reported as causative 



Figure 56.7. In situ hybridization using coxsackievirus B3 probe. A: Note the brown-stained coxsackievirus in the 
infected myocytes. B: Negative control. (Reprinted from Bowles NE, Richardson PJ, Olsen EGJ, et al. Detection 
of coxsackie-B virus specific RNA sequences in myocardial biopsy samples from patients with myocarditis and 
dilated cardiomyopathy. The Lancet 1986;327:1120-1123, with permission from Elsevier.) 
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Figure 56.8. PCR for enterovirus. Note the 151 -bp band on 
this agarose gel in the enterovirus-positive (+) control and 
patient (Jx) lanes. The negative control is devoid of any band, 
excluding contamination. Another patient (Th) is negative for 
enterovirus. 


of myocarditis including PVB19 (82). HHV6 is becoming 
increasingly recognized as a cause of viral myocarditis world- 
wide (31). 

PCR analysis may identify viral genome in peripheral blood 
of patients with myocarditis in about one-third of cases, but 
the viral genome has been shown to be able to be identified 
in tracheal aspirates of intubated children with myocarditis, 
potentially reducing the need for EMB (83). 


DIFFERENTIAL DIAGNOSIS 


Any cause of acute circulatory failure may mimic myocarditis. 
Table 56.5 lists the differential diagnosis of congestive heart 
failure based on the age range of the child. 


PATHOPHYSIOLOGY 


Viral infection triggers interstitial inflammation and myocar- 
dial injury, resulting in cardiac enlargement and an increase 
in ventricular end-diastolic volume (84) (Fig. 56.11). Nor- 
mally, this increase in volume results in an increased force 
of contraction, improved EF, and improved cardiac output 
as described by the Starling mechanism. In myocarditis, the 
myocardium is unable to respond to these stimuli, resulting 
in a reduction in stroke volume. Figure 56.11 identifies the 
following domino effect of the various changes that occur and 
result in the pathophysiologic response in patients with myo- 
carditis. 


1. Interactions with the sympathetic nervous system may pre- 
serve vital systemic blood flow via vasoconstriction, but 
this will increase afterload on the failing myocardium. This 
sympathetic nervous system input results in a preserved 
blood pressure (initially), tachycardia, and diaphoresis. 

2. Congestive heart failure ensues with disease progression. 
The progressive increase in ventricular end-diastolic vol- 
ume and pressure results in increased left atrial pressure, 
which is transmitted into the pulmonary venous system. 
This causes increasing hydrostatic forces, which overcome 
the colloid osmotic pressure that normally prevents transu- 
dation of fluid across the capillary membranes. This results 
in pulmonary edema. 

3. Concomitantly, all cardiac chambers dilate, particularly 
the left ventricle. This dilation, in addition to causing poor 
ventricular function, creates worsening pulmonary edema 
and worsening cardiac function. The ventricular dilation 
also results in stretching of the mitral annulus and resultant 
mitral regurgitation, further increasing left atrial volume 
and pressure. 

4. During the healing stages of myocarditis, fibroblasts replace 
normal myofibers and result in scar formation. Reduced 
elasticity and ventricular performance can result in per- 
sistent heart failure. In addition, ventricular arrhythmias 
commonly accompany fibrosis. 


PATHOLOGY 


Gross and Microscopic Findings 

Pathologic findings are nonspecific, with similar gross and 
microscopic changes noted irrespective of the causative agent 
(4). The heart weight is increased, and all four chambers are 
affected. The muscle is flabby and pale, with petechial hemor- 
rhages often seen on the epicardial surfaces. A PE also may 
be seen relating to the often combined finding of pericarditis 
(in other words, myopericarditis). The ventricular wall is fre- 
quently thin, although hypertrophy may be found as well. The 
valves and endocardium are usually not involved. 

In cases of chronic myocarditis, the valves may be glis- 
tening white, consistent with EFE, suggesting the result of 
long-standing inflammation in patients or even an in utero 
viral myocarditis in newborns with findings of heart failure 

(85) . In North America, newborn EFE has become quite rare. 
Among children with myocarditis compared with those who 
had EFE in a prior era, those with myocarditis typically had 
symptoms for <2 weeks, whereas those with EFE had symp- 
toms for >4 months. Mumps and CVB3 have been identi- 
fied in the myocardium of infants with EFE, consistent with 
this being a viral-induced disorder in the past, and its disap- 
pearance consistent with the disappearance of these inciting 
viruses (49). 

Mural thrombi can occur in the left ventricle, and small 
emboli are often found in the coronary and cerebral vessels 

(86) . Coronary emboli, although rare, may produce areas of 
ischemia or injury with resultant production of the cardiac 
arrhythmias that sometimes occur during the acute disease. 
Coronary insufficiency appears to be a common occurrence 
in children with PVB19 myocarditis as PVB19 infects the 
endothelium, including coronary endothelium, and not myo- 
cytes. 

An interstitial collection of mononuclear cells, including 
lymphocytes, plasma cells, and eosinophils (Fig. 56.6) is typical 
of early myocarditis (9). Polymorphonuclear cells are rare, as 
are viral particles. Extensive necrosis of the myocardium, with 
loss of cross-striation in the muscle fibers and edema, is seen 




CHAPTER 56 ■ Myocarditis 1255 


O O 

o o 5 « 

©® 1 1 

Jr ff) {ft ZJ ^2 

8 3 3 S <$ 

■£*-^0.0. 
<0 '> >—r — 

p O O o 2 

C C i= -P 

Q> O Q> C C 

N D tl O O 

cn < < o o 


308 bp (Adenovirus) 
135 bp (K-ras) 



o o 5 « 

@® I £ 

(ft {ft ^ ^ 
3 3 <0 (0 

k- ^ Q. Q. 

'> > — 7T 

o o o o 

C C P -P 
<U Q> C C 
-o X> o o 

< < o o 


- 


A = Ad 2 
(G = Ad 5) 


G AT C 


-> r*i 


C = Ad 2 
<- (A = Ad 5) 
3 <- C = Ad 2 
(G = Ad 5) 



A = Ad 2 - 

(G = Ad 5) — 


A = Ad 2 
(G = Ad 5) -> 


308 bp (Adenovirus) 


© © 


■£ w t- CM 

« > > mm 

S c c "S 2 E 

0) Q) q> o qj uj 

cn < < m a: cc 



® © 


_k_ k- r- CM 

> > mm 

c c 'S 2 E 

<u o 2 UJ UJ 

-o -o .2 > > 

< < m oc oc 



Adenovirus 2 

I II 

EAAACATCCTCATCCWCATACCACCCCCACCTCTCCCTACTTCGCCTCCCACTTTC 

CCACIXTGaXACACACCAATGUfiCAC€CATCCAC(€TGCCAC€CCAAMiATTTC 

4 * 

Adenovirus 5 

GCA^TCCTCATUXTCATMiSACTCCCMSTCTCCCTACnGCCCTCCCMTTTC 

CCACC€TCCCCACA C JCCACT(OCCAC€CATCCCCC£TCCCACC€C M AfcflTTTS 


Figure 56.9. PCR for adenovirus. A: Control analysis. The left panel shows an agarose gel with a 308-bp PCR- 
positive band in the adenovirus-positive control only. In the adenovirus-positive lane and in control patients 1 
and 2, K-ras, a constitutive product of all cells that is used to show extracted nucleic acid, is positive in each. The 
right panel identifies a Southern blot of the left panel with a radioactive probe specific for adenovirus. B: The left 
panel shows a PCR-positive 308-bp band in the two right ventricular endomyocardial biopsy (RVEMB) samples 
and negative in the lane of blood. The right panel again shows adenoviral specificity. C: DNA sequencing of 
RVEMB 1 is consistent with type 2 adenovirus in the patient, which is compared with the sequence of the type 5 
positive control. A, adenine; C, cytosine; G, guanosine; T, thymidine. 


in severe infections, especially with coxsackievirus. Perivascu- 
lar accumulation of lymphocytes and plasma cells has been 
described with CVB myocarditis but is usually a minor find- 
ing. This is a much more prominent finding in disease caused 
by rickettsiae, varicella, trypanosomes, or other parasites, 
and in reactions to sulfonamides (87). In cases of adenoviral 
myocarditis, mild to moderate inflammation with moderate to 
severe fibrosis was common, while coronary insufficiency is 
common with PVB19. 

Diphtheria myocarditis is frequently complicated by 
arrhythmias and complete atrioventricular block (88). Diph- 
theria exotoxin attaches to conduction tissue and interferes 
with protein synthesis by inhibiting a translocating enzyme 
in the delivery of amino acids (88). Triglyceride accumulates, 
producing fatty changes of the myofibers. 

Bacterial myocarditis produces microabscesses and patchy 
focal suppurative changes. A combined penmyocarditis is also 
frequently encountered. Parasitic myocarditis caused by trich- 
inella has a focal infiltrate with lymphocytes and eosinophils, 
but larvae are usually not identified (37). 

A severe myocarditis caused by Trypanosoma cruzi results 
in Chagas disease, which can have both acute and chronic 
cardiac sequelae (89,90). Rare in North America, Chagas 
disease is endemic in South America, affecting <50% of 
the population. Microscopic examination shows the organ- 
ism as well as neutrophils, lymphocytes, macrophages, and 
eosinophils. 


Sudden death in infancy may result from myocardial 
inflammation. James described a resorptive, degenerative pro- 
cess in the His bundle and left margin of the atrioventricular 
node with the absence of inflammatory cells in cases of infants 
who died in northern Ireland (91). 

Giant cell myocarditis (GCM) is a rare, virulent form of 
myocarditis and is thought to have an autoimmune basis that 
is histologically defined by the presence of multinucleated 
giant cells, a lymphocytic inflammatory infiltrate, and myo- 
cyte necrosis. It usually occurs in children and young adults 
and reportedly has a high risk of death unless cardiac trans- 
plantation is performed. GCM has been considered to have an 
underlying autoimmune basis due to its association with other 
autoimmune disorders, thymoma, and drug hypersensitiv- 
ity, and is associated with immune-mediated disease in other 
organs. GCM occurs with tuberculosis, syphilis, rheumatoid 
arthritis, rheumatic heart disease, sarcoidosis, and fungal or 
parasitic infections (51,92-94). Giant cells also occur in idio- 
pathic (Fiedler) myocarditis. There are two types of giant cells: 
cells originating from the myocardium and cells derived from 
interstitial histiocytes. 

Immunology 

The immunopathogenesis of CVB and encephalomyocarditis 
has been studied in mice. CMV, HIV, and adenovirus models 
also have been described (95-100). 
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TABLE 56.4 

Myocarditis Etiologic Agents in Children by PCR Analysis 

Diagnosis 

No. of Samples 

No. of PCR + Samples No. of PCR Amplimer 

Myocarditis 

624 

239 (38%) 

Adenovirus 142 (23%) 
Enterovirus 85 (14%) 

CMV 18 (3%) 

Parvovirus 6 (<1%) 

Influenza A 5 (<1%) 

HSV 5 (<1%) 

EBV 3 (<1%) 

RSV 1 (<1%) 

DCM 

149 

30 (20%) 

Adenovirus 18 (12%) 

Enterovirus 12 (8%) 

Controls 

215 

3(1.4%) 

Enterovirus 1 (<1%) 

CMV 2 (<1%) 


CMV, cytomegalovirus; DCM, dilated cardiomyopathy; EBV, Epstein-Barr virus; HSV, herpes simplex virus; PCR, polymerase chain 
reaction; RSV, respiratory syncytial virus. 


Twenty-four to seventy-two hours after infection with 
CVB, a viremia exists, with maximum growth in the tissues 
at 72 to 96 hours (9). Shortly thereafter, virus titers decline; 
essentially no organisms can be found by 7 to 10 days after 
inoculation. As virus titers decline, antibody concentrations 
increase, implying that antibody has an active role in viral 
clearance. Macrophages appear 5 to 10 days after infection in 
the CVB model of myocarditis (9). 

Risk factors for severe myocarditis include age, mouse strain, 
viral variant, exercise, and sex (9). Pathogenetic mechanisms 
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Figure 56.10. Mumps virus PCR in endocardial fibroelastosis. 


include direct viral myofiber destruction and T-lymphocyte 
cytolysis (97-99,101). Animals with absent or blocked T-cell 
function have less myocardial injury. 

The natural killer (NK) cell is important in the pathogen- 
esis of myocarditis. Animals that are depleted of their NK cells 
prior to infection with coxsackievirus develop a more severe 
myocarditis (84). NK cells are activated by interferon, which is 
an indirect modulator of myocardial injury. Murine skin fibro- 
blasts serve as target cells for CVB-sensitized cytotoxic T cells. 
The NK cells specifically limit the nonenveloped virus infection 
by killing the virally infected cells. Male mice are less efficient 
in activating NK cells. Presumably, the more efficiently viral 
clearance occurs, the less virally induced neoantigen produc- 
tion occurs, reducing recognition by cytotoxic T lymphocytes. 

T cells can affect injury by accumulation of activated mac- 
rophages, production of antibody and antibody-dependent 
cell-mediated cytotoxicity, direct lysis by antibody and com- 
plement, and direct action of cytotoxic T cells (102). In the 
BALB/c mouse, the greatest susceptibility was between 16 and 
18 weeks, with males having a more rapid and severe course 
of myocarditis than that seen in females. Estradiol decreased 
severity, and testosterone increased the cytolytic activity in 
males. Either a preferential stimulation of T helper cells or 
an inadequate stimulation of T-cytolytic/suppressor cells could 
explain why antibody responses to various antigens may fre- 
quently be enhanced and cellular immune responses depressed 
in females. 

Host genetic composition affects not only the severity of dis- 
ease but also pathogenic mechanisms (100,101,103,104). The 
BALB/c mouse developed myocarditis in response to cytolytic 
T cells. Two distinct cytolytic T-cell populations are formed in 
the BALB/c mouse: one recognizing virus-infected cells and pro- 
ducing direct myocytolysis, and another that destroys uninfected 
myocytes and is believed to be an autoreactive lymphocyte. 
Complement depletion increased the amount of inflammation 
in this species, and no reactive immunoglobin G antibody was 
found in the myocytes. In the DBA/2 mouse, it was the T helper 
cells that indirectly mediated the course of disease, and comple- 
ment depletion reduced inflammation in this species. Cytolytic 
T cells were found to be produced but apparently were not path- 
ogenic; immunoglobin G antibody was found in the myocytes. 

In humans, antibody-mediated cytolysis was found among 
30% of patients with suspected myocarditis, as well as in 
18 of 19 patients with proven viral infections owing to CVB, 
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| Differential Diagnosis of Myocarditis by Age 

Newborn and Infant 

Child 

Sepsis 

Idiopathic dilated cardiomyopathy 

Hypoxia 

X-linked dilated cardiomyopathy 

Hypoglycemia 

Autosomal dominant dilated cardiomyopathy 

Hypocalcemia 

Structural heart disease 

Anomalous left coronary artery from the pulmonary 
artery 

Idiopathic dilated cardiomyopathy 

Endocardial fibroelastosis 

Chronic tachyarrhythmia 

Pericarditis 

Anomalous left coronary artery from the 
pulmonary artery 

Cerebral arteriovenous malformation 


influenza A, or mumps virus (95). A muscle-specific antimyolem- 
mal antibody was found in these patients and correlated with the 
degree of in vitro-induced cytolysis of rat cardiocytes. Bowles 
et al. (105,106) used complementary DNA (to CVB2 RNA) 
cloning techniques and developed a CVB-specific complemen- 
tary DNA hybridization probe that detected virus nucleic acid 
sequences in patients diagnosed as having active or healed 
myocarditis or DCM. As controls, they used patients with 
unrelated disorders and found no virus-specific sequences in 
those patients (105). This suggested that viral particles persist 
in patients with congestive cardiomyopathy or healing myo- 
carditis, even though viral culture is almost always negative. 
The findings imply a continual viral replication in cells, which 
may conceal the antigenicity by an immunologic process that 
prevents correct posttranslational processing of capsid pro- 
teins. Hori et al. (107) found adult patients with myocarditis to 
have been exposed to a greater number of CVB1 to CVB6, as 


demonstrated by the number of positive and negative responses 
to neutralizing antibodies of those viruses. They believed that 
immunization against several types of CVB was essential in 
the development of myocarditis. Although they postulated this 
cross-immunization theory, a few cases of myocarditis in their 
patients involved exposure to only one type of CVB, shedding 
doubt on the validity of their theories. 

Defective cell-mediated immunity occurs in patients with 
myocarditis and DCM when compared with healthy controls. 
Pathogenesis of adenoviral myocarditis differs from CVB 
(108,109). The inflammatory infiltrate is substantially less in 
adenoviral infection (110). The number of CD2, CD3, and 
CD45ROT lymphocytes seen in the adenovirus-infected patients 
was reduced compared with those patients who had myocar- 
ditis not owing to adenovirus (110). The adenoviruses have 
a number of strategies for modulating the immune response, 
which could impact the number of activated lymphocytes in 
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Figure 56.11. Pathophysiology of myocarditis. AV, atrioventricular; CHF, congestive heart failure; LVEDP, left 
ventricular end-diastolic pressure; LVEDV, left ventricular end-diastolic velocity; VT, ventricular tachycardia. 
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the adenovirus-infected myocardium (99). Several adenovirus- 
encoded proteins can interact with host immune components, 
including proteins encoded by the E3 region, which can protect 
cells from tumor necrosis factor (TNF)-mediated lysis, as well 
as downregulation of major histocompatibility complex class I 
antigen expression. The E1A proteins are capable of promoting 
the induction of apoptosis (111) and inhibiting interleukin-6 
(IL-6) expression, as well as interfering with IL-6 signal trans- 
duction pathways. These functions of E1A may be pertinent to 
the development of the myocardial pathology seen in DCM. 
First, IL-6 promotes lymphocyte activation, which is reduced 
in adenovirus-infected patients. In addition, it has been shown 
that apoptotic cells occur in the myocardium of patients with 
DCM. Taken together, these events are likely to result in DCM. 

Autoimmunity 

Persistent viral infection of the myocardium is linked to the 
induction of autoantibodies against the adenine nucleotide 
translocator (ANT) and myosin (112,113). ANT shuttles 
energy from the mitochondria to the cells, whereas myosin is a 
contractile protein (Fig. 56.12). 

Anti-ANT antibodies correlate with cardiac dysfunc- 
tion (112). An increase in the ANTI isoform was detected 
in patients together with a concomitant decrease in ANT2. 
Furthermore, in patients with enterovirus infection, this was 
more pronounced than in patients in whom no enterovirus 
was detected. In animal models of CVB3 infection, nucleotide 
transport is inhibited. ANTI transgenic mutant mice have a 
cardiomyopathic phenotype, supporting the concept that it is 
important in cardiac function (114). 

Novel autoantigens also have been identified in patients 
with myocarditis (115-117). These include dihydrolipoam- 
ide dehydrogenase and sarcomere-specific CK. It is not clear, 
however, if these autoantigens are important pathogenetically. 
As yet, autoantibodies associated with persistent adenovirus 
infection of the myocardium have not been described. 

Role of Cytokines in Myocarditis and Dilated 
Cardiomyopathy 

Over the past several years, there has been considerable interest in 
the role of cytokines in the pathogenesis of myocarditis and DCM 
(103,118). Recent animal studies suggest that a relationship may 


exist between subclinical viral infection and later development of 
DCM. This process is presumed to occur by an autoimmune-like 
mechanism triggered by the initial viral insult. Several murine 
models have been studied that suggest that cytokine-mediated 
modulation of the immune response to viral infection may lead 
to induction of chronic autoimmune myocarditis (118-124). 
Cytokines contribute to regulation of antibody production and 
maintenance of self-tolerance. Susceptible murine strains, when 
infected with CVB3, develop myocyte necrosis and an acute 
inflammatory response. After the initial viral infection, resolution 
of inflammation eventually occurs. In other strains, however, a 
second autoimmune phase of myocarditis appears latei; with find- 
ings of diffuse mononuclear cell infiltrates within the heart. These 
mononuclear cells are a significant source of the cytokines IL-1 
and TNF-a, and they release large amounts of TNF-a and IL-1/3 
by human monocytes when exposed to CVB3 (119). Both of these 
cytokines are known to participate in leukocyte activation, which 
may be beneficial in promoting a specific lymphocyte response to 
viral infection. However, these cytokines also may promote car- 
diac fibroblast activity. Therefore, it has been speculated that local 
secretion of cytokines in the myocardium perpetuates the inflam- 
matory process, which secondarily leads to the fibrosis associated 
with DCM and resultant deterioration of cardiac function. 

IL-1 and TNF-a are potential inhibitors of cardiac myocyte 
/Tadrenergic responsiveness, and further studies have shown 
IL-1 and TNF-a to be the macrophage factors mediating this 
effect (118). TNF-a levels are elevated in patients with chronic 
heart disease, myocarditis, or DCM. TNF-a is able to potenti- 
ate the immune response and induce apoptosis in cells, inte- 
gral to the pathogenesis of myocarditis. Other inflammatory 
mediators, including IL-1 and granulocyte colony-stimulating 
factor, are also elevated in myocarditis patients. Inflammatory 
cytokines may cause a direct negative inotropic response. 

The role of cytokine activity relative to the pathogenesis 
of viral myocarditis or subsequent development of chronic 
autoimmune myocarditis is under investigation. Mice that 
are genetically resistant to postinfection autoimmune myo- 
carditis develop severe disease when infected with CVB3 in 
addition to therapy with lipopolysaccharide, TNF-a, or IL-1 
(121). CVB3 infection of cardiac tissue likely promotes local 
production of cytokines by activated monocytes as a response 
to viral infection. Anti-TNF-a blocks or reduces the severity 
of myocarditis. Thus, local TNF-a expression is sufficient to 
cause cardiac pathology and dysfunction and support its role 
in human disease. 
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Figure 56.12. ANT and its role in energy utilization. 
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IL-2 limits myocardial damage when administered in the 
acute viremic stage by enhancing NK cell activity (122,123). In 
contrast, IL-2 exacerbated the course and severity of the disease 
when given in the subacute, nonviremic stage by increasing the 
number of infiltrating T cells. IL-12 protects mice from encepha- 
lomyocarditis virus-induced myocarditis (124). IL-12 augments 
cytotoxic activity and induces Thl -specific immune responses. 

Cytokines may act through inducible nitric oxide synthase 
(iNOS) (124). In a cardiac myosin-induced myocarditis model, 
NOS expression is induced in both macrophages and cardio- 
myocytes. However, nitric oxide synthesis did not appear to be 
essential for the development of pathology because myocarditis 
developed in mice lacking interferon regulatory transcription 
factor (IRF)-l, a transcription factor that controls iNOS expres- 
sion. Despite the failure to synthesize NOS in the myocardium, 
the prevalence and severity of disease in IRF-1 -deficient animals 
were similar to results observed in control animals. In addition, 
no difference was detected in animals lacking the IRF-2 gene, a 
negative regulator of IRF-1 -induced transcription. 

In the rat model, nitric oxide expression is critical to the pathol- 
ogy of autoimmune myocarditis (124). Rats that were treated 
with aminoguanidine, an inhibitor of iNOS, had only focal mon- 
onuclear infiltration and reduced numbers of cardiomyocytes 
positive for iNOS, by comparison with untreated animals that 
had considerable inflammatory infiltration and myocyte damage. 
In addition, serum levels of CK were significantly reduced in the 
treated animals, indicating reduced muscle damage. In a separate 
study of autoimmune myocarditis in the rat, IL-2 levels appeared 
early, whereas IL-3, TNF-a, and iNOS were present later, during 
the period of peak inflammation. IL-10 was detected only after 
inflammation began to subside and persisted during recovery. 
These data support the notion that changes in the Thl and Th2 
responses are important for controlling outcome, as previously 
suggested for CVB3 -induced myocarditis. 

It is difficult to extrapolate the information obtained in ani- 
mal models of myocarditis to human disease. Further studies to 
clarify the role of cytokines and nitric oxide in the pathogenesis 
of myocarditis in humans are warranted, as is consideration 
of the potential efficacy of drugs to inhibit cytokine or iNOS 
expression. We need to know if virus persistence combined 
with ongoing IL-6, IL-8, and TNF-a expression, in the absence 
of IL-10, leads to the progression from myocarditis to DCM. 

Role of Cell Adhesion Molecules in Myocarditis 
and Dilated Cardiomyopathy 

Cell adhesion molecules (CAMs) also may play a role in the 
pathogenesis of myocarditis (108). One molecule that is well 



known to play a major role in cell-cell adhesion, particularly 
leukocyte adherence and transendothelial migration, is inter- 
cellular adhesion molecule 1 (ICAM-1). ICAM-1 is a member 
of the immunoglobulin supergene family of CAMs and is a 
single-chain glycoprotein of 80 to 115 kDa with an extracel- 
lular domain made up of five immunoglobulin-like repeats. 
ICAM-1 is predominantly expressed on endothelial cells, but 
also on fibroblasts, epithelial cells, mucosal cells, lymphocytes, 
monocytes, and cardiac myocytes after inflammatory injury. 
Expression of ICAM-1 on endothelial cells is unregulated by 
cytokines such as IL-1 and TNF-a. A well-established binding 
ligand of ICAM-1 is lymphocyte function-associated antigen 
1 (LFA-1), a molecule that is part of the pi integrin family 
and consists of a 180-kDa a subunit (CDlla) and a 95-kDa b 
subunit (CD18). LFA-1 is expressed on virtually all leukocytes, 
including monocytes. The adhesive interaction between LFA-1 
and ICAM-1 mediates adhesion-dependent helper T cell, cyto- 
toxic T cell, and NK cell functions. Antibody to LFA-1 blocks 
inflammatory response in animal models of myocarditis. 

Apoptosis 

Apoptosis, or programmed cell death, has an important role 
in embryogenesis, tissue homeostasis, and regulation of immu- 
nologic responses, among normal physiologic processes, and 
is associated with the growth and regression of tumors (108). 
Cells undergoing apoptosis exhibit characteristic morphologic 
and biochemical features, including chromatin aggregation, 
nuclear and cytoplasmic aggregation, and formation of apo- 
ptotic bodies resulting from the partition of the cytoplasm 
and nucleus into membrane-bound vesicles. These apoptotic 
bodies are rapidly phagocytosed by adjacent macrophages or 
epithelial cells, without resulting in an inflammatory response. 
Apoptotic cells are detectable by terminal transferase labeling 
(terminal deoxynucleotide transferase-mediated biotin-deoxy- 
uridine triphosphate nick end labeling [TUNEL]) in myocar- 
dial tissue samples from patients with DCM. It has been shown 
that up to 0.1% of cells stained positive by this technique. 

Several viruses have been implicated in the induction of 
apoptosis, including HIV, EBV, and adenovirus. Apoptotic cells 
are detected in adenovirus-associated myocarditis and DCM 
(Fig. 56.13). Within such areas, <1% of cells may stain posi- 
tive, including myocytes, infiltrating inflammatory cells, and 
endothelial cells. In the tissue sections from control patients, 
either unstained cells or sporadically stained cells (one or two 
per section) may be detected. These data suggest a relationship 
between infection of the myocardium by adenovirus and the 
onset of apoptosis, which could result in pathologic processes 



Figure 56.13. A: TUNEL (see text) staining of endomyocardium demonstrates apoptotic bodies (red inclusions). 
B: Negative control. 
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Figure 56.14. Illustrated adenovirus structure (top), with electron micrographs below. Note the hexagonal shape 
and its projections. 


associated with myocarditis and DCM. Furthermore, a number 
of inflammatory cells may be seen to be undergoing apoptosis. 
Although this could reflect the natural defense mechanism of 
the host against the virus, it also raises the possibility of virus- 
induced apoptosis as a mechanism of immune system avoid- 
ance. In tumors, infiltrating immune cells are destroyed by the 
induction of apoptosis through the expression of Fas ligand on 
the tumor cell that binds Fas on the lymphocyte. 

Two of the genes of adenovirus (Fig. 56.14), El A and E1B, 
regulate apoptosis via a p53-dependent pathway (109). The 
expression of El A in cells results in the induction of apoptosis, 
but the coexpression of E1B (or the bcl-2 proto-oncogene) sup- 
presses this effect and results in cell transformation. E1B encodes 
19- and 55-kDa proteins, either of which can suppress apoptosis. 
The 55-kDa protein of E1B binds to, and inhibits, p53, but the 
mechanism of suppression by the 19-kDa protein is unknown. 

As previously noted, most models of experimental myocar- 
ditis have used CVB3 variants. It has been known for a num- 
ber of years, however, that different variants induce different 
pathologic mechanisms and that different strains of mice are 
affected differently. Infection of BALB/c, MRL +/+ , or DBA/2 
mice with a cardiotropic variant of CVB3 resulted in similar 
levels of inflammation, but only in DBA/2 mice was antiheart 
immunoglobulin G generated (84). Few CD8 + T cells infiltrated 
the myocardium of MRL +/+ and DBA/2 mice, but in BALB/c 
mice, they are the major component of the T-cell response. The 
detection of apoptotic cells using TUNEL staining revealed 
no apoptotic cells in DBA/2 myocardium, inflammatory 
cells undergoing apoptosis in MRT /+ mice, and myocyte and 
inflammatory cell apoptosis in BALB/c mice (92). In BALB/c 
mice with myocarditis, there was a decrease in ventricular 
contractility, indicative of cardiomyopathy, whereas in DBA/2 
mice, there was no change in contractility. 


LONG-TERM SEQUELAE 


Many cases of myocarditis survive the critical phase of ill- 
ness. It is increasingly recognized that myocardial dysfunc- 
tion and evidence of heart failure can present at some point 
during their lifetimes (70,125-127). It remains unclear what 
the underlying cause of these long-term sequelae could be, but 
viral persistence and autoimmunity have been widely specu- 
lated. Enteroviral protease 2A directly cleaves the cytoskel- 
etal protein dystrophin, resulting in dysfunction of this protein 
(Fig. 56.15) (128). Because mutations in dystrophin are known to 
cause an inherited form of DCM (as well as the DCM associated 
with the neuromuscular diseases, Duchenne muscular dystrophy, 
and Becker muscular dystrophy), it is likely that this is, to a large 
extent, responsible for the chronic DCM seen in enteroviral myo- 
carditis (129,130). Other viruses, such as adenoviruses, also have 
enzymes that cleave membrane structural proteins or result in 
activation or inactivation of transcription factors, cytokines, or 
adhesion molecules to cause chronic DCM (131,132). Andreo- 
letti et al. (133) reported presence of enteroviral infection, spe- 
cifically CVB, in association with the pathogenesis of acute 
myocardial infarction secondary to a disruption in the dystro- 
phin-glycoprotein complex. Therefore, it appears that a complex 
interaction between the viral genome and the heart occurs and 
results in the short- and long-term outcome of affected patients. 

As in mice, myocarditis in humans may have a genetic basis 
(134). Support for this includes the frequent finding of myo- 
cardial lymphocytic infiltrate in patients with familial and spo- 
radic DCM, as well as the few reports of families in which two 
or more individuals have been diagnosed with myocarditis on 
EMB. The findings of a common receptor for the four most 
common viral causes of myocarditis (CVB3 and CVB4 and 
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Figure 56.15. Dystrophin cleavage by entero viral protease 2 A (Pro2A). (Reprinted from Badorff C, Lee G-H, 
Lamphear BJ, et al. Enteroviral protease 2A cleaves dystrophin: evidence of cytoskeletal disruption in an acquired 
cardiomyopathy. Nat Med 1999;5:320-326, with permission from Macmillan Publishers Ltd.) 


adenoviruses 2 and 5), the human coxsackievirus, and adeno- 
virus receptor (CAR) (Fig. 56.16) (135,136), which if mutated 
could result in responsible host differences leading to myocar- 
ditis (137,138), support the concept of a genetic link to virally 
induced inflammatory heart disease. CAR is a tight junction 
protein of the intercalated disk and has been linked with the 
innate immune response in CVB myocarditis (139). Recent 
mouse studies have shown that CAR upregulation results in 
myocardial inflammation that is histologically similar to that 
of early viral myocarditis (140). Newer approaches to genetic 



Figure 56.16. Illustrated human CAR. 


study, including genome-wide association studies, may lead 
to an enhanced understanding of genetic predispositions for 
acquiring viral myocarditis. 


SUPPORT FOR VIRAL CAUSE-AND-EFFECT 
RELATIONSHIP WITH MYOCARDITIS 


Despite the increasingly common association of viral genome 
within the myocardium in patients with myocarditis, limited 
definitive data exist that prove that the virus causes ventricular 
disturbance directly leading to the clinical phenotype. Many 
physicians and scientists hold onto the concept that myocar- 
ditis is a primary inflammatory disorder, but definitive data 
are limited to support that hypothesis. Further limiting our 
understanding of myocarditis and the role of viruses is the low 
percentage of EMBs performed and the even fewer attempts at 
performing PCR on the myocardium. 

An excellent human model exists, however, that we have 
studied extensively that offers insight into the acute and 
chronic effects of cardiotropic viruses. Cardiac transplant 
recipients undergo routine surveillance EMBs for rejection 
and, in all cases, histopathology is performed. In our institu- 
tion, all such subjects also undergo myocardial PCR analysis 
with screening of adenovirus, enterovirus including coxsacki- 
evirus, PVB19, CMV, influenza, HCV, and EBV. We have 
shown that identification of viral genome in these samples cor- 
related with outcome, with a 96% 5 -year survival in subjects 
not having PCR-positive studies any time during the 5-year 
follow-up, whereas those with a single PCR-positive result 
(or more) have a 5-year survival of 67% (Fig. 56.17) (141). 
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Figure 56.17. Kaplan-Meier survival curve of adenovirus- 
positive versus adenovirus-negative PCR from endomyocar- 
dial biopsies of cardiac transplant recipients (Reprinted from 
Shirali GS, Ni J, Chinnock RE, et al. Association of viral 
genome with graft loss in children after cardiac transplanta- 
tion. N Engl J Med 2001;344:1498-1503, with permission 
from the Massachusetts Medical Society.) 

Interestingly, survival does not closely correlate with the level 
of inflammatory infiltrate seen on histopathology. This appears, 
at least in part, to do with the specific viruses identified in the 
myocardium. Adenovirus tends to cause a lower level of inflam- 
matory infiltrate than enteroviruses or PVB19 (141). We have 
reported that cardiotropic viruses continue to be a significant 
cause of pediatric heart transplant dysfunction and that this dis- 
ease is shifting with respect to the viruses involved, specifically 
an endemic shift to PVB19 in the current era (16). Furthermore, 
we recently reported that viral endomyocardial infection is an 
independent predictor of graft loss in pediatric heart transplant 
patients that appears to be mediated by premature development 
of transplant coronary artery disease (TCAD) (82). Interest- 
ingly, patients who were treated with IVIG and were PCR-pos- 
itive on EMB had a delayed time in the development of TCAD 
suggesting a possible treatment strategy. Similar findings have 
been found in lung transplant recipients (Fig. 56.18) (142). 
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Figure 56.18. Kaplan-Meier survival curve of adenovirus- 
positive versus adenovirus-negative PCR from biopsies of lung 
transplant recipients. (Reprinted from Bridges ND, Spray TL, 
Collins MH, et al. Adenovirus infection in the lung results in 
graft failure after lung transplantation. } Thorac Cardiovasc 
Surg 1998;116:617-623, with permission from Elsevier.) 


TREATMENT 


The care for patients with suspected or proven myocarditis 
must be individualized given the wide range of presenting 
symptoms that may vary from being relatively asymptomatic 
to cardiogenic shock. Continual reassessment of patients 
with myocarditis is recommended as their clinical picture 
can change dramatically in a very short period of time. Many 
patients present with relatively mild disease, with minimal 
or no respiratory compromise and only mild signs and/or 
symptoms of congestive heart failure. These patients require 
close hemodynamic and electrocardiographic monitoring to 
assess whether the disease will progress to worsening heart 
failure and the need for more intensive medical care. Murine 
models of myocarditis suggest that exercise may result in 
increased viral replication as well as myocardial inflamma- 
tion and necrosis (143). Thus, it appears prudent to place 
patients under this restriction at the time of diagnosis. Nor- 
mal arterial blood oxygen levels should be maintained for 
any patient with compromised hemodynamics resulting in 
hypoxemia. 

Although no specific therapy aimed at reversing myocardial 
injury is currently widely recommended, maintenance of car- 
diac output at levels that supply adequate tissue perfusion and 
prevent metabolic disturbances and end-organ dysfunction is 
critical to good outcome. 

Medical Management 

The appropriate medical management of patients with myo- 
carditis is dependent on their clinical presentation. Patients 
presenting with mild symptoms of congestive heart failure 
and preserved cardiac output should be continually evaluated 
as they may progress to a more decompensated state. Diuret- 
ics may be used judiciously to treat symptoms of shortness 
of breath or peripheral edema. There are convincing data 
that long-term oral therapies may be of benefit. Angiotensin- 
converting enzyme inhibitors (ACEi) or angiotensin recep- 
tor blockers (ARBs) should be considered in patients with 
evidence of depressed left ventricular systolic function and/or 
dilation of the left ventricle to assist in favorable remod- 
eling (144). Captopril has been shown to reduce inflamma- 
tory infiltrates and calcification and the ARB candesartan 
has been shown to enhance survival and decrease inflamma- 
tory mediators in murine models of myocarditis (145,146). 
There are increasing data that support the use of nonselec- 
tive beta blockade in patients with myocarditis. Murine mod- 
els treated with beta blockade have decreased inflammation 
(147). Human studies clearly report the lack of beta blocker 
use as an independent predictor of poor prognosis (148). 
Therapy with aldosterone antagonists such as aldosterone or 
eplerenone may be considered in patients with evidence of 
fibrosis but they must be monitored closely for hyperkalemia 
if receiving concomitant ACEi or ARB therapy. Additional 
possible therapeutic strategies for heart failure may be found 
elsewhere (144). Patients with evidence of decompensated 
heart failure may be best managed in an intensive care setting. 
Significant volume overload should be treated with diuretic 
therapy accompanied by avoidance of significant electro- 
lyte disturbances as this may provoke arrhythmias. Patients 
who show signs of poor perfusion and low cardiac output 
should all be managed in an intensive care setting with careful 
selection of inotropic agents. A more extensive management 
approach to patients with decompensated heart failure may 
be found elsewhere in this text as well in current evidence- 
based guideline statements (144,149). 

Arrhythmias should be treated appropriately and aggres- 
sively (56). Supraventricular and ventricular tachyarrhyhmias 
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may be seen and should be treated quickly. Ventricular 
arrhythmias in the setting of systolic dysfunction may require 
intravenous amiodarone. Despite aggressive treatment of 
these arrhythmias, rapid deterioration to ventricular fibrilla- 
tion, especially in the very young, may occur and should be 
treated immediately by direct-current cardioversion. Refractory 
ventricular tachycardia/fibrillation may suggest the need for 
mechanical circulatory support (MCS). Acute or chronic con- 
duction system disease, including complete heart block, may be 
seen and should be treated with temporary or permanent pac- 
ing based on the clinical scenario. 

Chronic arrhythmias may persist long after the acute dis- 
ease has passed, especially in the setting of myocardial fibro- 
sis. Thus, children who recover from myocarditis, regardless 
of cause, should be followed indefinitely with appropriate 
arrhythmia surveillance. Our practice has been to perform 
ambulatory Holter monitoring annually at a minimum with 
more frequent assessment or alternative strategies such as 
event recorders in patients with symptoms or concerns for 
ongoing arrhythmia. Antibiotic agents should not be given 
unless a bacterial infection is suspected and appropriate cul- 
tures are obtained prior to initiating therapy. 

The use of immunosuppressive and immunomodulatory 
agents in suspected cases or proven cases of viral myocarditis 
remains controversial. The routine use of immunosuppressive 
agents for adults with myocarditis in the United States is not 
recommended based on results from the Myocarditis Treat- 
ment Trial. The Myocarditis Treatment Trial analyzed the use 
of immunosuppressive and steroid therapy (52). Although the 
study was performed in adult patients, the results are poten- 
tially applicable to children. There was no difference among 
patients treated with azathioprine and prednisone, cyclo- 
sporine and prednisone, and conventional therapy. Immuno- 
suppressive therapy was not beneficial in most patients with 
histologically confirmed myocarditis. However, there may 
be selected populations with chronic myocarditis that ben- 
efit from immunosuppression. Frustaci et al. have reported 
favorable responses in adult patients with active myocarditis, 
chronic heart failure, absence of viral genome in the myo- 
cardium, and positive cardiac autoantibodies when treated 
with azathioprine and prednisone (150). One pediatric study 
suggested that immunosuppression may actually result in an 
improvement in patients who have evidence of viral myocar- 
ditis (151). Further pediatric investigation will be required to 
better define this strategy. 

Another important therapeutic option is the use of intra- 
venous y-globulin (IVIG) in children with myocarditis. This 
option is based on the early results of Drucker et al. (152), 
who investigated the use of this agent in 21 of 46 children 
with myocarditis. Patients who received IVIG had better left 
ventricular function at follow-up. However, there was no clear 
survival benefit. Murine data also support the use of IVIG 
in viral myocarditis (153). The results of the Intervention 
for Myocarditis and Acute Cardiomyopathy (IMAC-1) trial 
evaluating the use of IVIG in adults with recent myocarditis 
or DCM < 6 months in duration showed no benefit when 
compared to placebo (154). However, our recent data in the 
pediatric transplant population suggest there may be a role 
for IVIG and viral myocarditis, especially in PVB 19-positive 
patients (82). 

The use of interferon has also been proposed as a potential 
treatment option. Kuhl et al. reported efficacy of interferon- 
J3 treatment in myocarditis with viral clearance and preven- 
tion of progressive deterioration of left ventricular function 
(155). In this phase-II study, 22 consecutive patients with 
chronic left ventricular dysfunction and PCR-proven enterovi- 
ral or adenoviral infection were injected subcutaneously with 
interferon-/? three times weekly for approximately 6 months, 
with all 22 patients demonstrating viral clearance, reduced 


left ventricular dilation, and improved systolic function. 
Daliento et al. (156) reported similar success with interferon-a 
in patients with enterovirus-induced myocarditis. No reports 
exist regarding interferon therapy for adenovirus. 

The prognosis of acute myocarditis in newborns has 
been poor over the years (157-159). A 75% mortality rate 
was observed in 25 infants with suspected CVB myocar- 
ditis (157). Most deaths occurred in the first week of the 
illness. The six infants who survived had no apparent seque- 
lae, although long-term follow-up was not reported. It is 
likely that other viral causes of myocarditis such as adeno- 
virus have similar poor outcomes as infants. Older infants 
and children have a better prognosis, with a mortality rate 
between 10% and 25% in clinically recognizable cases. Has- 
treiter reported complete recovery in 50% of their patients 
(158). Twenty-five percent of the patients continued to have 
an abnormal electrocardiogram or chest radiograph even 
though they were clinically asymptomatic. Abnormalities in 
the resting electrocardiogram may not be seen, but may be 
brought out with exercise. Adult patients who recover may 
be asymptomatic at rest or with light exertion but may dem- 
onstrate a reduced working capacity with exercise stress test- 
ing. We suggest continued surveillance of children and adults 
as long-term sequelae are becoming increasingly recognized 
with the use of more sophisticated imaging modalities such 
as cardiac MRI. 

Advanced Therapies Including Mechanical Support 

Patients with fulminant myocarditis may progress to need 
for advanced therapies including MCS. Extracorporeal mem- 
brane oxygenation (ECMO) is a widely used tool for patients 
who have cardiorespiratory compromise as an acute support 
strategy (160,161). Teele et al. (65) recently reported a single- 
center cohort of pediatric patients with acute fulminant myo- 
carditis and the use of ECMO as a rescue strategy in patients 
with end-organ dysfunction or arrhythmias with a transplant- 
free survival rate of 80%. With the development of newer and 
miniaturized devices, alternative options are now available for 
both short- and long-term support (162). We recently pub- 
lished our single-center data on the effectiveness of MCS in 
pediatric patients with acute fulminant and persistent myocar- 
ditis, which is the largest report of its kind in children (163). 
In our cohort, 16 patients were treated for myocarditis with 
conventional therapies plus ECMO, ventricular assist device 
(VAD), or both. Of these, 75% survived with seven recovering 
ventricular function with device removal and five went on to 
uncomplicated cardiac transplant. Patients without inflamma- 
tion or evidence of viral infection on EMB were significantly 
more likely to recover. VADs are used successfully in adults 
with good outcome (164). Their use will increase in the pedi- 
atric population given the increasing availability of devices 
and the potential need for sustained support in select patients. 
Furthermore, these devices allow time for myocardial recovery 
and favorable remodeling of key proteins that may be dam- 
aged in viral myocarditis (165). 

Vaccination 

Vaccination has been used successfully to prevent diseases. 
The efficacy of the polio vaccine has led to the suggestion 
that a broadly specific enteroviral vaccine, or at least a CVB- 
specific vaccine, could be beneficial for reducing the incidence 
of myocarditis or DCM. Development of CVB3 vaccine has 
afforded protection in mice but no human studies have been 
conducted (166). 

The possibility of success in this regard is supported by the 
study of EFE. This form of DCM was the most common form 
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identified in children until the late 1960s, with an incidence 
of 1 in 5,000 live births in the United States. Since that time, 
the incidence has declined significantly. Mumps virus genomic 
RNA sequences were found in 90% of myocardial samples 
from EFE patients analyzed (49) (Fig. 56.10). Thus, EFE may 
have resulted from persistent in utero mumps infection of the 
myocardium. The mumps virus vaccine has all but eliminated 
this form of DCM. Although a CVB-specific vaccine may 
reduce the incidence of myocarditis, other viruses, particularly 
adenovirus, are potential etiologic agents. 
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Restrictive Cardiomyopathy 



Susan W. Denfield 


C ardiomyopathies are defined as diseases of the myocar- 
dium associated with cardiac dysfunction (1). Per the 
World Health Organization (WHO), restrictive cardiomyopa- 
thy (RCM) is characterized by restrictive filling and reduced 
diastolic volume of either or both ventricles with normal or 
near-normal systolic function and wall thicknesses. Increased 
interstitial fibrosis may be present. It may be idiopathic or as- 
sociated with another disease. 

“Contemporary Definitions and Classification of the Car- 
diomyopathies” have been proposed by a consensus panel 
organized by the American Heart Association (AHA) to draw 
attention to the rapid advancement of molecular genetics in 
cardiology (2). The AHA consensus statement defined primary 
RCM as a rare form of heart disease characterized by “normal 
or decreased volume of both ventricles associated with biatrial 
enlargement, normal left ventricular wall thickness and atrio- 
ventricular valves, impaired ventricular filling with restrictive 
physiology, and normal (or near normal) systolic function” 
(2). At that time, the panel placed RCM in a “mixed” cardio- 
myopathy category because the causes of the diseases resulting 
in RCM were believed to be predominantly nongenetic. 

This chapter reviews the epidemiology, etiologies includ- 
ing known genes and associated syndromes, pathology, 
pathophysiology, clinical presentation, diagnostic evaluation, 
differential diagnosis, outcome, and management of pediatric 
patients with RCM. 


EPIDEMIOLOGY 


Of the four types of cardiomyopathy categorized by the WHO, 
dilated, hypertrophic, restrictive, and arrhythmogenic right 
ventricular cardiomyopathy, restrictive cardiomyopathy is the 
least common (1). In children, RCM accounts for 2.5% to 5% 
of the diagnosed cardiomyopathies (3-7). In the Australian- 
based study by Nugent et al., RCM accounted for 2.5% of the 
cardiomyopathies diagnosed in children <10 years of age (6). 
This is similar to the two-region United States-based study 
by Lipshultz et al., who reported that RCM or other specified 
types (not dilated or hypertrophic) accounted for 3% of the 
cardiomyopathies in children <18 years of age (7). Three dif- 
ferent single institution studies reported 5%, which may have 
been due to referral bias (3-5). 

Overall, the incidence of cardiomyopathies is higher in 
children <1 year of age when all types of cardiomyopathy are 
considered (6,7). RCM may be an exception. In the Nugent et 
al. study, the incidence of all types of cardiomyopathy except 
restrictive declined rapidly after infancy to their maximum 
study age of 10 years (6). In the studies of RCM in children, the 
average age at the time of diagnosis was 6 years with median 
of 5 years and a range from 0.1 to 19 years (3-5,8-33). Only 
two of the patients were 19 at the time of diagnosis with the 
remainder <18 years old. At the time of diagnosis, 8% were 


1 year of age or younger, with 12% between the ages of 12 and 
19 years. Whether this apparent difference in usual age of 
onset is due to case ascertainment or true differences in the 
disease onset is unknown. 

Gender differences have also been reported in cardiomyo- 
pathies. Beyond infancy, boys had a higher incidence of cardi- 
omyopathy than girls in the study by Lipshultz et al. (7). Only 
hypertrophic and unspecified cardiomyopathies occurred with 
higher frequency in boys in the Nugent et al. study, with RCM 
occurring with equal frequency in boys and girls (6). Of the 
205 subjects with RCM in whom gender was reported, 54% 
were female (3-37). 

Sporadic and familial cases of RCM are reported. Approxi- 
mately 30% of patients, in whom family history was reported, 
had a positive family history (3-37). 


GENETICS 


Mutations in at least 10 genes have been associated with the 
RCM phenotype and include sarcomeric and nonsarcomeric 
gene defects (Table 57-1) (38-51). 

Sarcomeric Protein Gene Defects 

Troponin I mutations have been identified in patients with 
RCM and hypertrophic cardiomyopathy (HCM) (39). Both 
the RCM phenotype and the HCM phenotype can be expressed 
in the same family. This indicates that idiopathic RCM can be 
part of the clinical expression of sarcomeric contractile protein 
disease. The diversity of the phenotypic expression of troponin 
mutations in families suggests that additional genetic or envi- 
ronmental factors or both play a role in disease expression. De 
novo mutations and autosomal dominant transmission have 
been documented in RCM patients and their families (39). 

Kaski et al. (44) reported a small series of pediatric patients 
with RCM; 4 of the 12 patients had a positive family history 
of cardiomyopathy, but the phenotypes varied and included 
restrictive, dilated, and left ventricular noncompaction forms. 
Gene mutations were found in troponin I (TNNI3), troponin 
T (TNNT2), and alpha cardiac actin. Peddy et al. reported an 
infant who presented with malignant arrhythmias and RCM 
and had a de novo mutation of cardiac troponin T (45). 

Ware et al. (46) described a mutation in a beta-myosin 
heavy chain gene in an infant with RCM. Mutations in the 
beta-myosin heavy chain account for approximately 40% 
of mutations found in HCM in adults (47). The overlap- 
ping genotypic-phenotypic correlations are also evident in a 
report by Olson et al. (48). The proband was a child with 
a myosin light-chain mutation resulting in a cardiomyopa- 
thy with midcavitary hypertrophy and restrictive physiology 
that was inherited in an autosomal recessive pattern. His two 
older brothers had cardiomyopathy with dilated atria, both 
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Gene Mutations Reported in 
Association with RCM 

Sarcomeric Mutations 

Nonsarcomeric Mutations 

Troponin 1 

Desmin 

Troponin T 

RSK2 (Coffin-Lowry syndrome) 

Alpha cardiac actin 

Lamin A/C (Emery-Dreifuss) 

Myosin-binding protein C 

Transthyretin (amyloidosis) 

Beta-myosin heavy chain 


Myosin light chain 



of whom died related to thrombotic complications. Clinically 
unaffected family members were either heterozygotes or lacked 
the mutant allele. Additional gene mutations are likely to be 
found with ongoing genetic studies. 

Nonsarcomeric Protein Gene Defects 

Desmin and RSK2 mutations have been reported in children 
with RCM, while lamin A/C and transthyretin mutations 
have been reported to cause an RCM phenotype in adults. A 
Danish kindred has been documented in whom children have 
been identified as carriers of the familial transthyretin methio- 
nine 111 mutation, but none of the kindred has manifested 
amyloid-associated RCM in childhood (49), although adults 
in the family have developed RCM. The transthyretin lie 122 
mutation resulting in RCM with amyloidosis has only been 
reported to manifest RCM in adulthood, as well (40). 

Desmin is a myofibrillar protein that is the chief intermedi- 
ate filament of skeletal and cardiac muscle (41). It maintains 
the structural and functional integrity of the myofibrils and 
functions as a cytoskeletal protein linking Z bands to the 
plasma membrane. Mutations in the desmin gene may cause 
RCM with or without skeletal myopathy and with or without 
conduction system disease (41,42,50,51). The inheritance pat- 
tern is usually autosomal dominant. Sporadic mutations have 
also been identified (41). 

Coffin-Lowry syndrome is an X-linked disorder caused by 
mutations in the RSK2 gene on chromosome Xp22.2 (43). It 
is characterized by developmental delays, short stature, facial 
dysmorphisms, and progressive skeletal deformities. Cardiac 
anomalies are reported in approximately 14% of affected 
males with cardiomyopathy being one of the rare but reported 
cardiac abnormalities, including one patient with a restrictive 
phenotype (33). 

Emery-Dreifuss muscular dystrophy was first described as 
an X-linked disorder caused by mutations in the gene encod- 
ing for emerin on chromosome Xq28 (38). However, it can 
also be an autosomal disorder caused by mutations in the gene 
encoding for lamin A and lamin C (LMNA) on chromosome 
Iq21.2-q21.3 (38). Both variants of the disease can cause car- 
diac abnormalities including dilated cardiomyopathy, atrial 
and ventricular arrhythmias, conduction abnormalities, and 
sudden death. Sanna et al. (38) reported on the cardiac fea- 
tures of Emery-Dreifuss caused by lamin A/C gene mutations, 
including one adult patient with a restrictive phenoptype. 
The RCM phenotype has not been reported in children with 
Emery-Dreifuss to date. 

Alstrom syndrome is characterized by cone-rod dystro- 
phy resulting in progressive visual impairment, photophobia 


and nystagmus, obesity, progressive sensineuronal hearing 
impairment, dilated or RCM, insulin resistance, and multiple 
organ failure (52). ALMS1 is the only gene currently known 
to be associated with the syndrome and is estimated to be 
detected in 25% to 40% of individuals. 

Mulibrey nanism is an autosomal recessive disease caused 
by mutations in the TRIM37 gene on chromosome 17q22-q23 
encoding the peroxisomal TRIM37 protein of unknown func- 
tion (53). Congestive heart failure and pericardial constric- 
tion were diagnosed during infancy in 12% and 6% of the 
patients, respectively, in a report by Karlberg et al. (53). Char- 
acteristic craniofacial features included scaphocephaly, facial 
triangularity, high and broad forehead, and low nasal bridge 
in more than 90% of the patients. Other findings included a 
peculiar high-pitched voice (96%), yellowish dots in ocular 
fundi (79%), cutaneous naevi flammei (65%), hepatomeg- 
aly (45%), and fibrous dysplasia of long bones (25%). Mild 
muscular hypotonicity (68%) was the only neurologic abnor- 
mality. Although more typically associated with constrictive 
pericarditis (CP), a mixed constrictive-restrictive phenotype 
has been described as not all patients have improved with per- 
icardiectomy, and myocardial hypertrophy and fibrosis have 
been reported (54,55). 


ETIOLOGIES 


RCM has multiple causes and may result from myocardial dis- 
eases including noninfiltrative or infiltrative processes, storage 
diseases, endomyocardial diseases, myocarditis, and following 
cardiac transplantation (56) (Table 57.2). The pathology and 
histology vary with the underlying disease process. The most 
common etiology of RCM worldwide is secondary to endo- 
myocardial fibrosis (EMF). EMF is estimated to affect 10 mil- 
lion people worldwide, occurring most often in children and 
adolescents (57,58). In adults outside the tropics, amyloidosis 
is the most common cause of RCM (59). One case of cardiac 
amyloidosis has been reported in a pediatric patient (5). In the 
pediatric population, outside the tropics, idiopathic RCM is 
probably the most common cause of RCM based on reported 
cases in the literature (3-37). 

Endomyocardial Disease 

EMF was first described by Davies in 1948 (60). It occurs 
most frequently in tropical and subtropical Africa, particularly 
Uganda and Nigeria. However, it is also found in tropical and 
subtropical regions throughout the world. It is occasionally 
seen in temperate climates, usually in individuals who previ- 
ously lived in tropical areas. The etiology or etiologies remain 
unknown. Hypereosinophilia, likely related to parasitic infec- 
tions, has occurred in some patients. However, there does not 
appear to be an increased prevalence of parasitic infections 
in patients with EMF. Autoimmunity, genetic, dietary, and 
environmental chemical factors have all been implicated in the 
development of EMF (58). 

The disease occurs most often in children to young adults 
(57,58,61). Familial occurrence, and in some countries a 
high incidence in some ethnic groups, suggests a possible 
genetic predisposition (57,58). In a rural area of Mozam- 
bique, the overall prevalence of EMF was 20% in the popu- 
lation, but increased to 28% when two family members were 
affected and 39% when three or more family members were 
affected (57). 

The disease is most commonly biventricular, followed by 
pure left ventricular involvement approximately 40% of the 
time and purely right ventricular in 10% (62). The symptom 
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Causes of Restrictive Cardiomyopathies 
in Children and/or Adults 

Myocardial 

Endomyocardial 

Idiopathic 

Endomyocardial fibrosis 

Familial/genetic 

Hypereosiniophilic syndrome 
(Loffler endocarditis) 

Scleroderma 

Endocardial fibroelastosis 

Myocarditis 

Carcinoid 

Cardiac transplant 

Metastatic cancers 

Pseudoxanthoma elasticum 

Radiation 

Diabetic cardiomyopathy 

Drugs — anthracyclines 

Amyloidosis 

Serotonin 

Sarcoidosis 

Methysergide 

Gaucher disease 

Ergotamine 

Hurler disease 

Mercurials 

Fatty infiltration 

Busulfan 

Hemochromatosis 

Fabry disease 

Glycogen storage diseases 

Cystinosis (possibly) 

Emery-Dreifuss 


Coffin-Lowry syndrome 


complex varies with the site or sites of involvement. 
Symptoms from pulmonary venous congestion result from 
left-sided disease, while right-sided disease results in signs and 
symptoms from systemic venous congestion. Involvement of 
the mitral or tricuspid valve apparatus can result in signifi- 
cant valvular regurgitation. Medical and surgical therapy is 
palliative. 

The histology of EMF is characterized by endocardial fibro- 
sis of variable thickness. Histologic changes occur in predomi- 
nantly three areas: the left ventricular apex, the mitral valve 
apparatus, and the right ventricular apex that may extend to 
the supporting structures of the tricuspid valve. In severe cases, 
the process may extend to the outflow tracts. Small patches of 
fibroelastosis may occur in the outflow tracts, but the elastin 
component is thought to be secondary and not a primary part 
of the process. Cellular infiltrates are not prominent. Eosino- 
philia is not typically a prominent feature in contrast to Loffler 
endocarditis. 


Hypereosinophilic Syndrome/Loffler Endocarditis 

Loffler endocarditis or the hypereosinophilic syndrome (HES) 
is similar to EMF in many respects. There is continued debate 
whether they are variants of the same disease. Although there 
are pathologic and clinical similarities, there are important 
contrasts. HES is typically seen in temperate climates. It is 
more common in adult males. Hyper eosinophilia is present. 
HES includes persistent eosinophilia with 1,500 eosinophils/ 
mm 3 for at least 6 months or until death with evidence of organ 
involvement. Usually, in HES, various organs besides the heart 
are involved and may include the lungs, bone marrow, and 
brain (63). The cause of the eosinophilia is usually unknown, 


but may be leukemic or secondary to parasitic, allergic, granu- 
lomatous, hypersensitivity, or neoplastic disorders (64). 

Cardiac histologic findings include variable degrees of 
eosinophilic myocarditis (not characteristically seen in EMF), 
inflammatory reaction in the small intramural coronary vessels 
with thrombosis and fibrinoid change, and endocardial mural 
thrombosis and fibrotic thickening (62). 

The clinical picture may include weight loss, fever, cough, 
rash, and heart failure. Systemic embolism is frequent. Death 
is usually secondary to the cardiac manifestations of the dis- 
ease. Therapy for the hypereosinophlia may include corticos- 
teroids, hydroxyurea, or vincristine, but this area of therapy 
is usually not directed by a cardiologist. Cardiac therapy has 
included digoxin, diuretics, afterload reduction, and antico- 
agulation. Surgical approaches have included mitral and/or 
tricuspid valve repair or replacement and excision of fibrotic 
endocardium and may be useful for symptom palliation of 
intractable heart failure. However, pediatric case reports and 
case series of HES and EMF patients report a relatively high 
reoperation rate secondary to dysfunction of the mechanical 
or bioprosthetic valves with recurrent thrombosis, fibrosis, 
or tearing despite anticoagulation (65,66). Significant cardiac 
symptoms may persist (class II to IV) (66). 


Infiltrative and Storage Diseases 

Several metabolic disorders with specific enzyme deficien- 
cies can result in RCM, including lysosomal disorders such 
as Hurler syndrome, Gaucher disease, and Fabry disease and 
glycogen storage diseases that can be lysosomal disorders or 
result from cytoplasmic enzyme deficiencies. 

Hemochromatosis may be a primary or secondary disease 
resulting from iron overload with subsequent dysfunction 
of multiple organs including the heart. Either RCM or 
more commonly dilated cardiomyopathy may result from 
hemochromatosis . 

Nephropathic cystinosis is an autosomal recessive disease 
that leads to multiorgan failure from intracellular accumula- 
tion of cystine (67). Dixit and Greifer reported one patient 
followed from infancy who developed a cardiomyopathy 
with restrictive features in adulthood and had extremely 
high cystine levels in the myocardium. Owing to the patient’s 
history of renal failure, renal transplantation, and hyper- 
tension, the exact etiology of the restrictive physiology is 
uncertain. 

Sarcoidosis is a noncaseating granulomatous disorder that 
is more common in adults than in children. The granuloma- 
tous inflammatory process can affect the heart and result in 
RCM. Systolic dysfunction, pericarditis, conduction system 
disease, and sudden death may also occur. Although a com- 
mon cause of RCM in adults, amyloidosis as a cause for RCM 
in pediatrics has been reported in only one case (5). 


Drugs and Therapeutic Agents 

Anthracyclines, serotonin, methysergide, ergotamine, mercu- 
rial agents, busulfan, and chloroquine have been reported to 
cause RCM (68-72). Mediastinal radiation has also resulted 
in RCM (73). 

Idiopathic 

Outside the tropics, the idiopathic form of RCM is probably 
the most common form in children. Although the family his- 
tory is positive in only approximately 30% of this population, 
a genetic basis or predisposition for the development of the 
disease is likely. 
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Figure 57.1. The left atrium (LA) is massively dilated, dwarf- 
ing the size of the left ventricle (LV) in this autopsy specimen 
from a patient with restrictive cardiomyopathy. 


PATHOLOGY 


Figure 57.1 demonstrates the typical appearance of a heart 
from a patient with idiopathic RCM. The left atrium dwarfs 
the left ventricle. The left ventricular cavity size is normal 
with no appreciable left ventricular hypertrophy. In the vast 
majority of cases, the hearts are otherwise structurally normal, 
although there have been rare reports of patients who also 
have atrial septal defects or small hemodynamically insignifi- 
cant ventricular septal defects (11,30). The histology in idio- 
pathic RCM is nonspecific revealing varying degrees of fibrosis 
and myocyte hypertrophy (3,34,37). The histology may vary 
with the underlying disease process. 


PATHOPHYSIOLOGY 

Diastolic function is primarily affected by ventricular 
compliance/stiffness and relaxation. In the normal heart, the 
phase of rapid or early filling occurs as the left ventricular 
pressure drops below that in the left atrium, just after the 
mitral valve opens, and accounts for most of the ventricular 
filling (74,75). The duration of the next phase, called diastasis, 
is variable and heart rate dependent, permitting <5% of fill- 
ing. The last phase of diastole is atrial systole and accounts for 
approximately 15% of normal ventricular filling. In the classic 
description of RCM, ventricular filling is completed in early 
diastole with little or no filling in late diastole. In this model, 
restrictive physiology results from increased myocardial stiff- 
ness with decreased compliance, causing a marked ventricular 
pressure rise with small changes in volume. 

The earliest phase of clinical diastole is isovolumic relaxa- 
tion which is an active energy-requiring process for the uptake 
of calcium ions into the sarcoplasmic reticulum. Ischemia and 
hypertrophy can both result in abnormal relaxation owing to 
changes in calcium uptake. Gewillig et al. reported on six chil- 
dren with RCM who by catheterization and echocardiography 
had parameters suggesting delayed relaxation as well as restric- 
tive filling as the mechanisms for the RCM. In their patients, 
early filling contributed approximately 56%, middiastolic fill- 
ing 28%, and atrial filling 16% to total ventricular filling. They 
suggested that the restrictive hemodynamics were caused by 
dysfunction and delay of active relaxation of the ventricle rather 
than increased intrinsic stiffness of the ventricular wall (12). 

It is likely that, as diastolic diseases become better under- 
stood, RCM is likely to result from abnormal stiffness or 


abnormal relaxation or both depending on the underlying 
cause of the disease and disease progression. 


CLINICAL PRESENTATION 


In children, heart failure signs and symptoms from RCM are 
often confused with other diseases. Common presenting symp- 
toms often appear to be pulmonary related. Children with 
RCM frequently have dyspnea on exertion and older children 
may complain of exercise intolerance. A history of “recurrent 
lower respiratory tract infections” or “asthma” is common. 
Referral to a cardiologist eventually occurs when cardiomeg- 
aly is noted on chest x-ray. 

Additional common reasons for referral are abnormal 
physical exam findings. Patients who have ascites, hepato- 
megaly, and edema are frequently referred to a gastroenterolo- 
gist first. Referral to the cardiologist occurs when additional 
cardiac signs or symptoms occur, a chest x-ray is noted to be 
abnormal, or no specific gastrointestinal etiology is found for 
the edema and hepatomegaly. Earlier referral to a cardiologist 
occurs when the presenting sign is an abnormal heart sound, 
such as murmur, gallop, or loud P2. 

Syncope accounts for approximately 10% of the presenting 
complaints. Syncope in this patient population may be related 
to ischemia, arrhythmias, or thromboembolism (11,12). 
Ischemia and/or arrhythmias may be the most common causes 
of syncope and sudden death in this patient population (7,37). 
In one case, no definitive mechanism for syncopal episodes 
was found, an arrhythmia was ruled out, and there were no 
ischemic changes on treadmill testing (4). 

Two children had sudden cardiac death as their presenta- 
tion at ages 6 and 16 years, presumably secondary to familial 
RCM as there were 13 other affected family members in five 
generations (14). 

A positive family history was an infrequent reason for 
referral in the published reports. 

Physical Examination 

Common findings include a gallop rhythm and a loud P2. 
Hepatomegaly, ascites, and edema are also commonly found. 


DIAGNOSTIC STUDIES 
Electrocardiograms 

The electrocardiogram is extremely useful in screening 
for RCM. Approximately 98% are abnormal (3-12,14- 
27,30,32,37). Figure 57.2 is a representative example. The 
most common abnormalities are right and/or left atrial 
enlargement; however, ST segment depression and ST-T wave 
abnormalities are frequently present. Right and/or left ven- 
tricular hypertrophy can also be seen as well as conduction 
abnormalities. 

Hotter 

Holter evaluations can also be useful, not only for rhythm 
evaluation but also for ST segment analysis. Rivenes et al. 
(11) reported Holter results in 12 patients, 8 of whom had 
ischemic changes with ST segment depression from 3 to 12.7 
mm, most evident at higher heart rates. In one patient, the 
development of ventricular tachycardia was preceded by chest 
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Figure 57.2. ECG from a 2-year-old with restrictive cardiomyopathy demonstrating sinus rhythm with biatrial 
enlargement, qR pattern in the right chest leads, and ST segment depression and T wave inversion in the infero- 
lateral and lateral chest leads. 


pain and ST — segment depression of 8.2 mm. The patient had 
been hospitalized at the time due to recurrent chest pain. Case 
reports have also demonstrated ischemic or infarct patterns 
on ECG and autopsy, and in some children, chest pain related 
to the ischemia was identified, suggesting this is an impor- 
tant cause of morbidity and mortality in this patient popula- 
tion (8,11,17,18). Hayashi et al. (37) did not find coronary 
abnormalities by catheterization in their RCM patients with 
ST segment depression, nor did they find perfusion defects on 
exercise testing in the majority of their patients leading them 
to conclude that arrhythmia is a more common cause of sud- 
den death than ischemia-mediated events. However, the most 
likely cause of ischemia in this patient population would be 
relatively diffuse hypoperfusion of the subendocardial myo- 
cardium due to the high diastolic filling pressures impairing 
coronary perfusion, and not coronary abnormalities per se. 
This type of hypoperfusion, if diffuse, would also be harder to 
detect by exercise myocardial perfusion studies. Cardiac MRI 
with delayed enhancement might be a better tool to further 
investigate this mechanism. 

Of the pediatric studies reporting arrhythmias, approxi- 
mately 15% of the patients had arrhythmias and/or conduc- 
tion disturbances (3,4,9-11,21,25,27,30,34,37). Atrial flutter 
was the most commonly reported arrhythmia. High-grade 
second-degree and third-degree heart block were the next 
most commonly reported rhythm disturbances. Atrial fibrilla- 
tion and atrial tachycardias, Wolff-Parkinson-White syndrome 
with supraventricular tachycardia, symptomatic sinus brady- 
cardia requiring pacing, and ventricular tachycardia and tor- 
sade were also reported. 

Chest Radiographs 

The chest x-ray appears to be a useful screening test, as it is 
abnormal in approximately 90% of cases (3-12,14-24,30,37). 
Cardiomegaly and pulmonary venous congestion are the most 
common abnormalities. 


Echocardiography 

The echocardiogram is usually diagnostic (Fig. 57.3). On 2-D 
imaging, classic cases demonstrate markedly dilated atria, 
often dwarfing the size of the ventricles. Typically, there is 
normal or nearly normal left ventricular systolic function 
and absence of significant hypertrophy or dilation. However, 
based on studies reporting systolic functional parameters, 
as many as 30% may present with or develop a depressed 
shortening or ejection fraction (3,10,12,30). Reported short- 
ening fractions have been as low as the low 20s with ejection 
fractions as low as the upper 30s. In addition, as many as 
40% have or develop mild, and sometimes progressive, left 
ventricular hypertrophy (3,4,10,12,30). Variable patterns of 
hypertrophy have been reported including concentric, “mid 
septal bulge,” apical hypertrophy, and “atypical hypertro- 
phy.” It is possible that the subset of patients with hypertro- 
phy may have a troponin I mutation. The “mixed restrictive/ 
hypertrophic phenotype” can result in a confusing clinical 
picture in terms of diagnosis, RCM versus HCM, and opti- 
mal therapeutic approaches. During 2-D imaging, thrombi 
should be specifically sought. Thrombotic and embolic 
events have been described in approximately 20% of pedi- 
atric patients with idiopathic RCM reported in nine stud- 
ies (3,4,9,10,12,26,30,76,77). In HES and EMF, there may 
be obliteration of the apex by thrombus. In HES and EMF, 
the atrioventricular valve apparati are frequently involved in 
the pathologic process with thickening of valve leaflets and 
decreased excursion, particularly of the mitral valve. In idi- 
opathic RCM, the valves are typically normal in appearance. 
Pericardial thickening on 2-D evaluation would suggest CP 
and not RCM. 

Doppler patterns of diastolic dysfunction have been well 
characterized in adults and pediatric data have also been 
reported (78,79). Although many studies have characterized 
Doppler findings in adults with RCM, only a few pediatric 
studies have described Doppler findings in children with RCM 
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Figure 57.3. Echocardiogram from a child 
with RCM. Panel A demonstrates severe 
biatrial enlargement, dwarfing the size of the 
ventricles. Panel B demonstrates mitral inflow 
with an increased E to A ratio and a shortened 
deceleration time. RA, right atrium; LA, left 
atrium; RV, right ventricle; LV, left ventricle. 




(9,10,12,27). Some of the children in some of these studies did 
not have complete Doppler data as all the pediatric studies 
have been retrospective. In the patients described, the findings 
consistent with restrictive filling and increased left ventricu- 
lar end diastolic pressure included elevated E/A ratios, short 
mitral deceleration times, increased pulmonary vein atrial 
reversal velocity and duration, and pulmonary vein atrial 
reversal duration greater than mitral A duration (9,10,27). 
Restrictive hemodynamics are typically thought to be caused 
by increased ventricular wall stiffness; however, idiopathic 
RCM may also result from disorders of delayed active relaxa- 
tion. The Gewillig et al. (12) study described six children with 
idiopathic RCM whose Doppler profiles were consistent with 
restrictive filling with elevated E/A ratios and shortened decel- 
eration times, but who also had parameters suggesting dys- 
function and delay of active relaxation of the ventricle. In their 
patients, mitral inflow patterns revealed a prominent mitral 
L wave with middiastolic filling accounting for approximately 
28% of total ventricular filling. The left ventricular pressure 
curve showed a small but steady decline during middiastolic 
filling on cardiac catheterization, implying that the driving 
force for filling was “ventricular suction” and not increased 
left atrial pressure. Friedberg and Silverman have reported on 
the systolic (S) to diastolic (D) duration ratio in children with 
heart failure secondary to RCM (80). Children with RCM had 


an elevated S/D ratio compared to controls due to a prolonga- 
tion of systole with shortened diastole. This was not specific to 
heart failure in RCM, however, as they found similar results in 
children with dilated cardiomyopathy. 

In adults, Doppler tissue imaging has been used to help dif- 
ferentiate between RCM and CP (81,82). A mitral E' of >8 
cm/s was highly sensitive and specific for differentiating CP 
from RCM (82). This cutoff point needs further evaluation in 
children. 


Cardiac Catheterization and Endomyocardial Biopsy 

Cardiac catheterization is an important part of the evaluation 
in patients with RCM and should be performed at the time 
of diagnosis. Catheterization can help differentiate between 
RCM and CP, although virtually all hemodynamic features 
can overlap (83). 

Both diseases typically have an early diastolic dip and 
subsequent plateau pattern, also called the square root sign 
(Fig. 57.4) (62,83). In “classic” RCM, the left ventricular end 
diastolic pressure, left atrial pressure, and pulmonary capil- 
lary wedge pressure are markedly elevated and at least 4 to 
5 mm Hg (preferably 10 mm Hg) greater than the right atrial 
pressure and right ventricular end diastolic pressure. In cases 


Figure 57.4. Pressure tracing during car- 
diac catheterization in a patient with 
restrictive cardiomyopathy (RCM) dem- 
onstrating the dip and plateau or square 
root sign that may be seen in either RCM 
or constrictive pericarditis. LV, left ven- 
tricle; RV, right ventricle. 
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in which the pressures are essentially equal, volume loading 
may bring out the differences in pressure between the right 
and left sides. 

Pulmonary hypertension is frequently present at the time of 
initial catheterization in addition to elevated left and/or right 
ventricular end diastolic pressures (3,10,27,29-31,34-36). 
The initial pulmonary vascular resistance index (PVRI) may 
be normal to as high as 24 U m 2 (3,10,27,29-31,34-36). In 
studies providing follow-up data 0.3 to 8 years after presenta- 
tion, the PVRI ranged from normal to 30 U m 2 (3,30,31). The 
pulmonary vasculature frequently remains reactive, however 
(31,35,36). The Kinberling study suggested the best response 
was to nitric oxide (31). However, in the study by Weller et al. 
(30), 40% were precluded from orthotopic heart transplant 
due to an elevated and nonreactive pulmonary vascular resist- 
ance at the time they were evaluated for cardiac transplanta- 
tion. None of the studies predicted when or in whom fixed 
pulmonary vascular resistance would develop. 

Endomyocardial biopsies generally are nondiagnostic, 
showing varying degrees of fibrosis and hypertrophy (3,34,37). 
Increased numbers of mitochondria are seen in some patients 
as is an increase in glycogen (3,5,10). One case of cardiac amy- 
loidosis in a pediatric patient has been reported, but endo- 
myocardial biopsy is rarely diagnostic of a specific etiology 
(3,5,10,12,34,37). Desmin myopathy has been seen in skeletal 
muscle biopsy and cardiac tissue, leading to an etiologic diag- 
nosis (26,41). This can signify impending skeletal myopathy 
and/or conduction system disease and should be evaluated for 
in any biopsy tissue obtained. However, finding a specific etiol- 
ogy by endomyocardial biopsy is uncommon, and the proce- 
dure is not risk free in these tenuous patients (3,19,34). 


DIFFERENTIAL DIAGNOSIS 


CP is the disease process that is most commonly confused with 
RCM. The clinical presentation of patients with RCM and CP 
can be very similar as can results of tests used to differentiate 
between the two. Table 57.3 summarizes the findings of typi- 
cal test results for the two disease processes; however, consid- 
erable overlap may occur. In most cases, noninvasive studies 
and hemodynamic catheterization without an endomyocardial 
biopsy can distinguish between RCM and CP. However, in 
limited cases, endomyocardial biopsy may be necessary to help 
distinguish CP from RCM. The findings in CP are nonspecific. 
The absence of myopathic findings lends support to the diag- 
nosis of CP, while the presence of myopathic changes suggests 
RCM, but infrequently identifies a specific diagnosis in RCM 
(3,10,12,34,37). Children with RCM or CP are hemodynami- 
cally fragile. Case series and reports in children with RCM 
have reported deterioration and death during or shortly after 
catheterization and biopsy (4,19,34). Therefore, careful con- 
sideration of the risk-benefit ratio of the information that is 
likely to be obtained by the biopsy should be undertaken prior 
to catheterization. Rarely, exploratory thoracotomy is neces- 
sary to differentiate CP from RCM, as there continue to be 
cases in which the hemodynamic profile has so much overlap 
that thoracotomy is necessary for diagnosis. Henein et al. (84) 
have suggested that, in those cases in which pericardial disease 
is found, the term restrictive pericarditis should be applied. 
Wang et al. (85) reported a case of a child with mixed CP 
and RCM features. Features consistent with CP included peri- 
cardial calcification and a lateral mitral annular tissue Doppler 


Restrictive Cardiomyopathy Versus Constrictive Pericarditis 


RCM 

CP 

ECG finding 

Atrial enlargement 

LVH and/or RVH 
Low-voltage QRS 

ST-T wave abnormality 

Nearly universal 

Common 

Unusual 

Common 

May be present 

Usually absent 

Common 

Common 

Chest x-ray 

Calcification 

Absent 

<21% 

Echocardiogram 

Pericardial thickening 

Atrial dilation 

Wall thicknesses 

Systolic function 

Septal bounce 

Absent 

Marked 

Normal to mild hypertrophy 

Normal to depressed 

Absent 

May be thickened 

May be enlarged 

Usually normal 

Normal 

Usually present 

Doppler 

Respiratory flow changes 

Occasional 

Usually marked 

Gated MRI/CT 

Normal pericardium 

Usually thickened 

Cardiac catheterization 

PWP and LVEDP may exceed RAP and 
RVEDP by >4 mm Hg 

RVSP often >50 mm Hg 

RAP = PWP, RVEDP = LVEDP 
usually within 4 mm Hg 

RVSP usually <50 mm Hg 

RV endomyocardial biopsy 

Usually abnormal (frequently nonspecific) 

Usually normal 

Thoracotomy 

Normal pericardium 

Usually abnormal pericardium 


CP, Constrictive pericarditis; LVH, left ventricular hypertrophy; RVH, right ventricular hypertrophy; PWP, pulmonary wedge pressure; 
LVEDP, left ventricular end diastolic pressure; RAP, right atrial pressure; RVEDP, right ventricular end diastolic pressure; RVSP, right 
ventricular systolic pressure; RV, right ventricular. 
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velocity of 18 cm/s; however, endomyocardial biopsy showed 
myocyte hypertrophy and fibrosis, thought to be more 
consistent with a cardiomyopathic process. Pericardiectomy 
resulted in symptomatic improvement despite the myopathic 
features on endomyocardial biopsy even though the calci- 
fied pericardium could not be completely resected. If CP is 
identified, pericardiectomy may be curative and is the treat- 
ment of choice. However, in patients with RCM, exploratory 
thoracotomy is not a benign procedure, has no therapeutic 
benefit, and may result in death (30). Therefore, every effort 
should be made to establish the diagnosis of RCM without 
exploratory thoracotomy. 

Brain natriuretic peptide (BNP) has been used to help dif- 
ferentiate CP from RCM in adults (86,87). In a small case 
series of adults by Leya et al. (87), all patients with CP had 
BNPs that were <200 pg/mL and were statistically significantly 
less than those with RCM. The lowest BNP in the RCM group 
was 639 pg/mL. Subsequent studies in adults have found sta- 
tistically significant differences in BNP levels between those 
with CP and those with RCM, but significantly more overlap 
was seen in the BNPs between groups, particularly if the CP 
was secondary to prior cardiac surgery or radiation therapy 
rather than a primary CP, making the BNP less definitive for 
differentiating between CP and RCM (86,87). 

Cardiomyopathies may be difficult to classify as overlap- 
ping phenotypes occur (3,10,12,30). Because some children 
with RCM may have some degree of left ventricular hyper- 
trophy (3,4,10,12,30), confusion may arise as to whether the 
patient has RCM versus HCM, that is, the “mixed restrictive/ 
hypertrophic phenotype.” Other patients with HCM may have 
very dilated atria with restrictive physiology. Since a variety of 
phenotypes can be seen in the same family with the same gene 
defect, it is not surprising that phenotypes sometimes over- 
lap. This is of more than semantic importance as children with 
HCM with restrictive physiology have a better prognosis than 
children with “pure” RCM, but not as good a prognosis as 
those with “pure” HCM (88). In addition, the Maskatia et al. 
study suggests that children with HCM and restrictive physi- 
ology have a long-term survival that is equivalent to average 
post-heart transplant survival in children. Therefore, listing in 
a number of these patients may be delayed longer than listing 
for “pure” RCM (89). There is also evidence of phenotypic 
overlap between RCM and noncompaction cardiomyopa- 
thy (90-92). Patients with dilated cardiomyopathy can also 
develop restrictive physiology (29). 


OUTCOME 

The prognosis in children with RCM is poor 
(3-5,8,9,11,12,29,34,37). Approximately half of the children 
die or have transplantation within 2 to 3 years of diagnosis. 
The prognosis in RCM appears to be significantly worse than 
in patients with HCM or dilated cardiomyopathy in whom the 
2-year mortality rates are reported to be 12.7% and 13.6%, 
respectively (7). In RCM, heart failure-related deaths are the 
most common. Sudden cardiac death has also been reported to 
be a common cause of death in children with RCM (11,37). In 
the study by Rivenes et al. (11), sudden cardiac death occurred 
in 28% of children with an annual mortality rate of 7%. This 
is comparable to a 31% incidence of sudden death in chil- 
dren with HCM reported by Maron et al. (93). Sudden death 
occurred in 14% of the patients reported by Russo and Web- 
ber (34) and in 33% in the Hayashi study (37). 

Factors associated with poor prognosis have not been con- 
sistent between studies. Some studies suggest an increased risk 
for death from heart failure in the presence of cardiomegaly 
and pulmonary venous congestion on chest x-ray, age younger 


than 5 years, thromboembolism, and elevated PVRI (9,10,30). 
However, Russo and Webber did not find age or presence or 
absence of heart failure symptoms at presentation to be prog- 
nostic (34). They found that higher end diastolic pressures and 
larger left atriahaortic ratios correlated negatively with sur- 
vival. Children with heart failure are also at risk from ischemic 
complications as well (11). When comparing survival with 
RCM versus survival after transplant, it is evident that trans- 
plant results in longer survival in the majority of cases (30). 


MANAGEMENT 


There was no consistent approach to therapy in the studies 
reviewed. Various medications were given in various combina- 
tions including diuretics, digoxin, afterload reducing agents, 
calcium channel blockers, and beta-blockers. Due to the small 
number of patients in each study and the lack of uniform- 
ity of treatment within studies, the benefits or risks of these 
therapies could not be determined. Bengur et al. (94) reported 
that captopril lowered the aortic pressure by 24% without an 
increase in cardiac output, when administered during cardiac 
catheterization to four pediatric patients with RCM. They sug- 
gested that captopril should not be used in patients with RCM. 
However, in the studies that reported the use of ACE inhibi- 
tors, acute decompensation was not reported, nor was thera- 
peutic or symptomatic benefit reported (3,4,10,27,30,31,37). 
Modulation of neurohumoral activation by ACE inhibitors 
may affect fibroblast activity, interstitial fibrosis, intracellu- 
lar calcium handling, and myocardial stiffness. In adults with 
diastolic heart failure, the use of ACE inhibitors has been sug- 
gested, but data are limited in adults as well (95). The risks 
and benefits of ACE inhibitors in pediatric RCM remain to be 
determined. 

In adults with diastolic dysfunction, tachycardia is poorly 
tolerated; therefore, beta-blockers or some calcium channel 
blockers have been suggested as part of the treatment regimen 
(95). In the pediatric article by Rivenes et al. (11), beta-blocker 
therapy was suggested to blunt rapid heart rates in their 
patient population in whom significant ST segment depression 
was noted at higher heart rates. Subsequently, three children 
<5 years old were reported who were begun on propranolol 
(n = 2) or metoprolol (n = 1) and who did not tolerate beta- 
blocker therapy (96). In the first patient, episodes of pallor, 
weakness, and listlessness occurred. The patient was on telem- 
etry and no arrhythmias were documented, nor were neuro- 
logic sequelae seen. The episodes stopped when propranolol 
was discontinued. The second patient developed staring spells 
and profound diaphoresis. One episode occurred while the 
patient was in the hospital; it was terminated with the admin- 
istration of a high dextrose infusion (D50) before a blood 
glucose was obtained. The propranolol was discontinued and 
the episodes stopped. The patient who received metoprolol 
became irritable and restless after 2 to 3 days on the medi- 
cation with some improvement initially after stopping the 
drug. Further studies are needed to determine the role of beta- 
blocker therapy in this disease. 

At present, medical therapy remains supportive and should 
be started with the patient hospitalized due to the fragile 
nature of these patients. Diuretics are useful in patients with 
signs and symptoms of systemic or pulmonary venous conges- 
tion. Overdiuresis should be avoided because these patients 
are sensitive to alterations in preload. Due to the 20% inci- 
dence of thromboembolic events, antiplatelet therapy or anti- 
coagulants should be administered. 

Since current medical therapy appears to be ineffective, 
the development of pulmonary hypertension is common and 
mortality is high, cardiac transplantation is the definitive 
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therapy. Outcomes in children transplanted for RCM are 
comparable to children transplanted for other forms of heart 
disease (31,35,36,97). Although some untransplanted patients 
may remain relatively well for over 10 years (34), this is an 
unpredictable minority. Most patients should be evaluated 
and listed for transplantation “early”; however, the defini- 
tion of “early” remains controversial (11,34-35,97). Patients 
should undergo cardiac catheterization at the time of diagno- 
sis with testing for pulmonary vasoreactivity if the PVRI is >6 
Um 1 2 3 or the transpulmonary gradient is >14 to 15 mm Hg. In 
many patients, the resistance can be lowered, and successful 
orthotopic transplants have been performed in children whose 
PVRIs were above 9 U m 2 , as long as they demonstrated pul- 
monary vascular bed reactivity (35,36). Some children may 
benefit from continuous infusion of prostacyclin while await- 
ing determination of the best transplant strategy, that is, 
orthotopic versus heterotopic versus heart-lung (35). Ortho- 
topic heart transplant is the preferred transplant since survival 
is better than heart-lung transplant and more feasible than 
heterotopic transplant in small children, although heterotopic 
heart transplantation has been performed in small children 
with RCM (35,98). When pulmonary vasodilator therapies 
are used, careful monitoring for the development of pulmo- 
nary edema is necessary as the left atrial pressure may rise, 
negating the benefit of the fall in pulmonary artery pressures. 
It is preferable to list patients before these treatment strategies 
are necessary. If patients are not listed at the time of diagnosis, 
then close follow-up with regular reassessment of the pulmo- 
nary artery pressure and resistance is necessary. 

Dipchand et al. (99) reported that children with RCM were 
less likely to be listed as status 1, ventilated, or to be receiv- 
ing inotropes, and had fewer arrhythmias at listing than their 
counterparts with dilated cardiomyopathy. However, their 
likelihood of death while waiting was similar, suggesting that 
these lower status patients were as vulnerable as the higher sta- 
tus children with dilated cardiomyopathy (99). Zangwill et al. 
(97) reviewed the outcomes of 145 children with RCM listed 
for heart transplantation, 44% of whom were listed UNOS 
status 1. They found that children requiring mechanical sup- 
port and infants had a significantly higher risk of death while 
waiting than other children listed with RCM. These studies 
underscore the importance of not waiting “too long” to list 
these patients. 

While listed for transplantation, patients should have peri- 
odic Holter monitoring performed, and as symptoms dictate, 
to evaluate for signs of ischemia, ventricular arrhythmias, 
or developing conduction disturbances. Implantable defi- 
brillators should be considered for patients with evidence 
of ischemia and ventricular arrhythmias. Strenuous physical 
activity should be avoided. 

Since the only definitive therapy for RCM, at the present 
time, is cardiac transplantation, better medical therapies are 
needed for the treatment of RCM. Improved methods of risk 
stratification are needed for RCM patients to identify those 
at greatest risk for thromboembolism, rapid progression of 
elevated pulmonary vascular resistance, and sudden death. 
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M uscular dystrophy (MD) is associated with cardiomyopa- 
thy (CM) (sometimes dilated), conduction disturbances, 
or both. Depending on the type of dystrophy, and possibly the 
location of the gene abnormality, expression can be variable. 
With the advent of genetic testing, these diseases are being 
studied much more systematically and vigorously. The result 
is that more specific information about each type and sub- 
type has been gained. These newer understandings about the 
diseases and their nuances will ultimately lead to improved 
diagnosis and likely different classifications and therapeutic 
approaches. 


MUSCULAR DYSTROPHIES WITH CLINICAL 
CARDIAC DISEASE 


Myotonic muscular dystrophy is the most common form of 
MD (inclusive of both adults and children). On the basis of 
new molecular insights, at least two variants must be consid- 
ered (1,2). The classic disorder is referred to as dystrophic 
myotonia type 1 (DM1). It is associated with a CTG repeat in 
the 3 ' untranslated region of dystrophica myotonica-protein 
kinase gene. Repeat size instability leads to anticipation 
in disease onset from one generation to the next, and the chil- 
dren of mothers with DM1 can have congenital dystrophica 
myotonia, a severe grave form of the disease in which the 
CTG repeat is far more expanded. In these infants, the car- 
diac manifestations are considerably more severe (dilated 
cardiomyopathy (DCM), cardiac rhythm disturbances, and 
sudden death). A second variant of myotonic dystrophy, 
characterized only in the last few years, is referred to as 
DM2. Several notable differences from the classic disorder 
start with the molecular defect characterized by a CCTG 
expansion in intron 1 of the finger protein 9 (ZNF9) gene. 
The cardiac manifestations also include conduction system 
disease as in DM1. The congenital form of the disease is not 
seen in DM2. 

Dystrophin deficiency causes the second largest group of 
dystrophies with cardiac involvement (and the most common 
in childhood). The severity of the skeletal muscle disease cor- 
relates with the quality and quantity of dystrophin, the prod- 
uct of the X-linked DMD gene. Duchenne muscular dystrophy 
(DMD) is the most severe variant, and is typically associated 
with <5% of normal levels of dystrophin in skeletal muscle. 
Becker muscular dystrophy (BMD) is a milder form of dys- 
trophinopathy, in which greater amounts of dystrophin pro- 
tein are present in the muscle. These differences in dystrophin 
expression are due to differing DMD mutations that either 
truncate protein expression or allow expression of protein of 
diminished size or amount. 

Another unique disorder with prominent cardiac mani- 
festations is Emery-Dreifuss muscular dystrophy (EDMD). 


EDMD refers to a syndrome caused by more than one gene 
defect. The classic disease, X-linked EDMD (XL-EDMD), is 
marked by striking contractures (particularly at the elbow) 
and in most cases is caused by a mutation of the STA gene 
that encodes emerin, a protein of the inner nuclear mem- 
brane. Recently, another X-linked gene FHL1 has been dem- 
onstrated to be the cause of about 10% of XL-EDMD (3) 
Mutations in the LMNA gene are responsible for autosomal 
forms of EDMD, which occur most commonly as autosomal 
dominant (AD) and occasionally as autosomal recessive (AR) 
traits. Both are almost identical in signs and symptoms to the 
X-linked form. The LMNA gene encodes alternatively spliced 
isoforms of type A lamins, lamin A and lamin C (4). Lamins 
are found on the inner nuclear membrane where they inter- 
act directly with other proteins including emerin, seeming 
to account for the overlapping clinical picture. Perhaps add- 
ing to the confusion is a DCM occurring in the absence of 
MD also associated with LMNA mutations. On the other 
end of the spectrum, adding further complexity to the 
LMNA phenotypes, is a generalized form of weakness affect- 
ing pelvic and shoulder muscles referred to as limb-girdle 
muscular dystrophy IB (LGMD1B). It is distinct clinically 
from EDMD because of lack of extremity contractures. Of 
particular relevance, LMNA mutations causing LGMD1B, 
EDMD, and DCM all carry a risk of atrial arrhythmia, CM 
with heart failure, and sudden death (probably owing to 
tachyarrhythmias (5). 

The limb-girdle muscular dystrophies (LGMDs) are a 
clinically and genetically heterogeneous group of disorders. 
LGMDs include both AD (LGMD1) and AR (LGMD2) forms. 
Based on linkage analysis, letters of the alphabet have been 
sequentially assigned to these disorders depending on the 
order in which linkage was established. Thus far identified 
and classified are six types of LGMD1A to IE and fourteen 
subtypes of LGMD2A to 2N (6). Patients usually have pelvic 
girdle weakness with varying degrees of shoulder girdle muscle 
weakness. Mild contractures are seen with LGMDs but are 
never the predominant clinical feature as seen in EDMDs. The 
LGMD phenotypes with CM are described later. 

A comment about the term X-linked cardiomyopathies 
is necessary here for clarification. This is a clinical term 
that did have value in the premolecular genetic era, but, 
with our current degree of understanding regarding spe- 
cific gene defects, it is best to consider the major X-linked 
cardiomyopathies separately. Four separate genetic disor- 
ders with cardiac and skeletal myopathies are found on the 
X chromosome. DMD and BMD already have been dis- 
cussed. These disorders, caused by the same gene mutation 
with varying degrees of dystrophin deficiency, are linked to 
the short arm of the X chromosome at Xp21. The other 
major CM on the X chromosome, EDMD (7), with a 
mutation in the STA gene, is linked to the long arm of the 
X chromosome at Xq28. A third CM on the X chromosome 
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is Danon disease (8), also known as X-linked vacuolar 
CM and myopathy, which is caused by a mutation in the 
gene encoding lysosome-associated membrane protein-2 
(LAMF2) at Xq24. This form of dystrophy can have hyper- 
trophic CM. The final disorder of this group is Barth syn- 
drome (9). It is perhaps the most novel of these X-linked 
disorders. It is a mitochondrial disease caused by a muta- 
tion of the tafazzin gene associated with decreased amounts 
and altered structure of cardiolipin, the main phospholipid 
of the inner mitochondrial membrane. The gene maps to 
the long arm of the X chromosome at Xq28. Patients have 
variable clinical findings, often including heart failure, CM, 
neutropenia, and growth retardation. 


ASSESSMENT TOOLS 


Electrocardiography 

Since many of the dystrophies affect cardiac conduction, the 
electrocardiogram(ECG) offers important information regard- 
ing abnormalities of rhythm, rate, axis, and pattern change(s). 
Specific abnormalities are discussed below with respect to 
findings in particular lesions. 

Holter Monitoring 

Twenty-four-hour electrocardiography gives insight into 
arrhythmias and disorders of conduction seen in patients who 
are often asymptomatic. It also allows measurement of heart 
rate variability in patients with disordered automaticity. 

Echo Doppler Studies 

Somatic deformities associated with various forms of dystro- 
phy may include chest wall deformities and kyphoscoliosis 
that distort the relationship of lungs and heart, creating chal- 
lenges for ultrasound evaluation. It is important to record and 
measure the left ventricular dimensions in diastole and systole, 
areas of dyskinesis and akinesis, anterior mitral valve leaflet 
E-point septal separation (EPSS), shortening fraction (SF), 
ejection fraction (EF), and rates of wall contraction and relax- 
ation. Planimiterization of 2-D images allows fairly accurate 
predictions of left ventricular volumes and EF. More recently, 
the sphericity index, derived from comparing the long-axis left 
ventricular dimensions in diastole and systole with the chord 
from the mitral annulus to the apex in diastole and systole, 
has been used to quantify the myopathy. The value should be 
<0.66. If it approaches 1.0, it indicates that the chamber is 
rounded instead of elliptical (remodeled), and a dilated myo- 
pathy is likely (10). 

Friedberg and Silverman (11) have defined criteria for 
DCM that include prolonged systolic duration and shortened 
diastolic duration. Doppler mitral and tricuspid regurgitation 
jet durations were used to measure systole. Diastole was meas- 
ured as the time from cessation of the regurgitation jet to the 
onset of the next atrioventricular (AV) valve regurgitant jet. 
A ratio of systolic time/diastolic time was derived and cor- 
rected in relation to heart rate. The tricuspid systolic inter- 
val/RR interval in normal subjects was 0.41 ± 0.07 (mitral, 
0.42 ± 0.08), and the systolic/diastolic ratio in normal subjects 
was 0.77 ± 0.24. There are few studies in MD that have used 
this method, but it holds promise as another useful measure- 
ment. See Chapter 9 for a detailed description of functional 
testing by echo and Doppler techniques. 

Doppler analysis is used to demonstrate mitral and aortic 
valve regurgitation. Quantification of tricuspid regurgitation 


allows prediction of systolic right ventricle and pulmonary 
artery pressures. Evaluation of pulmonary regurgitation 
allows estimation of pulmonary arterial diastolic pressures. It 
also is possible to estimate cardiac output by planimiterization 
of the pulsed Doppler aortic waveforms with respect to space 
and time. Newer studies, especially in adult patients, and a few 
in the pediatric population, have used Doppler tissue analysis 
to evaluate wall contractile function and diastolic function. 
These approaches are beginning to have usefulness for evalua- 
tion of CM in the MD population. 

Because many of these patients cannot exercise physi- 
cally, dobutamine stress echo studies may provide infor- 
mation regarding myocardial performance, especially in 
patients with borderline normal resting studies. These stud- 
ies should be performed carefully, recognizing that atrial and 
ventricular tachyarrhythmias could occur during such stress 
testing. 

Other Imaging Methods 

Other tools can be used to measure left ventricular volumes 
and derivation of EFs when patients cannot have adequate 
echo studies; these include magnetic resonance imaging (MRI), 
computerized tomography imaging, radionuclide imaging, 
and positron emission testing. Each has advantages and dis- 
advantages, including cost, accessibility, and limitations, for 
example, the presence of metal rods in patients with previous 
scoliosis surgery may interfere with MRI analysis. There may 
be variability in the information that can be derived from these 
other imaging methods depending on the availability of the 
most recent equipment and the sophistication of the software 
used for analysis. 


MUSCULAR DYSTROPHIES WITH CARDIAC 
INVOLVEMENT 


Dystrophinopathies 

DMD and BMD are related disorders (12-14), differing in 
severity because of the amount or quality of the expressed 
dystrophin protein. In nearly all cases, DMD patients 
express <5% dystrophin in skeletal muscle biopsies, an 
amount insufficient to maintain ambulation much beyond 
age 12. In contrast, in BMD, the gene mutation permits var- 
ying degrees of dystrophin expression that can be quantified 
on skeletal muscle biopsy. In most cases, both the quantity 
and the size of dystrophin are reduced. The amount of dys- 
trophin expressed also can be determined by cardiac biopsy, 
but this is not a common or practical approach. It is impor- 
tant to understand that BMD covers a very broad spectrum 
of disability from mild to severe depending on the specific 
gene mutation. It also is important to note that skeletal and 
cardiac muscle may exhibit paradoxical clinical responses. 
In DMD with severe skeletal muscle loss early in the course 
of the disease related to almost complete dystrophin defi- 
ciency, patients lose ambulation between 10 and 12 years 
of age and have a sedentary wheelchair-dependent lifestyle. 
In this environment, there may be very little stress on the 
heart on a day-to-day basis. This probably accounts for 
the uncommon presence of symptoms and signs of clinical 
heart failure, which often do not manifest without a cata- 
strophic event, such as a life-threatening pulmonary infec- 
tion. In contrast, the patient with BMD who has CM will 
have more skeletal muscle and preserved ambulation that 
create more cardiac demands, leading to symptoms of heart 
failure that mandate treatment. 
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DYSTROPHINOPATHIES: DUCHENNE MUSCULAR 
DYSTROPHY 

Boys with DMD have few problems in the neonatal period. 
Some have delayed onset in walking independently. They 
sometimes crawl later than average. The disease usually is not 
recognized until about 3 years of age because the affected boys 
run and jump poorly and cannot keep up with other children 
in normal play activity. If there is a known family history, for 
example, siblings with DMD, a new male infant may be rec- 
ognized as having DMD with CK and genetic confirmation. 
Through such recognition, the Muscular Dystrophy Associa- 
tion is sponsoring a multicenter trial of early diagnosis and 
natural history in infants. By school age, the difference in mus- 
cular function becomes very apparent. Stair climbing usually 
requires a handrail. They usually climb stairs one step at a 
time rather than alternating from step to step. Falling becomes 
an increasing problem. Facial injuries can result from for- 
ward falls because the arms are too weak to brace against the 
fall. To get up from the floor, boys roll to a prone position, 
spread their legs for balance, first lift their buttocks and then 
“walk” their hands up their legs (Gower sign). By age 6 to 
7 years, most boys assume a waddling gait with a lordotic 
posture. Walking becomes increasingly difficult about age 10, 
and without intervention, most of these patients will become 
wheelchair dependent by about age 12. For the DMD popula- 
tion at large, the IQ is reduced by approximately one standard 
deviation (SD) from the normal population. Cognitive difficul- 
ties affect verbal and memory skills selectively. 

On physical examination, certain features are easily rec- 
ognized and include the following: enlarged (hypertrophied, 
not “pseudohypertrophied”) calf muscles that feel rubbery on 
palpation; weak neck muscles that cannot raise the head from 
supine, especially if the neck is first hyperextended; and weak- 
ness of proximal muscles of varying degrees, always worse 
than distal muscle. Late in the course, all muscle function is 
impaired except for minimal hand movement. Diaphragm 
and intercostal muscles are compromised, leading to poor 
cough, aspiration, and predisposition to pneumonia. A typi- 
cal scenario is an episode of pneumonia that increases cardiac 
demands leading to heart failure. Some patients may have a 
tachyarrhythmia at any time prior to this. Death has histori- 
cally occurred sometime in the early twenties, although aggres- 
sive and early use of nocturnal ventilatory support may have 
created a significant impact in extending life expectancy (15). 


Cardiac Pathology 

Cardiac involvement is universal. There is epimyocardial muscle 
replacement with fat and fibrosis beginning in the left ventricu- 
lar posterior wall behind the posterior mitral annulus. Histo- 
logic studies show that the fibrosis begins at the epicardium 
and progresses toward the endocardium (16). The myocardial 
scarring progresses apically and ultimately invades the septum 
(17). The right ventricle and the atria seldom are involved. 
The fibrosis leads to dysfunction and occasional dilation, espe- 
cially with severe dysfunction, with initial thinning and even 
outpouching of the left ventricular posterior wall behind the 
mitral area to a severe generalized CM. It is possible that the 
left ventricle cannot dilate if the wall is severely fibrotic, creat- 
ing a restrictive myopathy. If dilation is present, the patient can 
develop mitral regurgitation and occasionally, aortic regurgita- 
tion. With left ventricular failure, there can be secondary pul- 
monary hypertension and right ventricular failure associated 
with pulmonary and tricuspid regurgitation. Fibrosis and fatty 
infiltration also can involve the conduction system, including 
the sinoatrial (SA) node and AV node (18,19). 


Cardiac History and Physical Examination 

The patient has very few cardiac complaints, mainly because 
of physical inactivity. Even those with severe CM have few 
symptoms, other than shortness of breath, which can also be 
due to respiratory compromise from their weak chest and dia- 
phragmatic musculature. Some will have postural nocturnal 
dyspnea. Others may detect palpitations if they have ventricu- 
lar or atrial arrhythmias. 

It is important to realize that patients with DMD and BMD 
can have severe complications from anesthesia, including car- 
diac arrest. Most complications seem to be related to use of 
succinylcholine, a muscular relaxant that may trigger hyper- 
kalemia (20). Others have been attributed to use of volatile 
anesthetic agents. Patients also can have a reaction similar to 
malignant hyperthermia (20), develop rhabdomyolysis, and 
have masseter muscle spasm. It is apparent that anesthesia 
must be approached with caution in patients who have dystro- 
phinopathies (20,21). 

The cardiac examination is seldom abnormal, even in the 
presence of CM. Occasionally, third or fourth heart sounds 
may be present. According to Perloff et al. (22), a pulmonary 
outflow murmur is present in most patients, but that has not 
been our experience. Some will have a click and murmur of 
mitral valve prolapse; we have heard this in patients with 
severe chest wall deformities secondary to scoliosis. There may 
be neck vein distention, peripheral edema, or sacral edema. 
The overall examination is often distorted by chest wall 
deformities, especially in older patients who have scoliosis. 

Electrocardiographic Features 

Historically, we have been taught that the characteristic ECG 
in Duchenne shows a shortened PR interval, deep Q waves 
in leads I, aVL, V5, and V6, and occasionally in leads II, III, 
and aVF. There is often a tall right precordial R wave and an 
increased R/S ratio (19,23) (Fig. 58.1). Some have reported QT 
prolongation (24,25) and QT dispersion abnormalities (26). 

A recent prospective study of 115 boys with DMD (40 with 
CM) confirmed that the most commonly seen findings were (a) 
short PR interval (43%), (b) Right Ventricular Hypertrophy 
(RVH) (37%), (c) prominent Q waves in leads V5 (34%) and 
V6 (33%), (d) Q waves in the inferior lateral leads in only 
9, and (e) Q waves in leads I, aVL, V5 and V6 in only 3. 
None had prolonged QT c intervals, Two had ST-T depression 
(1 with CM) and 38 had flat/biphasic ST segments (15 with 
CM). The EKG did not discriminate the CM subgroup from 
the DMD boys who had EF>55% (27). 

An unpublished recent serial analysis of 154 DMD boys (91 
with CM) studied prospectively over a 9.4-year period with a 
total of 805 EKGs (367 in CM group) showed no correlation 
of RVH amplitude with echocardiographic LVID, EPSS, SF, or 
EF. Thus RVH does not correlate with CM (Thrush PT, Allen 
HD, unpublished data). 

Another recent retrospective study of 150 MD patients, 
including 86 DMD boys (51 with CM defined as EF < 55% 
or LVIDd > 2SD = 59%) showed that abnormalities (mainly 
repolarization artifacts, ST-T changes, RVH, or BVH) corre- 
lated well with a general MD population who had CM defined 
as left ventricular internal dimension at diastole (LVIDd) > 2 
SD or EF < 55%. The DMD population was not separated in 
the retrospective paper’s data analysis but abnormalities were 
seen in only 63/213 (29.5%) of the DMD EKGs that were 
analyzed. There was no mention of shortened PR interval or 
correlation with CM in the DMD subpopulation (28). 

Holter analysis has shown that automaticity is also affected 
whereby there is a resting sinus tachycardia, loss of circadian 
rhythm, and reduced heart rate variability in many patients 
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Premium 


FIGURE 58.1. ECG from a 20-year-old patient with DMD. Note the shortened PR interval; Q waves in II, III, 
aVF, V5, and V6; intraventricular conduction delay; and RVH. The QTc was 430 ms. 


with DMD (29-33). There are frequent arrhythmias in older 
patients including ectopic atrial tachycardia, atrial fibrilla- 
tion, transient second- and third-degree AV block, and more 
ominous ventricular tachycardias (Thrush PT, Allen HD, 
unpublished data) (29). One publication showed that there 
was a predictive ECG pattern in terminal DMD consisting of 
RV1 < 0.6 mV, RV5 < 1.1 mV, and RV6 < 1.0 mV; abnormal 
T waves in II, III, aVF, V5, and V6; conduction disturbances; 
ventricular premature contractions (VPCs); and sinus tachy- 
cardia (34). The presence of multiform VPCs and ventricular 
tachycardia on Holter monitoring portends possible sudden 
death due to ventricular fibrillation (35—37). 


Doppler Echocardiogram and Other Imaging Studies 

The echocardiographic findings in boys with Duchenne corre- 
late with the autopsy findings of posterior epicardial thinning 
leading to ultimate DCM. The first descriptions were by Gold- 
berg et al. (37), who showed thinner left ventricular posterior 
walls, especially behind the posterior mitral valve leaflet, dias- 
tolic dysfunction, contraction abnormalities that progressed 
inferiorly, and temporally progressive wall thinning in these 
patients during serial studies (37^10). Other serial studies 
showed progressive deterioration toward left ventricular dila- 
tion and dysfunction by evaluation of left ventricular diam- 
eter changes (25) (Fig. 58.2), systolic time interval changes 
(38—40), and development of mitral valve prolapse (35). 

Findings of CM do not necessarily parallel the progressive 
skeletal muscle changes (41,42). Increasing left ventricular 



FIGURE 58.2. M-Mode tracing from a 24-year-old patient with 
advanced DMD. His e-point septal separation was nearly 2 cm 
(normal is <5 mm). 
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FIGURE 58.3. Two-dimensional long-axis echo from patient 
in Figure 61.2. Note the dilation of the left ventricle at 4.6 Z 
score (SDs). His EF on afterload reduction and beta-blocker 
treatment is 39%, and SF is 19%. The sphericity index is 0.8 
(normal is <0.66). He has posterior wall thinning, and that 
area is nearly akinetic. 


diastolic and ultimately systolic volumes, decreasing short- 
ening and EFs, and increasing sphericity indices (10,43) 
(Fig. 58.3) indicate worsening CM (43-45). Tissue Doppler 
echocardiography studies have shown decreased systolic con- 
traction and diastolic relaxation rates in patients with DMD, 
even when they had otherwise normal echocardiographic 
findings (44,45). Further studies using this technology are 
necessary to confirm these findings, but it appears to be prom- 
ising for assessment of these populations. 


One study using equilibrium radionuclide angiography in 
9- to 18-year-old patients with DMD showed normal resting 
EFs (>50%) in 79% of the patients and normal right ventricu- 
lar EFs (>45%) in 95%. However, when they used dobutamine 
perfusion, there were marked age-related decreases in both left 
and right ventricular EFs (46). Another 5-year follow-up serial 
radioisotope study showed resting changes in the septum that 
portended a fatal outcome (47). 

MRI and angiography hold great promise for detection of 
scarring and fibrosis within the muscle (48-50) (Fig. 58.4) and 
quantification of left ventricular function by using circumfer- 
ential strain analysis (48,51,52) (see chapter 10) The presence 
of non-steel-containing Harrington rods is not a contraindica- 
tion for MRI evaluation. These studies have shown that fibro- 
sis and abnormal circumferential strain are noted long before 
EF abnormalities are seen on echo. This raises the question of 
“what/when is CM in DMD?” Perhaps CM is always present 
in DMD regardless of age (Canter CE, personal communica- 
tion , St. Louis Children’s Hospital. 2011). 

Neuroendocrine Abnormalities 

Plasma a-atrial natriuretic peptide (a-ANP) and brain natriu- 
retic peptide (BNP) levels are elevated in adults with congestive 
heart failure. A few studies of patients with DMD have shown 
these to be elevated in patients with echocardiographic evi- 
dence of left ventricular dysfunction (EF < 15%) or end-stage 
cardiorespiratory failure (53,54). More studies are necessary to 
clarify the meaning of these findings, but ANP and BNP levels 
seem to be a promising method of evaluating these patients and 
assessing the patient’s response to treatment (see Chapter 73). 

Therapy 

The approaches to treatment include symptomatic, preventive, 
and curative. Most emphasis had been on treating symptoms, 
but they are seldom present in DMD boys. In the past, the 
empiric standard treatment was use of digitalis and diuretics. 
Digitalis has fallen out of favor with many cardiologists who 
treat DMD because of its proarrhythmic potential. 



FIGURE 58.4. MRI from same patient as in Figures 59.2 and 59.3 (Courtesy of Stephen Cook, MD.). A: Note that 
fibrosis (white appearance) posterior to the mitral papillaries has nearly completely replaced muscle. B: Fibrosis 
extends through the myocardium. Functional information was similar to the echo results. 
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A recent consensus statement recommends doing echo exams 
after the age of 6 years and repeating them at least every 2 years 
thereafter until 10 years of age, then annually. “Use of standard 
heart failure interventions with deterioration of function” — 
“even if asymptomatic” — was also recommended (55). 

More recently, afterload reduction with angiotensin- 
converting enzyme inhibitors (ACE inhibitors) has been used 
with some success (42). Some (42,46,47,56) have advocated 
using ACE inhibition for patients with EF <55%, left ventricu- 
lar dilation (>2 Z scores/body surface area [bsa] ), sphericity 
index (>0.66), and/or an abnormal tissue Doppler myocardial 
performance index (<0.35). They (42) reported that ACE inhi- 
bition (and sometimes additional beta-blocker treatment if the 
echocardiographic indices of remodeling did not improve after 
3 months) resulted in stabilization in 2 of 29 boys, improve- 
ment in 8 of 29, and normalization in 19 of 29 (16 Duchenne, 
3 Becker). Others have evaluated a similar population with 
EF <55% who were treated with ACE inhibition with varied 
results (56). Some controversy exists as is evident from a letter 
to the editor (57) responding to this study with many impor- 
tant questions about the true effect of the drug, selection bias, 
and variable expressions of the disease. 

Viollet, Thrush et al. (58) evaluated the natural history and 
responses to treatment in a prospective study of 65 boys with 
DMD and CM. Natural history information was available 
on 24 patients before onset of CM. The expected downward 
trend was noted with mean EF decreasing from 53% ± 8.5% 
to 44.3% ±8.3% over a mean 40-month period, ranging from 
6 to 50 months. By Kaplan-Meier analysis, the mean age of 
onset of CM was 14.1 years, similar to that seen in other stud- 
ies. The range in age of onset of CM was 7 to 27.3 years. ACE 
inhibitor (lisinopril) was initiated when the EF <55%. Beta- 
blocker therapy (metoprolol) was used to treat disordered 
automaticity (average 24-hour heart rate >100 bpm). The CM 
population separated into two groups, those receiving ACE 
inhibitor only (mean age 14.1 years), and those receiving ACE 
inhibitor plus /3-blocker (mean age 16.1 years). The responses 
to treatment were similar (p = 0.947) between the two groups, 
with the ACE inhibitor group improving from mean EF 48% 
to 54% (p < 0.0001) and the ACE inhibitor + /3-blocker group 
from mean EF 45% to 50% (p < 0.001). 

ACE blocker (ARB) therapy has also been advocated with 
the argument that they are less prone to complications of 
cough and by inhibition of the TGF-/3 signaling and is asso- 
ciated with skeletal and cardiac muscle regeneration in the 
MDX mouse model of DMD and Marfan (59, 60). An muscu- 
lar dystrophy association (MDA)-sponsored multicenter study 
prospectively evaluating ACE inhibitor versus ARB including 
skeletal muscle evaluations is presently under way to see if one 
treatment has advantages over the other. 

Other investigators (61,62) used neuroendocrine param- 
eters along with echocardiographic evaluation of left ventricu- 
lar function to determine whether or not to treat. They defined 
left ventricular failure on the basis of an EF of <40%, frac- 
tional shortening of <20%, and left ventricular dimension >2 
SD. Elevation of ANP and BNP correlated with echo findings, 
and many of the patients were symptomatic. After treatment 
with ACE inhibitor and beta-blocker, neuroendocrine levels 
normalized and echo parameters improved. Improvement was 
temporary for some of the patients who worsened after nor- 
malizing. Increasing neuroendocrine levels portended impend- 
ing death. Clearly, ongoing prospective studies of whom to 
treat, which parameters should be used to indicate the need 
for treatment, serial assessment, and clear measurements of 
outcomes are necessary. 

Ventricular tachyarrhythmias are ominous and warrant 
treatment with an appropriate agent. Often, a beta-blocker is 
the first drug used, followed by class III agents such as sotalol 


or flecainide. An automatic implantable cardioverter defibril- 
lator may be considered for this problem, as well as in patients 
with EFs <15%, similar to the approach used in adult patients 
with congestive heart failure. 

Preventive treatment is a debatable topic. The usual adult 
patient with congestive failure is treated once the EF is <50%. 
What number should be applied to the Duchenne patient to 
imply the correct time to use an ACE inhibitor? Will it make 
any difference? The work of Jefferies et al. (42), Towbin et 
al. (45) implies that it might be beneficial. Again, serial con- 
trolled double-blind studies are necessary to answer these 
questions. 

The timing of initiation of heart failure care is debatable 
and often is accomplished when there are obvious signs or 
symptoms of decreased cardiac function. However, a recent 
study in a mouse model of DMD noted a protective effect of 
early initiation of an aldosterone antagonist (Aldactone) in 
combination with an ACE inhibitor (lisinopril) on both skel- 
etal and cardiac muscle (63). The mechanism is thought to be 
related to the antifibrotic effects of this class of medications in 
combination. Cardiac and skeletal muscle function evaluated 
ex vivo remained at 80% of normal with this therapeutic regi- 
men whereas those mice not treated had a decline to 40% of 
normal (63). 

Some have noted that eplerenone, another aldosterone 
antagonist that does not have the gynecomastia effects that are 
seen in teen boys taking Aldactone may be a valid substitute. 
An adult trial in patients with congestive heart failure showed 
reduced risk of death and fewer hospitalizations in the cohort 
studied (64). Additionally, the drug has been used safely in a 
pediatric population with systemic hypertension (65). A multi- 
center MDA-sponsored “prophylactic” trial will be under way 
in the near future to assess the effects of this drug on cardiac 
fibrosis and abnormal systolic strain evaluated by serial MRI 
in a DMD population. 

As therapy initiation is debated, detection of early cardiac 
changes is also being evaluated further. Echocardiographic 
and cardiac MRI advancements have led to earlier detection 
of functional changes of the myocardium in many disease 
states. A recent study in those with DMD evaluated left ven- 
tricular myocardial peak circumferential strain via advanced 
cardiac MRI techniques and found that in patients with a 
normal EF, the peak circumferential strain was decreased 
and echo EF showed abnormality at a mean age of 15.8 years 
(49,50). Patients <10 years of age exhibited abnormal strain, 
and older boys had a further decline in strain analysis. It is 
thus hypothesized that using tissue Doppler and strain analy- 
sis on patients with DMD even with a normal EF may lead 
to early detection of myocardial changes (49). This study did 
not follow patients longitudinally, and therefore, no strong 
conclusions can be made as to the natural history of car- 
diac changes in those with DMD and to the applicability 
of a management scheme of early detection and therapeutic 
intervention. 

In selected patients with end-stage heart failure where usual 
medical therapies have been optimized and symptoms persist, 
outpatient inotropic support has been reported (66). The use 
of milrinone at home is not without potential adverse events, 
and a detailed discussion with the family in regard to the role 
and risks of this therapy must be done prior to initiation. 
Inherent risks exist with long-term access including infection; 
however, inotropic support is associated with a multitude of 
potential side effects, yet potential exacerbation of arrhyth- 
mias is paramount. Nonetheless, inotropic support may allow 
for more time at home or school and may provide sympto- 
matic relief (66). 

Clinical trials have been done sporadically in this patient 
population to assess novel therapies. Recently, idebenone, a 
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benzoquinone with antioxidant properties, which improves 
respiratory chain function and cellular energy production, 
was evaluated in a double-blind, placebo-controlled trial in 
21 patients with DMD ranging in age from 8 to 16 years (67). 
Idebenone was found to be safe and well tolerated and its use 
was associated with a trend toward an increase in strain of 
the left ventricular inferolateral wall. Additionally, from a res- 
piratory standpoint, there was a significant increase in peak 
expiratory flow. It is felt that this drug may be suited for those 
with DMD due to its facilitation of electron flux along the 
mitochondrial respiratory chain and the reduction of oxida- 
tive stress (67). A larger trial is ongoing. Other current trials 
that are enrolling subjects include an evaluation of the effect of 
sildenafil on cardiac remodeling as well as another one study- 
ing carvedilol in a preventive fashion in those with DMD. 

Duboc et al. (68), in a multicenter trial of an ACE inhibi- 
tor, perindopril, did a prospective double-blinded trial where 
57 boys with DMD and normal EF (>55%) by radioisotope 
evaluation were in a 3-year evaluation where they received 
either ACE inhibitor or placebo, followed by 24 more months, 
when all received ACE inhibitor. Left ventricular ejection frac- 
tion was checked at baseline, 3 years, and 5 years. Although 
there was no significant difference between the treatment 
groups at 3 years or 5 years (p = ns), individually, one patient 
in the treatment group versus eight in the placebo group had 
EF<45% at the end of the trial (p = 0.02). A 10-year follow- 
up study (69) of members of the study groups showed that 
26/28 patients in the treated group were alive versus 19/29 
in the placebo group. Kaplan-Meier survival was significantly 
lower in the placebo group (p = 0.13). From this, he concluded 
that early (9.5 years of age) treatment with ACE inhibitor was 
associated with lower mortality. Although the causes of deaths 
were not detailed, the study is provocative and has resulted in 
many centers adopting a “prophylactic” approach by treating 
all boys with DMD, as Duboc suggests, with an ACE inhibitor 
after 9.5 years of age. 

The obvious hope is that a cure for this genetic disease is on 
the horizon. A wide range of prospects exists, which include 
growth-modulating agents that increase muscle regeneration 
and delay fibrosis, antisense oligonucleotides (2"-0-methyl 
phosphorothioate backbone or morpholinos) with the capac- 
ity to skip exons and agents designed to suppress or stop 
codon mutations, gene-therapy approaches including strate- 
gies to replace or repair genes or use surrogate genes to replace 
defective ones, and stem cell therapy, especially using mesan- 
gioblasts. What effect will any of these approaches have on 
the myocardium? Future studies should help answer this ques- 
tion. If these treatments do not improve the myocardium, it is 
incumbent upon the pediatric cardiology community to evalu- 
ate and employ the most effective cardiac therapies possible 
so that the hopes for skeletal muscle improvements are not 
encumbered by congestive heart failure. 

Another question is whether we should reevaluate our 
therapeutic attitudes toward this population in light of 
improved pulmonary care, greater longevity, and possible 
improvements in skeletal muscle from gene therapy or exon- 
skipping treatments. If severe heart failure happens at a 
young age, what is the role of synchronization pacing, ICDs, 
or destination treatment, either mechanical (see Chapter 21) 
or transplant (see Chapter 65)? 

The Duchenne Carrier 

Few investigators have evaluated DNA-proven Duchenne and 
Becker female carriers (mothers and sisters). Earlier evalua- 
tions showed ECG abnormalities (70,71). Hoogerwaard et 
al. (72) studied 129 female Duchenne (n = 85) and Becker 


( n = 44) carriers and found that 47% had ECG changes (50% 
Duchenne, 40.9% Becker) similar to those seen in the dystro- 
phinopathy patients. DCM detected by echo was present in 
seven Duchenne carriers (one was symptomatic) and in none 
of the Becker carriers. Subtle echocardiographic findings were 
present in 36% of the entire group (38% Duchenne, 34% 
Becker). Only 38% had normal echoes and ECGs. A more 
recent study (73) showed that DMD carriers (heterozygotic 
mothers) had mildly lower EF at rest versus controls (EF 55% 
vs. 62%) and after exercise, mean EF fell to 53% versus 73% 
in controls. Twenty-one of the twenty-four had one or more 
of abnormal resting EF, EF response to exercise or exercise- 
induced LV wall abnormality. These studies imply the need for 
evaluation of proven female carriers, even if they are asymp- 
tomatic. 


DYSTR0PHIN0PATHIES: BECKER MUSCULAR 
DYSTROPHY 

By strict criteria, patients with BMD remain ambulatory until 
15 years of age and older. This is an arbitrary cutoff between 
DMD and BMD because the disorders represent a continu- 
ous spectrum related to the quantity and quality of dystro- 
phin. In most cases, dystrophin is reduced in amount and size 

(74.75) . In addition, the clinical disease varies from very mild 
to very severe, meaning that patients may lose ambulation 
shortly after age 15 years or remain ambulatory for many 
decades (62). Serum creatine kinase (CK) levels are very high, 
falling into the same range as the patients with DMD (usually 
>20 to 75 times normal). Again, the cardiac manifestations 
do not necessarily correlate with skeletal muscle progression 
and can be present sooner or later than the skeletal problems 

(75.76) . 

The ECG findings in patients with BMD are similar to 
those in patients with DMD with prominent Q waves in I, 
aVL, and V6, or in II, III, and aVF; tall R waves in VI; and 
increased QT dispersion (70). They can have supraventricular 
arrhythmias including atrial fibrillation/flutter and can have 
ventricular arrhythmias, especially toward end-stage myocar- 
dial dysfunction (77,78-80). They can also have ST changes 
and prolonged QTc intervals but do not have the problems 
with automaticity that patients with DMD show (31,32). 

Their cardiac involvement is that of a DCM, sometimes 
starting with right ventricular dilation (80,81) and progress- 
ing to a generalized DCM. The presence of cardiac involve- 
ment with BMD is associated with exon 49 deletion and in 
most with exon 48 deletion according to a study by Mela- 
cini et al. (80), although other studies have not confirmed 
this observation, including a later study from the same 
group (82,83). Additionally, a recent MRI study showed 
many of the same findings seen in DMD, including fibrosis 
and was more discreet in detecting abnormalities of EF than 
echo (84). 

A much more extensive analysis of genotype-phenotype 
correlation in BMD patients addressed age of CM onset and 
the protein domain deleted, showing that early-onset CM was 
associated with mutations in the amino-terminal domain; in 
contrast, deletions removing portions of the rod domain along 
with the hinge 3 domain have a later onset, likely due to pres- 
ervation of the spectrin-repeat structure of the protein (85). 

One study of 13 patients with BMD with cardiac involve- 
ment (78) showed that only one was wheelchair dependent. 
Since skeletal muscle is better preserved in BMD than in 
DMD, cardiac transplantation is a therapeutic option that 
can be lifesaving for patients with BMD assuming that they 
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have first had a careful trial of medical therapy, including 
use of afterload-reducing agents and, in some, implantable 
cardiac defibrillators (86-88). Use of mechanical support 
devices while awaiting transplant is desirable if necessary (see 
Chapter 21). 

Multidisciplinary care of patients with DMD and BMD may 
enhance quality of life and life expectancy. In addition to neu- 
rologic and cardiac sequelae, respiratory failure from muscle 
weakness is a prominent issue with these patients. Some data 
advocate early intervention with noninvasive positive-pressure 
ventilation at the first signs of nocturnal hypoventilation. Pos- 
itive-pressure ventilation physiologically reduces left ventricu- 
lar afterload and is used for symptomatic respiratory relief of 
congestive heart failure in adults and adolescents. Noninvasive 
positive-pressure ventilation, even for periods of time acutely, 
may induce favorable hemodynamic effects on the left ventri- 
cle. However, theoretically, this intervention may elicit long- 
term improved hemodynamics (89). 


DYSTROPHINOPATHIES: X-LINKED 
CARDIOMYOPATHY 

Boys with this abnormality of the dystrophin gene complain 
of muscle fatigue, pain, and cramping with exercise but 
do not manifest the weakness seen in patients with BMD 
and DMD (90). Towbin et al. (91) analyzed one family and 
found a missense mutation at exon 9 of the dystrophin gene. 
They can have calf hypertrophy and have elevated serum CK 
levels (81). Some have no skeletal muscle dystrophin abnor- 
mality but have abnormalities of the cardiac dystrophin 
(14,91-93). Other studies have shown a mild decrease in 
skeletal muscle dystrophin with normal distribution, but no 
dystrophin was found in heart muscle (94). By the late teen 
years to early adulthood, they can develop a congestive CM 
that usually progresses to death within 2 years of the onset 
of the myopathy diagnosis. They also can have arrhythmias 
and AV block with much greater frequency than that seen in 
patients with either DMD or BMD. Of note, female carriers 
can show heart failure that is slowly progressive and often 
fatal (95). 


MYOTONIC MUSCULAR DYSTROPHY 


Myotonic MD, with its two adult forms (see above), DM1 
and DM2, is inherited as an AD disorder representing the 
most common form of MD in adults (96). Patients may com- 
plain of sleep disturbances and gastrointestinal problems, 
both constipation and diarrhea, before developing muscle 
weakness. Progressive facial muscle, temporalis, sternocleido- 
mastoid, and limb weaknesses develop along with cataracts 
(77). The weakness is unique among the common muscular 
dystrophies, affecting distal equal to or greater than proxi- 
mal muscles. Patients also can have frontal baldness, diabetes, 
and frequently, infertility (97). When Steinert (98) described 
the disease, he noted that patients often had a slow pulse 
rate. Few adult patients have DCM, and pathology stud- 
ies seldom show myocardial involvement (99). Conduction 
problems are common. They include bradycardia, prolonged 
PR interval, AV block, prolonged QRS and QT intervals, 
torsades de pointes , ventricular tachycardia and fibrillation, 
and atrial fibrillation/flutter with slow ventricular response 
owing to impaired AV conduction (93,100-102). These find- 
ings worsen with time and will be found in 75% of patients 


with myotonic dystrophy (13,96,100,103). Cardiac syncope 
and sudden death have been reported, indicating that these 
patients would have benefited from pacemaker implantation 
(96). A recent study using MRI found that patients with fatty 
infiltration of the right ventricle correlated with the presence 
of inducible ventricular tachyarrhythmias in patients with 
myotonic dystrophy (101). 

Affected children of mothers with DM1 show earlier and 
more aggressive expression of the abnormalities than seen in 
their mothers and in previous generations (anticipation phe- 
nomenon). Additionally, they often will present in infancy 
with an aggressive form of DCM (13,100-102). 


EMERY-DREIFUSS MUSCULAR DYSTROPHY 

In 1966, Emery and Dreifuss (7,104) described an X-linked 
MD that had unique clinical features including elbow, Achilles 
tendon, and posterior cervical muscle contractures that appear 
before muscular humeroperoneal weakness, including pro- 
gressive biceps, triceps, anterior tibial, and peroneal muscle 
wasting with later pectoral, knee, and hip extensor weakness 
and ultimate development of complete heart block. In addi- 
tion to the original X-linked form, another X-linked form is 
due to mutations in the FHL1 gene, and autosomal forms of 
Emery-Dreifuss disease have been found to be dominant and 
recessive lamin A/C (LMNA) gene abnormality (5,105-111). 
(See introductory comments). 

The progressive fibrous and fatty depositions mainly involve 
the atria, ultimately causing mechanical and electrical atrial 
paralysis. Patients can have prolonged PR interval, atrial fibril- 
lation/flutter, bradyarrhythmia and tachyarrhythmia, stroke 
from atrial emboli, and death. Some patients will have late 
ventricular dilation, severe congestive failure, and arrhythmias. 
Pacemaker implantation can be lifesaving, but late deaths have 
happened even in patients who have pacemakers (7,105-115). 
Cardiac transplantation is sometimes lifesaving. 


FACIOSCAPULOHUMERAL MUSCULAR 
DYSTROPHY 


This disorder represents one of the most common forms of 
MD. It is inherited as an AD disorder that maps to chromo- 
some 4q35, and is associated with an integral deletion in 
the number of a 3.3 kilobase (kb) repeat element, the D4Z4 
repeat. This feature has for years allowed reliable diagnostic 
testing, but only recently has a unifying model of pathogen- 
esis been proposed in which the deleted repeat results in a 
structural change at the D4Z4 locus, allowing the expres- 
sion of the polyadenylated transcripts of the DUX4 gene 
(116). DUX4 encodes a transcription factor, and there is 
significant effort under way to understand the downstream 
targets that presumably play a central role in disease patho- 
genesis. 

Clinically, patients have weakness involving face, scapu- 
lar stabilizer muscles, and distal lower-extremity muscles. 
Progressive weakness involves both distal and hip-girdle 
muscles. The distribution of weakness is typically asym- 
metric. The disease is variable in severity with about 20% 
of patients being wheelchair dependent sometime in the 
course of the illness. Cardiac involvement has been reported 
in genetically confirmed facioscapulohumeral MD, but it is 
extremely rare, consisting of atrial and ventricular conduction 
defects (115). 
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LIMB-GIRDLE MUSCULAR DYSTROPHIES 

LGMDs represent a group of disorders that share, as a common 
feature, weakness of the shoulder and pelvic girdles with onset 
around the second decade of life, and progression to significant 
disability over 20 to 30 years. Several genetic causes exist. So far 
described are six (LGMD1A to E) AD and fourteen (LGMD2A 
to N) AR types. A subset of recessive forms is caused by sar- 
coglycan deficiency (four isoforms include alpha [LGMD2D], 
beta [LGMD2E], gamma [LGMD2F], and delta [LGMD2]). 
Nonspecific CM and DCM rarely have been reported to occur 
in association with sarcoglycan deficiencies (seen in Amish 
families in Indiana) (77,116-119). Among the common forms 
of LGMD, only in LGMD2I (due to mutations in the FKRP 
gene, encoding fukutin-related protein) is CM frequently seen; 
altered EF may be detected in up to 60% of patients (120), and 
a case presenting with isolated DCM has been reported (120). 
Some patients with LGMD IB have had progressive AV conduc- 
tion disturbances requiring pacemaker placement (121, 122). 
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K awasaki disease (KD), first described in Japan in 1967 by 
Kawasaki, is now encountered worldwide (1,2). The first 
US cases were reported from Hawaii in 1976 by Melish et 
al. (3). Despite intensive research, the cause of KD remains 
unknown. The principal symptoms and associated features 
of the acute phase of the syndrome are shown in Tables 59.1 
and 59.2. Although the cardiovascular manifestations of KD 
were not appreciated originally, by the mid-1970s, researchers 
reported that about 2% of affected children died suddenly in 
the subacute or convalescent stage of this illness due to myo- 
cardial infarction caused by acute thrombosis within coronary 
artery aneurysms or rarely from aneurysm rupture. Despite 
recent increases in incidence, current estimates of mortality 
in the United States are lower (0% to 0.17%) than originally 
reported (2), likely due to a combination of improvements in 
treatment and ascertainment of milder cases. 


EPIDEMIOLOGIC FEATURES 


While rare, KD is an important cause of acquired cardiovas- 
cular disease in the young that appears to be increasing in 
incidence. In Japan, nationwide biennial active surveillance 
shows the incidence of KD in children under 5 years of age 
has gradually increased from 74 per 100,000 in 1987 to 140 
per 100,000 in 2000, and to 219 in 2008 (4,5). In children 
younger than 5 years of age, US estimates based on 2006 
hospital discharge data suggest the annual incidence is 20 per 
100,000 children (6). The typical KD patient is more likely 
to be male (ratio of males to females 1.5:1) and < 5 years of 
age (80%). In US children under 5 years of age, the preva- 
lence of KD is the highest in Asians and Pacific Islanders (32.5 
per 100,000), intermediate in non-Hispanic Blacks (16.9 per 
100,000) and Hispanics (11.1 per 100,000), and lowest in 
Whites (9.1 per 100,000) (6,7). 

Coronary aneurysms are the most important complica- 
tion of KD. Young infants have the highest rate of coronary 
artery aneurysm formation and often present with incom- 
plete clinical criteria. Children older than age 8 years also 
have a higher rate of coronary involvement (8-10). The rates 
of coronary artery aneurysm according to race/ethnicity have 
been estimated using administrative data; rates were high- 
est in Hispanics (5.9%), followed by white non-Hispanics 
(3.4%), with blacks having lower rates (1.8%) (11). The 
study design did not allow the authors to determine whether 
differences in rates of aneurysms among racial/ethnic groups 
were related to late or inadequate treatment versus higher 
relative risk. 

Children who have had KD once are at increased risk for a 
second episode. In Japan, the recurrence rate of KD is approx- 
imately 3%, and the proportion of cases with a positive family 
history is approximately 1% (12,13). Siblings have a relative 
risk that is 10-fold of the normal Japanese population; half 


develop KD within 10 days of the first case (14). The risk of 
occurrence in twins may be as much as 100-fold higher than 
in the general population (14,15). These data, together with 
the occurrence of KD in the children of parents who them- 
selves were affected, support the role of genetic factors in sus- 
ceptibility to KD (12,14-16). Of note, in the United States, 
the familial incidence of KD appears be much lower than in 
Japan. 


ETIOLOGY AND PATHOGENESIS 


An etiologic agent for KD has not been identified, despite 
extensive research into infectious, immunologic, and genetic 
causes. An infectious trigger is suggested by the epidemiologic 
characteristics of this syndrome, especially its tendency to tar- 
get young children, time/place clustering, a predilection for 
winter and spring months, and epidemic cycles every 3 years 
(observed most clearly during the 1970s and 1980s). Indeed, 
various infectious agents have been proposed including rick- 
ettsia (17), propionibacterium (18), streptococci or their 
products (19), house dust mite antigen (20), and retrovirus 
(21). However, causality by these agents has not been inde- 
pendently confirmed. The clinical features of KD are similar 
to those of toxin-related diseases, such as scarlet fever or toxic 
shock syndrome, and to adenovirus. Furthermore, other pro- 
cesses can mimic the presentation of KD, such as drug reac- 
tions (Table 59.3). Exposure to recently shampooed carpets 
has been linked with KD in case-control studies, but addi- 
tional studies contradict the association (22,23). 

Immunologic causes of KD are another line of etiologic 
investigation. Vasculitides involve excessive or abnormal 
immune responses, and many hypothesize that, in KD, an 
infectious episode sparks a detrimental immune response in a 
host who is genetically or otherwise vulnerable. The suspicion 
of an immunoregulatory abnormality is supported by the acti- 
vation of monocytes, macrophages, CD4+ T-helper cells, and 
B lymphocytes during the acute phase of illness (24). There is 
increased production of immunoglobulins, including circulat- 
ing antiendothelial antibodies (25). In particular, IgA seems 
to be implicated; IgA plasma cells were found in the vascular 
wall and an oligoclonal proliferation of IgA was seen in several 
fatal KD cases (26). In addition to circulating immunoglobu- 
lins, cytokines are up-regulated, including interleukin (IL)-l, 
IL-2, IL-6, and tumor necrosis factor a (TNF-a) (24). Proin - 
flammatory cytokines appear to render the vascular endothe- 
lium susceptible to lysis by antibodies (27). An example of 
this is the inflammatory mediator S100A12, which is involved 
in binding of advanced gly cation end products (RAGE). 
Some studies report high RAGE levels that persist in patients 
who do not respond to intravenous immunoglobulin (IVIG) 
(28,29). Activated vascular endothelium expresses inflam- 
matory antigens such as intercellular adhesion molecules. 
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TABLE 59.1 


Fever of at least 5 days' duration 


Principal Symptoms in Kawasaki 
Disease 


Present* of at least four 3 of the following principal features: 

Champs in tite extremities, including erythema and/or 
indurativ® edema and later (2nd week of illness) membranous 
desqu&ffislSon starting in the subungual regions 

Poiyrarphous exanthema (but not including bullous 
©r vesicular lesions) 

BSatsiral nonexudative conjunctival injection 

Changes in lips and oral cavity (but not including discrete 
&ral lesions) 


Cervical lymphadenopathy, usually unilateral and large (>1 .5 cm) 
Exclusion of other diseases with similar findings 


8 Patients with fever and fewer than four principal clinical features can be 
diagnosed as having Kawasaki disease when coronary artery disease is detected 
by 2-D echocardiography or coronary angiography. 

From Newburger JW, Takahashi M, Gerber MA, et al. Diagnosis, treatment, 
and long-term management of Kawasaki disease A statementfor health 
professionals from the Committee on Rheumatic Fever, Endocarditis, and 
Kawasaki Disease, Council on Cardiovascular Disease in the Young, American 
Heart Association. Circulation 2004;110:2747-2771, with permission. 


TABLE 59.3 


Diseases and Disorders with 
Clinical Findings Similar 
to Kawasaki Disease 


Viral infections (e.g., measles, adenovirus, enterovirus, 
Epstein-Barr virus) 

Scarlet fever 

Staphylococcal scalded skin syndrome 
Toxic shock syndrome 
Bacterial cervical lymphadenitis 
Drug hypersensitivity reactions 
Stevens-Johnson syndrome 
Juvenile rheumatoid arthritis 
Rocky Mountain spotted fever 
Leptospirosis 

Mercury hypersensitivity reaction (acrodynia) 


From Newburger JW, Takahashi M, Gerber MA, et al. Diagnosis, treatment, 
and long-term management of Kawasaki disease A statementfor health 
professionals from the Committee on Rheumatic Fever, Endocarditis, and 
Kawasaki Disease, Council on Cardiovascular Disease in the Young, American 
Heart Association. Circulation 2004,1 10:2747-2771, with permission. 


Various mitogenic factors such as vascular endothelial growth 
factor and platelet-derived growth factors are expressed dur- 
ing acute and subacute phases. There is an extensive litera- 
ture on markers of inflammation in KD, which generally rise 
more dramatically in patients with persistent fever or aneu- 
rysms. However, to date, there is no “diagnostic signature” of 


TABLE 59.2 


Features Associated with 
Kawasaki Disease 


Clinical findings 

Myocarditis 

Pericarditis 
Aseptic meningitis 
Diarrhea 

Gallbladder hydrops 
Obstructive jaundice 
Uveitis 

Urethritis 

Laboratory findings 

Elevated acute phase reactants: CRP, sedimentation rate, 
a- 1 antitrypsin 

Thrombocytosis (usually in the 2nd and 3rd weeks of illness) 

Sterile pyuria and proteinuria 

Elevation of liver enzymes 

Decreased serum protein and albumin 

Anemia (normochromic, normocytic, and self-limited) 

Negative or low antistreptolysin 0 titer 


inflammatory markers that permits the reliable distinction of 
KD from other inflammatory processes. 

If the pathophysiology of KD involves inciting infectious 
agent(s) that spark an abnormal immune response, the species 
responsible remain unclear. Various strains of Staphylococcus 
and Streptococcus have been proposed as the inciting immune 
perturbation, with toxins acting as superantigens recruiting 
T lymphocytes bearing V/I2 and V/I8 receptors (30). However, 
this hypothesis remains unconfirmed; in a prospective, mul- 
ticenter study, the prevalence of toxin-producing strains was 
similar in patients with KD and febrile controls (31). Rowley 
et al. (26) identified immunoglobulin (Ig) A-secreting plasma 
cells within cardiovascular tissues from a number of patients 
who died from KD, suggesting that an unknown pathogen 
might have gained entry through the respiratory or gastro- 
intestinal tract. The same investigators demonstrated immu- 
nohistochemical evidence of antigens within the respiratory 
epithelium and macrophages that react with synthetic IgA 
antibodies genetically engineered from these plasma cells (32). 

A genetic predisposition of the host appears to be impor- 
tant in the pathogenesis of KD. This hypothesis is supported 
by the racial/ethnic differences in incidence (Asian and Pacific 
Islanders being more frequently affected) and the increased 
susceptibility of family members to KD (33). An increasing lit- 
erature has explored the association of gene polymorphisms to 
susceptibility to KD or to development of aneurysms in those 
with KD (1 6,34-43), and studies are ongoing to examine this 
question. For example, patients with KD are more likely to 
have certain polymorphisms of the angiotensin- 1 converting 
enzyme, the chemokine receptor CCR5 and ligand CCL3L1 
(44), the butyrophilin-like 2 gene involved in T-cell stimula- 
tion (45), and inositol 1,4,5-trisphosphate 3-kinase C (ITPKC) 
SNP, the presence of which allows the T-cell response to be 
greater than the wild-type allele (46). A genome-wide associa- 
tion study implicated ATP-binding cassette, subfamily C (47), 
although this has not been confirmed elsewhere. Polymor- 
phisms of endothelial growth factor and growth factor recep- 
tor and matrix metalloproteinase are associated with a greater 
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likelihood of coronary aneurysm formation in patients who 
have KD (40,48). 

PATHOLOGY 

Our understanding of the stages of cardiovascular pathology 
is based on the analysis of available postmortem specimens 
by Fujiwara and Hamashima (49) (Table 59.4). The initial 
10 days of illness is characterized by a generalized microvas- 
culitis. Clinical evidence of myocarditis may be present in the 
acute phase, and can persist into the first 3 to 4 weeks; right 
ventricular biopsies show mononuclear cell infiltration and 
edema within the myocardium and conduction system and 
late myocyte hypertrophy and fibrosis (50,51). Valvulitis may 
affect the mitral and aortic valves (52). Inflammation persists 
in the walls of medium and large arteries as a panarteritis, 
with particular predilection for the coronary arteries, and is 
characterized by edema, mononuclear cell infiltration, and 
progressive fibrosis with disruptions in the internal elastic 
lamina. Such destructive changes lead to aneurysm formation 
and are most common in the proximal segments and branch- 
ing points of the coronary arteries, suggesting a role for hemo- 
dynamic stress in development of aneurysms (53). Aneurysms 
may be fusiform, saccular, cylindrical, or segmented (resem- 
bling beads on a string) (54,55). Noncoronary arteries, such as 


Stages of Cardiovascular 
Pathology in Kawasaki Disease 

Stage 1 (0-9 d) 

Microvascular angiitis 

Acute endoarteritis and perivasculitis of major 
coronary arteries 

Pericarditis, valvulitis, and endocarditis 
Myocarditis including atrioventricular conduction system 
Causes of death: heart failure and dysrhythmia 
Stage 2 (12-25 d) 

Panvasculitis of major coronary arteries with aneurysms 
and thrombus formation 

Intimal proliferation of coronary arteries 
Myocarditis, endocarditis, and pericarditis 

Causes of death: same as in stage 1; also myocardial 
infarction, aneurysm rupture 

Stage 3 (28-31 d) 

Granulation of coronary arteries 
Marked intimal thickening 
Disappearance of microvascular angiitis 
Cause of death: myocardial infarction 
Stage 4(40 d to4y) 

Scarring, stenosis, calcification, and recanalization of major 
coronary arteries 

Fibrosis of myocardium and endocardium 
Cause of death: myocardial infarction 

Summarized from Fujiwara H, Hamashima Y. Pathology of the heart in Kawasaki 
disease. Pediatrics 1978;61:100, with permission. 


iliac, femoral, axillary, and renal, are less frequently involved, 
and only in patients with coronary aneurysms. Involvement 
of intracranial arteries or intraparenchymal vessels within 
abdominal organs is extremely rare. 


MANIFESTATIONS 


Clinical Features: Systemic 

The acute phase of KD often is preceded by prodromal upper 
respiratory or gastrointestinal symptoms (56). The beginning 
of KD is marked by an abrupt onset of high fever, accom- 
panied by skin rash, conjunctival injection, reddening and 
Assuring of lips, erythema of the buccal mucosa, strawberry 
tongue, nonsuppurative cervical lymphadenitis, and erythema 
and edema of the hands and feet (1). The skin rash may take 
different forms, but bullae and vesicles are rare. The rash fre- 
quently begins in the diaper area and spreads to the torso and 
extremities. It may be evanescent, especially in young infants 
(see Table 59.1). Erythema and edema of the hands and feet 
may be accompanied by fusiform swelling of the proximal 
interphalangeal joints of the hands. Patients may refuse to 
move their hands or bear weight on their feet. Occasionally, 
they may show transient Raynaud phenomenon. The most 
dramatic extremity symptom is gangrene of fingers and toes, 
which occurs rarely in very young infants, mostly of non-Asian 
background (57). Clinical and spinal fluid findings of aseptic 
meningitis may be present in the acute phase. 

This acute phase is followed by a subacute phase, which 
occurs from the 2nd to the 4th week of illness. During this 
time, most patients show desquamation starting in the sub- 
ungual regions and spreading to the palms and soles. In addi- 
tion to the principal symptoms, there may be hepatomegaly, 
hydrops of the gallbladder (58), transient jaundice, and abnor- 
mal liver function tests. Some patients develop transient diar- 
rhea and abdominal discomfort. In some patients, arthralgia 
or arthritis appears late in the acute or subacute phase and 
very rarely may last up to 4 months (3). In the genitourinary 
system, the patient may show signs of urethritis and phimosis 
(in uncircumcised males) sometimes accompanied by dysu- 
ria and sterile pyuria. Orchitis may occur in boys. Transient 
and isolated peripheral nerve impairment such as facial palsy, 
phrenic nerve paralysis, or sensorineural hearing loss has also 
been described (59,60). Associated clinical and laboratory 
findings are summarized in Table 59.2. 

If the patient remains untreated or is treated with aspirin 
only, the febrile course usually lasts from 1 to 3 weeks. The 
patient may show transient anemia and leukocytosis with 
increased numbers of neutrophils and bands. The platelet 
count increases in the 2nd and 3rd weeks of illness. Thrombo- 
cytosis and elevated sedimentation rate or C-reactive protein 
(CRP) will gradually subside by the 6th to 8th week of illness. 

In Japan, KD recurs in 3% of the patients who have recov- 
ered completely from the original episode, although recurrent 
cases are less common in the United States. Children who have 
recurrent disease appear be at increased risk of coronary com- 
plications (13). Recurrence of KD must be distinguished from 
so-called recrudescence, which is a variation within the acute 
phase of illness characterized by temporary remission of fever 
and other symptoms followed by relapsing fever. In the current 
era, recrudescent fever most commonly occurs after an initial 
response to IVIG therapy. Children with recrudescent fever, 
similar to those with recurrent disease, are at higher risk of 
coronary artery complications. It is important to instruct the 
family to monitor the patient’s temperature daily after hospital 
discharge until the patient has been afebrile for a week, so that 
IVIG retreatment can be instituted if fever recurs. 


TABLE 59.4 
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DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS 


The 2004 American Heart Association (AHA) epidemiologic 
case definition of KD requires the presence of >4 days of fever 
and at least four of the five principal clinical features, includ- 
ing bilateral nonexudative conjunctivitis, erythema of the lips 
and oral mucosa, changes in the extremities, rash, and cervi- 
cal lymphadenopathy (see Table 59.1) (61). When coronary 
artery disease is documented, the diagnosis of KD can be made 
with fewer than four principal features. All clinical features 
are rarely present at the same time, so the diagnosis requires 
sequential evaluation of the patient with detailed day-by-day 
history of the present illness. 

No specific diagnostic test exists for KD, and many illnesses 
mimic KD (see Table 59.3: viral or rickettsial exanthems [mea- 
sles, Epstein-Barr virus infection, and Rocky Mountain spot- 
ted fever], scarlet fever, leptospirosis, toxic shock syndrome, 
juvenile rheumatoid arthritis, Stevens-Johnson syndrome, 
reaction to drugs, and hypersensitivity to mercury) (62). Care- 
ful history, physical examination, and appropriate laboratory 
tests are necessary to exclude these conditions. At least moder- 
ate elevation of acute phase reactants, that is, the erythrocyte 
sedimentation rate (ESR) or CRP, is almost universal at the 
time of presentation. Both ESR and CRP should be meas- 
ured because these test values may be discrepant at presenta- 
tion (63). Elevations of liver function tests, including plasma 
gamma-glutamyl transpeptidase, transaminases, and bilirubin, 
are also common (62,64). Albumin synthesis declines in the 
acute phase, and hypoalbuminemia is common. Urinalysis 
shows so-called sterile pyuria, with white cells (often in the 
range of 10 to 50/high-power field [HPF]) noted on micro- 
scopic evaluation but not by dipstick. Lumbar puncture may 
show findings compatible with aseptic meningitis, with a pre- 
dominance of mononuclear cells, but with normal glucose and 
protein levels (65). The degree of elevation of serum cardiac 
troponins in acute KD is controversial (66-68). 

Although most cases fulfill the principal diagnostic criteria 
listed in Table 59.1, about 15% of cases have incomplete clini- 
cal presentations with coronary artery complications (69). In 
any child with unexplained fever lasting >5 to 7 days with 
some of the above-mentioned laboratory findings, the diagno- 
sis of incomplete KD should be considered and echocardiog- 
raphy should be obtained (see section below and Fig. 59.3). 
Very young infants are especially likely to present with incom- 
plete KD; indeed, some have fever as their only manifestation. 
For this reason, echocardiography should be performed on 
any infant younger than age 6 months with fever duration of 
>7 days, elevation of CRP and/or ESR, and no other explana- 
tion for the febrile illness. 


ALGORITHM FOR CLINICAL EVALUATION AND 
TREATMENT OF CHILDREN WITH SUSPECTED 
KAWASAKI DISEASE 

When the epidemiologic case definition for KD was first con- 
structed by a committee of the Japanese Ministry of Health 
in 1970, the association of coronary artery sequelae with KD 
was not appreciated (70). Indeed, at that time, neither an effec- 
tive treatment nor a noninvasive method of assessing coronary 
artery abnormalities was available. The original case definition 
was designed to be highly specific (i.e., to yield a low false- 
positive rate), but its sensitivity was limited and did not include 
echocardiographic data as part of the diagnostic criteria. 
Because coronary artery aneurysms are now well recognized to 
occur not only in children with typical KD but also in children 
with incomplete features of KD, and because IVIG therapy 


must be given within the time frame of 7 to 10 days to be most 
effective in preventing coronary artery aneurysms, an algorithm 
for evaluation and treatment of the child with suspected KD 
was developed by members of the American Heart Association 
Committee on Rheumatic Fever, Endocarditis, and Kawasaki 
Disease that incorporates echo findings and laboratory tests 
(Fig. 59.1) (61). This algorithm as originally published was not 
evidence based, but rather reflected the consensus of experts. 
Salient features of patients with incomplete KD include labo- 
ratory tests indicating inflammation (e.g., elevated ESR, CRP, 
and white blood cell count), evidence of anemia, elevated ala- 
nine aminotransferase (ALT) and low albumin, and sterile pyu- 
ria. Ectasia and/or lack of tapering of the coronary arteries, left 
ventricular dysfunction, and, definitively, aneurysms support 
the diagnosis of KD in the incomplete presentation. The per- 
formance of the 2004 AHA recommendations for treatment 
of suspected or definite KD has been evaluated retrospectively 
in patients with definite coronary artery aneurysms. Of those 
with aneurysms, 97% would have received IVIG therapy with 
application of the classic criteria together with the algorithm 
for suspected incomplete KD (71). 

Clinical Features: Cardiovascular 

During the acute phase, patients may manifest signs of myo- 
carditis, such as sinus tachycardia out of proportion to the 
fever, gallop rhythm, and sometimes muffled heart tones. 
These findings are generally self-limited and improve with 
IVIG treatment, although overt heart failure may occur occa- 
sionally. A pericardial effusion by echocardiography is not 
uncommon, but the effusions generally measure <1 mm (72); 
pericardial tamponade is very rare (73). Systolic murmurs are 
often heard owing to increased cardiac output and anemia, 
and approximately one-quarter of patients have mitral insuf- 
ficiency (72). Rarely, children may present in low cardiac out- 
put shock. 

Echocardiography may show mild diffuse coronary 
artery dilation and enhanced perivascular brightness in 30% 
to 50% of patients during the acute phase of KD. Without 
IVIG treatment, these lesions may become aneurysmal 1 to 
3 weeks from onset of illness (average 10 days) (Fig. 59.2). 
The reported rates of aneurysm vary based on the definition 
of an aneurysm used. The Japanese National Kawasaki Dis- 
ease surveillance data estimates the incidence of coronary 
aneurysms to be between 10.0% and 17.9%, with reported 
rates increasing as coronary dimensions are indexed to body 
surface area (BSA) (74). Information from the Pediatric 
Health Information System, an administrative database of 
free-standing children’s hospitals, indicates lower rates of 
aneurysms atl.8%to5.9%(ll). Coronary artery aneurysms 
tend to develop most frequently in the proximal segments 
of the left anterior descending and the right coronary artery 
(RCA), and less commonly in the left main coronary artery. 
The left circumflex branch is least often involved. An aneu- 
rysm in the distal arterial segment is usually but not always 
accompanied by an aneurysm in the proximal segment of the 
same artery. Aneurysms with internal diameters >8 mm or a 
z-score of >10 (so-called giant aneurysms) present dispropor- 
tionately higher risks of myocardial infarction as compared 
with aneurysms of smaller dimensions (75,76). Several risk 
scores have been formulated to predict the development of 
coronary artery aneurysms based on clinical and laboratory 
data at presentation (77-81). Independent predictors include 
protracted fever, presumably reflecting worse vasculitis, 
anemia, elevated white blood count, low albumin, elevated 
CRP, male gender, and age younger than 1 year or older than 
9 years. Younger age in particular seems to be an important 
predictor for worse presentation. 
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Figure 59.1. This algorithm is a guide to evaluation of patients with suspected incomplete Kawasaki disease (KD). 
(1) In the absence of gold standard for diagnosis, this algorithm cannot be evidence based, but rather, represents 
the informed opinion of the expert committee. Consultation with an expert should be sought any time assistance 
is needed. (2) Infants <6 months old on day >7 of fever without other explanation should undergo laboratory test- 
ing, and if evidence of systemic inflammation is found, an echocardiogram should be obtained, even if the infants 
do not fulfill clinical criteria for KD. (3) Patient characteristics suggesting KD are listed in Table 59.2. Character- 
istics suggesting disease other than KD include exudative conjunctivitis, exudative pharyngitis, discrete intraoral 
lesions, bullous or vesicular rash, or generalized adenopathy. For these patients, one should consider alternative 
diagnoses (see Diagnosis and Differential Diagnosis, Table 59.3). (4) Supplemental laboratory criteria include 
albumin <3 g/dL, anemia for age, elevation of alanine aminotransferase, platelets after 7 days >450, 000/mm 3 , 
white blood cell count >15, 000/mm 3 , and urine >10 white blood cells/HPF. (5) These patients can be treated 
before performing echocardiography. (6) Echocardiography is considered positive for purposes of this algorithm 
if any of three conditions are met: z-score of left anterior descending coronary artery (LAD) or RCA > 2.5, coro- 
nary arteries meet Japanese Ministry of Health criteria for aneurysms, or more than 3 other suggestive features 
exist including perivascular brightness, lack of tapering, decreased LV function, mitral regurgitation, pericardial 
effusion, or ^-scores in LAD or RCA of 2 to 2.5. (7) If the echocardiogram is positive, treatment should be given 
to children within 10 days of fever onset and those beyond day 10 with clinical and laboratory signs (CRP, ESR) 
of ongoing inflammation. (8) Typical peeling begins under nail bed of fingers and then toes. CRP, C-reactive pro- 
tein; ESR, erythrocyte sedimentation rate; f/u, follow-up. (From Newburger JW, Takahashi M, Gerber MA, et al. 
Diagnosis, treatment, and long-term management of Kawasaki disease: a statement for health professionals from 
the Committee on Rheumatic Fever, Endocarditis and Kawasaki Disease, Council on Cardiovascular Disease in 
the Young, American Heart Association. Circulation 2004;110:2747-2771, with permission.) 
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Figure 59.2. Representative electrocardiogram leads in a 
4-month-old girl with Kawasaki disease recorded on illness 
days 17 and 20. The latter tracings show marked decrease 
in R-wave voltage (V2-V5), indicative of acute anterior wall 
infarction, which was proven at autopsy. 


Myocardial infarctions present differently in childhood 
compared to adults, with the most common symptoms being 
shock, chest pain, vomiting, inconsolable crying, and abdomi- 
nal pain; the authors are aware of one case of referred left 
otalgia as a presentation of myocardial ischemia in a toddler 
with KD. Chest pain is reported much less frequently in chil- 
dren younger than 4 years of age. Approximately one-third of 
the patients are asymptomatic at the time of infarction, which 
often occurs at rest or during sleep, and infrequently during 
exertion (82). Fatality associated with the first episode of myo- 
cardial infarction has been reported to be 22%, with a pro- 
gressively worsening mortality rates with subsequent attacks. 
Giant aneurysms are associated with higher rates of mortal- 
ity. Fortunately, survival rates at 10, 20, and 30 years after 
the onset of KD are good, reported at 95%, 88%, and 88%, 
respectively (83). Rarely, aneurysms may rupture and cause 
sudden death. In general, late consequences of KD are isolated 
to cardiovascular disease and occur only in patients who had 
coronary disease at presentation. Preexisting obstructions in 
two or more major coronary arteries or in the left main coro- 
nary artery are associated with increased mortality. 


Electrocardiographic Features 

During the acute phase of KD, the electrocardiogram (ECG) 
may show sinus tachycardia, prolongation of PR and corrected 
QT intervals, decreased QRS voltage, and T-wave flattening. 
The presence of large aneurysms may lead to acute myocardial 
infarction manifested as ST-segment elevation and inversion 
of T waves (Fig. 59.2). Thrombosis of an RCA aneurysm may 
produce a silent posterior wall infarction manifested as abnor- 
mally deep Q waves in leads II, III, and aVF. One report of 
invasive electrophysiology studies in patients with KD -related 
coronary disease demonstrated a high rate of a variety of con- 
duction abnormalities and arrhythmias, including dual AV 
node and atrial fibrillation; the clinical implications of these 
findings outside the catheterization lab are unclear (84). 

Radiologic Features 

The chest radiograph is usually unremarkable, although tran- 
sient cardiomegaly is seen in 20% of cases during the acute 
phase. Rarely, the chest x-ray may show localized pulmonary 
infiltration or pleural effusion. Patients whose coronary aneu- 
rysms persist >1 year after the onset of the disease may show a 
thin, eggshell-like calcification outlining the aneurysms. 

Echocardiographic Features 

Echocardiography is essential in the evaluation and manage- 
ment of KD. It is invaluable for detecting coronary artery 
aneurysms during the acute stage and should be performed 
at diagnosis to establish a baseline and in some cases to aid in 
diagnosis (Fig. 59.1). Findings of perivascular brightness, mild 
coronary artery ectasia, and lack of tapering of the coronary 
arteries are relatively common in the acute stage of KD, affect- 
ing as many as a third of patients (85). Decreased left ven- 
tricular contractility (20% of acute KD), diastolic dysfunction, 
mild valvular regurgitation (most commonly, mitral regurgita- 
tion in 25% of acute KD), and minor pericardial effusion also 
may be seen on echocardiography in acute KD (72,86). Myo- 
cardial dysfunction is associated with a greater risk of coro- 
nary artery dilation (72). Aortic regurgitation occurs rarely 
during the chronic phase (52). Echocardiography is usually 
repeated at 2 and 6 weeks after the onset of illness to see the 
extent of coronary involvement and to guide therapy. Echocar- 
diograms may be done more frequently in patients who have 
a more complicated clinical course to help guide treatment. 
For patients with giant aneurysms, we perform echocardio- 
grams twice weekly early in the illness, then weekly through 
the first 45 days of illness, monthly until the 3rd month, and 
then every 3 months for the first year to assess for thrombosis. 
For long-term cardiac follow-up, echocardiography is useful 
for evaluating global left ventricular function, regional wall 
motion characteristics, and competency of mitral and aortic 
valves. Proximal segments of the right and left coronary arter- 
ies may be visualized in nearly all patients. Visualization of 
distal coronary artery segments may be technically demand- 
ing, necessitating patient sedation, use of special views (87), 
and careful optimization of machine settings. 

Capannari et al. (88) have shown that cross-sectional 
echocardiography has excellent sensitivity and acceptable 
specificity for detection of coronary aneurysms, as compared 
with coronary angiography. Standards published by the Japan 
Kawasaki Disease Research Committee use an empiric defini- 
tion of abnormality (89). By these standards, a coronary artery 
is classified as abnormal if (a) the internal diameter is >3 mm 
in children younger than 5 years of age; (b) the internal diam- 
eter is >4 mm in children >5 years of age; (c) if the internal 
diameter of a segment measures 1.5 times that of an adjacent 
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segment; or (d) if the coronary artery lumen is clearly irregular. 
Nakano et al. (75) first noted that angiographically measured 
right and left coronary artery diameters correlated with BSA. 
In children with a BSA of <0.5 m 2 , coronary arteries measured 
<2.5 mm. In children with a BSA of 0.5 to 1 m 2 , coronary diam- 
eters were 2.5 to 3 mm in most cases. In children with a BSA 
>1 m 2 , coronary diameters were >3 mm. Published normative 
coronary artery dimensions by echocardiography encompass 
such a wide range of values that there is a significant over- 
lap between normal and abnormal arteries (90-92). Using 
echocardiographic coronary artery measurements, de Zorzi 
et al. (91) reported that the BSA-adjusted internal diameters 
of coronary arteries of KD patients were significantly larger 
than a normal comparison group and that 27% of the patients 
classified as having normal coronary arteries by the Japanese 
Research Committee criteria would have had enlargement 
of at least one coronary by their new criteria, that is, z-score 
>2.5 (Fig. 59.3). Therefore, an alternate aneurysm classification 
schema considers the size of the coronary in relation to the size 
of the patient (61). When z-scores are used, the following cut- 
points have been proposed: a small aneurysm has z-score >2.5 
to <5.0, a large aneurysm has a z-score > 5.0 to <10.0, and a 
giant aneurysm has z-score >10.0 (92). 

Stress Testing 

Cardiac stress testing for reversible ischemia should be per- 
formed in children with coronary aneurysms. Virtually all types 
of stress tests performed in adults with ischemic heart disease 
have been applied to the pediatric population. These include 
nuclear perfusion scans with exercise (93,94), exercise echocar- 
diography (94), stress echocardiography using pharmacologic 
agents, such as dobutamine (95,96), dipyridamole, or adeno- 
sine (97), magnetic resonance stress imaging, with quantifica- 
tion of regional perfusion (98), and stress myocardial contrast 
echocardiography (99-101). The combination of resting and 
stress myocardial perfusion imaging using thallium 201 or a 
technetium-99m-based compound has high sensitivity but 
moderate to low specificity in detecting coronary artery obstruc- 
tion (102). Nevertheless, the technique is useful in longitudinal 
follow-up of patients with known coronary pathology. 

The predictive value of stress tests for coronary artery dis- 
ease requiring intervention is a function of the probability of 
significant disease in the population tested (Bayes theorem). 
For example, false-positive tests are more likely in patients 
with a low prior probability of coronary disease. Used appro- 
priately, the results of stress testing may guide the decision to 
refer a patient for invasive evaluation (i.e., cardiac catheteri- 
zation) as well as for catheter or surgical intervention. The 
choice of stress modality should be guided by institutional 
expertise with particular techniques and by the age of the child 
(e.g., pharmacologic stress should be used in young children 
in whom traditional exercise protocols are not feasible). In 
the older child, exercise stress testing best simulates everyday 
life exposure and should be accompanied by some imaging 
technique to enhance sensitivity to detect ischemia. Post- 
exercise ECHO imaging has been trialed as a methodology 
for assessing for ischemia. Single-photon emission computed 
tomography (SPECT) perfusion imaging has also been used to 
demonstrate myocardial perfusion, particularly in experienced 
hands, and demonstrates differential response to the cold pres- 
sor test (103). There is no role for stress testing in children 
with KD who never had coronary artery abnormalities. 

Cardiac Catheterization and Angiography 

Cardiac catheterization and angiography may be helpful for 
determining prognosis and therapeutic strategy in children 
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Figure 59.3. Mean and prediction limits for 2 and 3 SDs for 
size of (A) LAD, (B) proximal RCA, and (C) LMCA according 
to body surface area for children <18 years old. LMCA z-scores 
should not be based on dimension at orifice and immediate 
vicinity; enlargement of LMCA secondary to Kawasaki disease 
usually is associated with ectasia of LAD, LCX, or both. BSA, 
body surface area; LAD, left anterior descending coronary 
artery; LMCA, left main coronary artery; RCA, right coronary 
artery. (From Newburger JW, Takahashi M, Gerber MA, et al. 
Diagnosis, treatment, and long-term management of Kawasaki 
disease: a statement for health professionals from the Commit- 
tee on Rheumatic Fever, Endocarditis and Kawasaki Disease, 
Council on Cardiovascular Disease in the Young, American 
Heart Association. Circulation 2004;110:2747-2771, with 
permission.) 

with echocardiographic evidence of large or multiple coro- 
nary artery aneurysms or with clinical, ECG, or stress test evi- 
dence of myocardial ischemia. Traditionally, catheterization 
has been an important adjunct in the long-term follow-up of 
patients with known coronary obstruction. However, newer 
methods of coronary artery visualization and a greater focus 
on functional testing are diminishing the frequency with which 
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invasive testing is required. There is little incremental value in 
angiography if echocardiography clearly shows a small soli- 
tary aneurysm in continuity with normal proximal and distal 
segments in an asymptomatic patient. Elective catheterizations 
are not recommended in the acute phase, in part due to lack 
of additional information gained, and because of the higher 
risk of arterial complications seen in acute KD (104). How- 
ever, emergent catheterization may be necessary for therapeutic 
decision-making in cases where coronary artery thrombosis 
is suspected. Left ventricular end-diastolic pressure may be 
elevated in the presence of acute infarction or severe chronic 
ischemia. 

If catheterization is necessary, the safety and efficacy of 
selective coronary arteriography in infants and children have 
been established. Selective coronary arteriography is advanta- 
geous over aortic root injection because aneurysms, obstruc- 
tions, and collateral arteries can be precisely delineated. Such 
information may be helpful for planning treatment and post- 
treatment evaluation for coronary bypass surgery or thrombo- 
lytic therapy. More recently, interventional catheterizations are 
being applied to KD patients (see Treatment section below). 
Our current practice is to perform cardiac catheterization for 
angiography at 1 year after the onset of illness in patients with 
complex or large coronary aneurysms who cannot be imaged 
in other ways, who have symptoms of ischemia, or in whom 
findings would guide therapeutic decisions. Because periph- 
eral artery aneurysms may occur, particularly in children with 
giant aneurysms, angiograms of peripheral arteries, including 
the subclavian arteries, internal mammary arteries, and iliac/ 
femoral vessels should be performed in children undergoing 
radiographic coronary angiography. 

Magnetic Resonance imaging. Magnetic Resonance 
Angiography, and Computed Tomography 

Magnetic resonance imaging (MRI) and computed tomogra- 
phy (CT) imaging modalities for diagnosing coronary artery 
lesions in KD are increasingly used as alternatives to tradi- 
tional invasive angiography, particularly for assessment of cor- 
onary stenosis late in the clinical course. MRI has been shown 
to accurately image proximal segments of coronary arteries, 
including aneurysms, but not stenotic segments (105,106). 
During the acute phase, MRI may show marked enhancement 
of coronary vascular wall, probably reflecting vasculitis (107). 
A major drawback of the earlier generation of MRI was need 
for a prolonged voluntary breath-hold, making the examina- 
tion of younger children difficult. However, more recent mod- 
els have the capability to track and correct for the patient’s 
respiratory movement. MRI can also incorporate functional 
testing using dobutamine or adenosine stress testing. Multi- 
detector CT successfully identifies not only coronary artery 
aneurysms but also stenotic segments with sensitivity close to 
90% (108,109), with one study showing that CT was in com- 
plete concordance with conventional angiography, while MRI 
failed to identify 7% of aneurysms and missed one stenosis 
(110). However, unlike MRI/magnetic resonance angiography 
(MRA), CT has the drawback of exposure to ionizing radia- 
tion — generally less than conventional cineangiography, but 
still a concern in the pediatric patient who might need serial 
coronary imaging. 

Long-Term Cardiovascular Effects 

Patients who have never had coronary artery aneurysms appear 
to have a good prognosis, with a standardized mortality ratio in 
Japan that is indistinguishable from the general population (5). 
Follow-up over 10 to 21 years of Japanese patients with KD, 


including catheterization at 1 year, did not demonstrate any 
cardiac abnormalities among those whose coronary arteries had 
been normal earlier (111). However, lingering concern about 
late morbidity and subclinical abnormalities has prompted 
studies to examine preclinical vascular dysfunction in systemic 
arteries in KD patients who never were noted to have coronary 
artery abnormalities. Some studies reported abnormalities in 
noninvasive vascular testing, including brachial artery reac- 
tivity testing (112) and pulse wave velocity (113-115), while 
other studies do not confirm these results (116,117). Children 
who have recovered from KD may develop dyslipidemia in the 
form of mild to moderately low high-density lipoprotein that 
resolves gradually over years (118). Patients who have never 
had coronary abnormalities should be counseled on modifiable 
risk factors for future atherosclerotic cardiovascular disease. 

Children who develop small- to medium-sized coronary 
artery aneurysms also tend to have good prognosis, at least 
through childhood, because their coronary arteries usually 
undergo regression to normal lumen diameter. Among coro- 
nary arterial segments with aneurysms, approximately half 
will regress to normal internal lumen diameter within 1 to 2 
years (54,55,111). Figure 59.4 shows an example of dramatic 
regression of a complex aneurysm over a relatively short time. 
Factors favoring aneurysm regression include age of onset >1 
year, female sex, fusiform shape of the aneurysm, and aneurysm 
diameter <8 mm. Regression appears to occur by neointimal 
thickening due to migration, transformation, and proliferation 
of smooth muscle cells derived from the tunica media (54) and 
replacement of the inflammation with fibroblasts and extracel- 
lular matrix. However, vessels with regressed aneurysms, even 
with normal appearing lumens, may have an abnormally thick 
intima-medial layer as seen by coronary intravascular ultra- 
sonography (119), with thicker intima in vessels that had greater 
initial diameters (120). In addition, these vessels have a reduced 
capacity for vasodilation when challenged by infusion of nitrates 
(non-endothelium-dependent vasodilators) and may undergo 
paradoxical vasoconstriction in response to acetylcholine (an 
endothelium- dependent vasodilator) (121-123). Carotid ultra- 
sound of individuals who had KD and coronary aneurysms 
showed thickened intimal-medial thickness (IMT), a sign of ath- 
erosclerosis, many years after the episode of KD (124). Other 
data showed greater arterial stiffness in KD patients 10 years 
after disease (125). A postmortem histologic study in children 
who died years later due to unrelated causes showed extensive 
intimal thickening in coronary artery segments (53). Thus, the 
coronary aneurysm that has regressed is not a normal coronary 
artery, even if the lumen size is normal angiographically. 

Large or complex aneurysms are less likely to undergo 
regression and place patients at risk for ischemic heart disease. 
A history of KD in childhood may first be diagnosed when 
young adults present with angina or myocardial infarction and 
are found to have large coronary artery aneurysms (126,127). 
CRP levels are higher in patients with persistent coronary 
aneurysms compared to KD patients without aneurysms or 
normal controls (114,115). 

Children who develop coronary aneurysms are at risk for 
increased mortality, with the highest hazard occurring sec- 
ondary to coronary artery thrombosis in the period between 
15 and 45 days after onset of KD (82). In the acute phase of 
illness, coronary thrombosis is promoted by increased number 
and activity of platelets, activated procoagulant endothelium, 
stagnation of blood flow within aneurysm, and abnormal vas- 
cular wall shear stress at the entrance of aneurysm. Later onset 
myocardial ischemia or infarction is more likely due to acute 
thrombosis at the site of progressive coronary artery stenosis 
due to myointimal proliferation; in severe cases, myocardial 
infarction or ischemic cardiomyopathy may result. According 
to a nationwide hospital survey in Japan, 73% of myocardial 
infarctions occurred during the first year after illness onset 
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Figure 59.4. Serial right coronary arteriograms in a boy who developed Kawasaki disease at 3 months of age. 
A: Right coronary arteriogram performed 3 months after the onset shows an extensive segmented aneurysm 
involving the entire right coronary artery. B: Follow-up study obtained 16 months later shows near-complete 
regression of the aneurysm. (From Takahashi M, Mason W, Lewis AB. Regression of coronary aneurysms in 
patients with Kawasaki syndrome. Circulation 1987;75:387-394, with permission.) 


(82). However, fatal infarctions can occur many years and even 
decades after illness onset. Fortunately, spontaneous myocar- 
dial revascularization through formation of collateral arteries 
and recanalization is common (Fig. 59.5). Large aneurysms in 
the RCA are more likely than those in the left coronary artery 


system to undergo thrombosis followed by recanalization in 
the form of braided small vessels, creating a unique pathologic 
phenomenon referred to as arteriae in arteria (arteries within 
an artery). However, aneurysms in either system may develop 
progressive focal stenosis (53). 



Figure 59.5. Serial right coronary angiograms in a girl who developed Kawasaki disease at 2 months of age. 
A: Right coronary arteriogram obtained 8 months after the onset shows two large saccular aneurysms. B: Follow- 
up right coronary arteriogram 3.5 years later shows thrombotic obstruction of both aneurysms. The distal right 
coronary artery is opacified via tortuous recanalized arteries. 
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Children with a history of KD coronary aneurysms, 
whether regressed or persistent, are considered to be “at risk” 
for early atherosclerosis by the AHA (128). AHA pharmaco- 
logic treatment thresholds for cardiovascular risk factors such 
as hypertension or hyperlipidemia are lower in KD patients 
with aneurysms compared to the general population (128). 
These guidelines are based on expert consensus, because rig- 
orous trial data remain unavailable at present but data from 
preclinical testing noted above and one small interventional 
trial of statins in KD patients support these recommendations. 
Fluvastatin use improved a variety of noninvasive indicators 
of vascular dysfunction in a small series of children with sig- 
nificant KD coronary aneurysms (129). 


TREATMENT: ACUTE PHASE 


Intravenous Immunoglobulin 

The standard of care for treatment of acute KD is high-dose 
IVIG together with aspirin. High-dose IVIG has been shown 
in many clinical trials to reduce the incidence of coronary 
aneurysms from 25% to 30% to <5% when administered <7 
to 10 days of the disease onset (130). Meta-analysis shows a 
dose-response effect for IVIG, with low doses being relatively 
ineffective while a high dose of 2 g/kg as a single infusion is 
the most effective, of the doses trialed (131). Because patients 
with KD often have diminished left ventricular contractility, 
IVIG is administered slowly, over 8 to 12 hours to minimize 
the chance of hypersensitivity or hyperpyrexic reaction and to 
prevent solute overloading. A 5% solution of IVIG has osmo- 
larity equivalent to normal saline. 

Treatment with IVIG should be administered to all chil- 
dren with KD within the first 10 days of illness, and ideally in 
the first 7 days (Table 59.5). IVIG should also be administered 
to those beyond illness day 10 in whom fever persists or who 
have coronary artery abnormalities together with persistent 
clinical and laboratory evidence of inflammation. Persistent 
fever after IVIG treatment is related to a higher risk of coro- 
nary aneurysms and therefore, although randomized trials 
are lacking, most experts believe that children who are febrile 
without other explanation more than 36 hours after comple- 
tion of the first IVIG infusion should be retreated with IVIG, 
2 g/kg, as a single infusion. A retrospective review of risk fac- 
tors for aneurysms among KD patients treated with an addi- 
tional dose of IVIG showed that the number of days of fever 
before initiation of IVIG retreatment was an independent pre- 
dictor of coronary aneurysms (132), with treatment within 

10 days leading to a significant reduction in coronary aneu- 
rysms (fivefold). The exact mechanism of immunoglobulin 
action in this setting remains unknown. 

Adverse effects of IVIG include anaphylaxis, hypoten- 
sion, rigors, headache, and hemolytic anemia. Many physi- 
cians prescribe IV diphenhydramine, 1 mg/kg, to a maximum 
of 50 mg, prior to IVIG infusion, to reduce the likelihood 
of allergic reactions. Measles and varicella immunizations 
should not be given for 11 months after IVIG treatment 
because of a risk of inadequate immunoresponse, unless the 
risk of exposure is considered to be high. If these vaccines 
are given earlier, the serologic response should be assessed, 
and, if inadequate, the child should be reimmunized at least 

11 months after IVIG administration. 

For children who defervesce with a second IVIG infusion, 
but in whom fever recurs, alternate therapies must be consid- 
ered (see below, Other Anti-inflammatory Therapies). Retro- 
spective data suggest persistent fever despite IVIG therapy is 
higher in males and in those who have lower albumin, higher 
AST levels, and CRP > 8 mg/dL after IVIG infusion (133,134). 




TABLE 59.5 


Treatment of Kawasaki Disease 
During the Acute Phase 


Initial anti-inflammatory treatment: intravenous immunoglobulin 
(IVIG) plus high-dose aspirin 


IVIG dosage: 2 g/kg as single infusion over 8-12 h 

Aspirin dosage: 80-100 mg/kg/d orally in four divided doses 
given every 6 h until the patient is afebrile for 48 h 

In case of persistent or recrudescent fever: 

Repeat dose of IVIG 2 g/kg as single infusion; consider IV 
methylprednisolone 30 mg/kg once a day; may be repeated 
as necessary up to a total of three doses 

Subsequent antiplatelet treatment: 

Aspirin 3-5 mg/kg orally once daily 

Duration of treatment: 6-8 wk from onset or until sedimen- 
tation rate and platelet count return to normal; aspirin is 
discontinued at this point, if no coronary artery abnormalities 
are observed on echocardiogram 

Continued indefinitely if coronary abnormalities are 
observed 


If large aneurysms are noted with or without thrombus: 

Start IV heparin or subcutaneous low-molecular-weight 
heparin 

Start warfarin and titrate dose (target INR 2-2.5); continue 
low-dose aspirin at the same time 

Following IVIG administration, immunization of the patient 
with live virus vaccine such as measles, mumps, and rubella 
(MMR) should be delayed by 1 1 mo or until the antibody titer 
has returned to a very low level 


Several algorithms have been proposed to predict resistance 
to IVIG (135); however, the sensitivity of these algorithms in 
North American populations is currently too low to make the 
scores clinically useful (133). 


Aspirin and Other Antithrombotic Therapies 

Aspirin is used in high dose (80 to 100 mg/kg/d, divided into 
four daily doses) early in the disease for its anti-inflammatory 
and antipyretic effects (136). It should be noted that aspirin 
does not influence the incidence of coronary artery aneurysms 
(131). Its safety and efficacy relative to other antipyretic or 
anti-inflammatory agents in the acute phase of the disease 
have not been tested prospectively, and retrospective data 
suggest that high-dose aspirin use may not have advantages 
over other agents (131). However, ibuprofen has been shown 
to antagonize the irreversible platelet inhibition induced by 
aspirin (137). Thus, short-term use of high-dose aspirin for its 
anti-inflammatory, analgesic, and antipyretic effects remains 
a reasonable therapeutic strategy. Blood salicylate level and 
liver function tests should be checked if the patient remains 
on high-dose aspirin for >3 days to avoid salicylate intoxica- 
tion, although gastrointestinal absorption of aspirin is gener- 
ally decreased during the acute phase. After fever has resolved 
for >48 hours, the aspirin dose is lowered to 3 to 5 mg/kg/d 
for its antiplatelet effects. Low-dose aspirin is administered 
for approximately 6 weeks and then discontinued in patients 
without coronary artery aneurysms. 
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In children with small coronary aneurysms, low-dose 
aspirin is generally sufficient as monotherapy to prevent 
thrombosis. Aneurysms that are moderate or large, with maxi- 
mal internal diameter 5 to 7 mm or £-score 7 to 9, are often 
treated with dual antiplatelet therapy, for example, low-dose 
aspirin and clopidogrel; without clinical trial evidence to sup- 
port this approach, care is individualized. For high-risk cor- 
onary lesions, including giant aneurysms (>8 mm or £-score 
>10), warfarin is often used. The use of warfarin in this con- 
text is associated with a lower rate of myocardial infarction 
compared to aspirin (138). Low-molecular- weight heparin is 
usually substituted for warfarin in infants to lessen the number 
of blood draws necessary for monitoring; outcomes seem to be 
at least as good, or possibly better with low-molecular-weight 
heparin (139). 

Reye syndrome has been reported in children with KD 
taking high-dose aspirin (140). Although Reye syndrome has 
not been associated with use of low-dose aspirin, an annual 
influenza vaccine is recommended for all children on chronic 
aspirin therapy. When a child on chronic aspirin therapy 
develops a flu-like illness, aspirin should be withheld tran- 
siently and, if necessary, another antiplatelet medication (e.g., 
dipyridamole or clopidogrel) should be substituted until reso- 
lution of the illness. 

Supportive Care 

Intravenous fluid is often necessary because of poor oral 
intake and increased insensible losses. The patient should be 
kept comfortable in a quiet semidark room because of pho- 
tophobia and irritability. Topical skin and mouth care should 
be provided to relieve itching and soreness in the lips and 
oral mucosa. As above, the use of ibuprofen is not advised in 
patients with coronary aneurysms, due to some evidence dem- 
onstrating an inhibition of the antiplatelet effects of aspirin in 
the acute phase of KD (141). 

Other Anti-Inflammatory Therapies 

If two courses of IVIG are not sufficient, other 
anti-inflammatory therapies may be considered. Corticos- 
teroids have been administered to children with KD both as 
primary therapy and as rescue therapy (142), with mixed 
support. One early trial in Japan assessing primary therapy 
suggested that steroids increased the incidence of coronary 
artery aneurysms. Several subsequent studies have suggested 
that primary steroid therapy may shorten the length of fever 
and diminish the inflammatory response. Because the data on 
IVIG efficacy are so clear, steroids are no longer considered 
reasonable monotherapy. However, steroids have been evalu- 
ated in a number of retrospective studies and case series as 
rescue therapy to patients with IVIG-resistant KD, with con- 
flicting results. Steroid therapy alternately improves fever and 
the inflammatory response (142-144), or prolongs fever and 
lowers rates of aneurysm regression (145). The influence of 
primary pulse steroid therapy given together with high-dose 
IVIG and aspirin on coronary artery outcome was investigated 
in a multicenter double-blind placebo-controlled randomized 
trial (146). Although inclusion of steroids in the primary 
therapy tended to result in more rapid recovery of ESR and 
CRP and shorter initial hospital stay, there was no difference 
in coronary outcome. Based on currently available literature, 
treatment with intravenous methylprednisolone 30 mg/kg 
(142) should be reserved for children who have persistent or 
recrudescent fever despite at least two courses of IVIG, 2 g/kg. 

In addition to steroids, other anti-inflammatory therapies 
have been considered for recalcitrant cases of KD. Options 
include a third IVIG infusion, abciximab in patients with 


persistent aneurysms, infliximab, and agents borrowed from 
rheumatologic treatments (147). Abciximab is a chimeric 
human-murine monoclonal antibody to platelet glycoprotein 
Ilb/IIIa receptor. It has been used as therapy for enlarging coro- 
nary artery aneurysms in the acute phase of KD, and also to 
treat clots in patients with KD, late or early. Compared with 
historical controls in a single-center experience, patients with 
coronary aneurysms who received abciximab in the acute or 
subacute phase of KD showed greater regression in maximal 
aneurysm diameter (148), and at late follow-up of 3 to 5 years 
(149). The exact mechanism of this possible effect on aneurysm 
regression is unknown, but it may involve promotion of vas- 
cular remodeling through secondary anti-inflammatory effects. 

Methotrexate has also been used in recalcitrant KD, with 
good retrospective data showing faster resolution of fever and 
lower CRR No difference in the coronary artery status was 
demonstrated (150). 

Because TNF-a levels are elevated in children with KD, 
investigation into therapies directed against TNF-a is the sub- 
ject of considerable interest. High-dose pentoxifylline, when 
administered together with standard therapy, was associated 
with a lower prevalence of coronary aneurysms than standard 
therapy alone (151). Infliximab is a chimeric monoclonal anti- 
body to TNF-a that may reduce circulating cytokines. Its use 
in KD has also been reported (152,153); a retrospective review 
of infliximab versus IVIG as a treatment for recurrent fever 
in children treated once with IVIG showed a shorter dura- 
tion of fever compared to second IVIG dosing. No differences 
were seen in coronary artery dimensions; however, the study 
was not sufficiently powered to examine this question defini- 
tively (154). Etanercept is a TNF-a receptor blocker used in 
juvenile rheumatoid arthritis when methotrexate is insufficient 
(155). A small Phase I open-label study suggested entaner- 
cept appeared to be generally safe as an additional therapy in 
patients who receive IVIG and high-dose aspirin (156). In this 
study, one patient with meningococcemia was notably mistak- 
enly diagnosed as KD, serving as a warning to clinicians that 
powerful immunosuppressant therapies should be used only in 
patients with indisputable diagnoses of KD. Double-blind ran- 
domized controlled trials of primary therapy with etanercept 
and infliximab each are ongoing (157,158). 

Finally, plasma exchange has been reported to lower the 
incidence of coronary artery aneurysms in uncontrolled stud- 
ies (159-161). Because of the technical complexity of this ther- 
apy, it should be used only when other methods have failed. 
Rarely, cytotoxic agents have been used to treat patients with 
refractory acute KD (162,163), but the risks of such therapies 
exceed their benefits for the vast majority of patients. 


TREATMENT: CHRONIC PHASE 


Coronary Risk Stratification 

Long-term management of patients with KD and coronary 
aneurysms should be tailored to each patient’s estimated risk 
level for ischemic heart disease. Despite the lack of actuar- 
ial data in KD, attempts have been made to stratify patients’ 
coronary risks based on echocardiographic or angiographic 
findings. Such an empiric risk stratification published by a 
committee of the AHA (61) may serve as an interim guide 
in patient management issues such as antiplatelet or antico- 
agulant therapy, restriction of physical activities, frequency 
of cardiac evaluation, and types of diagnostic tests, including 
coronary angiography (Table 59.6). A patient’s overall risk 
may decrease or increase over time depending on whether the 
coronary artery aneurysm(s) undergo regression or develop an 
obstructive lesion. 


Coronary Risk Stratification 




Risk Level 

PharmacologicTherapy 

Physical Activity 

Follow-up and Diagnostic 
Testing 

Invasive Testing 

1 (no coronary artery changes 
at any stage of illness) 

None beyond first 6-8 wk 

No restrictions beyond first 6-8 wk 

Cardiovascular risk assessment, 
counseling at 5-y intervals 

None recommended 

II (transient coronary artery 
ectasia disappears within 
first 6-8 wk) 

None beyond first 6-8 wk 

No restrictions beyond first 6-8 wk 

Cardiovascular risk assessment, 
counseling at 3- to 5-y intervals 

None recommended 

III (1 small-medium coronary 
artery aneurysm/major 
coronary artery) 

Low-dose aspirin (3-5 mg/ 
kg aspirin/d), at least until 
aneurysm regression 
documented 

For patients <11 y old, no restriction 
beyond first 6-8 wk; patients 11-20 y 
old, physical activity guided by biennial 
stress test, evaluation of myocardial 
perfusion scan; contact or high-impact 
sports discouraged for patients taking 
antiplatelet agents 

Annual cardiology follow-up 
with echocardiogram + ECG, 
combined with cardiovascular 
risk assessment, counseling; 
biennial stress test/evaluation of 
myocardial perfusion scan 

Angiography, if noninvasive 
test suggests ischemia 

IV (>1 large or giant coronary 
artery aneurysm, or multiple 
or complex aneurysms in 
same coronary artery, with- 
out obstruction) 

Long-term antiplatelet therapy 
and warfarin (target INR 

2.0-2.5) or low-molecular- 
weight heparin (target: anti- 
factor Xa level 0.5-1 .0 U/mL) 
should be combined in giant 
aneurysms 

Contact or high-impact sports 
should be avoided because of risk 
of bleeding; other physical activity 
recommendations guided by stress test/ 
evaluation of myocardial perfusion scan 
outcome 

Biannual follow-up with 
echocardiogram + ECG; annual 
stress test/evaluation of 
myocardial perfusion scan 

First angiography at 6-12 mo 
or sooner if clinically indicated; 
repeated angiography if 
noninvasive test, clinical, or 
laboratory findings suggest 
ischemia; elective repeat 
angiography under some 
circumstances (see text) 

V (coronary artery obstruc- 
tion) 

Long-term low-dose aspirin; 
warfarin or low-molecular- 
weight heparin if giant 
aneurysm persists; consider 
use of /3-blockers to reduce 
myocardial 0 2 consumption 

Contact or high-impact sports 
should be avoided because of risk 
of bleeding; other physical activity 
recommendations guided by stress 
test/myocardial perfusion scan 
outcome 

Biannual follow-up with 
echocardiogram and ECG; 
annual stress test/evaluation of 
myocardial perfusion scan 

Angiography recommended 
to address therapeutic 
options 


From Newburger JW, Takahashi M, Gerber MA, et al. Diagnosis, treatment, and long-term management of Kawasaki disease: a statement for health professionals from the Committee on Rheumatic Fever, Endocarditis, and Kawasaki 
Disease, Council on Cardiovascular Disease in the Young, American Heart Association. Circulation 2004;110:2747-2771, with permission. 
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Anticoagulation for Giant Aneurysms 

Giant aneurysms are particularly susceptible to thrombotic 
occlusion, with the overall probability of either complete 
thrombotic occlusion, severe stenosis requiring surgery, or 
death caused by myocardial infarction estimated to be about 
7.5% per year for KD patients with giant aneurysms treated 
with aspirin therapy alone. A retrospective chart review 
showed the use of warfarin likely improved event-free survival 
without risk of significant bleeding episodes (Fig. 59.6). (138). 
We recommend patients with giant aneurysms be anticoagu- 
lated with either warfarin to an international normalized ratio 
(INR) range of 2 to 2.5 or low-molecular-weight heparin, in 
combination with low-dose aspirin. 

Management of Coronary Thrombosis 

In the event of myocardial infarction secondary to acute coro- 
nary artery thrombosis substantiated by ECG findings and 
elevated troponin T or I, the treatment of choice is catheteri- 
zation to restore coronary perfusion. If sufficient expertise in 
interventional catheterization is not immediately available, 
or the patient is too small to undergo transcatheter restora- 
tion of coronary blood flow, thrombolytic therapy should be 
administered with alteplase, a recombinant tissue plasmino- 
gen activator, at 0.5 mg/kg/h intravenously for 6 hours, low- 
dose aspirin 3 to 5 mg/kg, and therapeutic heparin infusion to 
achieve a PTT of 50 to 70 seconds (164). Even in the absence 
of clinical infarction, acute development of a large thrombus 
within the aneurysm lumen is an indication for thrombolysis. 
After 6 hours, treatment should be continued based on reas- 
sessment of the thrombus and clinical picture. Blood fibrino- 
gen level, activated partial thromboplastin time, and fibrin 
degradation products must be monitored. Patients with a par- 
ticularly large thrombus burden may be appropriate for intra- 
venous alteplase given at half dose (0.25 mg/kg/h), together 
with abciximab (platelet glycoprotein Ilb/IIA inhibitor), as an 
initial bolus of 0.25 mg/kg bolus over 30 minutes, followed by 
an infusion of 0.125 /xg/kg/min for 12 hours. Abciximab may 
be given together with low-dose heparin (10 U/kg/h) to pre- 
vent clot extension in acute KD to treat mural thrombus. The 


Kaplan-Meier Event-free Survival Estimates 
By Treatment Group 



ASA only Warfarin + ASA 


Figure 59.6. Kaplan-Meier event-free survival estimates of 
two groups of patients with giant coronary artery aneurysms: 
one group (historical control; n- 11) treated with aspirin only 
(shown in blue) and the other group (n = 18) treated with war- 
farin and aspirin (shown in red). The warfarin group appears 
to have longer survival to composite end points of total throm- 
botic occlusion, severe coronary artery stenosis requiring sur- 
gical intervention, or death owing to myocardial infarction. 
ASA, acetylsalicylic acid (aspirin). 


progress of therapy with thrombolytic agents or abciximab 
should be followed by serial echocardiography or, if needed, 
coronary arteriography, and all decisions need to be made the 
context of the specific clinical circumstances. 

Surgical and Transcatheter Revascularization 

Because evidence-based data in KD patients are limited, rec- 
ommendations for surgical and percutaneous revasculariza- 
tion in patients with KD coronary artery aneurysms are based 
upon expert consensus, retrospective series, and adult athero- 
sclerotic coronary artery disease experience. Indeed, coronary 
revascularization in KD patients is too rare to be studied with 
adequate power in randomized trials. In principle, coronary 
bypass surgery or transcatheter revascularization should be 
performed with the goal of relieving symptoms of angina and 
reducing the risk of myocardial infarction or sudden death. 
For the most part, such procedures should be performed in 
patients with coronary artery sequelae of KD who have angina 
and/or a risk of subsequent myocardial infarction after stress 
testing has revealed reversible ischemia (165-167). Decisions 
about revascularization should always be made in concert 
with experts in adult interventional cardiology and cardiovas- 
cular surgery. 

Japanese guidelines suggest surgical revascularization for 
those patients who have high-grade obstructions in at least 
two major coronary arteries or in the left main coronary artery 
because of the high risk of fatal or incapacitating myocardial 
infarction (168). These guidelines also suggest that patients 
with high-grade stenosis in the left anterior descending artery 
should undergo surgery. However, indications for surgery must 
be considered on a case-by-case basis. Of note, as is the case in 
adults with atherosclerotic coronary disease, lesions with com- 
petitive flow through collaterals are more likely to have graft 
stenosis or development of a “string sign” and are less likely 
to benefit from coronary artery bypass grafting (CABG) (169). 
Indeed, in a recent Japanese series, patients whose interven- 
tions were performed in the absence of ischemic findings had 
higher rates of reinterventions (169). 

Fortunately, mortality and morbidity rates after CABG are 
low, and complications of CABG can often be managed with 
percutaneous intervention. Late patient survival rates after the 
CABG procedure have been reported to be 95% at 25 years, 
with event-free survival rates of approximately 60% (170). In 
the single-center experience of Kitamura et al. (165,170), the 
use of internal thoracic arteries resulted in nearly 100% 1-year 
graft patency and documented the growth of the graft over 
time, in keeping with the somatic growth. In contrast, saphe- 
nous vein grafts had only a 50% 1-year patency rate. The 
patient’s age also influenced graft patency rate with children 
over 12 years having higher graft patency than those under 
age 12 years (95% and 91% vs. 93% and 63%, respectively). 

Percutaneous intervention is increasingly used as a sub- 
stitute for CABG. Indications for angioplasty in adults with 
atherosclerotic coronary artery disease should be considered 
in the management of patients with KD. In addition, the Jap- 
anese Ministry of Health has published indications for per- 
cutaneous intervention that include (a) ischemic symptoms, 
(b) stress testing revealing reversible ischemia, and (c) 75% 
stenosis of the LAD. These guidelines recommend surgical 
revascularization when there is significant left ventricular 
dysfunction, or long-segment, complex, or ostial lesions, pro- 
vided that there is viable myocardium distal to the obstruction 
(168). Early reports suggested that percutaneous revascu- 
larization had success rates equivalent to surgical methods 
but was associated with the need for more reinterventions 
(171,172). A recent multicenter survey in Japan noted that 
patients treated by percutaneous intervention, compared to 
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CABG procedure, had similar mortality and rates of acute 
myocardial infarction, but were more likely to require repeat 
revascularization (169,173). Long-term outcomes of KD 
patients after myocardial infarction are related to post-infarct 
left ventricular ejection fraction, and ventricular arrhythmia 
rates are significant in those with decreased ejection fraction 
(172). Finally, cardiac transplantation is an option for some 
patients with ischemic cardiomyopathy not amenable to per- 
cutaneous or surgical revascularization. 
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CHAPTER 


Rheumatic Fever and Rheumatic 
Heart Disease 


Lloyd Y. Tani 


A cute rheumatic fever (RF) occurs as a result of a complex 
interaction between group A streptococcus (GAS), a sus- 
ceptible host, and the environment. An abnormal immune re- 
sponse to GAS infection leads to an acute inflammatory illness 
that most commonly affects the joints, brain, heart, and/or 
skin. Although the other manifestations are self-limiting and 
resolve without sequelae, carditis may result in chronic rheu- 
matic heart disease (RHD) with associated significant morbid- 
ity and mortality. The degree of cardiac involvement is quite 
variable, ranging from mild, asymptomatic valvulitis to severe 
carditis with significant acute mitral and/or aortic regurgita- 
tion resulting in heart failure. The acute rheumatic cardiac 
involvement may resolve or persist and evolve into chronic 
rheumatic valvular disease, with cardiac symptoms developing 
years after the initial episode. 


EPIDEMIOLOGY 


Scope of the Problem 

RF continues to be a major public health problem in develop- 
ing countries, where it is the most common cause of acquired 
cardiac disease in children and young adults (1-7). World- 
wide, it is estimated that at least 470,000 cases of RF occur 
annually in patients of all ages, with approximately 340,000 
cases occurring in children 5 to 14 years of age. The major- 
ity of cases occur in developing countries and in indigenous 
populations, where the reported incidence is as high as 200 to 
300 per 100,000 (4-6,8). Because of the difficulty in obtaining 
data in these regions and populations, it is possible that the 
true incidence in some areas is even higher; community-based 
surveillance suggests that the true incidence in some settings 
may be as high as 500/100,000 (9,10). In these regions, the 
current situation is similar to that experienced by developed 
countries in the early part of the 20th century. 

In sharp contrast, there has been a significant decline in the 
incidence of RF and RHD over the last 50 years in most devel- 
oped countries of the world (Fig. 60.1). The initial decline, 
which began prior to the initiation of penicillin, was at least 
partly due to improved socioeconomic conditions. With the 
subsequent initiation of penicillin, there was further accelera- 
tion in the rate of decline of RF (11,12). Changes in streptococ- 
cal strains and decreased virulence may have also contributed 
to the decline in RF seen in these countries (13). These changes 
have resulted in a marked decline in the mortality due to acute 
rheumatic carditis from 8% to 30% to nearly zero (11,12). In 
fact, the decrease in the incidence of RF in developed countries 
was so dramatic that the disease was thought to have “virtu- 
ally disappeared” by the early 1980s (12). 

In the mid-1980s, several sites in the United States reported 
focal outbreaks or resurgences of RF activity (14-19), and 
by 1988, a survey of pediatric cardiologists revealed a 5 to 


12 times increased incidence of RF in 24 states (20). Unique 
features of this resurgence included the following: (a) many 
cases came from suburban/rural neighborhoods; (b) the 
majority of patients were Caucasian and from middle-class 
families with medical insurance and ready access to medical 
care; (c) there was no clear-cut evidence of crowding; and (d) 
a preceding sore throat prompting the patient and family to 
seek medical attention was relatively uncommon. Although 
the reason(s) for these resurgences is unclear, the appearance 
of certain strains of GAS (in particular heavily encapsulated or 
mucoid strains) in the community coincident with the reported 
resurgence in Utah supports the concept of “rheumatogenic- 
ity” (21). Despite these resurgences, the incidence of RF in 
developed countries is much lower than in developing coun- 
tries, and has been estimated at 0.5 to 3 per 100,000 popula- 
tion (7,12,22,23). 

The prevalence of RHD parallels the reported incidences 
of RF. Both RF and RHD continue essentially unabated in 
many developing countries of the world, where RHD remains 
an important and significant cause of morbidity and mortality 
(Fig. 60.2). Worldwide, it is estimated that 15 to 20 million 
people have RHD (7), of whom about 2.4 million are chil- 
dren between the ages of 5 and 14 years (8). Given the cur- 
rent estimates of RF incidence and the proportion of patients 
who develop RHD, it is estimated that at least 282,000 people 
develop RHD each year (8). The prevalence of RHD varies 
greatly between countries, ranging from <0.5/1,000 in devel- 
oped countries of the world (8) to 78/1,000 in Samoa (24), 
and increases with age, peaking in young adults aged 25 to 
34 years (10). The older prevalence data based on clinically 
detected RHD may significantly underestimate the true dis- 
ease burden. Recent studies using echocardiography reported 
prevalences on the order of 10-fold greater than that detected 
clinically, suggesting that approximately 90% of RHD cases 
are subclinical (25). 

Compared to cases occurring in industrialized countries, 
the initial episode of RF in developing countries occurs at a 
younger age, and often goes unnoticed. In these settings, it has 
been estimated that as many as 50% or more of patients are 
unaware of their disease and as many as 70% do not receive 
secondary prophylaxis (6). Compared to the natural history 
in developed countries, chronic RHD in developing countries 
occurs earlier, evolves more rapidly, is of greater severity, and 
more commonly leads to heart failure with its associated mor- 
bidity and mortality (2,26-31). Once significant RHD has 
developed, the methods for providing care to such patients are 
also limited in many of these developing countries. In 1994, 
it was estimated that at least 3 million people with RHD 
required repeated hospitalization for heart failure (6). In devel- 
oping countries, 12% to 65% of all cardiac admissions are for 
RHD, with an average length of stay of 3 to 4 weeks, result- 
ing in absence from work and reduced productivity (2,32). In 
2001, an estimated 6.6 million disability-adjusted life years 
were lost to RHD. The mortality rate from RHD has been 
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Figure 60.1. Crude death rates from RF, United 
States, 1910 to 1977. (From Gordis L. The virtual 
disappearance of rheumatic fever in the United 
States: Lessons in the rise and fall of disease. 
T. Duckett Jones memorial lecture. Circulation 
1985;72:1155-1162, with permission.) 
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estimated to range from 0.9 to 8.0 per 100,000 population 
(6,7,33,34). Based on conservative estimates, a minimum of 
1.5% of patients with RHD die each year in developing coun- 
tries where secondary prophylaxis is uncommonly given and 
medical and surgical treatments are often unavailable. World- 
wide, it has been estimated that 233,000 to 492,000 deaths 
per year occur due to RHD, with 95% of the mortality occur- 
ring in developing countries (8). Further, patients with RHD 
are at increased risk for endocarditis and stroke, and com- 
plications associated with additional morbidity and mortality 
(8,31). In contrast, an analysis of more than 2.5 million hos- 
pital discharges in 2000 from 2,784 institutions in 27 states 
in the United States reported only 503 hospitalizations for RF 
among children <21 years (35). 


Environment 

Despite the epidemiologic link between GAS pharyngitis and 
RF, other factors clearly influence the incidence of RF. Cur- 
rent data suggest that the incidence of GAS pharyngitis has 
remained more or less stable in most countries, and that there 
has been no change in host resistance to the GAS organism. 
Therefore, the marked differences in the incidence of RF and 
prevalence of RHD in developing versus developed countries 
are likely due to other factors. The importance of environ- 
mental and socioeconomic factors in the epidemiology and 
pathogenesis of RF has been recognized for decades. In devel- 
oping countries, overcrowding, poverty, poor nutrition, poor 
hygiene, and poor access to health care are common and 
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Figure 60.2. Prevalence of RHD in children aged 5 to 14 years. (Reprinted from Carapetis JR, Steer AC, Mul- 
holland EK, et al. The global burden of group A streptococcal diseases. Lancet Infect Disease 2005;5:685-694, 
with permission from Elsevier.) 
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contribute to rapid spread (respiratory droplets) and increased 
virulence of GAS (36,37). In particular, overcrowding appears 
to be a major factor contributing to the high incidence of RF in 
many parts of the world. With poor access to health care, GAS 
pharyngitis is less likely to be diagnosed and treated, preclud- 
ing effective primary prevention of RF. In addition, because 
cases of RF are more likely to go unnoticed, secondary proph- 
ylaxis is not implemented and RF recurrences are common. 

The seasonal variation of RF in the temperate climates 
parallels that of GAS pharyngitis. Both GAS pharyngitis and 
RF are more common during the winter and spring in tem- 
perate climates, but there is no consistent seasonal pattern 
in the tropics. Geographically, RF occurs in all latitudes and 
altitudes (36). 

Host 

Children between the ages of 5 and 15 years are most com- 
monly affected. RF is uncommon before age 5 years, almost 
never occurs before 2 years of age, and is uncommon beyond 
the age of 35 years (4). Children with RF before age 5 years 
commonly present with arthritis and rarely present with cho- 
rea; when present, cardiac involvement is more severe than in 
older children and persistent RHD is common (38,39). Adults 
with a primary episode of RF are much more likely to have 
joint manifestations than cardiac involvement (40). Recur- 
rences are most frequent during adolescence and early adult- 
hood. With the exception that chorea is more common in girls, 
there is no definite gender predisposition (41-44). 

There is evidence supporting the importance of a host pre- 
disposition to developing RE First, only a small minority of 
patients with streptococcal pharyngitis develops RF, even dur- 
ing streptococcal epidemics (~3%). Second, the incidence of 
recurrent RF in patients with a previous history of RF with 
cardiac involvement is as high as 50% following GAS phar- 
yngitis (45-47). Third, studies indicate a familial predilection 
(48,49) and a higher concordance rate between identical twins 
than in fraternal twins (18.7% vs. 2.5%) (50,51). Higher rates 
of RF and RHD have also been reported in certain ethnic 
groups, specifically Maoris and Pacific Islanders in New Zea- 
land, Samoans in Samoa and Hawaii, and Aboriginal people 
in Australia (50,52-54). (See section on “Susceptible Host” in 
the “Pathogenesis” section below.) 

Streptococcal Infection 

Most children have at least one episode of pharyngitis per year, 
approximately 10% to 30% of which are due to GAS, the 
most common bacterial cause of pharyngitis (55,56). Strepto- 
coccal pharyngitis occurs most commonly in children aged 5 
to 15 years, and is uncommon before age of 2 years. Although 
GAS may be present in the pharynx with either true infection 
and pharyngitis or a carrier state, only true infection results 
in an immune response and risk for the development of RF 
(57). The prevalence of GAS carrier state varies considerably 
(5% to 30%), depending on the population and series (58,59). 
Approximately 0.3% (during nonepidemic) to 3.0% to 5.0% 
(during streptococcal epidemics) of individuals who have not 
had RF will develop the illness following an untreated sympto- 
matic or asymptomatic streptococcal pharyngitis. Older stud- 
ies reported a relationship between the clinical severity of the 
pharyngitis and likelihood of developing RF, but recent reports 
emphasize that RF occurs following very mild or asympto- 
matic pharyngitis in up to two-thirds of cases (14,60). 

The strain and virulence of the streptococcal organism influ- 
ence the likelihood of development of RF. In the 1930s, GAS 
strains that reactivated RF were noted to be different from 
strains that did not (61). Other investigators subsequently 


found that some strains were associated with pharyngitis, while 
other strains were associated with skin infections (62). Further, 
certain GAS strains have been associated with RF, while oth- 
ers have been associated with poststreptococcal glomerulone- 
phritis (63). Based on epidemiologic data, certain GAS strains 
are more likely to lead to RF (“rheumatogenic”) than others 
(“nonrheumatogenic”) (41,62,64). The M protein is thought 
to be a major virulence factor because it affects the ability of 
host cells to undergo phagocytosis. Of the greater than 130 
M types, M types 1, 3, 5, 6, 14, 18, 19, 24, 27, and 29 have 
been associated with outbreaks of RF, while M types 2, 4, 12, 
22, and 28 rarely lead to RF (7,13,65,66). Further evidence of 
the importance of the M protein came from the discovery that 
epitopes of the M protein molecule cross-react antigenically 
with human heart and brain tissue. Recent reports have also 
emphasized the association between the appearance of heav- 
ily encapsulated (“mucoid”) strains in a community and an 
increase in the number of RF cases (21,67-71). Finally, there is 
evidence that the decrease in the incidence of RF in developed 
countries is in part due to a change in GAS strains (altered 
expression of M protein) and a decrease in the incidence of 
GAS pharyngitis caused by rheumatogenic strains (13). 

Despite the evidence for GAS pharyngitis but not impetigo 
as the initiating event leading to RF, there is some recent epi- 
demiologic evidence to suggest that skin strains may play a 
role in some populations. In the Aboriginal population of Aus- 
tralia where RF is endemic, GAS impetigo is common but GAS 
pharyngitis is uncommon. Although direct causation, immune 
priming, and movement of strains from the skin to the pharynx 
have been postulated, the precise role of GAS skin infections in 
the pathogenesis of RF remains to be elucidated (72-74). 


PATHOGENESIS 


Organism 

RF occurs as a result of a complex interaction between the 
GAS organism, host, and environment. Although the relation- 
ship to a preceding streptococcal pharyngitis is established and 
well accepted, the pathogenesis of RF is still not completely 
understood. Initially thought to occur as a result of direct 
injury by the GAS or its toxins, the organism has not been iso- 
lated from the organ systems of affected individuals. Current 
evidence strongly suggests that RF occurs as a delayed auto- 
immune response to pharyngitis caused by a rheumatogenic 
strain of GAS in a susceptible individual. Streptococcal anti- 
genic components mimic normal human tissue antigens, lead- 
ing to abnormal autoimmune humoral and cellular responses 
(molecular mimicry). Several lines of evidence lead to and sup- 
port the concept of RF occurring after GAS pharyngitis: (a) 
documented relationship between GAS pharyngitis epidem- 
ics and RF (11,36), (b) immunologic evidence of a preceding 
streptococcal infection via elevated/rising antibody titers (75), 
(c) adequate treatment of GAS pharyngitis preventing the RF 
(76,77), (d) antibiotic prophylaxis preventing RF recurrences 
(78-80), and (e) mass prophylaxis with penicillin-terminated 
RF epidemics in military and civilian populations (81-83). 

Susceptible Host 

Most of the clinical manifestations of RF occur approximately 
10 days to 5 weeks (average 18 days) following GAS pharyn- 
gitis in a susceptible host (84). A number of sources support 
the importance of host susceptibility in the pathogenesis of RF 
(see “Epidemiology” section above), and studies suggest that 
the abnormal immune response to GAS infection is genetically 
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controlled. The major contributors to the autoimmune reaction 
in RF/RHD are the major histocompatibility complex HLA 
class II alleles (DR, DQ) located on human chromosome 6. 
Several HLA class II alleles have been associated with a greater 
likelihood of development of RF/RHD in different countries. 
Expressed on the surface of cells that present antigens, these 
HLA molecules are thought to participate in the development 
of both the humoral and cell-mediated responses to certain 
streptococcal antigens. It is thought that HLA molecules might 
be involved with inappropriate activation of T cells that have 
the ability to cross-react with streptococcal and self-antigens 
that have some similarities (molecular mimicry) (85-90). 

Several studies have shown a difference in the expression of 
a specific B-cell alloantigen detected by monoclonal antibody 
(D8/17) between patients with RF/RHD and control patients. 
In most of these studies, D8/17 is expressed in >85% of RF 
patients, but <15% of controls. Furthermore, D8/17 expres- 
sion has also been found to be higher in first-degree relatives 
of RF patients than in controls. A few studies have failed to 
confirm this association, possibly related to population differ- 
ences. At present, the role of B-cell expression of this alloanti- 
gen in the immune response to GAS remains unclear, and there 
is no correlation between expression and clinical outcome 
(91-94). Clearly, this is an area that requires more study. 

Other components of the immune response are being evalu- 
ated. There is some evidence for polymorphisms in the gene for 
tumor necrosis factor alpha (TNF-a) and RHD. Among indi- 
viduals who have had RF, there is some evidence for genetic 
differences between those who develop rheumatic valvular 
disease and those who have had RF without associated RHD 
(e.g., angiotensin-converting enzyme polymorphisms) (95-97). 

Immunopathogenesis 

Although our understanding of the pathogenesis of RF and 
RHD is incomplete, the importance of the host immune 
response to a preceding GAS infection is clear. Current evi- 
dence supports the following: 

a. GAS pharyngitis in a genetically susceptible host leads to 
breakdown products and streptococcal antigens that are cross- 
reactive with heart proteins (molecular mimicry) (98,99). 

b. The immune response that occurs in response to the infec- 
tion leads to cross-reactive antibodies and cytokine produc- 
tion (100,101). 

c. The antibodies bind to the endothelial valve surface result- 
ing in injury, cellular infiltration of inflammatory cells, 
and upregulation of vascular cell adhesion molecule 1 
(VCAM-1), which aids in the recruitment and infiltration 
of T cells and macrophages, leading to further inflamma- 
tion and damage (102). 

d. Endothelial injury exposes subendothelial structures and 
proteins including vimentin (found in cardiac fibroblasts) 
and laminin (extracellular matrix protein present in the 
basement membrane of valves and around endothelium). 

e. Inflammation leads to neovascularization, allowing further 
recruitment of T cells, leading to granulomatous inflamma- 
tion and many of the changes seen with chronic RHD. 

f. Cellular infiltration contributes to the formation of Aschoff 
bodies. 

g. Activated B lymphocytes and macrophages from Aschoff 
bodies express large amounts of HLA class II molecules on 
their surfaces and may play an important role in antigen 
presentation to T cells that have been recognized as impor- 
tant effectors of chronic rheumatic valvular disease (89). 

h. Infiltrating T cells are cross-reactive with streptococcal 
M protein and cardiac myosin and laminin (molecular 
mimicry); CD4+ T cells have been recognized as major 
effectors of this process leading to chronic RHD (103-106). 


i. Inflammatory cytokines (increased amounts of TNF-a 
and interferon gamma along with decreased amounts of 
interleukin-4) appear to be important in persistence and 
progression of rheumatic valvular lesions in a susceptible host. 

j. Through a process called epitope spreading, T cells may 
respond to other cardiac alpha-helical proteins, including 
tropomyosin and vimentin (89,90,107-109) (Fig. 60.3). 

Natural History 

The prognosis and natural history of rheumatic carditis and 
RHD are strongly influenced by both the severity of the initial 
carditis and RF recurrences (110-114). Mild carditis without 
recurrences is much more likely to show resolution than 
severe initial carditis and/or cases with recurrent episodes of 
RF. Only 30% to 40% of patients with acute mitral regurgita- 
tion have a persistent murmur at follow-up, with most of the 
clinical improvement occurring in the first 6 months after the 
acute illness. Patients with more severe carditis (heart failure 
and/or cardiomegaly) are more likely to have persistent 
RHD, and aortic regurgitation is less likely to disappear than 
mitral regurgitation (115-117). The proportion of patients 
with RF who develop chronic RHD has decreased from 
60% to 90% during the prepenicillin era to 35% to 65% 
(110-112,118,119). Age and gender also influence prognosis, 
as acute rheumatic cardiac involvement resolves more 
frequently in boys (111,112), and children presenting with RF 
before age 5 years have more severe cardiac involvement and 
more commonly have persistent chronic RHD (38,39). 


PATHOLOGY 


The pathologic changes that occur with RF are characterized 
by inflammation of connective tissue in the heart, joints, and 
subcutaneous tissues. The pathologic changes in rheumatic 
carditis are primarily perivascular and interstitial, without evi- 
dence of myocyte necrosis. Two phases have been described. 
The “exudative” phase occurs in the first 2 to 3 weeks after 
disease onset and is characterized by interstitial edema, cel- 
lular infiltration (T cells, B cells, and macrophages), frag- 
mentation of collagen, and scattered deposition of fibrinoid 
(eosinophilic granular material). During the second “prolifera- 
tive” or “granulomatous” phase, which lasts for months to 
years (120), the Aschoff nodule, considered pathognomonic 
for, and the morphologic hallmark of, RHD may be found in 
the endocardium, subendocardium, or myocardial interstitium 
(121). The Aschoff nodule is a perivascular aggregation char- 
acterized by a central area of fibrinoid change (altered col- 
lagen) surrounded by or infiltrated by large multinucleated 
(“owl eye”) cells. These Aschoff bodies, which are not seen 
in the hearts of patients dying within the first week after onset 
of RF, may be seen years after initial illness and do not cor- 
relate with disease activity (120,122). Cells in Aschoff bodies 
located underneath activated valvular endothelium appear to 
play an important role in antigen presentation to infiltrating 
T cells, which have been recognized as critical in the evolution 
of chronic RHD (89) (see “Immunopathogenesis” above). 

Pericarditis 

Grossly, the pericardial surface may have a white, fibrinous, 
stringy to shaggy exudate; all cases show lymphocytic and 
mononuclear infiltration of the pericardium. Aschoff nod- 
ules may be present in pericardium. Pericarditis heals with 
no significant adhesions, and constrictive pericarditis rarely 
occurs. 
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Figure 60.3. Immunopathogenesis or RF and RHD. (1) and (2) Rheumatogenic group A streptococcal (GAS) 
pharyngitis. (3) Cross-reactive antigen on GAS. (4) Molecular mimicry between GAS antigens and human host 
tissue is believed to be the basis of pathogen-host cross-reactivity, best documented with alpha-helical cardiac 
proteins such as myosin, laminin, and vimentin. (5) Vascular cell adhesion molecule 1 (VCAM-1) is upregulated 
at the valve and aids in recruitment and infiltration of T cells. (6) Inflammation leads to neovascularization, 
which allows further recruitment of T cells, leading to granulomatous inflammation and the establishment of 
chronic RHD. (Adapted from Steer AC and Carapetis JR. Acute Rheumatic Fever and Rheumatic Heart Disease 
in Indigenous Populations. Pediatr Clin N Am 2009;56:1401-1419, with permission from Elsevier.) 


Myocarditis 

The ventricles and atria are often enlarged in RHD. Histo- 
logically, the myocardium may be edematous and show non- 
specific inflammation. However, different from other forms 
of myocarditis, there is usually no evidence of cell damage. 
Inflammatory foci consist of lymphocytes, macrophages, and 
other inflammatory cells. Aschoff bodies may also be seen in 
locations of the myocardial inter stitium. Despite frequent first- 
degree atrioventricular (AV) block on the ECG, the conduction 
system shows few pathologic changes (123,124). 

Endocarditis 

Endocardial inflammatory changes are responsible for the val- 
vulitis and are therefore the most clinically significant. Small, 1 
to 2 mm, friable, fibrinous, verrucous vegetations may occur on 
the atrial surface of the mitral valve or on the ventricular side of 
the aortic valve at sites of valve closure (125). Associated under- 
lying inflammation consists of histiocytes and lymphocytes. 

The mitral valve leaflets may be edematous and vas- 
cularized. With time, granulation tissue may occur, with 


thickening and eventually fibrosis of the valve. Similarly, 
chordal inflammation may be followed by granulation tis- 
sue, fibrosis, and eventually chordal fusion. These changes 
may result in the mitral stenosis and regurgitation seen with 
chronic RHD. 

Macroscopically, acute rheumatic mitral valvulitis results 
in chordal elongation (or even rupture) with prolapse of the 
anterior leaflet of the mitral valve, annular dilation, altered 
leaflet coaptation, and mitral regurgitation (126,127). This 
altered coaptation most commonly results in a posterolaterally 
directed jet of mitral regurgitation, directed toward an area 
of fibrotic thickening of the posterior left atrial wall called 
“McCallunTs patch.” Aortic valve prolapse has been proposed 
as one of the mechanisms contributing to acute rheumatic aor- 
tic regurgitation (128). 

Vasculitis 

Generalized vasculitis, in particular involving the coronary 
arteries and the aorta, has been described (129). It resembles 
changes of hypersensitivity angiitis, but rarely results in tissue 
damage or clinical manifestations. 
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CLINICAL MANIFESTATIONS 


Diagnosis and Evaluation 

Since there is no pathognomonic test, the diagnosis of an initial 
episode of RF is made using the modified Jones or other diagnostic 
criteria. First proposed by T. Duckett Jones (130) in 1944, these 
criteria have undergone four revisions or modifications, the last 
in 1992 (131-135). Revisions and modifications have increased 
the specificity but decreased the sensitivity of the criteria to avoid 
over diagnosis. Although this makes sense in developed coun- 
tries where RF is now relatively uncommon, strict adherence to 
the Updated Jones Criteria in settings where RF continues to 
be common may result in under diagnosis (136-138). The lat- 
est Updated Jones Criteria (Table 60.1) are intended to be used 
to establish the initial attack of acute RF. The diagnosis of RF 
requires two major or one major and two minor Jones criteria 
along with evidence of a preceding streptococcal infection. The 
major criteria are polyarthritis, carditis, chorea, a characteristic 
rash called erythema marginatum, and subcutaneous nodules. 
The frequency of major manifestations from several published 
series of RF cases is shown in Table 60.2. The minor criteria are 
fever, arthralgia, elevated acute phase reactants, and a prolonged 
PR interval on the electrocardiogram. Table 60.3 lists suggested 
testing for patients with suspected RF. Evidence of a preceding 
GAS infection is discussed below in the section on Laboratory 


Testing. The latest Update allows the diagnosis of RF to be made 
without fulfilling the above criteria in three circumstances: (a) 
patients who present with isolated chorea, (b) patients who pre- 
sent with indolent or insidious onset carditis (detected months to 
years after the acute illness), or (c) patients with a prior history of 
RF/RHD (133). While the Jones criteria may be used to diag- 
nose a recurrent episode of RF in patients without RHD, diag- 
nosing a recurrence may be difficult in the patient with existing 
RHD. In such cases, it is often difficult to differentiate acute 
carditis from progression and evolution of existing RHD. Such 
a distinction is important for at least two reasons: (a) cardiac 
changes related to an acute recurrence are likely to evolve over 
a shorter time period than chronic RHD and (b) some believe 
that steroids may be beneficial and even lifesaving in patients 
with severe, active carditis. On the other hand, steroids are of 
no therapeutic value in patients with chronic rheumatic valvular 
disease, and might delay more appropriate treatment. To address 
the diagnostic difficulty of this important group of patients, 
the World Health Organization has published guidelines for 
the diagnosis of recurrences: (a) a recurrent attack of RF in a 
patient without RHD requires fulfillment of the Jones criteria 
(two major or one major with two minor criteria, plus evidence 
of a preceding streptococcal infection) and (b) a recurrent attack 
of RF in a patient with underlying RHD requires two minor 
criteria and evidence of a preceding streptococcal infection (7) 
(Table 60.1). 


Diagnostic Criteria for Rheumatic Fever 

Major Criteria 

Minor Criteria 

Carditis 

Chorea 

Polyarthritis 

Erythema marginatum 

Subcutaneous nodules 

Fever 

Arthralgia 

Elevated acute-phase reactants 

Erythrocyte sedimentation rate 

C-reactive protein 

Prolonged PR interval (ECG) 

Supporting evidence of antecedent group a streptococcal pharyngeal infection 

Positive throat culture or rapid streptococcal test 

Elevated or rising streptococcal antibody titer 

Criteria for diagnosis of: 

Primary episode of RF 

RF recurrence in a patient 

RF recurrence in a patient with RHD 

Two major or one major plus two minor plus evidence of preceding streptococcal 
infection 

Two major or one major plus two minor p/us evidence of preceding streptococcal 
infection 

Two minor plus evidence of preceding streptococcal infection 

Special considerations 

Chorea or indolent/insidious onset carditis 

No other criteria or evidence of preceding streptococcal infection needed 

Modifications of diagnostic criteria (especially 
applicable where RF or RHD continues to be 
common) 

- Monoarthritis or polyarthralgia as a major 
criterion 

- Subclinic a 1 carditis as a major criterion 

- In order to improve sensitivity of criteria where there is concern for 
underdiagnosis 

- Especially when patient has received anti-inflammatory treatment 

- Criteria for differentiating physiologic from pathologic valvular regurgitation 


RF, rheumatic fever; RHD, rheumatic heart disease. 

Based on references: Rheumatic fever and rheumatic heart disease. World Health Organ Tech Rep Ser 2004; 923: 1-1 2 2; Carapetis JR, Brown A, Wilson NJ, et al. An Australian 
guideline for rheumatic fever and rheumatic heart disease: an abridged outline. MedJAust 2007;186:581-586; Atatoa-Carr P, Lennon D, Wilson INI. Rheumatic fever diagnosis, 
management, and secondary prevention: a New Zealand guideline NZMedJ 2008;121:59-69; Guidelines for the diagnosis of rheumatic fever. Jones Criteria, 1992 update. 
Special Writing Group of the Committee on Rheumatic Fever, Endocarditis, and Kawasaki Disease of the Council on Cardiovascular Disease in the Young of the American 
Heart Association. JAMA 1992;268:2069-2073. Ref. (139). 
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TABLE 60.2 


Major Manifestations of Rheumatic Fever 





No. of RF 

Cardii 

Series (reference) 

Location 

Years 

cases 

(%) 

Bland etal. (110) 

Boston 

1921-1931 

1,000 

65 

Feinstein and Spagnuola (44) 

New York 

1958-1960 

275 

42 

Giannoulia-Karantana etal. (140) 

Greece 

1980-1997 

66 

70 

Sanyal etal. (141) 

N. India 

1967-1971 

102 

33 

Ravisha etal. (142) 

India 

1971-2001 

250 

42 

Veasy etal. (60) 

Utah 

1985-1992 

274 

68 

Bitar etal. (143) 

Lebanon 

1980-1995 

91 

93 

Arora etal. (144) 

New Delhi 

1968-1977 

450 

42 

Chagani and Aziz (145) 

Pakistan 

1991-1994 

57 

61 

Chockalingam etal. (146) 

India 

1992-2002 

163 

67 

Griffiths and Gersony (147) 

New York 

1969-1988 

115 

51 

Khriesat etal. (148) 

Jordan 

1999-2002 

50 

48 

Carapetis and Currie (136) 

Australia 

1976-1996 

555 

55 

Steer etal. (149) 

Fiji 

2005-2007 

33 

79 

Cann etal. (150) 

Australia 

1997-2007 

98 

47 


(North 

Queensland) 


RF, rheumatic fever; SQ, subcutaneous; CHF, congestive heart failure; NS, not stated. 


Arthritis 

(%) 

Chorea 

(%) 

Erythema 

Marginatum 

(%) 

SQ Nodules 
(%) 

Carditis 
with CHF 

(%) 

Recurrences 
Included in 
Series (%) 

41 

52 

7.1 (rash) 

8.8 

32 

NS 

76 

4 

4 

1.1 

14 

No 

68 

4.5 

1.5 

0 

15 

No 

67 

21 

2 

2 

35 

No 

68 

19 

1.6 

1.2 

12 

No 

36 

37 

4 

2.6 

19 

10 

38 

2 

4 4 

1 

44 

45 

30 

3 

0.2 

6 

NS 

NS 

61 

16 

3.5 

7 

5 

No 

72 

8 

0 

6.1 

50 

NS 

69 

4.3 

1.7 

0 

29 

10 

88 

6 

0 

0 

4 

NS 

55 

28 

0.5 

0.5 

20 

39 

52 

15 

3 

0 

12 

39 

38 

16 

1 

1 

NS 

32 
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TABLE 60.3 


Testing for Patients with 
Suspected Rheumatic Fever 


■ White blood cell count, erythrocyte sedimentation rate, 
C-reactive protein 

■ Electrocardiogram 

■ Chest radiograph (if clinical carditis) 

■ Echocardiogram 

■ Throat culture 

■ Antistreptococcal serology 

■ Consider blood culture 


Modifications of the Jones diagnostic criteria have been 
published in parts of the world where the incidence of RF and 
prevalence of RHD remain high (Australia and New Zealand) 
(151,152). These modifications include (a) accepting mono- 
arthritis or poly arthralgia as a major criterion, especially in 
cases where the patient has received anti-inflammatory treat- 
ment; (b) accepting echocardiographic detection of cardiac 
involvement (carditis) as a major diagnostic criterion, even in 
the absence of clinical carditis (see discussion of role of echo- 
cardiography below); (c) allowing for diagnosis of recurrent 
RF based on minor manifestations, especially in patients with 
RHD. The intent of these modifications is to improve the sen- 
sitivity of the diagnostic criteria in populations where RF and 
RHD are common and there is greater concern for underdi- 
agnosis with its associated consequences. These modifications 
are presented in Table 60.1. 

Arthritis 

The latency period between GAS infection and most manifes- 
tations of RF ranges from 10 days to 5 weeks (latency between 
GAS infection and chorea is 1 to 6 months) (84). Of the major 
Jones criteria, migratory polyarthritis is most common, affect- 
ing 40% to 70% of cases (Table 60.2). The arthritis of RF 
classically migrates from large joint to large joint, and most 
commonly affects the knees, ankles, elbows, and wrists. Impor- 
tantly, the presentation and evolution of the joint manifesta- 
tions may be affected by administration of anti-inflammatory 
medications (aspirin or other nonsteroidal anti-inflammatory 
agents). It is noteworthy that in some parts of the world, mono- 
articular arthritis is a common mode of presentation (136,153). 
The joints affected with RF are red, swollen, and extremely 
tender, often with pain out of proportion to the objective find- 
ings. In some cases, the joints may be involved sequentially 
and simultaneously rather than in a migratory pattern, with a 
new joint becoming involved while a different joint is at a dif- 
ferent phase of inflammation and resolution. Even untreated, 
the arthritis of RF usually resolves within 3 to 4 weeks and 
is not associated with residual abnormalities. Although cardi- 
tis and arthritis commonly occur together, the severity of the 
joint and heart involvement tend to be inversely related (112). 
The reasons for this inverse relationship are unclear; some 
have speculated that joint involvement leads to earlier medi- 
cal attention and initiation of anti-inflammatory treatment, 
thus preventing more severe cardiac involvement. Because of 
the different latency periods between the preceding streptococ- 
cal pharyngitis and the onset of symptoms, polyarthritis and 
chorea uncommonly occur simultaneously (154). The arthritis 
of RF typically responds to aspirin within 48 to 72 hours. In 


fact, lack of clinical response and improvement within 2 to 
3 days should prompt consideration of alternative diagnoses 
(155). It is worth noting that a small subset of patients relapses 
once or twice after a 6-week course of antirheumatic therapy 
(156,157). Unfortunately, although arthritis is the most com- 
mon major manifestation of RF, it is also the least specific, and 
is therefore the most common feature associated with misdi- 
agnosis. The Jones criteria often fail to exclude other causes 
of febrile polyarthritis (42), and an alternative diagnosis may 
be made only as more chronic findings develop (i.e., collagen 
vascular disease). The differential diagnosis for polyarthritis 
and fever is presented in Table 60.4 (158). 



Causes of Polyarthritis and Fever 


Diagnoses 

Confirmatory Study 

Infectious arthritis 

Bacterial infections 

Septic arthritis 

Bacterial endocarditis 

Lyme disease 

Mycobacterial and fungal 
arthritis 

Viral arthritis 

Synovial fluid and blood 
culture 

Blood culture 

Serologic studies 

Culture or biopsy 

Serologic studies 

Postinfectious or reactive arthritis 

Enteric infection 

Culture or serologic 
studies 

Urogenital infection (Reiter 
syndrome) 

Culture 

Rheumatic fever 

Clinical findings 

Inflammatory bowel disease 

Clinical findings 

Rheumatoid arthritis and 

Still disease 

Clinical findings 

Systemic rheumatic illnesses 

Systemic vasculitis 

Biopsy or angiography 

Systemic lupus erythematosus 

Serologic studies 

Crystal-induced arthritis 

Gout and pseudogout 

Polarizing microscopy of 
synovial fluid or tophus 

Other diseases 

Familial Mediterranean fever 
Cancers 

Sarcoidosis 

Mucocutaneous disorders 
Dermatomyositis 

Behget disease 
Henoch-Schonlein purpura 
Kawasaki disease 

Erythema nodosum 

Erythema multiforme 

Pyoderma gangrenosum 

Pustular psoriasis 

Clinical findings 

Biopsy 

Biopsy 

Biopsy or clinical findings 


From Pinals RS. Polyarthritis and fever. N Engl J Med 1994;330: 769-774. Copyright 
© 1994 Massachusetts Medical Society. Reprinted with permission from 
Massachusetts Medical Society. 
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Some patients develop arthritis after a streptococcal phar- 
yngitis that differs from that typically associated with acute 
RF. This entity, termed poststreptococcal reactive arthritis , 
typically occurs after a shorter latent period (7 to 10 days), 
tends to be nonmigratory and more persistent, involves small 
joints or axial skeleton in some cases, and does not respond 
as dramatically to anti-inflammatory medications as does the 
typical arthritis of RF (159,160). The important implication of 
diagnosing poststreptococcal reactive arthritis as opposed to 
RF is the risk for subsequent valvular heart disease and need 
for antistreptococcal prophylaxis. Of particular importance is 
the fact that some patients thought to have poststreptococcal 
reactive arthritis have shown evidence of cardiac involvement 
(159-162). Conversely, a recent study showed no increased 
risk of valvular heart disease in a series of adults with post- 
streptococcal reactive arthritis (163). Given the uncertainty 
with respect to the risk of valvular heart disease for children 
with poststreptococcal reactive arthritis, some experts recom- 
mend that such patients receive secondary prophylaxis for 
up to a year after onset, but this is clearly an area of debate 
requiring further study. If valvular heart disease is detected, 
such patients should be considered as having had RF and 
should be treated accordingly (including secondary prophy- 
laxis) (160,161,163-166). 

Chorea 

First described in the late 17th century, the association of cho- 
rea and rheumatism was not recognized until the 19th century. 
It is now known that the clinical manifestations of Sydenham 
chorea occur due to neuropathologic changes and inflamma- 
tion in the basal ganglia, cerebral cortex, and the cerebellum 
(42,167). 

Sydenham chorea occurs in approximately 10% to 30% 
of cases of RF (Table 60.2). The gender distribution is equal 
in younger children, but after age 10 years, females are more 
often affected, and chorea is uncommon in postpubertal 
males (42). Involuntary, purposeless movements, muscular 
incoordination and/or weakness, and emotional lability 
(42,43,168,169) characterize Sydenham chorea. Movements 
are abrupt and erratic, commonly affecting muscles of the face 
and extremities. Findings may include “fidgetiness,” facial gri- 
maces, tongue movements described as resembling a “bag of 
worms,” halting and explosive speech, pronation of the hands 
when arms are extended above the head (“pronator sign”), 
irregular contractions of the hands when asked to squeeze an 
object (“milkmaid’s grip”), hyperextension of the fingers when 
hands are extended forward with eyes closed, (“spooning”), 
and clumsiness. Patients often come to attention based on dete- 
rioration in school performance, and neurobehavioral symp- 
toms seen along with the chorea including irritability, poor 
attention span, lack of cooperation, and obsessive-compulsive 
symptoms are not uncommon. Sensory deficits do not occur. 
The neurologic manifestations are usually bilateral, but may 
be unilateral (hemichorea). The neurologic symptoms tend to 
decrease with rest and sedation and increase with effort or 
excitement. The duration of chorea is variable, ranging from 
1 to 2 weeks to 2 to 3 years. The median duration is about 15 
weeks, and 75% show resolution of symptoms by 6 months 
(7,152,170). Recurrent episodes of chorea are not uncom- 
mon (171). The differential diagnosis of chorea is presented 
in Table 60.5 (172). 

The latency period between the streptococcal pharyngitis 
and the onset of chorea is longer than for arthritis or cardi- 
tis, ranging from 1 to 6 months (42,173,174). As previously 
stated, because of this longer latency period, arthritis and 
chorea uncommonly occur simultaneously. Also related to 
the longer latency period for patients presenting with chorea, 


acute phase reactants are often normal and antistreptococ- 
cal antibodies may not be elevated. When carditis and cho- 
rea are found in the same patient, it is often the chorea that 
prompts medical attention, at which time rheumatic cardiac 
involvement is detected. Although the combination of chorea 
and carditis is common, occurring in 47% of patients with 
RF in a recent series (60), the cardiac involvement tends to be 
relatively mild and heart failure is uncommon (44). However, 
rheumatic cardiac involvement in these patients may evolve 
and progress over time, with some patients presenting with 
chronic RHD years after the RF illness. Even patients with 
“pure” chorea are at risk, however, as 20% to 44% of such 
patients go on to develop chronic RHD that may eventually 
result in heart failure (1 10,154,168,175). 

Neuroimaging (MRI or CT) abnormalities have been 
reported in some patients with Sydenham chorea (176). How- 
ever, reported findings have been variable, and many patients 
have had normal imaging studies. Thus, neuroimaging should 
be reserved for atypical cases to exclude other causes of cho- 
rea. Similarly, although abnormalities have been described 
(177), EEG testing should be reserved for atypical cases. 

In 1998, Swedo and colleagues proposed that, in some 
patients, childhood obsessive-compulsive symptoms and tics 
occur as a result of an autoimmune response to a preceding 
streptococcal infection, terming the entity PANDAS (pediatric 
autoimmune neuropsychiatric disorders associated with strep- 
tococcal infections) (178,179). Because the proposed mecha- 
nism of autoimmunity related to cross-reactivity between 
streptococcal antigens and brain tissue is similar to the mecha- 
nism invoked for Sydenham chorea, it has been suggested that 
secondary prophylaxis might prevent recurrent neurologic 
symptoms (180,181). In some patients, it can be difficult to 
differentiate choreiform movements from tics (168,172). Dif- 
ferentiating PANDAS from Sydenham chorea is important 
since the treatments and prognoses are different, in particular 
related to the risk of chronic RHD. Patients with PANDAS 
may respond to plasmapheresis or intravenous gamma globu- 
lin (182). Other manifestations of RF (including carditis and 
RHD) have not been reported in patients with PANDAS (179). 
At present, there continues to be considerable debate regard- 
ing the association of streptococcal infection and neuropsychi- 
atric disorders (PANDAS), and some consider the entity as a 
yet-unproven hypothesis (165,183,184). 

Carditis 

The manifestation of RF associated with long-term morbidity 
and mortality is carditis, which occurs in 30% to 70% of cases 
(Table 60.2). Rheumatic carditis remains the most common 
cause of acquired heart disease in children and young ado- 
lescents in developing countries. Despite traditionally being 
described as a pancarditis, the dominant and most important 
abnormality with acute rheumatic cardiac involvement is the 
valvulitis , specifically mitral and/or aortic regurgitation. The 
clinical presentation may be quite variable, ranging from the 
asymptomatic patient with a characteristic heart murmur to 
the critically ill patient presenting in heart failure. Severe car- 
ditis and heart failure occur in 13% to 64% of RF cases and 
represent 15% to 50% of patients with carditis (Table 60.2) 
(60,110,112,136,140-148). Some of the variability is likely 
related to the fact that some patients present only after more 
than one episode of RF and carditis, a scenario much more 
likely to be associated with significant valvular disease and 
heart failure. Approximately 80% of patients who develop car- 
ditis do so within the first 2 weeks of the RF illness; if no car- 
diac involvement is detected in the first 2 weeks, the likelihood 
of subsequent cardiac involvement during the acute phase is 
low (185). The severity of carditis and valvular regurgitation 
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Differential Diagnoses of Chorea 

Category 

Diagnoses and Causes 

Drug-related 

Anticonvulsants (phenytoin, carbamazepine) 

Anticholinergics 

CNS stimulants (amphetamines) 

Dopamine agonists (Levodopa) 

Oral contraceptives 

Genetic/Hereditary 

Huntington disease 

Wilson disease 

Lesch-Nyhan syndrome 

Benign familial chorea 

Ataxia telangiectasia 

Neuroacanthocytosis 

Familial paroxysmal choreoathetosis 

Hallervorden-Spatz Disease 

Endocrine/Metabolic 

Hyperthyroidism 

Hypoparathyroidism 

Chorea gravidarum (pregnancy) 

Hypoglycemia, hyperglycemia, hypocalcemia, hypomagnesemia 

Immunologic 

Systemic lupus erythematosus 

Antiphospholipid antibody syndrome 

Infectious 

Viral encephalitis 

AIDS related 

Lyme disease 

Bacterial endocarditis 

Vascular 

Arteriovenous malformation 

Cerebrovascular accident (stroke) 

Cerebral hemorrhage 


often decreases as the inflammation subsides. If the cardiac 
involvement is mild, patients may show complete resolution of 
cardiac findings, but patients with moderate-to-severe carditis 
are more likely to experience persistent and/or evolving RHD 
( 110 , 112 ). 

Mitral regurgitation, the dominant cardiac abnormality in 
patients with RF, occurs in approximately 95% of cases with 
acute rheumatic carditis. Both echocardiographic and surgical 
observations have demonstrated the mechanism of this mitral 
regurgitation to be a combination of annular dilatation and 
chordal elongation that results in abnormal coaptation, and 
in some cases, prolapse of the tip of the anterior mitral leaflet 
(Figs. 60.4 and 60.5) (186-188). Rarely, the mitral valve chor- 
dae rupture, resulting in a flail mitral leaflet and severe mitral 
regurgitation (168,189-191) (Fig. 60.5). 

Most patients with acute mild mitral regurgitation are 
asymptomatic. With acute moderate-to-severe mitral regur- 
gitation, the left ventricular myocardium may be unable to 
handle the significant volume overload and left heart filling 
pressures rise, leading to pulmonary venous congestion and 
pulmonary edema. Such patients usually present with features 
of left heart failure, including dyspnea, orthopnea, paroxysmal 
nocturnal dyspnea, cough, and even hemoptysis. Secondary 
pulmonary hypertension may develop, resulting in right ven- 
tricular dysfunction, tricuspid regurgitation, and right heart 
failure. Children younger than age 5 years with RF and carditis 



Figure 60.4. Acute rheumatic carditis. Two-dimensional echo- 
cardiographic parasternal long-axis image showing prolapse of 
the tip of the anterior leaflet, resulting in a regurgitant orifice 
(arrow) and left heart dilation. Note also the small pericardial 
effusion. LA, left atrium; LV, left ventricle. 
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Figure 60.5. Mechanisms of anterior mitral leaflet prolapse in RHD. A: Prolapse owing to chordal elongation to 
anterior leaflet. B: Prolapse (flail leaflet) owing to ruptured primary chordae. C: Leaflet pseudoprolapse owing 
to immobile posterior leaflet, while the anterior leaflet remains at the annular plane in systole. (From Kalangos 
A, Beghetti M, Vala D, et al. Anterior mitral leaflet prolapse as a primary cause of pure rheumatic mitral insuf- 
ficiency. Ann Tborac Surg 2000;69:755-761, with permission from Elsevier.) 


may present more insidiously with fever, decreased appetite, 
lethargy, fatigue, and vague pains. Because of these subtle and 
nonspecific symptoms, the diagnosis may be delayed, and pres- 
entation with heart failure is more common than in older chil- 
dren (38,39). On physical examination, tachycardia is often 
one of the earliest signs of carditis. Significant mitral regurgi- 
tation may result in increased precordial activity, tachypnea, 
and increased work of breathing. A high-pitched, regurgitant, 
holosystolic murmur of mitral regurgitation is heard best at 
the apex, usually radiating into the left axilla. This murmur is 
best heard at end-expiration with the patient in the left lateral 
decubitus position. It is noteworthy that acute, severe mitral 
regurgitation may be present despite a fairly soft systolic mur- 
mur (192). Although mitral stenosis does not occur with the 
initial episode of acute RF and carditis, a low-pitched mid- 
diastolic apical murmur may be heard in the setting of signifi- 
cant mitral regurgitation due to increased diastolic flow across 
the mitral valve (Carey Coombs murmur) (193). Contrary to 
some reports (133), this murmur is never heard in isolation. 

Aortic regurgitation occurs in approximately 20% to 25% 
of patients with acute rheumatic carditis, usually in combina- 
tion with mitral regurgitation. Isolated aortic regurgitation 
occurs in approximately 5 % of patients with acute rheumatic 
carditis (60,144). Leaflet prolapse has been reported to be one 
of the mechanisms of this acute valvular dysfunction (128,188). 
Patients with acute mild aortic regurgitation are usually asymp- 
tomatic. Moderate-to-severe acute aortic regurgitation is less 
well tolerated, and may result in heart failure. The large regur- 
gitant volume imposed on a left ventricle that has not had 
time to compensate for the significant volume load results in 
decreased forward stroke volume in conjunction with signifi- 
cant elevation of ventricular end-diastolic pressure, leading to 
a combination of low cardiac output and pulmonary edema 
(194). Patients with acute severe aortic regurgitation are tachy- 
cardic and tachypneic. Unlike the clinical examination found 
with significant chronic aortic regurgitation, the pulse pressure 
is often narrow and the pulses are not increased or bounding. 
Precordial activity is often increased, but the apical impulse may 
not be significantly displaced. On auscultation, the decrescendo 
diastolic murmur is softer, lower-pitched, and shorter than 
the murmur heard with chronic regurgitation, and thus, this 


murmur can be easily missed, especially with the tachycardia 
commonly present during the acute phase of the illness. A short 
systolic ejection murmur may be heard over the left ventricular 
outflow tract due to increased flow. A low-pitched mid-to-late 
diastolic rumbling murmur with presystolic accentuation may 
be heard at the apex, even with a nonstenotic mitral valve. If 
present, this “Austin Flint” murmur is softer and shorter in the 
setting of acute as compared to chronic severe aortic regurgi- 
tation. Acute rheumatic aortic regurgitation is less likely than 
mitral regurgitation to disappear with resolution of the acute 
inflammatory stage of the illness (110,112,115). 

Pericarditis occurs in approximately 4% to 11% of 
patients with acute rheumatic carditis (60,143-145). When 
it occurs, it is invariably associated with significant left-sided 
valvular disease. In the absence of significant mitral and/or 
aortic regurgitation, pericarditis is unlikely related to RF, and 
other etiologies should be considered. Clinically, patients may 
have the typical positional chest and shoulder pain seen with 
pericarditis. On auscultation, a friction rub may obscure the 
murmur (s) of valvular regurgitation. In other cases, the fric- 
tion rub may be evanescent and intermittent. Echocardiog- 
raphy allows detection and semiquantitation of pericardial 
effusions and evaluation of valvular function. Unlike pericar- 
ditis associated with other etiologies, pericardial tamponade 
(190) and constrictive pericarditis (195) rarely occur. 

Although acute RHD has long been considered a pancar- 
ditis (173,196), the clinically important abnormalities are 
related to valvular pathology and regurgitation rather than 
myocarditis and myocardial dysfunction (197). Biopsy and 
autopsy pathologic specimens show evidence of myocardial 
involvement (including the characteristic Aschoff bodies), but 
unlike other types of myocarditis, myocyte necrosis associated 
with lymphocytic infiltration does not occur (198) and tro- 
ponin I levels are not elevated (199,200). Further, although 
there may be evidence of subtle abnormalities of contractility 
(201), several studies have shown that left ventricular ejec- 
tion phase indices (shortening and ejection fraction) are nor- 
mal in these patients (197,202,203). Thus, it is important to 
emphasize that heart failure does not occur in acute or chronic 
RHD in the absence of significant valvular regurgitation 
(26,187,197,204). 
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Erythema Marginatum 

The rash of erythema marginatum is a relatively uncommon 
finding, occurring in <5% of patients with RF (Table 60.2) 
(60,205,206). The rash appears as a bright pink macule or 
papule that spreads with serpiginous borders and central 
clearing. The lesions are painless, not pruritic, blanch on pres- 
sure, and are usually macular rather than papular. Most com- 
monly seen on the trunk or proximal extremities, the rash is 
evanescent and the lesions may change in appearance rapidly. 
A hot bath or shower may bring out or accentuate the rash. 
Because of its evanescent nature and lack of associated symp- 
toms, it may be easily missed. Although typically seen early 
in the course of RF, persistence or recurrence for months or 
even years has been described. Erythema marginatum is usu- 
ally associated with carditis, and almost never occurs as the 
sole major Jones criterion (42,206,207). 

Subcutaneous Nodules 

Subcutaneous nodules are relatively uncommon in RF, reported 
in 0 to 10% of cases (Table 60.2). They are not pathogno- 
monic of RF, and may occur with systemic lupus or rheu- 
matoid arthritis. The nodules are 0.5 to 2.0 cm in diameter, 
round, firm, freely movable, nontender, and with no evidence 
of inflammation. They tend to occur in crops over extensor 
surfaces of joints or bony prominences of the elbows, wrists, 
knees, ankles, scalp, and spinous processes of the back. These 
nodules persist for a few days to as long as 1 to 2 weeks and 
are not evanescent. However, because they may be small and 
are not associated with symptoms, they may be easily missed. 
Similar to erythema marginatum, subcutaneous nodules are 
almost always associated with carditis and rarely occur as the 
sole major Jones manifestation (42,207,208). 

Minor Criteria and Other Clinical Manifestations 

The minor Jones manifestations are less specific than the major 
criteria and include fever, arthralgia, elevated acute phase reac- 
tants, and first-degree AV block (prolonged PR interval) on 
ECG (Table 60.1). Fever occurs at the onset of the RF illness 
in most cases, with temperatures usually ranging from 101°F 
to 104°F. Some patients have a history of fever, but are afebrile 
at the time of initial clinical evaluation. In particular, patients 
presenting with chorea are usually afebrile. Arthralgia, which 
is joint pain without objective findings, usually involves the 
large joints. The pain may be variable, ranging from mild to 
very severe, and may be migratory in nature. Arthralgia can- 
not be used as a minor criterion when polyarthritis is used as 
a major diagnostic criterion. Laboratory and ECG abnormali- 
ties are discussed in the following two sections. 

Clinical manifestations seen in patients with RF not included 
in the Updated Jones Criteria include epistaxis and abdomi- 
nal pain (typically epigastric or periumbilical), which occur in 
about 5% of cases, and may occur hours to days before any of 
the major manifestations (44). Both were minor manifestations 
in the original Jones criteria (130), but were removed because 
of lack of specificity. Other nonspecific features include ano- 
rexia, malaise, anemia, and a family history of RF or RHD. 

Laboratory Testing 

There is no definitive diagnostic test for RF. Suggested testing 
for patients with suspected RF are listed in Table 60.3. With 
few exceptions (chorea or insidious onset carditis), in addition 
to the major and/or minor Jones criteria, diagnosis of acute 
RF requires evidence of a preceding GAS infection. Although 


a positive throat culture or rapid antigen test is accepted as 
such evidence, the rate of recovery of GAS from the pharynx 
of patient with RF is low. Moreover, some patients may have 
a positive culture or test due to a carrier state rather than true 
infection. Thus, elevated or rising antibody titers are more reli- 
able evidence of a preceding GAS infection. The titers most 
commonly measured are antistreptolysin O (ASO) and antide- 
oxyribonuclease B (anti-DNase b). When a single antibody 
is measured, 80% to 85% of patients with RF will have an 
elevated titer. When two titers are measured, well over 90% 
of patients with RF will have elevation of at least one titer 
(209,210). The ASO titer is often measured first; if it is not 
elevated, the anti-DNase b may be measured. ASO titers rise 
approximately 1 week and peak 3 to 6 weeks following infec- 
tion. Anti-DNase b titer rises 1 to 2 weeks and peaks 6 to 
8 weeks following infection (165). It should be emphasized 
that antistreptococcal antibody titers must be interpreted in 
the setting of clinical manifestations; elevated and/or rising 
titers only provide evidence of a preceding streptococcal 
infection, not RF. 

Elevated acute phase reactants such as C-reactive protein 
and erythrocyte sedimentation rate are minor Jones criteria 
(133), and are invariably seen in patients with RF and arthritis 
and/or acute carditis. Thus, measurement of acute phase reac- 
tants is useful in differentiating acute carditis from indolent 
RHD (presenting after acute inflammation has resolved) and 
may guide treatment with anti-inflammatory agents (211). The 
degree of inflammation at presentation is of prognostic impor- 
tance since acute carditis is more likely than chronic RHD to 
resolve over time. As previously stated, patients with chorea 
often show no elevation of acute phase reactants. 

Electrocardiography 

Patients with suspected RF should have an ECG since conduc- 
tion abnormalities are not uncommon. Although first-degree 
AV block is a minor Jones criterion, it should be noted that 
a prolonged PR interval occurs in up to one-third of patients 
who have GAS infections, regardless of whether they develop 
RF (207). Though useful as a minor Jones criterion in support 
of the diagnosis of RF, first-degree AV block is not associated 
with either the severity of the initial cardiac involvement or a 
greater likelihood of developing chronic RHD (112,208). Less 
commonly, the ECG may reveal more advanced AV block or 
other abnormalities (212-214). 

Echocardiography 

Two-dimensional and Doppler echocardiography is central to 
the diagnosis and management of valvular disease and should 
be performed in all patients with acute or chronic RHD. Echo- 
cardiography is valuable for evaluating the mechanism and 
severity of valvular regurgitation and/or stenosis, leaflet and 
chordal morphology, annular size, chamber sizes and func- 
tion, pericardial effusion, and pulmonary artery pressures 
(128,194,202,215,216). Echocardiography is also valuable in 
differentiating RHD from other entities such as innocent mur- 
murs, congenital heart disease, or myocarditis, and thus helps 
avoid over diagnosis of RF in up to 20% of cases (217-219). 
The mitral valve often appears normal on 2-D echocardio- 
graphic imaging of patients with mild acute rheumatic mitral 
regurgitation. Others have described focal nodular thicken- 
ing of valve leaflets (thought to represent the verrucae seen at 
autopsy of patients who died with acute carditis) that disap- 
pears on follow-up (202). In cases severe enough to result in 
heart failure, chordal elongation and annular dilation may be 
seen, often resulting in anterior leaflet prolapse (Figs. 60.4 and 
60.5) (186,197). The mitral valve prolapse seen in RF patients 
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differs from the redundant, myxomatous mitral valve and 
prolapse seen with Barlow syndrome. In rheumatic carditis, 
only the coapting portion of the anterior leaflet prolapses, 
and there is no billowing of the medial portion or body of 
the leaflet (220). This results in abnormal leaflet coaptation, 
a regurgitant orifice, and a jet of mitral regurgitation that is 
typically posterolaterally directed (221,222). Rarely, chordal 
rupture results in a flail leaflet and severe mitral incompetence 
(Fig. 60.5) (189-191,223,224). In the setting of acute rheu- 
matic aortic regurgitation, the aortic valve may appear normal 
or show mild prolapse by 2-D echocardiographic imaging. 
The severity of mitral and/or aortic regurgitation should be 
evaluated using a combination of methods (216). 

Echocardiography may detect mitral and/or aortic regur- 
gitation in patients with RF who have no evidence of clinical 
carditis on physical examination (no murmur). Although a sin- 
gle report did not find evidence of cardiac involvement in the 
absence of clinical findings (202), there are now several reports 
of such subclinical or “silent” cardiac involvement in patients 
with either isolated polyarthritis or “pure” chorea at the 
time of presentation (219,222,225,226). The fact that some 
patients with RF have such subclinical evidence of cardiac 
involvement is not surprising. It is well known that the severity 
of cardiac involvement ranges from very mild to severe. Even 
in the “golden era” of clinical auscultation of the 1950s, some 
patients with no clinical carditis at presentation with RF (no 
murmur) were found to have RHD on follow-up (110,112). 
In the current era with diminished auscultatory skills (227), 
this is likely to be an even more frequent occurrence. Further 
support for the existence of subclinical echocardiographic evi- 
dence of cardiac involvement comes from the fact that some 
series have described a subset of patients with initially “silent” 
subclinical evidence of carditis who subsequently developed 
murmurs of mitral and/or aortic regurgitation (226,228). 
Indirect evidence in support of “silent” subclinical carditis 
comes from natural history studies. Many adults who present 
with chronic RHD cannot recall having a previous RF-like 
illness, suggesting very mild or subclinical cardiac involve- 
ment with acute RF illness (229). As many as 20% to 44% 


of patients with “pure” chorea have been reported to develop 
chronic RHD (154,168,175,229). Despite evidence in support 
of these findings, there has appropriately been concern over 
creating “iatrogenic” disease since a significant percentage of 
normal individuals have very small amounts of “physiologic,” 
Doppler-detected valvular regurgitation (mostly tricuspid, 
pulmonary, and mitral), especially with advances in ultrasound 
technology. To avoid labeling such normal findings as 
abnormal, strict criteria should be used to differentiate patho- 
logic mitral and aortic regurgitation from the Doppler signals 
seen in normal individuals. The World Health Organization 
recommends the following criteria to differentiate pathologic 
from physiologic mitral and aortic regurgitation: (a) color jet 
>1 cm in length, (b) color jet evident in at least two imaging 
planes, (c) color jet mosaic with peak velocity >2.5 m/s, and 
(d) Doppler signal holosystolic for mitral regurgitation and 
holodiastolic for aortic regurgitation (Fig. 60.6) (7). Although 
echocardiography may not be available in some of the devel- 
oping countries where RF is most common (230), the World 
Health Organization recognizes its usefulness and recom- 
mends that echocardiography be performed in the evaluation 
of patients with RF if facilities are available. Furthermore, the 
World Health Organization recommends that silent but signifi- 
cant mitral and/or aortic regurgitation be considered probable 
RHD and that such patients be given secondary prophylaxis 
and followed long-term for evolution of heart disease (7). 
Echocardiography should also be performed in the evaluation 
and follow-up of patients with established chronic RHD. The 
role of echocardiography in screening for RHD is discussed 
below in the section on Secondary Prophylaxis. 


Cardiac Catheterization 

Catheterization and angiography are rarely necessary for the 
management of patients with acute rheumatic valvular disease, 
including those who ultimately require surgery. Endomyo- 
cardial biopsy does not add to the diagnosis or management 
(198). Catheterization should be reserved for those in whom 



Figure 60.6. Silent rheumatic mitral regurgitation. Two-dimensional echocardiographic parasternal long-axis (A) 
and apical four-chamber (B) images showing a posterolaterally directed jet of mitral regurgitation extending into 
the left atrium well beyond the mitral valve leaflets. 
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symptoms, clinical findings, and noninvasive imaging are 
discrepant, when measurement of pulmonary artery pressure 
and pulmonary vascular resistance is important in decision- 
making, and when balloon valvuloplasty for mitral stenosis is 
being contemplated (231). In adults with RHD, catheterization 
and angiography may be indicated to evaluate the coronary vas- 
cular bed prior to surgical intervention for valvular RHD (194). 

Other Cardiac Imaging 

The chest radiograph may be valuable in assessing patients 
with acute or chronic RHD to evaluate cardiac size, configura- 
tion, and pulmonary venous markings. The cardiac silhouette 
may be enlarged due to valvular regurgitation and chamber 
enlargement and/or due to an associated pericardial effusion. 

Although studies have shown white blood cell scanning 
(232) and antimyosin scintigraphy (233) to detect cardiac 
involvement in some patients with RF, there are insufficient 
data to support their routine use in the evaluation of patients 
with RF. 


CHRONIC RHEUMATIC HEART DISEASE 
Mitral Regurgitation 

Chronic mitral regurgitation is the most common form of RHD 
in children and young adults (111,113,117), while mitral ste- 
nosis is increasingly common in patients in the fourth to sixth 
decades of life (85). In contrast to the chordal elongation and 
annular dilation that occur with acute rheumatic mitral val- 
vulitis and regurgitation, leaflet shortening, rigidity, deforma- 
tion, and retraction, often associated with chordal fusion and 
shortening, result in abnormal leaflet coaptation and chronic 
rheumatic mitral regurgitation. In addition, left ventricular 
dilation may alter the position and orientation of the mitral 
valve papillary muscles, further impairing leaflet coaptation 
and resulting in a larger regurgitant orifice and regurgitant 
volume (234). Chronic mitral regurgitation results in compen- 
satory dilation of the left ventricle, allowing for an increased 
total stroke volume that maintains forward flow. The combi- 
nation of compensatory dilation of the left ventricle and the 
left atrium initially prevents a rise in left ventricular filling, 
left atrial, and pulmonary venous pressures. Although patients 
may remain asymptomatic for years with this compensation, 
the mitral regurgitation may progress over time (235). Severe 
chronic mitral regurgitation may eventually result in ven- 
tricular dysfunction with decreased ejection fraction, elevated 
end-systolic volume, and elevated left heart filling pressures. 
Symptoms, most commonly exertional dyspnea or decreased 
exercise tolerance, may develop prior to, or with the onset of, 
ventricular dysfunction (194,236,237). 

In the setting of chronic mitral regurgitation, precordial 
activity is increased and the apical impulse is displaced because 
of ventricular dilation. The first heart sound is often softer 
than normal, and the second heart sound may be widely split 
due to shortened left ventricular ejection and earlier aortic 
valve closure. If there is associated pulmonary hypertension, 
the pulmonary component of the second heart sound (P2) may 
be increased. A regurgitant systolic murmur is best heard at the 
apex; more subtle mitral regurgitant murmurs may be heard 
at end-expiration with the patient in the left lateral decubitus 
position. When the regurgitant jet is posterolaterally directed, 
the murmur radiates to the left axilla. Medially directed jets 
may result in radiation of the murmur toward the base of the 
heart. For chronic mitral regurgitation, the intensity of the 
murmur correlates with the severity of regurgitation. When 


the regurgitant volume is significant, an apical diastolic flow 
rumble may be heard in the absence of mitral stenosis. 

The chest radiograph is usually normal in patients with mild 
mitral regurgitation. With moderate-to-severe mitral regurgi- 
tation, left atrial and left ventricular enlargement occur, result- 
ing in a straight left heart border and cardiomegaly. Elevation 
of the left mainstem bronchus may be evident. Pulmonary 
venous congestion and interstitial edema may be evident with 
severe, decompensated mitral regurgitation and heart failure. 

The ECG in patients with chronic RHD is most important 
for demonstrating the rhythm. The ECG is normal in patients 
with mild mitral regurgitation but may show left atrial enlarge- 
ment and/or left ventricular hypertrophy in patients with 
moderate-to-severe mitral valve incompetence. ECG changes 
do not correlate with the severity of the mitral regurgitation. 
Right ventricular hypertrophy may be evident in cases with 
secondary pulmonary hypertension. Atrial fibrillation is rare 
in children, but may be seen in adults with chronic rheumatic 
mitral valve disease. 

On echocardiography, the mitral valve leaflets are thick- 
ened and often echogenic with variably decreased mobility. 
Leaflet excursion may be decreased during both diastole and 
systole. Abnormal leaflet coaptation results in a regurgitant 
orifice. In some cases, the anterior leaflet tip prolapse seen 
with acute carditis persists as chronic rheumatic mitral regur- 
gitation. In other cases, the combination of a retracted, rela- 
tively immobile posterior (mural) leaflet with a more mobile 
anterior leaflet can give the impression of anterior prolapse 
even though the free edge of the anterior leaflet remains in 
the annular plane during systole. Such a combination, termed 
“pseudoprolapse,” also results in poor leaflet coaptation and 
significant regurgitation (Fig. 60.5) (191). 

Aortic Regurgitation 

Chronic rheumatic aortic regurgitation occurs due to leaflet 
thickening, fibrosis, and leaflet contracture, resulting in abnor- 
mal leaflet coaptation and a regurgitant orifice. This regur- 
gitation leads to both volume and pressure overload of the 
left ventricle (194). During a compensatory phase, ventricular 
dilation occurs to maintain forward stroke volume and car- 
diac output, and ejection fraction remains normal. Similar 
to patients with chronic mitral regurgitation, patients with 
chronic severe aortic regurgitation may remain asymptomatic 
for years (194,238). Over time, decompensation may occur, 
resulting in decreased left ventricular function and/or symp- 
toms, most commonly dyspnea on exertion or decreased exer- 
cise tolerance. 

On examination, significant chronic aortic regurgitation 
results in a wide pulse pressure (elevated systolic and low 
diastolic pressures) and bounding pulses. Precordial activity is 
increased, and the apical impulse is displaced laterally due to 
the dilated left ventricle. The typical diastolic murmur of aor- 
tic regurgitation is relatively high-pitched, decrescendo, and 
heard best along the left sternal border with the patient leaning 
forward at end-expiration. The duration of the murmur rather 
than the intensity correlates with the severity of regurgitation. 
A short systolic ejection murmur may be heard at the mid-left 
or upper right sternal border from increased flow across the 
left ventricular outflow tract or associated aortic valve steno- 
sis. In patients with moderate-to-severe aortic regurgitation, 
a low-pitched mid-to-late diastolic rumbling murmur may be 
audible at the apex in the absence of organic mitral stenosis 
(“Austin Flint” murmur). 

The chest radiograph is usually normal in mild aortic regur- 
gitation and shows progressive cardiomegaly with increasing 
severity of aortic valve incompetence. With significant aortic 
regurgitation, a dilated ascending aorta may be evident. 
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The ECG is usually normal in cases with mild aortic regur- 
gitation, but may show left ventricular hypertrophy with mod- 
erate-to-severe aortic valve incompetence. 

On echocardiography, the aortic valve leaflets may show 
thickening, retraction, and variable commissural fusion. The 
severity of the aortic regurgitation should be assessed (216) 
along with documentation of associated lesions, in particular 
mitral valve stenosis or regurgitation. Left ventricular size and 
function should be assessed in all patients with aortic regur- 
gitation. 

Mitral Stenosis 

RF resulting in chronic RHD is the most common cause of 
mitral stenosis. Mitral stenosis does not occur with acute ini- 
tial carditis. In industrialized countries, the interval between 
the occurrence of RF and the onset of symptoms from mitral 
stenosis is usually 15 to 40 years, resulting in presentation in 
the third to fifth decades of life (85). In contrast, symptomatic 
rheumatic mitral stenosis may occur as early as the second dec- 
ade of life in children from developing countries of the world 
(27,29,33). While both greater severity of cardiac involvement 
with the initial illness and multiple recurrences of RF likely 
contribute to the development of this more aggressive form of 
chronic RHD, it is also possible that the disease process itself 
is different in developing countries of the world (27). Mitral 
stenosis may occur as the dominant lesion, with insignificant 
amounts of associated regurgitation (“pure” mitral stenosis), 
or in combination with significant mitral regurgitation (239). 
Women are more likely than men to develop rheumatic mitral 
stenosis (66,111). 

A combination of leaflet thickening, fusion of commissures, 
cusps and chordae, and chordal shortening result in a funnel- 
shaped, stenotic mitral valve orifice. Over time, the valve may 
calcify, further impairing leaflet mobility. The process is usu- 
ally continuous and slowly progressive (at least in industrial- 
ized countries), eventually resulting in left ventricular inflow 
obstruction and a diastolic gradient between the left atrium 
and ventricle. Patients with mild stenosis are usually mini- 
mally symptomatic. With increasing stenosis, however, left 
atrial and pulmonary venous pressures rise, leading to pulmo- 
nary venous congestion and, eventually, pulmonary hyperten- 
sion. Many patients accommodate their lifestyle to the gradual 
development of symptoms and are unaware of their significant 
functional limitations. The most common early symptoms 
are due to decreased cardiac output and include fatigue and 
decreased exercise tolerance. Dyspnea on exertion, cough, 
wheezing, shortness of breath, orthopnea, and paroxysmal 
nocturnal dyspnea may develop as the patient’s condition 
worsens and pulmonary edema develops. Although uncom- 
mon in children, atrial fibrillation may result in atrial thrombi 
and systemic embolization. With severe mitral inflow obstruc- 
tion and pulmonary hypertension, hemoptysis and signs of 
right heart failure, including edema and abdominal distension, 
may be evident. 

On examination, findings depend on the severity of the ste- 
nosis and associated lesions. Precordial activity may be abnor- 
mal with a tapping, palpable first heart sound, but the apical 
impulse is not usually displaced unless there is associated 
mitral and/or aortic regurgitation. Prominent a-waves may be 
visible in the jugular venous pulsations. On auscultation, the 
characteristic findings of mitral stenosis are an increased SI, 
an early diastolic opening snap, and a low-pitched, rumbling 
diastolic murmur best heard at the apex with the patient in a 
left lateral decubitus position. The duration rather than the 
intensity of the murmur correlates with the severity of obstruc- 
tion. In addition, the interval between SI and the opening snap 
decreases with increased stenosis (elevated left atrial pressure 


results in earlier opening snap). For patients in sinus rhythm, 
late diastolic or presystolic accentuation of the murmur may 
be audible due to the increased gradient associated with atrial 
contraction. With severe stenosis and a rigid, calcified mitral 
valve, the opening snap and SI may be inaudible. When sec- 
ondary pulmonary hypertension occurs, P2 increases, and a 
right ventricular impulse or lift may be noted. Tricuspid regur- 
gitation due to a combination of rheumatic tricuspid valve 
involvement and pulmonary hypertension may become clini- 
cally evident with a regurgitant systolic murmur at the lower 
left sternal border, a pulsatile liver, and abnormal jugular 
venous pulsations. 

Typically normal in patients with mild mitral stenosis, the 
chest radiograph may show left atrial enlargement in patients 
with more significant mitral valve obstruction. The left ven- 
tricle is not enlarged unless there is associated mitral or aortic 
regurgitation. The pulmonary artery and right ventricle may 
enlarge when there is associated pulmonary hypertension. 

The ECG is most important for determining the rhythm, 
since atrial fibrillation is an important complication of signifi- 
cant mitral stenosis. The ECG is normal if the mitral stenosis 
is mild, but may show left atrial enlargement with significant 
stenosis. Right axis deviation or right ventricular hypertrophy 
may be evident if there is secondary pulmonary hypertension. 
It is notable that ECG findings do not correlate with the sever- 
ity of the mitral stenosis. 

On echocardiography, patients with rheumatic mitral ste- 
nosis have valvar and subvalvar changes including thickened 
echo-dense leaflets, commissural fusion, abnormal diastolic 
leaflet excursion (doming), and calcification; fusion, short- 
ening, fibrosis, and calcification of the mitral valve chor- 
dae. Mitral regurgitation and stenosis may coexist in such 
patients. The leaflets begin to open in diastole, and although 
the body of the leaflets may continue to move, commissural 
fusion limits the excursion of the leaflet tips resulting in the 
characteristic “bent-knee” or “hockey-stick” appearance 
of the anterior leaflet typical of rheumatic mitral stenosis 
(Fig. 60.7). The posterior leaflet may show very limited excur- 
sion and appear “frozen.” Over time, the valve may calcify, 
first at the leaflet tips and later extending toward the annulus. 
With increased thickness and calcification, the leaflets become 
less pliable and motion is further restricted. Although the left 
atrium is dilated with significant stenosis, the left ventricle 
is normal in size unless there is concomitant mitral and/or 
aortic regurgitation. The severity of the mitral stenosis may 
be assessed from Doppler peak and mean gradients, plan- 
imetry of the valve opening, pressure half-time, or proximal 
Doppler flow convergence (240). Leaflet mobility, thickening, 
calcification, and subvalvular thickening have been shown to 
be useful echocardiographic features for identifying patients 
who are good candidates for balloon valvotomy of mitral 
stenosis (241-243). When possible, pulmonary artery pres- 
sures should be estimated from the tricuspid and pulmonary 
regurgitation velocities since pulmonary hypertension may 
occur with more severe degrees of mitral stenosis. Both right 
and left ventricular function should be assessed in all patients 
with mitral stenosis. When available, 3-D echocardiography 
allows assessment of both valve area and candidacy for bal- 
loon valvotomy (244). 

Exercise or other forms of stress testing may be of value 
in evaluating patients with equivocal symptoms or in whom 
the symptoms are greater than would be expected based on 
the resting echocardiogram. In some patients, the transmitral 
gradient and pulmonary artery pressure rise significantly with 
exercise. Asymptomatic patients with significant mitral steno- 
sis who show poor exercise capacity or a significant rise in esti- 
mated pulmonary artery systolic pressure (>60 mm Hg) with 
stress testing should be considered for transcatheter or surgical 
intervention (245). 
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Figure 60.7, Chronic rheumatic mitral stenosis. A: Two-dimensional echocardiographic parasternal long-axis 
image demonstrating bent-knee or hockey-stick configuration to thickened anterior mitral valve leaflet (arrow). 
B: Apical four-chamber image showing thickened, echogenic leaflets and restricted diastolic opening (arrow); 
LA, left atrium; LV, left ventricle. 


Aortic Stenosis 

Like mitral stenosis, aortic valve stenosis is a form of chronic 
rather than acute RHD and occurs 20 to 40 years after the 
acute illness as adhesions, leaflet thickening, fibrosis, com- 
missural fusion, and calcific nodules may develop over time. 
These changes lead to decreased leaflet mobility, decreased 
aortic orifice size, and obstruction to flow. Rheumatic aor- 
tic stenosis and regurgitation often occur concurrently, usu- 
ally along with rheumatic mitral valve disease. The increase 
in stenosis is gradual, allowing for ventricular compensation 
and the absence of symptoms. With time, compensation fails 
and symptoms develop (including angina, syncope, dyspnea 
on exertion and heart failure), most often in the fifth to sixth 
decades of life (246). 

With severe stenosis, the arterial pulse may be decreased, 
with a slow rate of rise. Conversely, if there is associated aortic 
regurgitation, the pulses may be increased. Similar to congeni- 
tal aortic valve stenosis, a thrill may be palpable at the upper 
right sternal border or in the suprasternal notch. A systolic 
ejection murmur is heard best at the upper right sternal bor- 
der, but in contrast to congenital aortic valve disease, an ejec- 
tion click is uncommon with rheumatic aortic valve stenosis. A 
decrescendo diastolic murmur may be audible if there is asso- 
ciated aortic regurgitation. 

On echocardiography, 2-D imaging often demonstrates 
thickened leaflets with variable degrees of commissural fusion 
and leaflet retraction, responsible for the variable degrees 
and combinations of aortic regurgitation and stenosis. Dom- 
ing of the leaflets, increased echogenicity from calcification, 
and restricted motion develop as the stenosis progresses. The 
severity of aortic stenosis can be evaluated by measuring peak 
instantaneous and mean Doppler gradients or aortic valve 
area using the continuity equation. Left ventricular dimen- 
sions, volumes, wall thicknesses, mass, and function should be 
measured as they importantly contribute to clinical manage- 
ment decisions. The mitral valve should be carefully evaluated 


in all patients with chronic rheumatic aortic valve disease since 
coexistent mitral valve involvement is common. 


Right Heart Involvement 

In patients with chronic RHD, tricuspid and/or pulmonary valve 
involvement may be functional (related to the pulmonary hyper- 
tension that may occur with significant left heart disease) or 
organic (chronic rheumatic changes) (247). The tricuspid valve 
is affected more often than the pulmonary valve by the rheu- 
matic process, but clinically significant involvement of either 
valve is uncommon. Rheumatic tricuspid valve disease (stenosis 
and/or regurgitation) virtually always occurs with significant 
mitral or aortic valve disease. Although histologic evidence of 
rheumatic tricuspid valve involvement may be detectable in up 
to 15% to 40% of patients with RHD (247-250), significant 
tricuspid valve disease is detectable by echocardiography in 
only 7% to 9% (247,251) and is clinically apparent in 3% to 
5% of patients with RHD (250,252). Rheumatic tricuspid ste- 
nosis results from a combination of leaflet thickening, fusion of 
commissures and chordae, and chordal contraction and short- 
ening that limits diastolic leaflet motion and creates a stenotic 
orifice. Leaflet contraction and annular dilation may affect leaf- 
let coaptation and result in tricuspid regurgitation. 

In some cases, it may be difficult to determine whether a 
patient’s symptoms (fatigue, exercise intolerance, peripheral 
edema) are from tricuspid stenosis or mitral stenosis. Features 
typical of tricuspid stenosis include prominent jugular venous 
a-wave pulsations, an opening snap, and a low-pitched dias- 
tolic rumbling murmur at the lower left or right sternal border 
as opposed to the apex where mitral stenosis is characteristi- 
cally heard (253). Right heart failure with peripheral edema, 
hepatomegaly, right upper quadrant tenderness, and ascites 
may be evident in advanced disease. 

On echocardiography, patients with tricuspid regurgitation 
may have right ventricular enlargement and/or hypertrophy, 
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right atrial enlargement, and tricuspid annular dilation. Simi- 
lar to the rheumatic stenotic mitral valve, thickened leaflets 
with doming and decreased motion are characteristic findings 
in rheumatic tricuspid stenosis (254,255). Doppler allows 
estimation of the severity of both the tricuspid regurgitation 
(216,256,257) and stenosis (254). 

Although uncommonly involved in either acute or chronic 
RHD, the pulmonary valve may show evidence of rheumatic 
involvement after the Ross procedure (pulmonary autograft 
replacement of the aortic valve) (258), leading to significant 
neo-aortic regurgitation and, in some cases, the need for sub- 
sequent aortic valve replacement (259,260). 


TREATMENT 


The medical management of acute rheumatic carditis has 
not changed substantially since the mid-1950s. Treatment 
remains largely supportive and directed at preventing recur- 
rences, complications, and deciding on the optimal time for 
intervention for chronic valvular disease. Although anti- 
inflammatory treatment is widely accepted as an integral part 
of the treatment regimen of acute RF and provides sympto- 
matic relief, there is little evidence that such treatment alters 
the natural history of RHD (33,111,261). Although quite 
variable, the duration of an untreated case of RF is approxi- 
mately 3 months, with the course for patients with cardi- 
tis varying from that of complete recovery with no sequelae 
to intractable heart failure requiring surgical intervention. 
The various forms of treatment of acute rheumatic carditis 
and chronic RHD are summarized in Tables 60.6 and 60.7. 


| Treatment of Acute Carditis 

■ General management 

■ Restricted activity: some recommend bed/chair rest for 
approximately 4-6 wk for carditis 

■ Primary prophylaxis (see Table 60.8) 

■ Initiate secondary prophylaxis (see Table 60.9) 

■ Anti-inflammatory therapy (see text for discussion) 

■ Mild-to-moderate carditis 

■ Aspirin: 80-100 mg/kg/d in four divided doses for 
children (target salicylate levels 20-30 mg/dL) 

■ Aspirin: 4-8 g/d in adolescents and adults (target salic- 
ylate levels 20-30 mg/dL) 

■ Severe carditis 

■ Initial steroids (prednisone 2 mg/kg/d) for approximately 2 
wk, then taper 

■ Begin aspirin approximately 1 wk prior to stopping ste- 
roids to prevent rebound 

■ Follow acute phase reactants (erythrocyte sedimentation 
rate, C-reactive protein) 

■ Other treatment depends on severity of involvement and 
symptoms 

■ Moderate-to-severe carditis: consider salt and fluid 
restriction, diuretics, afterload reduction as temporizing 
measures 

■ Intractable heart failure: surgery 


TABLE 60.7 


Treatment of Chronic 
Rheumatic Heart Disease 


■ General medical management 

■ Serial evaluation 

■ Recognition of progression, symptoms 

■ Echocardiography: valvular function, chamber sizes, 
ventricular function, pulmonary pressures 

■ Education: early recognition of symptoms, prevent 
complications 

■ Secondary prophylaxis 

■ Infective endocarditis prophylaxis when indicated (see 
text) 

■ Activity restrictions based on severity of valvular 
disease 


■ Mitral regurgitation (MR) (severe) 

■ Specific medical management: none; no defined role for 
afterload reduction 

■ Indications for surgery: symptoms, LV dysfunction, 

marked ventricular enlargement, new-onset atrial 
fibrillation, pulmonary hypertension (possible intervention 
for severe MR in asymptomatic patients with preserved 
LV function if valve repair likely in a center with 
expertise) 

■ Aortic regurgitation (severe) 

■ Specific medical management: vasodilator therapy 
for patients with symptoms or LV dysfunction who 
are poor surgical candidates (cardiac or noncardiac 
reasons); vasodilator therapy may also be used for short 
term to improve hemodynamics prior to aortic valve 
surgery 

■ Indications for surgery: symptoms, ventricular 
dysfunction, marked LV enlargement, and for patients 
undergoing other cardiac surgery (coronary, other 
valves, etc.) 

■ Mitral stenosis 

■ Specific medical management: anticoagulation is recom- 
mended for (1) history of thromboembolic event, (2) atrial 
fibrillation, and (3) left atrial thrombus; possible role for 
rate control in selected cases 

■ Indications for mechanical intervention (catheter-based 
or surgical): symptoms, pulmonary hypertension 

■ Percutaneous balloon valvotomy: best results for those 
with echocardiographic evidence of noncalcified and 
pliable leaflets, without severe thickening or subvalvular 
pathology 

■ Surgery (repair if possible; valve replacement) in 
patients not candidates for percutaneous intervention 
(expertise not available, left atrial thrombus, significant 
associated mitral regurgitation, unfavorable mitral valve 
morphology) 

■ Aortic stenosis (severe) 

■ Specific medical management: none 

■ Percutaneous treatment (catheter-based balloon 
valvotomy or transapical or transcatheter aortic valve 
implantation) is reserved for those who are poor surgical 
candidates 

■ Indications for surgery: symptoms, LV dysfunction, and 
patients undergoing other cardiac surgery 




1320 SECTION VII ■ Diseases of the Endocardium, Myocardium, and Pericardium 


Traditionally, many patients with RF have been hospitalized 
for evaluation, diagnosis, and initiation of appropriate treat- 
ment. In our experience, the majority of patients can be both 
evaluated and managed as outpatients. 

Medical Management of Acute RF 

In addition to a careful history and physical examination, 
patients with suspected RF should have a throat culture 
performed, lab tests including ASO and/or anti-DNase b titers, 
a white blood cell count, and acute phase reactants (erythro- 
cyte sedimentation rate and C-reactive protein), an ECG, and 
an echocardiogram (if possible) (Table 60.3). Admission to the 
hospital should be considered, but some patients can be man- 
aged as outpatients with close follow-up. 

Management of acute rheumatic carditis should include 
antibiotic treatment to eradicate pharyngeal streptococci, bed 
rest (262,263), and anti-inflammatory treatment (Table 60.5) 
(66,173,264-269). Although there is no evidence that it alters 
the course of RF, antibiotic therapy is recommended even if 
the throat culture is negative. In the 1940s, RF patients who 
were allowed to ambulate had a longer duration and greater 
severity of carditis (larger heart size on CXR) and more 
frequent reactivations than those placed at bed rest. Some 
restriction of activity during the acute phase is warranted, 
but the prolonged strict bed rest practiced in the 1940s and 
1950s is probably unnecessary (269). Some experts recom- 
mend bed/chair rest for 4 to 6 weeks for patients with cardi- 
tis, depending on the severity. Although of unproven benefit, 
many recommend anti-inflammatory treatment with either 
aspirin or steroids for patients with rheumatic carditis since a 
subset of patients with significant acute rheumatic mitral and / 
or aortic regurgitation improves as the acute inflammation 
subsides (270). There is no clear-cut evidence that steroids 
are superior to aspirin in affecting long-term outcome (271). 
However, compared to aspirin, steroids do result in a more 
prompt resolution of inflammation (272,273), fewer new 
murmurs (274), and more rapid disappearance of existing 
murmurs (275). Many experts recommend aspirin at a dose 
of 80 to 100 mg/kg/d (doses as high as 4 to 6 g/d for adults) 
for mild-to-moderate carditis. Salicylate levels should be 
checked, aiming for serum concentrations of 20 to 30 mg/dL. 
For patients with moderate-to-severe carditis and heart 
failure, many recommend steroids (prednisone 2 mg/kg/d or 
equivalent) for approximately 2 weeks, followed by taper- 
ing doses (reduce by 20% to 25% each week). Salicylates 
are started about a week prior to discontinuing steroids to 
prevent rebound. The optimal duration of anti-inflammatory 
treatment with salicylates and/or steroids is unknown; some 
recommend treatment for 4 to 6 weeks, while others recom- 
mend treatment until there is laboratory evidence of resolu- 
tion of the acute inflammatory process (i.e., normalization 
of erythrocyte sedimentation rate and/or C-reactive protein). 
Although laboratory and clinical rebound may be seen fol- 
lowing discontinuation of anti-inflammatory therapy, this 
usually resolves spontaneously without the need for reinstitu- 
tion of therapy (7,156,266). While some patients with heart 
failure improve, it should be emphasized that for patients 
with severe valvular regurgitation and heart failure unre- 
sponsive to medical therapy, surgical restoration of valvular 
competence (repair or replacement) may be life saving (26). 
Neither intravenous gamma globulin (276) nor pentoxifyl- 
line (277) has been found to be of benefit. 

As previously stated, the arthritis of RF is typically very 
responsive to aspirin within 48 to 72 hours. Nonsteroidal 
anti-inflammatory agents have been reported as an effective 
alternative to aspirin for patients with polyarthritis, but have 
not been evaluated for the treatment of carditis (278,279). 


The duration of anti-inflammatory treatment for rheumatic 
arthritis can usually be guided by symptoms and response to 
therapy. 

Most patients with chorea can be managed without phar- 
macologic treatment. In cases with severe symptoms, reported 
treatments include phenobarbital, haloperidol, valproic acid, 
corticosteroids, plasma exchange, and intravenous immune 
globulin (280-284). 

Medical Management of Acute Rheumatic Carditis 
and Heart Failure 

As stated above, many clinicians experienced in the manage- 
ment of RF and acute carditis recommend steroids for patients 
with acute heart failure (see section above). Although some of 
the older literature suggests a role for digoxin (50,266,285), 
this may have been due to the belief that myocardial dysfunc- 
tion played an important role in rheumatic carditis. It should 
be emphasized that the primary hemodynamic abnormality 
is valvular incompetence rather than myocardial dysfunc- 
tion. Diuretics and afterload reduction may be valuable as 
temporizing measures in patients with significant regurgita- 
tion and symptoms. However, in cases with intractable heart 
failure, surgical restoration of valvular competency (repair 
or replacement) may be life saving (191,286). In particular, 
patients with a flail mitral valve after chordal rupture do 
not respond to medical management and require surgery 
(189,223) (Table 60.6). 

Medical Management of Chronic RHD 

Guidelines for the management of chronic RHD are given in 
Table 60.7. In the absence of data on the natural history and 
impact of treatment on chronic valvular disease in children, 
many practitioners extrapolate from the adult literature and 
guidelines (194). Asymptomatic patients with rheumatic val- 
vular disease can often be followed conservatively as most 
remain stable for years. In the absence of symptoms, medical 
management should include serial evaluation to detect inter- 
val change and/or the onset of symptoms, prevent compli- 
cations (i.e., recurrent RF, endocarditis, or embolic events), 
and detect changes in valvular function, chamber sizes, and 
ventricular function. Anticoagulation with warfarin is rec- 
ommended for patients with mitral stenosis who have a his- 
tory of a prior embolic event and for those who have atrial 
fibrillation (194). 

The role of afterload reduction in the management of 
asymptomatic patients with chronic severe mitral regurgita- 
tion and preserved left ventricular function remains unclear. 
Although some studies have demonstrated improvement in 
hemodynamic variables (287-289), other studies have sug- 
gested that vasodilators might result in hemodynamic wors- 
ening (290,291). At present, there are no long-term studies 
showing afterload reduction in this setting to delay the onset 
of symptoms or ventricular dysfunction or improve out- 
come. Thus, use of afterload reduction in the management of 
asymptomatic patients with chronic mitral regurgitation who 
have preserved left ventricular function is not recommended 
(194,292,293). Once symptoms develop, medical manage- 
ment of mitral or aortic regurgitation has little role except as 
a temporizing measure, and surgical intervention is indicated 
(194). 

There is conflicting evidence regarding the role of after- 
load reduction for the management of asymptomatic adults 
with chronic, severe aortic regurgitation and preserved left 
ventricular function. One study comparing long-acting nifedi- 
pine with digoxin in a prospective randomized trial found 
that fewer patients in the nifedipine group underwent aor- 
tic valve replacement (symptoms or LV dysfunction) (294). 
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A subsequent study comparing placebo, long-acting nifedipine, 
and enalapril found no difference in the treatment groups with 
respect to development of symptoms or LV dysfunction (295). 
Accordingly, the current American College of Cardiology/ 
American Heart Association Guidelines for the Management 
of Patients With Valvular Heart Disease do not recommend 
vasodilator therapy for long-term management of asympto- 
matic patients with severe aortic regurgitation who have nor- 
mal ventricular systolic function (194,294-296). 

Unfortunately, there are even less data to guide manage- 
ment of patients with combined mitral and aortic regurgi- 
tation. Although symptoms are an indication for surgical 
intervention, there is evidence suggesting that by the time 
such patients are symptomatic, the likelihood that left and 
right ventricular functions are compromised is greater than 
in similar patients with isolated mitral or aortic regurgita- 
tion. Since right ventricular function is a valuable predictor 
of postoperative mortality in patients with combined left- 
sided valvular regurgitation, detection of decreased right (or 
left) ventricular function should prompt referral for surgical 
intervention (297). 

Recently, investigators have reported possible benefit from 
the use of statins on progression of chronic RHD. Retrospec- 
tive studies have suggested that statins may slow the pro- 
gression of both rheumatic mitral and aortic stenosis. The 
mechanism remains unclear; the anti-inflammatory proper- 
ties of statins may play a role. Results from prospective trials 
in adults with valvar aortic stenosis have yielded conflicting 
results. Thus, although the possibility of medical therapy that 
can change the natural history of RHD (separate from pre- 
venting RF recurrences) is intriguing with important potential, 
the role of statins in the management of chronic RHD remains 
undefined (298-302). 

Heart Failure in Chronic RHD 

Guidelines for the management of patients with RHD and 
heart failure are given in Table 60.7. There is no role for 
long-term medical management of patients with symptomatic 
chronic mitral and/or aortic regurgitation. Unless surgery is 
contraindicated for other reasons, such patients should be 
referred for surgery (194,292). 

Patients with rheumatic mitral stenosis and mild symptoms 
such as dyspnea on exertion related to higher heart rates may 
benefit from negative chronotropic agents, such as beta-blockers 
or calcium channel blockers. Judicious use of diuretics 
and/or sodium restriction may be valuable in cases with pul- 
monary venous congestion (194). With significant stenosis and 
symptoms, both percutaneous balloon valvuloplasty (303,304) 
and surgical intervention have been effective (305). An echo- 
cardiographically determined mitral valve morphology score 
combining assessment of leaflet mobility, subvalvular thicken- 
ing, leaflet thickening, and leaflet calcification has been found 
to be a predictor of outcome after balloon valvuloplasty for 
mitral stenosis (241,243,306). Symptomatic patients who are 
not candidates for percutaneous balloon valvuloplasty should 
be referred for surgery. 

There is no effective medical therapy for symptomatic 
rheumatic aortic valve stenosis. Unlike congenital aortic valve 
stenosis in children, balloon valvuloplasty is not effective and 
has a limited role in the treatment of symptomatic calcific aor- 
tic valve stenosis (307,308); it should be reserved for patients 
who are unacceptable surgical candidates (194). 

Similarly, medical management of symptomatic rheumatic 
tricuspid valve disease is unlikely to be successful. Diuret- 
ics may be useful as a temporizing measure in symptomatic 
patients, but optimal treatment is surgical commissurotomy, 
usually at the time of concomitant mitral valve surgery (309). 


SURGICAL AND CATHETER-BASED TREATMENT 
(See Tables 60.6 and 60.7). Acute Carditis 

Some patients with significant acute mitral or aortic regurgi- 
tation improve with time as the inflammation subsides, while 
others have intractable or progressive heart failure that is 
unresponsive to medical therapy. Surgical intervention with 
valvuloplasty or valve replacement during the acute illness 
can be life-saving because valvular regurgitation rather than 
myocardial dysfunction is the underlying problem , and res- 
toration of valvular competence results in significant clinical 
improvement (197). Despite earlier reports of higher reop- 
eration rates and surgical mortality for repair performed 
during the acute period (310,311), more recent investiga- 
tors have shown no relationship to rheumatic activity, 
with mortality rates <5% (197,264,311,312). Because the 
dominant abnormalities underlying acute rheumatic mitral 
regurgitation are annular dilation and chordal elongation 
resulting in poor leaflet coaptation, surgical annuloplasty 
and/or chordal shortening have been performed with good 
results (186,197). 

Chronic RHD 

Rheumatic valvular disease is often progressive, resulting in 
a chronic hemodynamic burden that may require surgical 
intervention (211). Determining the optimal time for surgical 
intervention in children with chronic RHD is often difficult. 
The presence of significant symptoms is a logical and accepted 
indication, but the optimal timing of intervention for asympto- 
matic children is unclear. With little data to guide the timing of 
intervention for rheumatic valvular disease in children, many 
extrapolate from the guidelines for intervention in adults with 
valvular heart disease (194,243). 

The primary indications for surgical intervention for adults 
with chronic severe mitral regurgitation are symptoms and/or left 
ventricular dysfunction. Additional indications include marked 
ventricular enlargement, atrial fibrillation, and pulmonary 
hypertension (194,237). Recently, some have advocated surgery 
in asymptomatic patients with severe mitral regurgitation and 
preserved ventricular function if valve repair rather than replace- 
ment is likely and can be performed with low morbidity and 
mortality (313). An effective regurgitant orifice area >40 mm 2 
(314) or elevation of B-type natriuretic peptide (315) should also 
warrant careful evaluation and consideration, although when to 
refer such patients for surgical intervention remains controversial 
(316). The rheumatic mitral valve can be repaired using tech- 
niques including commissuroplasty, debridement, or thinning 
of the anterior leaflet, often in conjunction with a mitral annu- 
loplasty (317-321). In some cases, the mitral valve cannot be 
repaired and must be replaced with a prosthetic valve (143,322). 

Indications for surgical intervention for chronic aortic 
regurgitation are similar to those for mitral regurgitation and 
include symptoms, ventricular dysfunction, and marked ven- 
tricular enlargement (194). When surgery is indicated, the 
valve may be repaired or replaced. Historically, most aortic 
valves warranting intervention have been replaced, but there 
is increasing experience with valve repair techniques including 
commissuroplasty, leaflet shortening, and aortic cusp exten- 
sion (286,310,323,324). Similar to the case with mitral valves, 
some valves are not amenable to repair and must be replaced. 
Although pulmonary autograft replacement of the aortic valve 
(Ross procedure) has been performed on some patients with 
rheumatic aortic valve disease, the autograft has been shown 
to be susceptible to rheumatic involvement with an increased 
risk of valve failure and reoperation (258,325,326). 
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Indications for intervention for chronic rheumatic mitral 
stenosis include symptoms and/or pulmonary hypertension 
(194,327). Although open mitral commissurotomy and mitral 
valve replacement were the surgical procedures of choice 
in the 1960s and 1970s, percutaneous balloon valvotomy 
has evolved as an accepted alternative to surgery in selected 
patients. Immediate results are similar to those of surgical com- 
missurotomy, with success rates of >80% to 95%, doubling of 
valve area, and a 50% to 60% reduction in transmitral gra- 
dient. In addition to being operator dependent, results from 
percutaneous valvotomy are strongly influenced by patient 
factors and the morphology of the mitral valve. Patients 
whose mitral valves are noncalcified with mobile leaflets, with- 
out severe leaflet thickening or subvalvular pathology are the 
best candidates for percutaneous valvotomy, with the highest 
likelihood of immediate and sustained improvement with a 
low complication rate (240,241,327). Relative contraindica- 
tions to percutaneous intervention for mitral stenosis include 
the presence of a left atrial thrombus and significant mitral 
regurgitation. When surgery is indicated for rheumatic mitral 
stenosis, open commissurotomy rather than valve replacement 
should be performed when possible. Results are similar to 
those reported for percutaneous valvotomy. When the valve is 
not amenable to repair, mitral valve replacement is performed 
with an operative risk of less than 5% in the absence of pul- 
monary hypertension or other comorbidities (194,328). For 
mitral stenosis patients who are judged to be good candidates 
for percutaneous balloon valvotomy, many cardiologists will 
schedule intervention somewhat earlier in the course than for 
surgical intervention. Conversely, if mitral valve replacement 
appears more likely than repair, stricter indications are used, 
and patients are often sent to surgery later in the course of the 
mitral valve disease (194,240). 

As opposed to patients with congenital aortic valve steno- 
sis in whom intervention is often guided by pressure gradient, 
indications for intervention for rheumatic aortic stenosis are 
symptoms (angina, syncope, and heart failure), left ventricular 
dysfunction, or an abnormal response to exercise (symptoms, 
hypotension, ventricular arrhythmias, impaired exercise tol- 
erance, and new ST segment depression) (194). Also differ- 
ent from congenital aortic valve stenosis is the limited role 
for percutaneous balloon valvotomy in treating rheumatic 
aortic valve stenosis; studies have shown a less than opti- 
mal improvement in valve area associated with a significant 
complication rate in this setting (194). Thus, patients meet- 
ing indications for intervention should undergo aortic valve 


replacement (see aortic regurgitation section for discussion of 
Ross procedure in this setting). 

The surgical approach to rheumatic tricuspid valve disease 
is based on the underlying abnormality. A tricuspid annulo- 
plasty may be performed for tricuspid regurgitation due to 
annular dilation. Tricuspid commissurotomy is the preferred 
approach to rheumatic tricuspid stenosis (247,249,252,309). 


PREVENTION AND PROPHYLAXIS 


Efforts to decrease the incidence of RF and the prevalence and 
severity of RHD and to prevent complications are focused on 
a combination of primary prophylaxis, secondary prophy- 
laxis, improving living conditions and developing a vaccine 
(primordial prophylaxis), and medical management including 
endocarditis prophylaxis (Fig. 60.8). 

Primary Prophylaxis 

It is well established that appropriate treatment of strepto- 
coccal pharyngitis markedly decreases the risk of develop- 
ing RF if started within 9 days after the onset of symptoms 
(11,23,165,329,330). Unfortunately, for as many as one- 
third to two-thirds of patients, the GAS pharyngitis is sub- 
clinical (60), precluding effective primary prevention. Even 
with a negative throat culture, all patients diagnosed with 
acute RF should be treated to eradicate GAS from the phar- 
ynx and prevent repetitive antigenic stimulation (165). A 
single intramuscular injection of benzathine penicillin is the 
most effective treatment, but oral penicillin is an alternative, 
requiring compliance with the full 10-day treatment course 
(Table 60.8). Penicillin-allergic patients should receive a nar- 
row-spectrum cephalosporin, clindamycin, clarithromycin, 
or azithromycin, although some patients allergic to penicil- 
lin may also be allergic to cephalosporins (331). Penicillin- 
resistant strains of GAS have not been reported (266), and 
follow-up cultures are not necessary. Although some have 
suggested other antibiotics for the treatment of GAS pharyn- 
gitis (126), penicillin remains the treatment of choice for GAS 
pharyngitis. The American Heart Association, Infectious Dis- 
ease Society of American, the American College of Physicians- 
American Society of Internal Medicine, American Academy 
of Family Physicians, and the U.S. Center for Disease Control 



Figure 60.8. Prevention (and management) of acute RF and RHD. RF, rheumatic fever; RHD, rheumatic heart disease. 
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I 


TABLE 60.8 


Benzathine penicillin G 


Treatment of Streptococcal 
Pharyngitis (Primary Prophylaxis) 


600,000 U intramuscularly once for patients < 27 kg 
1.2 million U intramuscularly once for patients > 27 kg 
or 


Phenoxymethylpenicillin (penicillin V) 

250 mg orally BID or TID for 10 d for patients < 27 kg 
500 mg orally BID or TID for 10 d for patients > 27 kg 
or 

Amoxicillin 50 mg/kg orally once daily for 10 d (max 1 g/dose) 

Penicillin-allergic patients 

Cephalosporin (narrow-spectrum): dosage regimen depends on 
agent/ oral for 10 d 

Clindamycin: 20 mg/kg/d orally divided in three doses for 10 d 
(max 1.8 g/d) 

Azithromycin: 12 mg/kg orally once daily for 10 d (max 500 mg) 
Clarithromycin: 15 mg/kg/d orally divided in two doses for 10 d 
(max 250 mg per dose) 


s Up to 10% of penicillin-allergic individuals are also allergic to cephalosporins. 
From Gerber MA, Baltimore RS, Eaton CB, et at. Prevention of rheumatic fever 
and diagnosis and treatment of acute streptococcal pharyngitis: a scientific 
statement from the American Heart Association Rheumatic Fever, Endocarditis, 
and Kawasaki Disease Committee of the Council on Cardiovascular Disease in 
the Young, the Interdisciplinary Council on Functional Genomics and Translational 
Biology, and the Interdisciplinary Council on Quality of Care and Outcomes 
Research: endorsed by the American Academy of Pediatrics. Circulation 
2009;119:1541-1551 


all recommend that GAS pharyngitis be treated for 10 days 
with oral penicillin or with long-acting benzathine penicil- 
lin (55,165,332), Although primary prophylaxis is both rec- 
ommended and effective for individual patients, it remains 
unclear and controversial whether it is effective in decreas- 
ing the overall incidence of RF (109,333-336). Administra- 
tion of antibiotics during an episode of RF does not alter the 
course or severity of cardiac involvement (115). No studies 
have shown tonsillectomy to be effective in reducing the inci- 
dence of RF. 


Secondary Prophylaxis 

In the absence of specific and effective treatment for RF, pre- 
venting RF recurrences is the most effective means of decreas- 
ing the likelihood and severity of long-term chronic RHD (7). 
All patients who have had RF, especially those with cardiac 
involvement, are at risk for recurrences. Some studies report 
this risk to be as high as 40% to 60% for patients with car- 
diac involvement (47,264,337). The risk of recurrence is 
greatest in the first few years following an episode of RF, and 
then decreases with time. The pattern of clinical involvement 
with such recurrences is often mimetic, following the pattern 
of the initial episode. Thus, patients who have carditis with 
their first episode of RF are likely to have cardiac involve- 
ment with recurrences. The recurrences often result in more 
severe rheumatic valvular dysfunction and a greater likeli- 
hood of significant chronic RFTD (44,338). Unfortunately, the 
mimetic clinical pattern with recurrences is not absolute, and 
a minority (6% to 14%) of patients develops clinical carditis 
and subsequent RHD only after a recurrence (114,338,339). 


Secondary Prophylaxis After RF 

Benzathine penicillin G 

600,000 U intramuscularly every 3-4 wk for patients < 27 kg 
(601b) 

1.2 million U intramuscularly every 3-4 wk for patients > 27 
kg (60 lb) 

or 

Phenoxymethylpenicillin (penicillin V) 

250 mg orally twice daily 

or 

Sulfadiazine 

0.5 g orally once daily for patients < 27 kg 
1 g orally once daily for patients > 27 kg 
Penicillin- and sulfa-allergic patients 
Macrolide or azalide (dose depends on agent and patient size) 


Category 


Duration 


RF with carditis and 
residual RHD (clinical or 
echocardiographic) 

RF with carditis, but no 
residual RHD 
RF without carditis 


10 y since last episode or until 
age 40 y a ; possibly lifelong 

10 y or until age 21 y a 

5y or until age 21 y a 


Whichever is longer 

From Gerber MA, Baltimore RS, Eaton CB, etal. Prevention of rheumatic fever 
and diagnosis and treatment of acute streptococcal pharyngitis a scientific 
statement from the American Heart Association Rheumatic Fever, Endocarditis, 
and Kawasaki Disease Committee of the Council on Cardiovascular Disease in 
the Young, the Interdisciplinary Council on Functional Genomics and Translational 
Biology, and the Interdisciplinary Council on Quality of Care and Outcomes 
Research: endorsed by the American Academy of Pediatrics. Circulation 
2009;119 1541-1551. 


Thus, all patients who have had RF should receive second- 
ary prophylaxis to prevent recurrences (Table 60.9). Intra- 
muscular administration of benzathine penicillin (1.2 million 
units) is the most effective secondary prophylaxis regimen. 
In many areas, this injection is administered every 4 weeks. 
However, there is pharmacokinetic evidence that penicillin 
levels fall between 21 and 28 days after administration in a 
significant proportion of patients (340). Thus, in areas where 
RF is endemic and/or in cases with a documented RF recur- 
rence on every 4-week prophylaxis, every 3-week adminis- 
tration of intramuscular penicillin may be preferable (Indian 
Academy of Pediatrics recommends every 2 weeks for some 
patients) (341,342). Oral penicillin is a reasonable alternative, 
especially in parts of the world where RF is less common and 
in low-risk cases (165,331). Sulfadiazine is recommended for 
patients allergic to penicillin. Recent reports emphasize the 
importance of noncompliance in the evolution of heart dis- 
ease and precipitation of congestive heart failure in an at-risk 
population (343). 

The recommended duration of secondary prophylaxis 
is influenced by the presence of acute and chronic cardiac 
involvement and by the time since the last episode of RF 
(Table 60.9) (165). Since patients who have had carditis are 
at higher risk for cardiac involvement with recurrences, the 
recommended duration of secondary prophylaxis is longer for 
this group of patients. In selected low-risk patients (e.g., no 
carditis or RHD) more than 5 years out from the RF illness, 
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discontinuation of prophylaxis earlier than suggested in the 
guidelines of Table 60.9 may be justified (344). Some recom- 
mend that patients with persistent RHD receive secondary 
prophylaxis indefinitely (165,267), while others have sug- 
gested that prophylaxis is unnecessary beyond age mid-20s 
(286). Patients should continue to receive secondary prophy- 
laxis even after valve replacement since recurrence may result 
in damage to other cardiac valves (345). Allergic (3%) and 
anaphylactic (0.2%) reactions to monthly benzathine penicil- 
lin infections are uncommon and are unrelated to the duration 
of prophylaxis (7). 

Unfortunately, many patients with RHD do not receive sec- 
ondary prophylaxis, for at least two reasons. First, in order for 
secondary prophylaxis to be effective in reducing the preva- 
lence and evolution of chronic RHD, patients who would 
benefit from such a prophylaxis program must be identified. 
Many patients with RHD do not recall having had prior RF 
and are unaware of their heart disease until they either develop 
symptoms or have their valvular abnormality detected inci- 
dentally. The World Health Organization recommends school- 
based screening to identify such patients, but the optimal 
method for screening remains to be established. Two reports 
of school-based screening using echocardiography performed 
in Mozambique and Cambodia found the prevalence of RHD 
detected using echocardiography to be 10 to 13 times greater 
than using clinical auscultation alone (346). Thus, 90% of 
RHD cases were only detected by echocardiography. A similar 
study performed in Tonga yielded a similar prevalence of RHD 
using echocardiography (347). There continues to be debate 
regarding the diagnosis of subclinical RHD. It is well known 
that many patients who present with RHD cannot recall hav- 
ing prior RF and that a significant proportion of patients with 
“pure” chorea (no clinical carditis) go on to develop chronic 
RHD (suggesting very mild or subclinical cardiac involvement). 
On the other hand, small amounts of valvular regurgitation 
can be seen in normals (“physiologic”) so that differentiation 
between mild pathologic and physiologic regurgitation can be 
difficult, leading to the potential for overdiagnosis. To address 
this difficulty, criteria have been evaluated and proposed that 
help distinguish physiologic from pathologic Doppler regurgi- 
tation (7,219,222,225,226). In addition, some have proposed 
that both 2-D morphologic changes and Doppler evidence of 
valvular regurgitation be required for the diagnosis of subclin- 
ical RHD (25). However, this requirement risks under diagno- 
sis as many patients with mild RHD show clearly pathologic 
valvular regurgitation with minimal morphologic changes. 

Second, once patients who would benefit from second- 
ary prophylaxis have been identified, compliance must be 
optimized. Both the World Health Organization and World 
Health Federation recommend register-based control pro- 
grams to promote education, training, and early recognition 
of RF and RHD and to optimize and coordinate the delivery 
of secondary prophylaxis in populations with a high preva- 
lence of RHD. Although establishing and sustaining such pro- 
grams is challenging, especially in developing countries, the 
potential benefits of such programs are significant and form 
the basis of the joint global project on RF/RHD prevention 
and promotion (6,7,109). 

Primordial Prevention 

The fact that as many as one-third to two-thirds of cases of RF 
are preceded by a minimally symptomatic or asymptomatic 
GAS pharyngitis makes effective primary prophylaxis impos- 
sible in many cases. Poor access to health care in developing 
countries where the incidence of RF is high further decreases 
the likelihood of effective primary prophylaxis. If the initial 
episode of RF is not recognized, secondary prophylaxis (to 


prevent recurrences) cannot be implemented. Even when the 
initial episode is diagnosed, poor compliance with long-term 
secondary prophylaxis may further limit effective preven- 
tion of RF recurrences that may lead to progressive RHD 
(6). While secondary prophylaxis is the most cost-effective 
approach to preventing RHD once a patient is known to have 
had RF/RHD, the most effective way to decrease the burden 
of RF and RHD in developing countries may be by reducing 
exposure to GAS, termed by some as “primordial prophy- 
laxis.” Such primordial prevention can occur in at least two 
ways. Since improvement in socioeconomic conditions in 
industrialized countries has led to a significant decrease in the 
incidence of RF and the prevalence of RHD, it is not unrea- 
sonable to think that similar improvements in developing 
countries may result in similar benefit. There is also ongoing 
work to develop an effective GAS vaccine. Challenges in the 
development of such a vaccine include the fact that it must be 
multivalent (accounting for the numerous M types that may 
lead to RF), safe (cross-reactive antibody has the potential 
to produce significant unwanted side effects), and would be 
preferably mucosal (administered intranasal or orally rather 
than by injection) (7,109,348,349). 

Endocarditis Prophylaxis 

Endocarditis continues to be an important complication of 
RHD (8,350). The American Heart Association Guidelines 
for endocarditis prophylaxis were revised in 2007 such that 
prophylaxis is now recommended for patients undergoing 
dental procedures with cardiac conditions associated with 
the highest risk of adverse outcome from endocarditis. This 
includes patients with prosthetic cardiac valves or prosthetic 
material used for cardiac valve repair and those who have had 
previous endocarditis. Prophylaxis is no longer recommended 
for patients with other conditions (including many patients 
with RHD). Prophylaxis is recommended for “dental proce- 
dures that involve manipulation of gingival tissue or the peria- 
pical region of teeth or perforation of the oral mucosa,” but is 
no longer recommended for gastrointestinal or genitourinary 
procedures (351). The reader is referred to the Guideline state- 
ment for details regarding patient selection and antibiotic regi- 
men. Since patients receiving chronic penicillin prophylaxis 
are likely to be colonized with amoxicillin-resistant organ- 
isms, clindamycin, clarithromycin, or azithromycin are recom- 
mended for indicated procedures (351,352). 


SUMMARY 

■ RF and RHD continue to be major problems in developing 
countries, resulting in significant morbidity and mortality. 

■ Factors related to the streptococcal organism, the environ- 
ment, and host susceptibility influence the likelihood of an 
individual developing RF. 

■ The pathogenesis of RF is likely related to an abnormal 
immune response to a preceding GAS infection; both 
humoral and cell-mediated immune responses contribute 
to the clinical manifestations, including acute carditis and 
chronic RHD. 

■ The most common clinical manifestations of RF are arthri- 
tis, carditis, and chorea; carditis and subsequent RHD are 
responsible for long-term morbidity and mortality. 

■ Diagnostic criteria should serve as guidelines to assist in 
the diagnosis of both initial and recurrent attacks of RF. In 
areas where RF and RHD continue to be common, modifi- 
cation of the diagnostic criteria (e.g., polyarthralgia, mono- 
arthritis, and silent carditis as major criteria) may improve 
sensitivity and decrease underdiagnosis. 
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■ Valvular dysfunction (rather than myocarditis or pericardi- 
tis) is the important abnormality in both acute rheumatic 
carditis and chronic RHD. 

■ Echocardiography should be performed (if available) on all 
patients with RF. It is useful in confirming and quantifying 
valvular regurgitation, in differentiating acute RHD from 
innocent murmurs or congenital heart disease, in the serial 
evaluation of patients with known RHD, and in identify- 
ing subclinical rheumatic cardiac involvement. The World 
Health Organization recommends that silent but significant 
mitral and/or aortic regurgitation be considered probable 
RHD, and that such patients be given secondary prophy- 
laxis and followed long-term for evolution of heart disease. 
Guidelines from Australia and New Zealand recommend 
that subclinical carditis be accepted as a major criterion in 
diagnosing RF. 

■ The most important factors influencing the likelihood and 
severity of chronic RHD are the severity of the initial cardi- 
tis, and RF recurrences. 

■ Primary prophylaxis (treatment of GAS pharyngitis) is 
effective in preventing RF, but many cases go untreated 
(very mild symptoms or subclinical pharyngitis). 

■ Preventing recurrences of RF (secondary prophylaxis) is the 
most effective means of decreasing the likelihood and sever- 
ity of long-term RHD. 

■ The most effective way to decrease the burden of RF and 
RHD in developing countries may be via improvement in 
living conditions (crowding, hygiene, access to care) and 
development of an effective vaccine against GAS (“primor- 
dial prophylaxis”); efforts are ongoing in these areas. 

■ Mechanical intervention techniques for RHD continue to 
improve. Percutaneous balloon valvotomy is effective in many 
patients with rheumatic mitral stenosis, and both mitral valve 
and aortic valve repair (as opposed to replacement) are being 
performed more commonly, with better outcomes. 
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T he chronic, multisystem rheumatic diseases of childhood 
affect many body organs, including the cardiovascular 
system. This chapter discusses the juvenile idiopathic arthri- 
tis (JIA), systemic lupus erythematosus (SLE), vasculitis syn- 
dromes, and other rheumatic diseases briefly and then focuses 
on their cardiac complications. The differential diagnosis of 
each cardiac complication is discussed as well. 


JUVENILE IDIOPATHIC ARTHRITIS 

JIA is an uncommon chronic arthritis disease in children. In 
the United States, close to 300,000 children have chronic 
arthritis diseases (l).The incidence of new cases ranges from 
1 to 20 per 100,000 per year (2,3). The burden of JIA remains 
considerable despite the newest therapies, including biologies 
(3). Improvement in the outcome of JIA will require earlier 
diagnosis and aggressive early therapy as well as improvement 
in the therapy, understanding of the environmental triggers, 
and genetic predisposition. 

Diagnosis 

The diagnosis of JIA requires symptoms and the presence of 
arthritis on physical exam for at least 6 weeks. Other potential 
causes of arthritis must be considered and excluded. JIA has 
different subtypes that may evolve over the initial 6 months. 
Subtypes are differentiated by clinical features and the num- 
ber of joints that become involved. Subtypes include systemic- 
onset JIA, oligoarticular JIA, rheumatoid factor (RF) negative 
polyarticular JIA, RF positive polyarticular JIA, psoriatic JIA, 
and enthesitis-related JIA (ERJIA) (Table 61.1). 

Systemic-onset JIA is a systemic illness characterized by a 
triad of daily spiking fevers, an evanescent macular rash, and 
arthritis involving at least one joint. Some patients will have 
hepatosplenomegaly and lymphadenopathy. Oligoarticular 
JIA typically presents with arthritis in four or fewer joints 
affected and lack of systemic symptoms (4). RF negative pol- 
yarticular JIA typically affects five joints or more with a less 
symmetrical small and large joint arthritis than seen in the 
RF positive polyarticular JIA. RF positive polyarticular JIA 
closely resembles adult rheumatoid arthritis (RA). Psoriatic 
arthritis has its own personality with a very asymmetrical 
arthritis and a family history of psoriasis; the psoriatic rash 
may not be present at the onset of the arthritis. Enthesitis- 
related arthritis affects boys more often with the character- 
istic enthesitis, which involves inflammation of tendons and 
ligaments at points of insertion, as well as lower extremity 
arthritis. Each one of these JIA subtypes has its own very dis- 
tinct clinical pattern (5). 


Clinical Patterns for Diagnosis 

Systemic-Onset Juvenile Idiopathic Arthritis 

Systemic-onset JIA is an impressive systemic inflammatory 
disease that may have more in common with autoinflamma- 
tory diseases than the other subtypes of JIA (4). It may involve 
multiple target organs including the joints, skin, lymph nodes, 
liver, spleen, heart, and lungs. There is no distinct peak age 
of onset of systemic-onset JIA. The systemic presentation is 
often impressive with daily high spiking fevers associated with 
a pale, pink, evanescent small macular rash (Fig. 61.1), more 
on the trunk than the extremities. The rash is especially evi- 
dent when the fever is at its peak. The child often suffers from 
terrible muscle and joint pains during the fever spike and is 
quite irritable. Arthritis may begin early in the course of the 
disease or may present later, sometimes up to several months 
after the onset of the disease. The arthritis usually follows a 
polyarticular pattern. 

Laboratory testing reveals systemic inflammation with fre- 
quent leucocytosis, thrombocytosis, markedly elevated sedi- 
mentation rate, and a normocytic, normochromic anemia. The 
serum ferritin is often significantly elevated as well. Serologies 
including the antinuclear antibody (ANA) titer and the RF are 
negative. Though this presentation is classic for systemic-onset 
JIA, it is prudent to consider infections and malignancy in the 
differential diagnosis as there is not one diagnostic symptom, 
sign, or laboratory test for this subtype of JIA. The diagnosis 
is made by recognition of the clinical pattern of fever, rash, 
and arthritis with compatible laboratory testing and a negative 
infectious and malignancy evaluation, often including a bone 
marrow biopsy. The systemic features of systemic-onset JIA 
often remit with time and the course of these children follows 
a polyarthritis pattern. 

Oligoarticular JIA 

This subtype of JIA is seen most often in young girls with a 
peak of onset between 1 and 2 years of age. The children often 
develop one or several swollen large joints, usually one knee 
or both knees followed by ankles (Fig. 61.2). The arthritis 
typically begins in one joint and over the first 6 months, the 
child has only four or fewer joints involved. Despite the lim- 
ited number of joints affected, the child can be disabled, for 
example, with difficulty walking, especially in the morning. 
The child may have major joint difficulties with pain, stiffness, 
and flexion contractures, but does not usually have systemic 
features such as fevers, rash, or hepatosplenomegaly. Uveitis 
is a major complication of this type of arthritis (Fig. 61.3). It 
is occasionally present at the time of diagnosis of the arthritis 
but more often develops over the next few years in a minority 
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Multimodality Imaging for Diagnosis of Cardiac Sarcoidosis 

Diagnostic Test 

Feature 

Sensitivity 

Specificity 

Electrocardiogram 

Conduction disturbances, arrhythmias 

Low 

Low 

Echocardiography 

Abnormal wall motion, regional wall 
thinning/thickening, depressed ejection 
fraction, pericardial effusion 

Low to moderate 

Low 

201 Thallium scintigraphy 

Segmental perfusion defect 

Moderate 

Moderate 

67 Gallium scintigraphy 

Increased myocardial uptake 

Low 

High 

18F FDG-PET 

Increased myocardial uptake 

High 

Moderate to 
high 

CMR 

High intensity lesions, thinning of 
ventricular wall 

Moderate to high 

High 


FDG-PET, fluorodeoxyglucose positron emission tomography; CMR, cardiac magnetic resonance 
From Kim JS, et al. Cardiac sarcoidosis. Am Heart J 2009;157:9-21. 


of these oligoarticular children. The diagnosis of this subtype 
is made by the presence of typical joint involvement for at 
least 6 weeks. Laboratory tests are nonspecific. Synovial fluid 
analysis may reveal an inflammatory range of the white blood 
cell (WBC) count, a shift to the left in the WBC differential 
and normal synovial fluid glucose, protein, and cultures. The 
complete blood count (CBC) is usually normal and sedimenta- 
tion rate may be elevated or normal. The ANA is often mildly 
elevated and RF negative. 

A swollen joint of brief duration must be evaluated for a sep- 
tic joint, osteomyelitis, trauma, hemarthrosis, and other acute 
processes. Most often these problems have been excluded by the 
time the diagnosis of oligoarticular JIA is considered. A minor- 
ity of these oligoarticular JIA children will develop polyarthritis 
over time and are classified as extended oligoarticular JIA. 

Rheumatoid Factor Negative Polyarticular JIA 

This type of JIA occurs more in girls and begins both early 
in childhood and in older children and adolescents. These 
children develop arthritis in more than four joints in the first 
6 months of the disease process. Small and large joints are 
affected as well as the cervical spine and the temporoman- 
dibular joint (TMJ) (Fig. 61.4). Disability can be profound. 



Figure 61.1. The macular evanescent rash of systemic JIA on 
the thigh of a 12- year-old boy. 


The number of joints affected may increase over time and the 
hips may eventually become involved. Systemic features such 
as fever, rash, serositis, and organomegaly are not typically 
present; however, uveitis may occur along with growth failure, 
fatigue, and malaise. Psoriatic disease as well as ankylosing 
spondylitis, reactive arthritis, inflammatory bowel disease, 
and other spondyloarthropathies must be excluded. Sclero- 
derma and dermatomyositis may cause polyarthritis but have 
their own distinguishing skin and muscle features for diagno- 
sis. Infections such as multiple-joint or bone septic processes, 
parvovirus disease, Lyme disease, and disseminated Neisseria 
gonorrhoeae may sometimes mimic polyarthritis due to JIA. 
Malignancies such as leukemia, lymphoma, and neuroblas- 
toma may also mimic JIA. 

Laboratory tests show mild, nonspecific abnormalities. 
Mild anemia of chronic disease may be present and occasion- 
ally the platelet count is elevated as an acute phase reactant. 
The sedimentation rate is often elevated. The ANA titer may 
be mildly elevated. 

Rheumatoid Factor Positive Polyarticular JIA 

Older children and adolescents may develop an arthritis disease 
involving joints or more with a positive RF (5). The RF should 



Figure 61.2. A swollen, limited wrist of a 10-year-old girl with 
polyarticular RF negative JIA. 
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Figure 61.3. The swollen knees and ankles of a 13-year-old girl 
with severe RF negative JIA. 


be positive on two or more occasions in tests done at least 
3 months apart. This subtype is an overwhelmingly female dis- 
ease and is very similar to adult RA. Small and large joints may 
be involved and, as in RF-polyarticular JIA, the cervical spine 
and TMJ are frequently affected. Rheumatoid nodules typi- 
cal of adult RA are not uncommon, especially on the hands, 
feet, and elbows (Fig. 61.5). Uveitis may also occur. Systemic 
features such as fever and rash are rare although poor weight 
gain, fatigue, and malaise are common. The differential diag- 
nosis is limited due to the utility of the positive RF, which, in 
lieu of any typical signs of other diseases, facilitates the diagno- 
sis of polyarticular JIA. Although the specificity and sensitivity 
of the anti-cyclic citrulinated peptide antibody (anti-CCP) is 
not yet clear in children and adolescents, it holds promise for 
diagnosing RF positive JIA early in the disease course (6). 



Figure 61.4. The facial rash of a 6-year-old boy with JDM; 
note the rash around his eyes and on his eyelids. 



Figure 61.5. The necrotic ulcer on the fingertip of a 14-year- 
old boy with systemic scleroderma. 


Psoriatic Arthritis 

Children who have psoriatic arthritis often present a diag- 
nostic challenge. The age ratio favors girls as in polyarticular 
JIA. The age of onset is bimodal in the early children years 
and later childhood and adolescence, again like many children 
with RF negative JIA. The psoriatic rash, which is frequently 
seen in adult psoriasis early in the course, may not be pre- 
sent at the time of onset of the arthritis in children. The joints 
are often involved in an asymmetrical, atypical pattern with a 
predilection for small joints. It is not unusual to have a swol- 
len single peripheral joint such as a finger joint and several 
swollen toe joints present as well as one or two affected large 
joints, such as a knee, wrist, or ankle. Nail pitting is occasion- 
ally present as well as dactylitis. It is common to have a close 
relative with psoriasis though the significance of this history 
is seldom appreciated by the family members. Uveitis is a risk 
although not as much as seen in oligoarticular or polyarticu- 
lar JIA. Lab testing may show mild anemia, elevated platelets, 
and sedimentation rate, and a positive ANA. A skin biopsy to 
confirm psoriasis may be useful (7). 


Enthesitis-Related Arthritis 

Children and adolescents can develop a spondyloarthropathy 
that is revealed over time to be due to ankylosing spondyli- 
tis, psoriatic arthritis, inflammatory bowel disease, reactive 
arthritis, or a seronegative enthesitis and arthritis syndrome. 
The exact diagnosis may not be evident at initial presentation. 
Children and adolescents often start with an enthesitis around 
a joint with inflammation causing swelling, tenderness, and 
pain at the insertion of a tendon, fascia, or ligament on bone. 
Lower extremity peripheral arthritis is often present or even- 
tually develops. Back pain, back limitation, chest limitation, 
and radiographic evidence of sacroilitis typical of ankylosing 
spondylitis in adults are seldom seen in the early stage of these 
diseases in the first two decades of life. Males predominate 
and age of onset is late childhood to adolescence. Acute uveitis 
may occur but is not common. Chronic uveitis as seen in other 
JIA subtypes is rare. 

Laboratory testing is not typically helpful in making a diag- 
nosis. Routine testing such as the CBC and sedimentation rate 
are often normal and the ANA titer is often negative. A posi- 
tive human leukocyte antigen B27 (HLA-B27) is supportive of 
an enthesitis-related arthritis but not diagnostic. Radiographic 
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and MRI of sacroiliac joints are only occasionally abnormal 
early in the disease course. 

Therefore, the diagnosis of the enthesitis-related arthritis is 
primarily a clinical one. Older childhood and adolescent males 
with enthesitis who develop lower extremity arthritis may be 
initially put under the JIA umbrella but are at risk for develop- 
ing a chronic spondyloarthropathy that continues into adult- 
hood and often require long-term follow-up. 

JIA Cardiac Complications 

Pericarditis 

Pericarditis is the most frequent cardiac complication seen in 
JIA. The prevalence of pericarditis in JIA ranges from 3% to 
9% and it is observed mostly in children with systemic-onset 
JIA. There is evidence that many clinically active systemic- 
onset JIA children have silent, clinically insignificant pericar- 
dial effusions (6-8), 

Symptomatic pericarditis with a pericardial effusion occurs 
usually at times of systemic disease activity with some com- 
bination of fever, rash, and arthritis. These children usu- 
ally develop acute substernal chest pain and difficulty while 
breathing, especially when lying flat. The child may complain 
of referred shoulder, back, or neck pain. They are most com- 
fortable sitting up or leaning forward in bed. The children 
are tachycardic and may have a friction rub at the lower left 
sternal border on auscultation of the heart, especially if the 
pericardial effusion is small to moderate in severity. A chest 
radiograph shows cardiomegaly. The electrocardiogram 
shows a predictable series ST and T of changes, initially with 
ST segment elevation, then normalization of ST abnormali- 
ties, followed by T wave inversion, and finally a return to 
baseline ST-T waves. Other electrocardiographic findings 
include PR depression, which may be diffuse or localized to 
only a portion of the leads, low voltages, and electrical alter- 
nans with large effusions. An echocardiogram (Fig. 61.6) may 
demonstrate a pericardial effusion that confirms the diagno- 
sis. Occasionally there may be minimal associated pericardial 
fluid, which does not meet echocardiographic criteria for a 
pathologic effusion. The diagnosis of pericarditis is made 
upon clinical grounds, especially if the JIA child has a pattern 
of pericarditis episodes (6-9). 

Fortunately, cardiac tamponade is rare in children with 
JIA (10-12). The diagnosis of cardiac tamponade is a clinical 
diagnosis including elevated neck veins with loss of x and y 



Figure 61.6. Delayed enhancement MRI showing patchy mid- 
myocardial fibrosis in a patient with RA and myocarditis. 


descents, pulsus paradoxus, tachycardia, and hypotension 
all of which indicate impaired cardiac output secondary to 
pericardial fluid impairing ventricular filling (see Chapter 62, 
Pericardial Diseases/Effusions). Emergent pericardiocentesis is 
indicated for cardiac tamponade and can be lifesaving. 

Bernstein et al. (6) studied 55 patients with JIA and detected 
20 patients with pericardial effusions by echocardiography. 
Sixteen of these twenty children had systemic JIA, four had 
polyarticular JIA, and none had oligoarticular JIA. Of the 20 
patients with abnormal echocardiograms, 9 had an enlarged 
heart on chest radiograph, 8 had abnormal ECGs and a peri- 
cardial friction rub was detected in 4. In 11 of 20 patients 
with an abnormal echocardiogram, there was no other objec- 
tive evidence of pericarditis by chest radiograph or electrocar- 
diography. 

Gedalia et al. (12) performed echocardiography on 116 
children with JIA who were seen consecutively in a JIA 
clinic. Twenty-six of these children had a pericardial effusion 
detected, nearly all children with systemic onset JIA. Sixty- 
one children with systemic onset juvenile idiopathic arthritis 
(SOJIA) were included in the study. Twenty-one of the sixty- 
four (34%) had a pericardial effusion with five having large 
effusions, eight having moderate effusions, and eight having 
small effusions. All 13 of the children with large and moderate 
effusions had symptoms while none of the children with small 
effusions noted had any symptoms. As might be expected, only 
1 of 37 children with polyarticular JIA and 3 of oligoarticular 
JIA children had an effusion. None of these four nonsystemic 
JIA children had any symptoms with their small effusions. 

A more recent study by Alkady et al. (13) utilized newer 
technology to demonstrate left ventricular abnormalities. The 
study included 45 children with JIA without cardiac symp- 
toms and 30 age-matched and sex-matched controls. M-mode, 
2-D, and pulsed Doppler echocardiography was performed on 
36 children with JIA and 30 controls. Tissue Doppler echo- 
cardiography (ECHO) was performed on 24 JIA patients to 
assess systolic and diastolic function of the left ventricle as 
well as controls. Children with JIA had higher systolic and 
diastolic blood pressures, resting heart rate, and left ventricu- 
lar systolic size and volume. Compared to controls, the Dop- 
pler ECHO and the tissue Doppler analysis suggested that the 
JIA group had a lower peak filling capacity, higher peak atrial 
filling velocity, and prolonged diastolic E and A wave decelera- 
tion times and prolonged isovolumic relaxation time. 

Myocarditis 

Myocarditis is seen rarely in JIA and only in children with 
active systemic JIA. It can occur by itself or in association with 
pericarditis. It may result in heart failure and arrhythmias, 
which may be a fatal complication. Clinically, the child may 
present with signs of systemic JIA including fever, rash, and 
arthritis. Cardiac manifestations include tachycardia, hypo- 
tension, dyspnea secondary to pulmonary edema, abdominal 
distention secondary to ascites and poor cardiac output, lower 
extremity edema in older children and teenagers, cool extremi- 
ties secondary to poor perfusion and low cardiac output, and 
feeding intolerance in infants. Diagnostic testing may demon- 
strate an enlarged heart on chest radiograph, various electro- 
cardiographic changes from nonspecific ST-T wave changes to 
new bundle branch block or ST changes concerning ischemia 
(ST elevation or depression, T-wave inversions), and mild ele- 
vations in serum troponin levels. The diagnosis of myocarditis 
is confirmed by echocardiography showing depressed ventric- 
ular function, or MRI (Fig. 61.7) showing both depressed ven- 
tricular function and/or evidence of patchy mid-myocardial 
fibrosis on delayed-enhancement imaging. 

Bernstein et al. found evidence of myocarditis in only 4 of 
40 children while Miller and French (14) noted myocarditis in 
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Figure 61.7. Echocardiogram from subcostal view showing 
moderate-sized posterior pericardial effusion in a patient with 

JIA. 


3 of 246 patients. Svantesson et al. (15) noted symptomatic 
myocarditis in 4 of 320 children with JIA. In a review of the 
literature, Goldenberg et al. (10) found 4 of 172 children with 
JIA to have perimyocarditis and 2 to have myocarditis. 

Endocarditis 

Endocarditis is very rare in JIA and if present at onset requires 
exclusion of other diagnoses such as rheumatic fever or 
infectious causes. Aortic and mitral insufficiency have been 
reported in several patients with systemic onset JIA as well as 
in RF-positive JIA children years after the JIA diagnosis and 
tends to occur more in the most severe JIA patients (16-19). 

Treatment 

Children with JIA who are noted to have asymptomatic peri- 
carditis may be observed and not treated. If treatment appears 
prudent, nonsteroidal anti-inflammatory drug therapy such 
as naproxen (15 mg/kg/day in two doses) or indomethacin 
(1 to 2 mg/kg/day in two doses) are preferable to corticoster- 
oids. Symptomatic pericarditis secondary to JIA warrants cor- 
ticosteroid therapy. Myocarditis and endocarditis due to JIA 
are more serious complications than pericarditis and require 
aggressive corticosteroid therapy. 

Corticosteroid therapy should start with a 1- to 3-day 
course of intravenous methylprednisolone at a dose of 15 to 
30 mg/kg/dose per day in a single dose. This aggressive ther- 
apy often relieves any pericarditis symptoms and the ECG and 
echocardiogram return to normal. Occasionally further cor- 
ticosteroid therapy is needed such as high-dose prednisone at 
1 to 2 mg/kg/day for a week with weaning of the drug over the 
next month depending on the child’s response. If the child has 
systemic JIA, the other clinical features such as fever, rash, and 
arthritis may have to be considered in the treatment. Metho- 
trexate, anakinra, tocilizumab, and other remissive therapies 
are often required to control the entire spectrum of clinical 
problems in systemic JIA children and should be considered 
when a cardiac complication has occurred. The treatment of 
myocarditis and endocarditis is similar to the treatment for 
more severe pericarditis; high-dose corticosteroid treatment 
with possible remissive therapy. In children with congestive 
heart failure, angiotensin receptor blockers such as lisinopril 
are used to improve left ventricular function and reduce ven- 
tricular remodeling. In severe ventricular dysfunction with evi- 
dence of significantly impaired cardiac output, patients may 


require ionotropic support with dobutamine, epinephrine, or 
milrinone. Arrhythmias are rare, but can be life threatening, 
and may require antiarrhythmic therapy or cardioversion. 
Rarely, mechanical devices such as intra-aortic balloon pumps 
or ventricular assist devices may be required to maintain car- 
diac output until ventricular function improves. In some cases 
of endocarditis, valve replacement surgery may be needed. The 
treatment of cardiac tamponade requires an emergency peri- 
cardiocentesis to restore adequate cardiac output. 


SYSTEMIC LUPUS ERYTHEMATOSUS 


SLE is the classic autoimmune rheumatic disease in adults and 
children. It causes severe constitutional symptoms and may 
affect multiple organ systems. It is uncommon in children but 
with its potential disease severity, must be considered in any 
child with multisystem disease and no obvious infectious or 
malignant cause. 

The incidence of SLE in children and adolescents is low; one 
study by Malleson et al. (20) estimated an annual incidence 
rate of 0.36/100,000 in Canadian children. Patients with lupus 
comprise only 1 % to 5% of the children seen in pediatric rheu- 
matology clinics (21,22). Fifteen to seventeen percent of all 
patients with SLE have their onset in the first two decades of 
life and many more in the second decade than the first (21,22). 
Girls develop SLE more than boys. In one study, the onset of 
lupus in girls under 12 is three times more common than in 
boys and after 12 years, the girls outnumber the boys by 10:1 
(23). SLE is seen in children worldwide. In the United States, 
SLE does seem to occur more in African-American, Hispanic- 
American, and Asian- American populations (23,24). 

Clinical Patterns for Diagnosis 

SLE is a great mimicker and may present in many ways. For 
example, it can start with arthritis, rash, serositis including 
pericarditis, nephritis and/or nephrosis, thrombocytopenia or 
other cytopenias, vasculitis, central nervous system problems 
such as seizures and psychosis, and other clinical presenta- 
tions. Diagnosis requires a significantly positive ANA (>1:80) 
plus at least three of the other criteria of the American Col- 
lege of Rheumatology (ACR) SLE criteria (Table 61.1). Since 
SLE can have protean presentations, it must be considered in 
patients who have a systemic illness and no obvious infectious 
or malignant etiology. 

The most common presentation of SLE is with constitutional 
symptoms and signs. The child may have malaise, fatigue, and 
fevers. The fevers are not usually high spiking fevers such as 
seen in systemic JIA but are more often low grade. Rashes such 
as the classic malar butterfly rash, a palatal rash or ulcera- 
tions, and/or vasculitic lesions on the palms and soles are com- 
mon. Polyarthritis may be present and be indistinguishable 
from JIA. Other typical lupus signs are buccal ulcerations, hair 
thinning or alopecia, and Raynaud phenomenon. Less com- 
mon early signs and symptoms might include chest pain due 
to pericarditis or pleuritis, hypertension, a photosensitive rash, 
abdominal pain, chorea, or a peripheral neuropathy. Diagnosis 
requires awareness both of the common and uncommon ways 
that SLE may present and knowledge of how to apply the ACR 
diagnostic criteria in a clinical situation. 

Laboratory Testing 

The elevated ANA titer test is the sine qua non of SLE. The 
sensitivity is close to 100%. Specificity, though, is a major 
issue in adults and children. False positives in the normal 
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population may be between 2% and 30% (25). Rheumatolo- 
gists often receive consultations for SLE based solely on the 
presence of an elevated ANA titer. These patients usually do 
not have SLE as it takes much more than an elevated ANA 
titer to make the SLE diagnosis (Table 61.1). A positive ANA 
may be associated with other rheumatic diseases. In children, 
diseases such oligoarticular and polyarticular JIA, juvenile der- 
ma tomyositis (JDM), mixed connective tissue disease (MCTD) 
and scleroderma may also have positive ANA titers. Elevated 
ANA titers may also be associated with viral infections (e.g., 
Epstein-Barr) as well as exposure to various drugs. 

If the child has a positive ANA and has other possible fea- 
tures of SLE such as arthritis or rash, it is prudent to perform 
more testing. The first test to do is the anti-double stranded 
DNA (ds-DNA) titer. This test has a very high specificity for 
SLE, especially with high titers. Its sensitivity is considerably 
lower as many patients with SLE may have a negative ds-DNA 
titer at any particular time in the disease course, even at dis- 
ease onset. It is important to be aware that a negative ds-DNA 
titer does not exclude a SLE diagnosis (26). A second serologic 
test to order is anti-Smith (anti-Sm) antibodies. This titer also 
has a very high specificity for SLE, but like the ds-DNA titer, 
has a low sensitivity of 10% to 30% (27). A positive antibody 
titer to the ribonuclear protein (RNP) may be found in 20% 
to 30% of SLE patients. With high titers, the anti-RNP anti- 
body titer suggests the diagnosis of MCTD, in which the same 
child may have a mixed clinical picture of SLE, JIA, sclero- 
derma, and myositis during the disease course (28). Antibod- 
ies to SS-A and SS-B antigens may also be found in patients 
with SLE but are more frequently associated with Sjogren syn- 
drome (29-31). These antibodies are also associated with the 
neonatal lupus syndrome (32-34). 

Serologies are essential to the diagnosis of SLE but other 
more basic testing is also required. The CBC may reveal a nor- 
mocytic, normochromic anemia of chronic illness or a Coombs 
positive hemolytic anemia. Patients may also have leucopenia, 
thrombocytopenia, or lymphopenia. Elevated erythrocyte 
sedimentation rate, polyclonal hypergammaglobulinemia, and 
elevated a2 -globulins are often seen (35). Complement levels 
C3, C4, and CH50 are frequently decreased but may be nor- 
mal. Persistently low levels of complement suggest active SLE 
renal disease (36-38). A urinalysis should be done to check for 
proteinuria and hematuria, two indicators of active glomer- 
ulonephritis. The presence of elevated anti-DNA titers, low 
complements, and an abnormal urinalysis with proteinuria 
and/or hematuria confirms the presence of SLE renal disease 
(39,40). It is also prudent to order a chemistry panel of tests to 
assess liver and renal function. 

A positive RF may be present at low titers in 10% to 30% 
of children with SLE but if a high titer is found, MCTD must 
be suspected rather than just SLE. In patients likely to have 
SLE, the antiphospholipid panel should be performed. This 
includes an activated partial thromboplastin time (aPTT) and 
prothrombin time (PT) as well as lupus anticoagulant and anti- 
cardiolipin antibodies including the anti-B2 glycoprotein-1. 

The above evaluation includes a long list of expensive tests. 
Care should be taken to perform these tests in a step-wise 
fashion. The initial screen may include a CBC with a platelet 
count, sedimentation rate, chemistry panel, urinalysis, C3 and 
C4, ANA, and ds-DNA. If these tests and the clinical picture 
suggest a possibility of SLE, then the second group of tests 
such as anti-Sm, anti-RNP, anti-SS-A, anti-SS-B, lupus anti- 
coagulant and anticardiolipin antibodies should be ordered. 


Cardiac Disease in SLE 

Cardiac involvement is common in SLE. All layers of the heart 
may be affected as well as the coronary and pulmonary arteries. 


The causes of this cardiac involvement are multifactorial. The 
inflammatory process of SLE may involve all layers of the 
heart resulting in pericarditis or myocarditis. Thrombus for- 
mation related to both inflammation and the hypercoagulable 
state associated with SLE may lead to valvular involvement 
and noninfectious endocarditis. Treatment with corticoster- 
oids and SLE dyslipoprotememia may accelerate coronary 
atherosclerosis. Chronic hypertension or uremia may lead 
to myocardial dysfunction. Cardiac involvement may not be 
obvious and the clinician must keep a high level of awareness 
of potential cardiac complications. 

Pericarditis 

As in JIA, pericarditis is the most common cardiac presentation 
of SLE, occurring in 20% to 30% of lupus patients (41-43). 
The clinical presentation of pericarditis related to lupus is 
identical to any other patient presenting with acute pericardi- 
tis including substernal chest pain, difficulty lying flat, or pain 
with inspiration. The pam is often improved by sitting up and 
leaning forward. Clinical and diagnostic findings are similar to 
that seen in other cases of pericarditis including a friction rub, 
cardiomegaly on chest radiograph and pathologic electrocar- 
diographic changes including ST-T wave changes, PR depres- 
sion, low voltages and electrical alternans with large effusions. 
Echocardiogram documents at least some pericardial fluid in 
most cases. A mild pleural effusion often is seen with the peri- 
cardial effusion related to the systemic serositis seen in SLE. 
Pericardial fluid is often found in many asymptomatic children 
with active SLE consistent with a systemic serositis (44-46). 

The initial presentation of a child with pericarditis of 
unknown etiology includes an evaluation for SLE. The clini- 
cian has to evaluate the child by use of the 11 ACR criteria 
(Table 61.1). At least four criteria must be present, especially 
an elevated ANA titer. However, the clinician must also con- 
sider other causes of pericarditis including acute rheumatic 
fever, systemic JIA, Kawasaki disease, MCTD, dermatomy- 
ositis, vasculitis diseases such as polyarteritis nodosa (PAN), 
Wegener granulomatosis, Takayusu arteritis, spondyloar- 
thropathies such as ankylosing spondylitis, and inflammatory 
bowel disease. Nonrheumatic causes are more likely such as 
viral pericarditis, bacterial and mycobacterial pericarditis, idi- 
opathic pericarditis, and pericarditis associated with tumors. 
Anterior chest wall pain in children may mimic the presenta- 
tion of pericarditis to some extent. These problems include 
mild problems such as gastrointestinal reflux, costochondritis, 
and a pain augmentation syndrome. More serious problems 
such as pleuritis, pneumonia, pneumonitis, pulmonary embo- 
lus, myocardial ischemia or infarction, and pulmonary hyper- 
tension may present in any lupus patient and mimic symptoms 
of pericarditis. 

Myocardial Involvement 

Myocarditis is seen in 15% of children and adolescents with 
SLE (47). The first sign may be tachycardia even in the absence 
of fever. As ventricular function deteriorates, the patient may 
develop signs of volume overload such as poor appetite and 
ability to eat, abdominal distention/ascites, respiratory dis- 
tress/pulmonary edema or signs of decreased cardiac output 
such has hypotension, poor perfusion, and narrowed pulse 
pressure. Arrhythmias may also develop and be life threaten- 
ing. Myocarditis due to SLE from other causes of myocarditis 
is indistinguishable based solely on physical examination and 
requires further confirmatory testing. 

Endocarditis 

Libman-Sacks endocarditis (LSE) or noninfectious thrombotic 
endocarditis is due to SLE involvement of the heart valves 
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Figure 61.8. Transesophageal echocardiogram showing thick- 
ening of the mitral valve with small mobile structures consis- 
tent with Liebman-Sacks endocarditis in patient with SLE and 
transient ischemic attack (TIA). 


(48-50). Small nodules accumulate on the supporting structures 
of the heart valves (Fig. 61.8). These nodules show fibrinoid 
necrosis and thrombotic material histologically. Involvement 
of the mitral valve is the most common. A heart murmur may 
or may not be easily heard. Lesions are typically small and 
may not result in significant valve destruction. The lesions may 
or may not be seen by transthoracic echocardiogram. When 
visualized, the lesions are typically tiny irregular vegetations 
of 2 to 4 mm in diameter that are seen on the valve itself or on 
the subvalvular apparatus. However, lesions may be atypical. 
Galve et al. (51) studied 74 patients with SLE prospectively 
and found 7 with classic Libman-Sachs lesions but also 8 with 
atypical lesions. These patients had no nodules but rather had 
thickening or stiffness of the aortic or mitral valves that led 
to regurgitation and rarely, stenosis (51). Transesophageal 
echocardiography is optimal for detection of SLE lesions and 
new tools such as the real-time 3-D echocardiography may 
help delineate these lesions further (< video callout>see video 
61.1) (52,53). In a prospective study of 342 adults with SLE, 
LSE was detected by transthoracic echocardiogram (TTE) in 
38 patients with 24/38 having mitral valve disease, all 24 with 
regurgitation, and 9 with stenosis in addition to regurgitation. 
One patient had mild tricuspid regurgitation (49). In 40 chil- 
dren with SLE, echocardiography noted mitral regurgitation 
in 4/30, tricuspid regurgitation in 3/40, aortic regurgitation in 
2/40, and pulmonary valve involvement in 1/40 (54). 

Patients with severe SLE endocarditis may present with 
congestive heart failure. 

It is likely that antiphospholipid antibodies have a role in 
these endocardial lesions resulting in the layering of throm- 
botic material on the endocardial surface of the heart and 
valves. 

Other cardiac involvement in patients with SLE includes 
early atherosclerosis, which may be due to chronic steroid use 
or primarily to an inflammatory process involving the coro- 
nary arteries. Gazarian et al. (55) did an extensive study of 
childhood SLE coronary artery involvement using echocardi- 
ography, thallium perfusion scans, and angiography in chil- 
dren with SLE thought to have normal hearts. Four children 
had myocardial perfusion scan abnormalities that could be 
reversed and one child had a fixed myocardial perfusion defect 
(55). Lipid abnormalities and antiphospholipid antibod- 
ies were found in a significant number of the study popula- 
tion. Studies in adults have supported the involvement of the 


antiphospholipid antibodies in endocarditis and other cardiac 
lesions of adult SLE such as intracardiac thrombosis, myo- 
cardial disease including coronary artery involvement, micro- 
vascular thrombosis, and pulmonary hypertension (56,57). 
A recent systemic review of the research into the association of 
antiphospholipids antibodies with valvulopathy in SLE found 
that 15 of 20 studies demonstrated a positive association 
between these antibodies and valvular lesions and five studies 
did not (58). 

Treatment of valvular disease in children with SLE will vary. 
In a child with acute endocarditis, corticosteroids are indicated 
although the effectiveness of corticosteroids for SLE valvular 
disease remains unclear. Milder cases may only require the 
long-term lupus therapy required for other organ systems. 
Close follow up for cardiac progression, particularly with 
worsening regurgitation, infective endocarditis, and throm- 
boembolic complications (e.g., stroke) is essential. Valvular 
disease can also be treated with antiplatelet medication or 
anticoagulant therapy although there are no large studies look- 
ing at antiplatelet therapy versus anticoagulation therapy with 
warfarin and most data are from small case series or reports 
(59). Valve replacement may be needed for the most severe SLE 
endocarditis (60). Children with SLE who have antiphospho- 
lipid syndrome and endocarditis require aggressive anticoagu- 
lation therapy as well as corticosteroid therapy (61). 

Endocarditis in children with SLE is a major concern. Sub- 
clinical involvement is common and it is likely that as our tools 
for detection improve, the degree of pathology found in these 
patients may increase. Long-term sequelae of this involvement 
are unknown. Routine echocardiography of children with 
active SLE appears appropriate, particularly if the patient has 
antiphospholipid antibodies. 

Coronary Artery Involvement and Premature 
Atherosclerosis in SLE 

Children and adolescents as well as adults with SLE may 
develop significant coronary artery disease with many poten- 
tial etiologies. Systemic vasculitis or vasculopathy of SLE that 
affects skin, the gastrointestinal (GI) tract, the brain, and other 
organs may also target the coronary arteries. Myocardial 
infarctions have been reported in two young children and in 
a 17-year old adolescent with SLE (62-64). Giant and smaller 
diameter coronary aneurysms may develop due to arteritis 
(65). It is likely that antiphospholipid antibodies play a role in 
this pathology as well. 

The third contributing factor may be premature athero- 
sclerosis. There are several contributors to this increased risk 
including the high rate of dyslipidemia and hypertension as 
well as decreased flow-mediated dilation (66,67). Other risk 
factors reported to be present in adolescents with SLE include 
the uncontrolled inflammation of SLE, elevated triglycer- 
ides, apolipoprotein B, hemoglobin A1C, and insulin levels. 
Total prednisone dose and low-density lipoprotein cholesterol 
(LDL-C) levels correlate with the total cholesterol level and 
may also contribute to premature atherosclerosis (67). 

The cardiovascular risk of children and adolescents with 
SLE is most likely multifactorial and the exact treatment and 
risk factor modification guidelines for the patients has not yet 
been well defined. 

Conduction System Involvement 

Occasionally older children and adolescents with SLE have been 
reported to develop conduction abnormalities and arrhyth- 
mias (68). These conduction problems tend to be mild. Yet AV 
block, intraventricular conduction problems, and sick sinus 
syndrome have been described in adults with SLE. Sinus tachy- 
cardia, atrial fibrillation, atrial ectopy, and long QT syndrome 




1338 SECTION VII ■ Diseases of the Endocardium, Myocardium, and Pericardium 


have been noted (69). These heart abnormalities may present 
simply as dizziness or palpitations but also may lead to sudden 
death. The pathologic causes of these conduction abnormali- 
ties are unclear but some authors attribute the defects to the 
small vessel vasculitis, infiltration of the sinus or AV nodes, 
myocarditis, or local ischemic injury due to SLE (70). 

Pulmonary Hypertension 

Pulmonary hypertension (PAH) is unusual in SLE and, if it 
occurs, may be due to intrinsic lung disease, and not be due to 
a cardiac etiology (see Chapter 66). Xing et al. (71) reported 
that by echocardiography, 31 of 299 children age 7 to 18 years 
with rheumatic disease had pulmonary hypertension. Seven- 
teen of these patients were from a group of 223 SLE children 
who were tested. These children often presented later in the 
disease course with shortness of breath or overt heart failure. 
Children with Raynaud phenomenon and antiphospholipid 
antibodies were more likely to have more severe pulmonary 
hypertension. Early detection may require early and routine 
use of echocardiography and pulmonary function testing 
with a diffusing capacity (DLCO) testing routine follow-up of 
children with SLE. 

Neonatal lupus erythematosus (NLE) is a transient disease 
of newborns due to the passive transplacental transfer of mater- 
nal antibodies (anti-SS-A [anti-Rho] and anti-SS-B [anti-La]). 
The quantity of the antibodies, rather than the mere presence 
of these antibodies, appears to be crucial to NLE tissue damage 
(72]. The newborns primarily present with a rash and con- 
genital heart block (CHB) but may also develop hematologic, 
liver, kidney, and neurologic findings. Li et al. (73) reported 
7 cases in 2011 and reviewed the 94 cases reported in China 
since 1980. Seventy-three of ninety-four cases had the skin 
rash, which was seen frequently around the eyes, which also 
involved other areas of skin. Twenty-three of the ninety four 
children had cardiac abnormalities, thirteen with cardiac con- 
duction problems (eight with atrioventricular block [AVB]), 
and five cases of right bundle branch block. Nine cases had 
structural defects including five with an atrial septal defect, 
two with ventricular septal defect, and two with enlarged atria. 
Forty-four of the ninety four patients had hematologic changes 
including 28 with thrombocytopenia, 11 with leukopenia, and 
34 with anemia. Thirty cases had hepatic or splenic issues; 28 
with an enlarged liver or spleen, 24 with abnormal liver func- 
tion tests, 6 with splenomegaly, and 4 with cholestasis. 

These 94 children had numerous autoantibodies. Eighty-six 
of 94 had anti-SSA, 51 had anti-SSB, 16 anti-double-stranded 
DNA, 14 had anti Ul-RNP, 13 anti-Sm, 6 anti-RNP, and 
4 anti-rRNP. 

Of the 94 mothers, 39 had no SLE signs or symptoms and 
no SLE diagnosis; 35 had definite SLE, 5 had discoid lupus, 3 
had Sjogren syndrome, and 4 had miscellaneous autoimmune 
problems. Eight women developed SLE during their pregnan- 
cies. Twenty of the neonates were treated with corticosteroids 
and four with intravenous immunoglobulin (IVIG). Sixty- 
eight of the neonatal lupus children had follow-up up to 12 
years with 58/68 totally normal at follow up, four still with 
cardiac abnormalities but improved (two with grade III AVB 
without pacemaker), and three died (73). 

Another recent study of neonatal lupus by Wisuthsarewong 
et al. (74) reported 17 neonates with NLE who were seen over 
15 years at one hospital in Thailand. Skin involvement was 
found in 70.6% with most having erythematosus patches 
(91.7%), some having subacute cutaneous LE (50%), 41.7% 
petechiae, 16.7% persistent cutis marmorata, and 8.3% dis- 
coid lesions. Nine cases had CHB and nine had cardiac struc- 
tural abnormalities. 

The heart disease of these neonates must be kept in perspec- 
tive. Neonatal CHB is rare. But among pregnant women with 


SLE, the incidence of neonates with CHB increases dramatically 
from 1/15,000 births to 1/37 births and if the mother with SLE 
has anti-SSA antibodies, to 1/13 births. Conversely, the risk 
of a mother with SLE and these anti-SS-A antibodies giving 
birth to an infant with neonatal lupus is still quite low as 12/13 
babies may be normal. If a mother with SLE has one child with 
neonatal lupus, her risk of having a second neonate with neo- 
natal lupus is much higher at 17% to 49% (75,76). 

Noncardiac neonatal lupus is often underappreciated. The 
incidence of the rash of this disease is variable, ranging from 
15% to 70%. Most NLE rashes are photosensitive but some 
may not be as the rash can be present at birth or develop in 
non-sun-exposed areas. The rash occurs mostly around the 
infant’s eyes but can be noted anywhere on the body. Liver and 
spleen involvement occurs without symptoms. Either organ 
may be mildly enlarged. The liver involvement (15% to 25%) 
may be reflected in elevated liver enzymes and cholestasis. The 
liver pathology is similar to neonatal giant cell hepatitis. Neu- 
tropenia and thrombocytopenia are the more common hema- 
tologic changes. Neurologic abnormalities described include 
nonspecific white matter changes, calcium deposits in the 
basal ganglia, hydrocephalus, and blood vessel changes (a vas- 
culopathy). Stippling of the epiphyses may also be found (77). 

Prevention of the cardiac damage in NLE is a major con- 
cern. Mevorach et al. (78) reviewed a recent report of 95 
women who had anti-SSA/Ro antibodies during 98 pregnan- 
cies. They performed weekly Doppler echocardiograms and 
detected 10 fetuses that developed NLE, 3 with first-degree 
heart block, and 3 with complete heart block. It was difficult 
to detect the first-degree heart block in these fetuses using 
echocardiography. A second group studied 70 fetuses of 56 
mothers using tissue velocity fetal kinetocardiography for 
measuring the fetal PR interval. They were able to detect six 
fetuses with first-degree heart block and treated those infants 
with fluorinated corticosteroids leading to normalization of 
atrioventricular (AV) conduction. The rapidity of progression 
from first-degree to third-degree or complete heart block in 
these NLE fetuses is cause for concern with development of 
permanent changes within 2 weeks of a normal sinus rhythm. 
Early detection with aggressive treatment with corticosteroids 
or IVIG may be critical (34). 

Once born, the neonate with NLE should be evaluated for 
ongoing active myocarditis and the need for more corticoster- 
oid therapy. Many of the children with complete heart block 
require pacemakers; however, some patients will resolve their 
heart block and not require pacemaker placement. The tim- 
ing of pacemaker placement is critical as transvenous systems 
cannot be placed until the child is older. In infants requiring 
pacemaker placement, the procedure is more invasive requir- 
ing epicardial placement of the leads with the generator being 
placed in the abdominal wall. The mortality of these children 
is high, as much as 20%, due to congestive heart failure, sup- 
porting the need for early detection of heart involvement dur- 
ing pregnancy and aggressive treatment of the involved fetus. 
Any NLE child with cardiac involvement requires close car- 
diology follow-up to monitoring of ventricular function, for 
evidence of chronotropic competence, and for hemodynamic 
compromise related to the conduction disease. 

Childhood Takayasu Arteritis (cTA) 

Takayasu arteritis (TA) was first described by a Japanese 
ophthalmologist Dr. Takayasu in 1908 (79) as a pulseless dis- 
ease. It is now known to be a chronic granulomatous arteritis 
that affects the large vessels such as the aorta and its major 
branches. It runs a relapsing and remitting course. 

For diagnosis the patient must meet at least three of six 
American College of Rheumatology criteria for diagnosis. The 
six diagnostic criteria identified were: 
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1. Onset before 40 years of age; 

2. Angiographic evidence of large arterial vessel disease; 

3. A blood pressure differential between any of the limbs of 
more than 10 mm of Hg; 

4. Bruits; 

5. Decreased brachial artery pulses; 

6. Claudication. 

In a prospective validation in adults, this diagnostic scoring 
system was found to have a sensitivity of 90.5% and a specific- 
ity of 97.8% (80,81). 

The recently proposed European League Against Rheu- 
matism/Paediatric Rheumatology Europian Society (EULAR7 
PReS) European childhood TA criteria are stricter and make 
angiographic abnormalities in the large arteries as mandatory 
for the diagnosis. Apart from positive angiographic findings, it 
also requires one of the other four criteria (blood pressure dif- 
ferential, bruits, decreased brachial pulses, and claudication) 
for the diagnosis to be made. Apart from the six ACR criteria, 
these proposed criteria also include hypertension and raised 
acute phase reactants (82). 

Epidemiology: The cTA experience mostly comes from the 
adult series with a few children as there are only a few published 
reports on juvenile onset TA. TA appears to be more common 
in Asian, African, and South American population than in Cau- 
casians. It is mostly a disease of adults but can occur in young 
adults and children, even very young children. A few illustra- 
tive cases in very young children are worth mentioning: 

1. A two-year-old child was diagnosed with cTA who pre- 
sented with congestive cardiac failure and severe aortic ste- 
nosis (83). 

2. A two-and-a-half-year-old boy was diagnosed with cTA 
who presented with severe aortic regurgitation and diffuse 
coronary artery involvement (84). 

3. A three-year-old child who presented with severe brain and 
cardiac involvement and congestive cardiac failure was 
diagnosed with cTA (85). 

In this chapter, TA with age of onset below 18 years is 
classified as cTA disease. The incidence in childhood is not 
known. There is a strong female predominance. The disease 
incidence varies in different geographical areas and the female- 
to-male ratio, clinical course, disease of onset, and organs 
involved also vary by geographic location. The cause for these 
geographical variations is not known (86). Japanese patients 
had more ascending aorta and coronary-cardiac involvement 
while Indian patients had more involvement of descending 
aorta and renal artery involvement. A role of gender in these 
variations was postulated in some Indian studies as the males 
were found to have significantly higher incidence of aortic arch 
and coronary disease while females had more of abdominal 
aorta and renal artery disease (86,87). Valentini et al. reported 
a mother and a child who were both diagnosed with TA. Based 
on the human leukocyte antigen (HLA) typing of the mother 
and daughter, they suggested a possible familial component 
and a possible association with type I diabetes mellitus (insu- 
lin-dependent diabetes mellitus [IDDM]) gene (88). Similar 
findings have been described by other researchers in familial 
occurrences of TA (89-91). On the other hand, Makino et al. 
(92) reported dissimilar HLA findings in the two siblings who 
were diagnosed with TA. An association between TA and the 
HLA Bw52 has been recognized in the patients from Japan 
and Mexico (93,94). Jeeva et al. in 2007 (95) reported a Paki- 
stani family with five out of seven siblings between the ages of 
12to 19 years who developed TA. Based on their genetic stud- 
ies and HLA typing, Jeeva et al. (95) speculated the possibility 
of autosomal recessive inheritance for that family. 

Like adults, children with cTA present with very nonspe- 
cific initial symptoms that are mostly constitutional, such as 



Figure 61 .9. MRA of aorta in patient with TA. Note the irreg- 
ularity of the aortic wall. 

fever, arthralgia, headaches, palpitations, and abdominal pain 
(96). Compared to adults, Jales-Neto et al. (97) reported a 
worse prognosis in juvenile onset TA. In their series of 62 TA 
patients (17 juvenile onset and 45 adult onset), they suggested 
that juvenile onset TA more often had a specific type of reno- 
vascular involvement in which they were more likely to have 
aneurysms (Fig. 61.9). Their disease was more refractory to 
treatment as compared to their adult counterparts (97). In con- 
trast, the cardiac involvement and cardiac prognosis between 
the two groups were similar (97). 

Case series of TA: The largest, predominantly juvenile 
onset, TA series are reported from India, South Africa, Korea, 
and Belgium. The Indian series was a longitudinal 16-year fol- 
low-up of 106 patients with Takayasu disease. The mean age 
of onset was 27 years (±9 years) with a 1:1.6 M:F ratio. The 
most common presentation was hypertension (77.4%); 12.3% 
patients had congestive cardiac failure. They were treated by 
antihypertensive drugs therapy (76.4%), antitubercular drugs 
(7.5 %), steroids (15%), and cyclophosphamide in one patient. 
Four percent of patients had coronary angiography (98). 

Sharma et al. (99) reported another Indian series of 83 
patients with TA in 1992. The age range at diagnosis was 
between 5 to 53 years (mean 26.9 ±9.7) with a similar male to 
female ratio. The clinical presentation and disease course was 
similar to the previous series of 106 patients. Muranjan et al. 

(100) reported 17 children with TA in the age range between 
5 and 11 years (M:F = 1.1:1). In this series, the main pre- 
senting signs were hypertension (64.7%), congestive cardiac 
failure (47%), cardiomyopathy (41.1%), and cardiac valvular 
disease (35.2%). 

Nineteen children with cTA were reported from Turkey 

(101) in 2008. The male to female ratio in this cohort was 
1:2.8. The age range at diagnosis was between 8 andl7 years 
(mean 12.84 ±2.69 years, median 13 years). The most com- 
mon clinical finding was hypertension. Hong et al. (102) 
reported cTA in 70 Korean children. The male-to-female ratio 
was 1:4.4 and the youngest patient was a 3-year-old female. 
The most common manifestation was hypertension (93%) and 
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several of these children also had congestive cardiac failure. 
None was reported to have coronary artery involvement. Orea 
Tejada et al. (103) looked specifically at cardiac damage in 
125 patients from a mixed age group cohort from Spain. In 
their series, cardiac damage was identified in a high percent- 
age of patients (82.4%). The cardiac involvement included; 
precordial murmurs in 65%, cardiomegaly in 70%, congestive 
cardiac failure in 28%, angina in 13.6%, an abnormal elec- 
trocardiogram (EKG) in 60%, left ventricular hypertrophy in 
40.8%, right ventricular hypertrophy in 8.8%, and conduction 
defects in 12%. Aortic regurgitation was diagnosed in 11.2% 
of patients and mitral valve regurgitation was diagnosed in 
13.6% of cases due to left ventricular dilation. In their series, 
4.8% patients died due to cardiac damage and congestive car- 
diac failure. Seguchi et al. (104) reported a 11-year old girl 
who had developed ostial stenosis of left coronary artery as 
the only manifestation of Takayasu arteritis. Emi et al. (105) 
reported both coronary ostial stenosis as a sole manifestation 
of TA. Also, left ventricular submitral aneurysms have been 
described in children with TA (105-107). 

Coronary artery involvement in the mixed age cohort is 
reported to be present in 9% to 10% of the patients with TA 
(108-110). Matsubara et al. divided coronary artery lesions 
based on the pathologic findings into three categories; (i) 
involvement of the ostia and initial part of the coronary artery; 
(ii) coronary arteries with patchy and segmental disease as well 
as a more generally diffuse and wide spread coronary artery 
involvement; (iii) coronary aneurysms present (Fig. 61.10). 
They suggested that most of the lesions in TA belong in cat- 
egory one and are the result of extension of inflammation 
from the aortic root in the form of intimal proliferation and 
fibrosis of the media and adventitia in the coronary arteries 
(108,111). Category two lesions are due to coronary arteritis. 
These lesions have a predilection for the proximal part of coro- 
nary arteries though this involvement can be more generalized 
and diffuse in distribution. The third category with a coronary 
artery aneurysm was less common in their series (108). Due to 
these coronary lesions, TA should be suspected in differential 
diagnosis of a young Asian female with angina. 



Figure 61.10. Coronary angiogram showing multiple small 
coronary artery saccular aneurysms in a patient with chest pain 
and vasculitis. 


If required, surgical treatment should be performed when 
TA is in an inactive state. If an operation must be performed in 
active (histologically or clinically) TA, postoperative corticos- 
teroids should always be given (112). Several procedures such 
as transaortic endarterectomy, coronary revascularization 
with vein grafts, and aortocoronary bypass surgery have been 
used successfully in patients who require surgery (113-115). 

Pathology findings: Sharma et al. (116) described autopsy 
findings from 10 children with TA. In the series, cardiac 
involvement included left ventricular hypertrophy (nine), right 
ventricular hypertrophy (four), biventricular hypertrophy 
(three), myocarditis (two), and involvement of coronary artery 
(one). The authors concluded that the most common cause of 
mortality is severe hypertension and its effect on heart, kid- 
neys, and brain. These problems appeared to be worsened 
by delay in diagnosis. In 12.5% of their autopsy findings 
from patients with TA, Rose et al. (117) reported the unu- 
sual autopsy findings of segments of narrowing and dilation 
of major epicardial coronary arteries with coronary aneurysm 
formation. In another autopsy series from India, Kinare et al. 
compared cardiac findings from pediatric patients ( n = 25) 
and adults (n = 35). They reported that the heart was normal 
in autopsy in 20.5% of the adult patients, but the heart was 
normal in only 8.7% of pediatric patients. Renal and aortic 
stenosis was present in 91.3% of pediatric and 80.0% of adult 
patients. Congestive heart failure was more common in pedi- 
atric age group (68%) (118). 

Associations 

Several studies have reported association of many autoimmune 
diseases with TA, such as SLE (119-122), ankylosing spon- 
dylitis (92,123), JIA (124-126), anterior uveitis (127,128), 
sarcoidosis (129), seronegative spondyloarthropathy (130), 
Crohn disease (131), Wegener granulomatosis (132), Sweet 
syndrome (133,134), ulcerative colitis (135), and Wiskott- 
Aldrich syndrome (136). Interestingly, an association between 
rheumatic heart disease and TA has been found and a few 
reports comment on cardiac involvement due to both diseases 
at the same time (103). 

Tuberculosis and TA 

The Mantoux test was strongly positive in most patients from 
many series, especially those reported from India and South 
Africa. The tuberculin test and quantiferon gold was also sig- 
nificantly positive for their cohort in the patients reported from 
Europe. Yet the relationship with mycobacterium tuberculosis 
is still speculative. Some have suggested that TA patients show 
accelerated immune response to mycobacterium tuberculosis 
antigens, specifically its 65 kDa HSP (65 kDa heat shock pro- 
tein). Several authors suggest a role of mycobacterium tuber- 
culosis in the immunogenesis of TA (137-141). 

Delay in Diagnosis 

Common findings in all the published reports and series were 
that the time between the onset of symptoms and diagnosis 
was long (mostly in months and few in years), The delay may 
be due to several reasons including rarity of this diagnosis, 
absence of characteristic symptoms, incidence in the countries 
with less robust investigational facilities, and comorbidities 
with similar symptoms (142,143). 

Clinical Manifestations of cTA 

The most common manifestation in all series is hypertension. 
Other symptoms are secondary to congestive heart failure, 
ischemic symptoms due to aortic and coronary involvement, 
and renal artery involvement (144). Thomas et al. (110) 


CHAPTER 61 ■ Inflammatory Noninfectious Cardiovascular Diseases 1341 


reported 86 children with TA in their series of 1,130 cases of 
Takayasu disease. Out of these 86 patients, 5% were treated 
for angina and myocardial infarction. Aortic valve involve- 
ment is usually associated with arterial involvement of other 
large vessels but can occur alone. Aortic root dilation caus- 
ing valve regurgitation is common in cTA. It is also associated 
with coronary ostial involvement in 30% of cases and when 
accompanied with coronary artery disease can cause sudden 
death (145). It has been suggested that coronary angiography 
should be performed before operative treatment of aortic valve 
and early treatment of aortic disease could be lifesaving (146). 
The symptoms of myocardial ischemia or hypertension along 
with raised inflammatory markers in a young female should 
prompt for investigations for TA (147). Mitral valve involve- 
ment has also been reported in TA. Some other cardiac compli- 
cations in cTA are aortic pseudoaneurysms (148), dissection of 
the aorta (149), and dilated cardiomyopathy (150). 

Diagnostic Modalities 

Routine labs for inflammatory markers and organ-specific 
investigations such as EKG and echocardiography are done 
first. Conventional angiography is considered the gold stand- 
ard in TA and cTA. It generally agreed that only conventional 
angiography gives information on the lumen of the artery 
and may often be needed despite its invasiveness. Recently, 
less invasive investigations such as computed tomographic 
angiography (CTA) and gadolinium-enhanced 3-D magnetic 
resonance angiography (MRA) have been used more as they 
are increasingly useful in delineating the initial arterial wall 
changes such as arterial wall thickening (151-153). 

Treatment 

Corticosteroids, methotrexate, mycophenolate, azathioprine, 
total lymphoid irradiation (TLI), cyclophosphamide, and bio- 
logic therapies such as TNF-a blocking agents are treatment 
options. Mortality reduction with prednisone or methylpred- 
nisolone treatment has not been firmly established. Cyclo- 
phosphamide and mycophenolate are the most commonly 
used remittive agents. Sildenafil has been used in cTA to treat 
extremity ischemia (154). 

Polyarteritis Nodosa 

PAN was first described in 1866 by Kussmaul and Maier 
(155,156). PAN is an uncommon condition in pediatric age 
group. It is of two types, the cutaneous PAN and systemic PAN. 
This discussion focuses on the systemic PAN that can affect the 
heart. It is a peri nuclear antineutrophil cytoplasmic antibod- 
ies (p-ANCA) positive vasculitis of small and medium vessels 
and has predilection to involve bifurcations of blood vessel. 
The cause for this behavior is not clear but it is presumed to be 
related to turbulence-mediated injury initiating the inflamma- 
tion at bifurcations. The vasculitis is typically patchy in nature 
and is characterized by endothelial proliferation, fibrinoid 
necrosis, microthrombi, and resulting ischemia damage to ves- 
sel and microaneurysm formation. Rupture or thrombosis of 
these microaneurysms can lead to organ ischemia and damage, 
intraperitoneal bleeds, and perirenal hematoma (157-160). 

In systemic PAN, the most commonly involved organs are 
skin, joints, peripheral nerves, gut, scrotum, and kidneys, 
while lungs are usually spared (161). The cardiac, neurologic, 
and respiratory manifestations have been reported in children 
but are less frequent (158,162-167). In adults with PAN, the 
incidence of these involvements is up to 86% while in chil- 
dren it is between 0% and 85% reported in most published 
series (168,169). A familial Mediterranean Fever (FMF) gene 
has been found significantly more often in patients with PAN 
and vice versa (170-173), especially in the geographical areas 


around Turkey and Israel. There has also been an association 
of PAN with hepatitis B infection (173,174). There is no 
evidence that children with these associations have a higher 
incidence of cardiac complications or involvement. Ozen et 
al. examined a cohort of 17 patients who had both PAN and 
FMF. They reported that when both conditions occurred, 
the PAN onset was at a younger age. When compared to 
patients with PAN alone, these children were less severely 
involved, including cardiac complications, had a better over- 
all prognosis, and tended to respond better to steroid treat- 
ment. In contrast, the incidence of perirenal hematomas was 
higher in the PAN/FMF children compared to patients with 
only PAN. Several other workers have confirmed this finding 
(162, 170, 171, 175-1 77). Cardiac involvement was not found 
in any of their cohorts of PAN/FMF patients. Though cardiac 
involvement is rare in PAN patients with FMF, there is not 
enough evidence to say that these genes together are protective 
for cardiac involvement. 

Cardiac involvement in PAN is reported to be a bad prog- 
nostic factor (178-180). Gunwale et al. reported 15 cases of 
PAN with systemic involvement, between 4and 14 years of age. 
The most common finding in their cohort was diminished left 
ventricular systolic function and atrioventricular valve regur- 
gitation (mitral and tricuspid), even in asymptomatic patients. 
One patient had some pericardial thickening without effusion. 
The EKGs of these patients did not show any evidence of myo- 
cardial ischemia, infarction, or conduction defects (169). 

Infantile polyarteritis nodosa is a systemic vasculitis that 
occurs below two years of age. Though multiple organs can be 
involved, it mainly affects the central nervous system and the 
heart. It shares some clinicopathologic features with Kawa- 
saki disease (181,182). Some have questioned whether these 
two are the same disease. The diagnosis has usually been made 
postmortem because of the rarity of the disease and on occa- 
sion, the overwhelmingly acute presentation without an easy 
diagnosis. Munro et al. (183) described a fatal case of late 
onset enterocolitis in a 3-month-old infant who died after 
3 weeks of enterocolitis onset. The postmortem findings were 
consistent with systemic arteritis including the coronary arter- 
ies and a probable diagnosis of Infantile PAN was made. Edwin 
et al. reported (184) two cases of pericardial hemorrhage in 
both a 9-month-old child and a 5-year-old child. Both died 
of cardiac tamponade with the diagnosis of PAN established 
on autopsy. The fact that the diagnosis of PAN in children 
may be established at autopsy has not changed over the years, 
especially when it presents in infants and when coronary arter- 
ies are involved (184-189). Surprisingly, PAN in these infants 
presented as an acute illness starting with symptoms of upper 
respiratory infection or gastroenteritis. Munro-Faure (190), 
examined 19 fatal cases of predominantly infantile coronary 
arteritis. Triggers such as Streptococcal infection, Coxsackie 
B virus, and exposure to antibiotics such as sulfa, were hypoth- 
esized as possible etiologic factors without any conclusive evi- 
dence. 

MRI, CT, CTA, and Tc-99m dimercaptosuccinic acid 
(DMSA) renal scan have been used successfully as noninva- 
sive methods to investigate arteritis and aneurysms of different 
organ systems (191,192). These methods have not been very 
useful in the past for investigating cardiac and coronary artery 
involvement. Kobayashi et al. (193) did recently report a more 
successful use of MRI of the heart to detect coronary artery 
ecstasies and aneurysm. EKG and echocardiography are com- 
monly performed but are less often revealing. 

Lab findings include mild anemia and increased inflam- 
matory markers (C-reactive protein [CRP], erythrocyte sedi- 
mentation rate [ESR], WBC, platelets and immunoglobulin). 
Myocardial enzymes such as the creatine kinase (CK) may 
increase indicating myocardial damage. ANCA are an impor- 
tant part of lab investigations in adults with PAN as opposed 
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to children with PAN who are mostly negative to this antibody 
(194). Other tests such as myeloperoxidase (MPO)-ANCA or 
proteinase 3 (PR3J-ANCA, are also negative in children and 
are not helpful in making the PAN diagnosis (194). The ANA 
is usually negative (195). The serum neopterin, factor VIII 
antigen and other markers of endothelial injury or repair may 
be elevated. Some have examined the use of endothelial micro- 
particles (EMP) and platelet microparticles (PMP) as surrogate 
markers for endothelial injury (195-199). 

Coronary angiography can delineate vessel aneurysms and 
ectasias. Other angiography may help with the definitive diag- 
nosis of PAN. Brogan and Dillon (196) have suggested several 
nonaneurysmal features of visceral angiograms in PAN that 
are more commonly found than aneurysms and contribute to 
making the diagnosis. These signs are delayed emptying of 
small arteries, perfusion defects, and the presence of collateral 
arteries. Whether these nonaneurysmal findings could be use- 
ful increasing sensitivity of cardiac lesions is not known. 

Biopsy and tissue sampling may be an option for diag- 
nosis mostly when evaluating the visceral organs. Its utility 
in cardiac involvement has not been proven so far. Also the 
patchy and irregular distribution of PAN lesions and the risk 
of the procedure make it a less attractive diagnostic tool. The 
right combination of the clinical pattern, laboratory testing, 
and imaging are needed for the diagnosis of PAN with cardiac 
complications. 

No randomized controlled trials are available to guide the 
therapy in PAN with cardiac disease. The information avail- 
able is from experience-based published literature. High-dose 
corticosteroids still remain the mainstay of treatment espe- 
cially in infantile PAN. Depending upon the severity of the dis- 
ease, corticosteroids may be initiated by using initial boluses 
of methylprednisolone 15 to 30 mg/kg/dose (maximum of 
1 gm.) for three to five consecutive days followed by oral 
prednisone/prednisolone at a dose of 1 to 2 mg/kg/day for 
4 to 6 weeks. The dose can then be tapered over a variable 
period of time depending on the response (195,200-203). 
Others have used alternate day steroid therapy (195). The 
new strategies for treatment include using oral or intravenous 
cyclophosphamide (2 mg/kg/day or 500 to 1000 mg IV/M 2 ) 
with steroids as induction therapy with dose corrections for 
renal or hepatic diseases as required. Cyclophosphamide IV 
is used on monthly basis for a period of 6 months for bet- 
ter compliance but it is claimed that oral regimen has better 
efficacy that IV bolus dose. After induction is achieved, sev- 
eral other agents can be used alone or in combination with 
steroids depending on the severity of disease and response to 
treatment for a further period of approximately one and a half 
years (202,204). These agents include azathioprme, metho- 
trexate, and mycophenolate mofetil. There is no evidence that 
one agent is better than another for maintenance therapy. 
Intravenous immunoglobulin and plasma exchange has been 
used in emergency situations while waiting for other immuno- 
suppressants to have an effect (205—209). A word of caution 
about use of IVIG as occasionally it can lead to ANCA posi- 
tivity in otherwise ANCA negative patients (210). Anecdotal 
case reports of successful use of infliximab and rituximab in 
resistant cases have been recently published (211-215). Autol- 
ogous stem cell transplant may be considered as an ultimate 
option keeping risk benefit in mind (216-219). 

Hepatitis B-associated PAN cannot be treated by above reg- 
imens because of the possible flare up of the hepatitis virus and 
consequent liver damage. Intravenous immunoglobulin can 
still be used as rescue therapy and to facilitate immune com- 
plex removal. Steroids are used with antiviral therapy to induce 
remission under strict monitoring because these patients run a 
risk of acute fulminant hepatitis with liver failure. The steroid 
and antiviral therapies have been successfully used in combina- 
tion with plasma exchange. After remission is achieved, only 


antivirals are continued if needed and hepatitis B is allowed 
to undergo its seroconversion. There is evidence that patients 
who achieved seroconversion had a 0% relapse rate (174,220- 
223). Antiplatelet therapy with aspirin or clopidogrel is recom- 
mended in all cases as an adjuvant therapy (203). 

Behget Disease 

In 1837, Dr. Huluci Beh<;ets a Turkish dermatologist, first 
described the disease in three patients (224). Initially it was 
thought to be more prevalent near the old silk trading routes 
in the Middle East and in Central Asia and was called the 
Silk Road Disease. Behcet disease (BD) shows geographic and 
ethnic preferences as well as differences in disease course and 
outcomes (225,226). It is more common in Japan, Turkey, 
and Middle East compared to rest of the world (227). There is 
high frequency of familial cases especially in pediatric patients 
(228,229). 

BD is a systemic vasculitis syndrome that affects all sizes of 
arteries as well as veins, both superficial and deep. It involves 
several organs such as central nervous system, gastrointesti- 
nal, skin, mucous membranes, eyes, and musculoskeletal sys- 
tem. Atzeni et al. (230) have reported cardiac involvement in 
7 % to 46% of adults with BD and 20% of those involved 
died due to their cardiac complications. Cardiac involvement 
in pediatric patients with BD is not common (227,229,231- 
233). Kone-Paut et al. (228) examined 86 pediatric BD ret- 
rospectively from Turkey, France, Iran, and Saudi Arabia in 
1998. None of the patients in their cohort were found to have 
cardiac disease. Davatchi et al. (234) reported 0.6% cardiac 
involvement in their large cohort of 6,500 pediatric and adult 
patients with BD in Iran who were followed for as long as 
35 years. 

BD has been found to have association with HLA B51 (B51 
is a split antigen of antigen B5) and HLA B27. It has been 
observed that patients who are positive for either or both genes 
have milder disease (235,236). On the other hand, Zouboulis 
et al. (232) found HLA-B5 gene positivity a marker of severe 
BD. Abdolhadi et al. (237) reported that HLA B27 positive 
patients with BD had a higher incidence of ankylosing spondy- 
litis, chronic diarrhea, and type III or IV (WHO classification) 
glomerulonephritis, compared to HLA B27 negative patients. 
An association between FMF and BD has also been recognized 
(238-240). None of these associations has been reported to 
increase risk for cardiac complications in patients with BD. 

There is no published literature on the incidence of car- 
diac complications in pediatric patients with BD. In BD adults, 
multiple cardiac complications can include; interatrial septum 
aneurysm, mitral valve prolapse, mitral regurgitation, aneu- 
rysmal dilatations of sinus of Valsalva and ascending aorta, 
coronary artery aneurysm, cardiac thrombus, myocarditis, 
and conduction disturbances (241). Most of these patients 
developed cardiac problems at an early adult age. It is not 
known whether their cardiac involvement started at an early 
age such as during adolescence. The average time between the 
oral ulceration and initial symptoms of BD to that of a second 
major manifestation has been estimated to be 8.8 years (242). 

Anecdotal reports have described other cardiac problems 
such as endomyocardial fibrosis, noninfective endocarditis, 
aneurysms of the ascending aorta, intracardiac thrombus 
formation, coronary artery aneurysm, and pulmonary artery 
aneurysms (243-246). All of these patients responded to 
immunosuppressive therapy and recovered without residua. 
Coronary artery bypass and heart transplant in pediatric BD 
has also been reported (245,247). The posttransplant survival 
was only 1 year. Recurrence of the aneurysmal disease, hyper- 
coagulable state, thrombosis, and the tendency for an exagger- 
ated inflammatory response (pathergy) were major drawbacks 
reported with the procedure. 
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Zhuang et al. (248) reported myocardial infarction and 
aneurysm of the left ascending coronary artery in a 12-year- 
old boy in Turkey who responded well to urokinase, corticos- 
teroids, colchicine, and aspirin. 

Juvenile Dermatomyositis 

The exact prevalence of cardiac complications in JDM is not 
known (249). Cardiac complications appear to be unusual in 
JDM. On the other hand, cardiac involvement may have been 
underinvestigated in children and that may in part be contrib- 
uting to the reported low prevalence of cardiac complications 
in JDM. The most common cardiac finding is sinus tachycar- 
dia. Subtle conduction defects with the tachycardia are also 
reported. Karaca et al. (249) reported sinus bradycardia in 
a 11 -year-old due to sinus node involvement in JDM who 
recovered after his myositis inflammation was treated without 
requiring any specific treatment for bradycardia. Severe con- 
duction abnormalities are rare, for example, complete heart 
block resulting in congestive cardiac failure (250). 

Sato et al. (251,252) identified anti-CADM-140 antibod- 
ies exclusively in 8 clinically amyopathic patients out of total 
42 patients with JDM. Their data suggested that these amyo- 
pathic patients had significant and progressive interstitial lung 
disease and cardiac complications when compared to other 
JDM patients who did not have anti-CADM-140 antibodies 
(50% vs. 6%; p = 0.008). 

Coronary artery disease has been reported. In some cases, 
this vasculitis appears to cause myocardial damage due to 
the combination of small vessel vasculitis of myocardial ves- 
sels, coronary artery involvement, and/or cytokine-induced 
myocarditis (250). Myocardial involvement is more com- 
monly reported in adult dermatomyositis and in polymyositis 
(253-259). In adults, cardiac complications are the cause of 
death in 10%-20% of patients with adult dermatomyositis 
and polymyositis (250,260). Some have reported an asso- 
ciation between heart complications and antisignal recogni- 
tion particle myositis-specific autoantibodies in patients with 
JDM. A significant correlation was found between degree of 
myonecrosis as measured by muscle enzymes and the levels of 
antisignal recognition particle myositis-specific autoantibod- 
ies (261,262). Constantin et al. (263) compared cardiac com- 
plications among several other parameters between 66 adult 
dermatomyositis and 44 JDM patients using the Hungarian 
National Registry of patients with dermatomyositis. They did 
not find any evidence of cardiac involvement in JDM. 

Schwartz et al. (264) performed a detailed cardiac exami- 
nation including echocardiography, early diastolic transmitral 
flow/early diastolic tissue velocity (E/E*) as a marker for dias- 
tolic dysfunction, 12-channel ECG and physical examination 
on 59 JDM patients and 59 age-matched and sex-matched 
controls. They reported that E/E 5 was elevated in 13 (22%) 
patients versus 0 controls (p < 0.001). In their series, 10 JDM 
patients presented with abnormal ECG as compared to only 4 
in controls groups = 0.054). It can be argued that if hyperten- 
sion has a role in these cardiac findings, it may be in part due 
to corticosteroid therapy (265). 

Scleroderma 

Heine et al. (266) described cardiac involvement in sclero- 
derma for the first time. In 1943, Weiss et al. (267) confirmed 
the findings of Heine and also identified cardiac fibrosis as the 
case of cardiac failure in systemic scleroderma patients. Sys- 
temic scleroderma with internal organ involvement is a rare 
disease in childhood and occurs less commonly than local 
scleroderma diseases such as linear scleroderma and morphea 
(268,269). The prognosis and mortality in juvenile onset sys- 
temic disease is, in general, better than adult onset disease 


(270). Yet, in those children with severe or fatal scleroderma, 
disease progression and mortality may be more difficult to pre- 
vent (268,271-273). 

The most common cause of death in these children is car- 
diopulmonary disease. The cardiac involvement in systemic 
scleroderma can be primarily due to the scleroderma disease 
process or secondary to severe lung involvement. Pulmonary 
involvement is the most common systemic organ affected by 
scleroderma (75% patients) and cardiac involvement alone is 
rare (1%) but a mixed picture of cardiopulmonary involve- 
ment is the most common cause of death in systemic sclero- 
derma (272,274,275). Some reports have suggested that a few 
children with localized scleroderma have not only skin disease 
but may develop systemic, eye and central nervous system 
(CNS) involvement (275-277). These patients who evolve and 
develop extracutaneous disease appear to have a higher preva- 
lence of antinuclear antibodies with a homogeneous pattern 
and a positive RF. 

Quartier et al. (278) have described ischemic cardiac inju- 
ries and dilated cardiomyopathy in three children with systemic 
scleroderma. Of these three children, two died and one sur- 
vived after cardiac transplant. The authors also believed that 
treatment with corticosteroids, methotrexate, and cyclosporin 
were effective on muscle, skin, and lung involvement but did 
not stop progression of esophageal or myocardial dysfunction 

(278) . Most believe that patients who also had polymyositis 
with skeletal muscle involvement in addition to their sclero- 
derma are more at risk for cardiac involvement and congestive 
cardiac failure (278-280). Some primary autoimmune myocar- 
dial inflammation is also considered as a small factor contrib- 
uting to myocardial damage and fibrosis. The cardiac ischemic 
injuries are more common than that of cardiomyopathy. 

Myocardial fibrosis is reported to be the most common 
autopsy finding in fatal cases of juvenile systemic sclerosis 

(279) and myocardial fibrosis is considered as a hallmark of 
cardiac involvement in systemic scleroderma. The myocardial 
fibrosis in scleroderma is histologically different from that due 
to atherosclerotic coronary artery disease. Fibrosis in sclero- 
derma involves mainly the subendocardial layer of the heart 
that is spared in atherosclerosis and myocardial hemosiderin 
deposits that are found in atherosclerotic disease are absent 
in the myocardium of patients with systemic sclerosis. What 
this means from a therapeutic point of view is not yet clear 
(281-283,284-287). 

Cardiac ischemic disease may result due to several causes 
such as restrictive pulmonary disease, coronary artery involve- 
ment, myocardial microvasculitis causing perfusion defects, 
impaired repair mechanism, and sclerosis. Raynaud phe- 
nomenon is very common in patients with scleroderma, and 
Raynaud equivalent vascular phenomenon in cardiac vessels 
and coronary arteries of these patients leads to repeated car- 
diac ischemia and myocardial fibrosis (288,289). Systemic vas- 
cular disease leading to systemic hypertension and renal crisis 
can also affect cardiac perfusion adversely and lead to left ven- 
tricular failure (280). Scleroderma may also present initially as 
pericardial disease or conduction abnormalities secondary to 
myocardial involvement. 

The most common symptom due to myocardial involve- 
ment in juvenile scleroderma is dyspnea and reduced exercise 
tolerance. The symptoms of myocardial ischemic pain, angina, 
and right or left heart failure may develop depending on the 
mechanism and region of the myocardium that is affected. 

The prevalence of the anti-Scl 70 antibody is rare in juvenile 
onset disease, with or without extracutaneous manifestations 
(276). The disease-specific autoantibody profile is not diagnos- 
tic and clinically useful in juvenile scleroderma. Serum anti-PM- 
Scl and anti-UIRNP antibodies are more frequently positive in 
juvenile onset disease while the anti-RNA polymerase III and 
anticentromere antibodies are more frequently positive in adult 
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onset disease (270). Apart from conventional studies such as 
lab tests, echocardiography, and EKG, other modalities, that 
is, thallium scintigraphy, single photon emission computed 
tomography (SPECT), and MRI have been utilized to estimate 
the prevalence of asymptomatic cardiac involvement. In adult 
series’, the prevalence of cardiac disease was estimated to be 
around 69%. The prevalence of asymptomatic cardiac disease 
in children with systemic sclerosis is not known (289-294). 

Unfortunately, there are not many investigative studies in the 
literature that provide more information on the cardiac risks and 
risk factor associations in juvenile onset systemic scleroderma. 
Endomyocardial biopsy is neither a risk-free procedure nor is it 
used very often in practice. The available information on cardiac 
involvement mostly comes from autopsy results that only repre- 
sent the extreme end of the spectrum of the disease. It appears 
that while the cardiac involvement is not common in juvenile 
onset scleroderma, its presence suggests a poor prognosis. The 
prevalence of asymptomatic cardiac involvement in childhood 
systemic scleroderma is not known. It is in the best interest of 
the patient to investigate for cardiac involvement early with 
echocardiography or MRI and on a regular basis thereafter. 
Early and aggressive therapy with immunosuppressant medica- 
tion, fibrinolytic medication, and supportive therapy may help 
to prevent cardiac disease and improve the outcome in patients 
with juvenile onset systemic scleroderma. It is also important to 
monitor children with local scleroderma for systemic disease. 

Sarcoidosis 

Bernstein et al. (295,296) described cardiac involvement for the 
first time in an autopsy of a sarcoidosis patient in 1929. Since 


then, it is increasingly recognized that the incidence of cardiac 
sarcoidosis is far more common than previously thought. When 
it does occur, cardiac involvement in sarcoidosis is still often 
overlooked due to the lack of awareness of its possibility, its 
slow subclinical progression, and the absence of any robust and 
reliable diagnostic tool (297). Cardiac involvement in children 
and adults appears to be unusual in most areas of the world, 
but for unexplained reasons it is far higher in Japanese popula- 
tion than the rest of the world, affecting up to 50% to 78% of 
sarcoidosis patients. In Japanese patients, 85% of deaths with 
sarcoidosis are due to cardiac involvement (298-300). 

Hoffmann et al. (301) studied 48 children in Denmark with 
pediatric sarcoidosis (ages <15 years). They reported that clin- 
ical features and presentations in their cohort were similar to 
that of adults but they found cardiac involvement to be more 
frequent in younger patients and adolescents than in adults 
(302-306). There are conflicting opinions regarding its prog- 
nostic significance. Several groups report that the significance 
of cardiac involvement from prognostic point of view is not 
known (195) while other groups believe it to be potentially 
fatal and a bad prognostic sign (296,298,307-309). 

Most studies and reports are from the mixed age population 
of patients. Silverman et al. (310) reported autopsy findings in 
84 sarcoidosis patients in 1978. These patients ranged from 
18 to 80 years with a male to female ratio of 1:1.5. Of these 
patients, 27% were found to have cardiac granulomas. Of the 
patients who were found to have cardiac involvement, 35% 
did not have cardiac symptoms while there was a history of 
heart failure, arrhythmias, and/or conduction defects in 65%. 
Similar findings have been reported by others who note that 
the most common site for granulomas was the left ventricular 


Updated Guideline for Diagnosis of Cardiac Sarcoidosis by the Japanese Ministry 
of Health and Welfare in 2006 

Histologic diagnosis group 

Cardiac sarcoidosis is confirmed when endomyocardial biopsy specimens demonstrate noncaseating epithelioid cell granulomas 

with histologic or clinical diagnosis of extracardiac sarcoidosis. 

Clinical diagnosis group 

If endomyocardial biopsy specimens do not demonstrate noncaseating epithelioid cell granulomas, extracardiac sarcoidosis 
is diagnosed histologically or clinically if the disease satisfies the following conditions and more than one in six basic diagnostic 
criteria are present. 

1 . Two or more of the four major criteria are satisfied. 

2. One in four of the major criteria and two or more of the five minor criteria are satisfied. 

Major criteria 

1. Advanced AVB. 

2. Basal thinning of the interventricular septum 

3. Positive 67 gallium uptake in the heart. 

4. Depressed ejection fraction of the left ventricle (<50%). 

Minor criteria 

Abnormal ECG findings: ventricular arrhythmias (ventricular tachycardia, multifocal or frequent PVCs), CRBBB, axis deviation 
or abnormal Q-wave. 

Abnormal echocardiography: regional abnormal wall motion or morphologic abnormality (ventricular aneurysm, wall thickening). 
Nuclear medicine: perfusion defect detected by 201 thallium or 99 m technetium myocardial scintigraphy. 

Gadolinium-enhanced CMR imaging: delayed myocardial enhancement 
Endomyocardial biopsy: interstitial fibrosis or monocyte infiltration over moderate grade. 



CMR, cardiac magnetic resonance; CRBBB, complete right bundle branch block; ECG, electrocardiogram; PVC, premature ventricular contraction 
FromTahara N, et al. Heterogeneous myocardial FDG uptake and the disease activity in cardiac sarcoidosis. JACC Cardiovasc Imaging 201 0)3:1219-1228. Ref. 322. 


CHAPTER 61 ■ Inflammatory Noninfectious Cardiovascular Diseases 1345 


free wall, followed by the interventricular septum, papillary 
muscles, right ventricular and atrial, and lastly, aortic arch 
(307,311,312). Sarcoidosis can affect the pericardium, myo- 
cardium, or endocardium with equal frequency (296,313). 

These autopsy findings support recent clinical findings that 
the real incidence of clinical cardiac involvement in sarcoidosis 
may be between 5% and 50% (314). Cardiac disease is not 
necessarily always secondary to cor pulmonale or lung involve- 
ment as previously thought but isolated cardiac involvement 
can occur at any age and stage of the disease (296,314) in the 
absence of pulmonary and even any other systemic involvement. 
Sometimes cardiac involvement only got attention of physicians 
after the pulmonary disease resolved (315). Occasionally car- 
diac involvement may be the first presentation of the disease 
(306). The severity and duration of pulmonary disease cannot 
predict the presence and extent of cardiac involvement (316). 

Diagnosis of the cardiac involvement may be problem- 
atic (Table 61.2). As an initial screening test, 12-lead EKG, 
especially the 24-hour Holter monitoring, and/or postexercise 
EKGs are very cost-effective tests. Echocardiography is rec- 
ommended to diagnose the cardiac involvement in patients 
with sarcoidosis. Echocardiography may be useful if it dem- 
onstrates a classic basal interventricular septal thinning or 
localized ventricular aneurysmal dilation, usually without 
coronary artery disease. (317-319). Myocardial biopsies have 
a poor diagnostic yield (<20% to 30%) as the sarcoidosis dis- 
ease involvement is patchy and most biopsies are performed 
on the right side of heart (311,312,320). Cardiac MRI with 
gadolinium enhancement and positron emission tomography 
(PET) scanning are also good investigational tools to diagnose 
and evaluate cardiac involvement (319,321). (See summary of 
testing in Table 61.1) 

The most common symptoms due to cardiac involvement 
in sarcoidosis include cardiac arrhythmias and conduction 
defects. Sudden death has been reported. Less frequently, 
pericardial effusion, cardiac tamponade, and cardiac failure 
may be seen (195,317,323). These complications generally 
occur in patients with widespread myocardial involvement 
(311,324). Corticosteroids are the mainstay of the treatment 
for cardiac sarcoidosis but have not shown survival benefit in 
prospective trials (101,298). Other disease-modifying medica- 
tions and immunosuppressants such as methotrexate, azathio- 
prine, hydroxychloroquine, chloroquine, cyclophosphamide, 
cyclosporine A, thalidomide, pentoxyphylline, and infliximab 
have been used with varying success (306,308,312,325-327). 
A combination of steroids and another immunosuppressant 
may be used to limit steroid side effects. In patients with dis- 
seminated myocardial involvement, the use of antiarrhyth- 
mic drugs and automated implantable cardiac defibrillator as 
bridge therapy while waiting for cardiac transplant has been 
advocated to prevent sudden death (312). 
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NORMAL ANATOMY AND PHYSIOLOGY 

The pericardium is composed of two principal layers, the visceral 
pericardium and the parietal pericardium. The visceral pericar- 
dium, or epicardium, is a single serous layer covering the surface 
of the heart and proximal great vessels (Fig. 62.1). The parietal 
pericardium consists of three layers. The innermost layer is a 
serous layer, continuous with the serous visceral pericardium. 
The space between the visceral serous and parietal serous layers 
is the pericardial space, and it contains a small amount of serous 
fluid for lubrication (<20 to 30 mL in adults, less in children). 
The middle layer of the parietal pericardium is fibrous, while 
the outer layer is collagenous connective tissue. The pericardium 
gets its arterial blood supply from the descending aorta and 
internal mammary artery, and its innervation from the phrenic 
and vagus nerves. Within the thoracic cavity, it is bordered ante- 
riorly by the sternum, inferiorly by the diaphragm and a por- 
tion of the inferior vena cava, and posteriorly by the esophagus, 
aorta, pulmonary veins, and thoracic vertebrae (1,2). 

The pericardium provides mechanical protection to the 
heart from the spread of neoplastic, infectious, and inflamma- 
tory diseases from adjacent structures. The presence of a small 
amount of fluid in the pericardial space allows for free move- 
ment of the heart throughout the cardiac cycle. The pericar- 
dium limits acute distension of the heart and therefore limits 
end-diastolic volume. It permits diastolic coupling of the two 
ventricles, whereby filling pressure abnormalities of one ven- 
tricle affect the other. Slow progressive accumulation of fluid 
within the pericardium is tolerated by stretching and growth 
of the parietal pericardium; however, rapid accumulation of 
even a small amount of fluid is tolerated poorly (3). 


ACUTE PERICARDITIS 


Symptoms 

Acute pericarditis may present with precordial or substernal 
chest pain. The pain is described as squeezing, sharp, or dull 
and characteristically is worse in the supine position. The 
patient will prefer to sit upright leaning forward and may refuse 
to lie down to be examined. The pain worsens with inspiration, 
coughing, and with movement (4,5). Younger children may 
present with atypical symptoms. Respiratory distress is uncom- 
mon unless tamponade or pulmonary disease is present. Rarely, 
abdominal pain can result from hepatic distension in patients 
with quickly accumulating effusions. Fever may be present. 

Physical Examination 

The pathognomonic physical finding in patients with acute per- 
icarditis is a friction rub. This is a high-frequency, scratching or 


sandpaper-like sound caused by friction between the inflamed 
pericardial surfaces. The rub can be heard throughout the car- 
diac cycle. However, it may be intermittent. It often is heard 
best at the left sternal border or the apex. The rub is loudest 
when the heart is closest to the chest wall, such as when the 
patient leans forward, kneels, and/or inspires (6,7). Absence 
of a friction rub does not exclude pericarditis, particularly in 
patients with large effusions. In patients with large effusions 
or tamponade, the heart sounds may be muffled. 

Cardiac Tamponade 

Cardiac tamponade occurs when the heart is compressed by a 
fluid-filled pericardium. This causes restriction of ventricular 
and atrial filling and decreased cardiac output (8). Tampon- 
ade results from a sudden increase in pericardial fluid volume 
or from progressive increase in volume beyond the point of 
potential pericardial distension. On examination, tampon- 
ade is characterized by Beck’s triad, which includes (a) dis- 
tant heart sounds, (b) hypotension, and (c) elevated central 
venous pressure with jugular venous distension (9). Patients 
will have tachycardia, tachypnea, and a narrow pulse pressure 
with pulsus paradoxus. During the initial stages of tampon- 
ade, cardiac output is preserved by increased ejection fraction 
and heart rate. As these physiologic mechanisms are unable 
to maintain cardiac output, the patient will become unstable 
as systemic vascular resistance increases to maintain systemic 
blood pressure. This will cause the pulse pressure to narrow, 
with compromised systemic perfusion. Ultimately, decreased 
coronary perfusion pressure will result in decreased myocar- 
dial function, cardiac output, and blood pressure (8,9). 

Pulsus paradoxus is defined as a decrease in systolic blood 
pressure of >10 mm Hg during inspiration. Normally during 
inspiration, systolic blood pressure decreases by 4 to 6 mm Hg 
due to decreased intrathoracic pressure and increased capacity 
of the pulmonary venous bed. With cardiac tamponade, the 
left ventricular (LV) diastolic volume is restricted by increased 
pericardial pressure, decreased pulmonary venous return, and 
shifting of the interventricular septum. Clinically, to deter- 
mine the presence of pulsus paradoxus, the patient should be 
supine. A blood pressure cuff is inflated until the radial pulse is 
not palpable. With slow release of pressure, one should listen 
for the initial Korotkoff sounds. With inspiration, the Korot- 
koff sounds disappear, particularly in the presence of pulsus 
paradoxus. Cuff pressure should be slowly released until the 
Korotkoff sounds are heard throughout the respiratory cycle. 
The difference in pressure between the first Korotkoff sound 
and when it is heard with each heartbeat is the pulsus. If the 
pressure difference exceeds 10 mm Hg, pulsus paradoxus is 
present (10). 

During inspiration in normal patients, intrathoracic pressure 
decreases with an increase in venous return to the right atrium. 
In patients with cardiac tamponade, however, expansion of 
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Figure 62.1. Heart specimen, showing the 
heart within the pericardial cavity (left) and the 
bilayered pericardium with the heart removed 
(right). (Courtesy of Dr. William D. Edwards, 
Division of Anatomic Pathology, Mayo Clinic, 
Rochester, MN.) 


the right atrium is limited by pericardial pressure. Thus, dur- 
ing inspiration, there may be a paradoxical increase in central 
venous pressure. This is evident by Kussmaul’s sign; a rise in 
observed jugular venous pressure during inspiration (3). 

Chest Radiography 

The absence of cardiomegaly by chest radiography does not 
exclude pericarditis or pericardial effusion. Tamponade can 
occur in patients with a normal-appearing cardiac silhouette. 
With progressively increasing effusion, the cardiac silhouette 
may assume a triangular or “water-bottle” shape, with nor- 
mal pulmonary vascular markings (Fig. 62.2). Patients with 
chronic pericarditis may have calcification of the pericardium 
(Fig. 62.3). The remainder of the chest radiograph may sug- 
gest potential causes of the pericarditis, including tuberculosis, 
pneumonia, or neoplastic disease (4,5). 

Electrocardiography 

The electrocardiographic changes in patients with pericarditis 
are secondary to direct inflammation of the epi/myocardium 
or pressure exerted against the epicardium by pericardial fluid. 
Acute pericarditis is the most frequent cause of ST elevation in 
children. Low QRS voltages occur in all leads in the presence 
of large pericardial effusions or chronic pericarditis. Electrical 
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Figure 62.2. A: Chest radiograph of a 2-year-old girl who 
presented with tachypnea. The patient required an emergent 
pericardiocentesis, after which (B) her cardiothymic silhouette 
had markedly decreased in size. 


alternans, a cyclical variation of the QRS amplitude, may 
occur secondary to the pendular motion of the heart with a 
large pericardial effusion. 

Four stages of electrocardiographic changes have been 
reported in patients with pericarditis (11). Stage 1 consists of 
ST-segment elevation in the lateral/inferior leads (I, II, aVF, 
aVL, V4-V6) (Fig. 62.4). Reciprocal ST-segment depression 
may be present in leads aVR and VI. PR interval depression 
can occur if atrial tissue is inflamed. In stage 2, the ST segment 
normalizes, and T-wave amplitude diminishes. In stage 3, the 
ST segment remains normal, but the T-waves become inverted 
in the lateral/inferior leads (aVF, aVL, V4-V6). Stage 4 is char- 
acterized by the relative normalization of the ECG, although 
some T-wave changes may persist (5,12). 

Echocardiography 

Echocardiography is the primary imaging methodology used 
for the diagnosis of pericardial effusions, which appear as an 
echo-free space around the heart (13). Fibrinous strands may 
be noted in the pericardial space (Fig. 62.5). Thrombus, adhe- 
sions, or metastases also may be noted. Echocardiography also 
is helpful in detecting other structural and myocardial causes 
of cardiomegaly (14). 

With the patient in the supine position, a small effusion 
most commonly is seen posteriorly and may be detectable 
only in systole. A tiny space in systole that is not evident in 
diastole is normal. An effusion that is present during both 
systole and diastole is abnormal (15). As the volume of the 
effusion increases, fluid may be detected both anterior and 
posterior to the heart (Fig. 62.6). With large effusions, the 
heart may swing to and fro within the pericardial space. 
This swinging movement can be seen by M-mode echocar- 
diography (Fig. 62.7). The earliest sign of hemodynamic 
impairment in cardiac tamponade is collapse of the right 
ventricular (RV) free wall in early to mid-diastole (Fig. 62.8) 
(16). The right atrial free wall may appear indented late in 
diastole (Fig. 62.9). Inferior vena cava dilation without nor- 
mal inspiratory variation and abnormal ventricular septal 
motion also may occur. Thrombus may occur in the pericar- 
dial space and suggests a hemopericardium. 

Normally, during inspiration, the intrapericardial and 
the intrathoracic pressures decrease equally. Thus, the left 
atrial and LV diastolic pressures and the pulmonary capillary 
wedge pressure decrease equally during inspiration. How- 
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Figure 62.3. Chest radiograph of an adult with 
chronic pericarditis and resultant calcification of 
the pericardial space. (Courtesy of Dr. William 
D. Edwards, Division of Anatomic Pathology, 
Mayo Clinic, Rochester, MN.) 



Figure 62.4. Electrocardiogram of a 17-year-old male 
2 days after surgical repair of an atrial septal defect. 
Note the diffuse ST-segment changes including ST- 
segment elevation in the lateral and inferior leads. 
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Figure 62.5. Heart specimen, showing the heart within the 
pericardial space with a large effusion. Fibrinous stranding can 
be seen within the pericardial space. (Courtesy of Dr. William 
D. Edwards, Division of Anatomic Pathology, Mayo Clinic, 
Rochester, MN.) 



Figure 62.6. Parasternal long-axis echo image showing a large 
pericardial effusion (asterisk). LV, left ventricle; RV, right 
ventricle; Ao, aorta. 


ever in tamponade, during inspiration, the intrathoracic 
pressure declines to a greater degree than the intrapericardial 
pressure. Thus, the gradient between the pulmonary capil- 
lary wedge pressure and LV diastolic pressures decreases 
with inspiration. Therefore, in cardiac tamponade, there 
is an exaggerated decrease in the mitral inflow velocity (E 
velocity) and velocity-time integral by at least 30%, with a 


relatively increased atrial component during inspiration (A 
velocity) (Fig. 62.1 0A). Conversely, there is an exaggerated 
increase in tricuspid inflow velocity (tricuspid E velocity) 
and the velocity-time integral by at least 70% during inspi- 
ration (17,18). The aortic and pulmonary outflow changes 
mirror those of their respective atrioventricular valves 
(Fig. 62.10B). 
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Figure 62.7. M-mode echo image showing a large pericardial 
effusion (asterisk) anterior and posterior to the heart. Note the 
swinging motion of the heart evident in the M-mode signal. 


Cardiac Catheterization 

With large accumulations of pericardial fluid, diastolic pres- 
sures rise in all four chambers and ultimately equalize (19). RV 
and pulmonary artery pressures may be elevated. Pulsus para- 
doxus can be seen on femoral artery pressure tracing (10). In 
patients with constrictive physiology, due to the equalization 
of the LV and RV end-diastolic pressures, the characteristic 
“square root” sign may be present on the LV pressure tracing 
(Fig. 62.11). 

Other Imaging Modalities 

Magnetic resonance imaging (MRI) or computed tomogra- 
phy (CT) can be useful if constrictive pericarditis is suspected. 
Active pericardial inflammation (a treatable cause of con- 
striction) and hemodynamic evidence of constriction may be 
apparent using MRI. MRI is helpful in characterizing pericar- 
dial masses and congenital anomalies of the pericardium, such 
as absence of the pericardium and pericardial cysts (20). 




Figure 62.8. RV collapse in early diastole in a patient with tamponade. Note that in the left image in systole 
(A), the full four-chamber view is noted, while in the right image in diastole (B), the RV free wall is compressed. 
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Figure 62.9. Right atrial collapse (arrow) in late dias- 
tole in a patient with tamponade. (Courtesy of Dr. Malek 
El-Yaman, West Virginia University Children's Hospital, 
Morgantown, WV.) 



Figure 62.10. Doppler echocardiographic patterns seen in an 
adolescent patient with a large pericardial effusion and tam- 
ponade physiology, including (A) mitral inflow pulse-wave 
Doppler and (B) abdominal aorta pulse-wave Doppler signals. 
Note the marked respiratory variation (respirometer below 
Doppler tracing in each figure) in peak velocities of both LV 
filling and aortic antegrade flow. 
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Figure 62.11. Cardiac catheterization tracing of a patient with 
physiology consistent with constriction. Note the “square 
root sign” (asterisk) secondary to equalization of LVEDP and 
RVEDP. LV, left ventricle; RV, right ventricle; Ao, aorta. 


Management of Tamponade 

After diagnosing cardiac tamponade, one should administer 
IV fluid immediately to increase diastolic filling pressure tem- 
porarily in order to stabilize the patient (21). Medications that 
decrease systemic arterial blood pressure such as vasodilators 
and diuretics should be avoided. Indications for pericardio- 
centesis include low cardiac output, hypotension, pulsus para- 
doxus >10 mm Hg, suspected bacterial pericarditis, pericardial 
effusions in immunocompromised hosts, or for diagnostic pur- 
poses when the etiology is unclear (22,23). 

Pericardiocentesis should be performed in a monitored 
setting. The patient should be placed in a 30-degree head-up 
position and adequately sedated. Echocardiographic guidance 
allows for accuracy in entering the pericardial space usually 
from an apical approach, but is unnecessary in emergent situ- 
ations (23). One can perform an agitated saline injection to 
confirm the location of the needle in the pericardial space. In 
the majority of patients, a drainage catheter should be placed 
for at least 48 hours to detect and drain recurrent effusions 
(22). Potential complications of pericardiocentesis include 
hemopericardium, pneumothorax, arrhythmias, myocardial 
puncture, coronary artery, aorta or internal mammary artery 
injury, and death (23,24). 

Pericardial fluid should be analyzed for cell content, glucose 
concentration, protein concentrations, Gram stain, acid-fast 
bacilli stain, cultures (bacterial, viral, and fungal), and micro- 
scopic analysis (25). Specific bacterial or viral-specific antigens 
may be assessed using polymerase chain reaction (PCR) stud- 
ies and latex agglutination studies. High triglyceride levels are 
diagnostic of chylopericardium. Adenosine deaminase activity 
levels can be measured to assist in the diagnosis of tuberculous 
pericarditis (26). 

If the effusion is purulent, it may be too thick to adequately 
drain or it is loculated within the pericardium. In this case, 
surgical drainage will be necessary, and a subtotal pericardiec- 
tomy or pericardial window should be performed (27-29). 


ETIOLOGY 


Viral Pericarditis 

The most common etiology of pericarditis in the pediatric pop- 
ulation is viral. The most common viral causes of pericarditis 
are listed in Table 62.1. Coxsackievirus is the most common 



Enterovirus (primarily Measles 

Coxsackie B) 

Adenovirus Cytomegalovirus (CMV) 

Influenza virus (A and B) Respiratory syncytial virus (RSV) 
Rubella Herpes simplex 

Mumps Hepatitis B 

Epstein-Barr virus (EBV) HIV 


viral cause of pericarditis in children (30). Patients often present 
10 to 14 days after an upper respiratory or gastrointestinal 
infection, with precordial chest pain, fever, and a friction rub. 
Some patients present with abdominal pain. Patients with viral 
pericarditis generally are less toxic appearing than those patients 
with bacterial pericarditis. However, patients with viral pericar- 
ditis may appear toxic when there is associated myocarditis. 
Tamponade is rare in patients with viral myocarditis; however, 
patients should be monitored closely after initial diagnosis. 

If collected, pericardial fluid usually is serous or serosan- 
guineous, and displays lymphocyte predominance, although 
neutrophils may be common in the early stages of the illness. 
Viral cultures can be obtained from pericardial fluid, the naso- 
pharynx, or the stool. PCR studies often are useful in deter- 
mining a specific viral cause (31,32). 

Specific treatment for viral pericarditis is symptomatic, 
including bedrest and oral nonsteroidal anti-inflammatory 
drugs (NSAIDs). If NSAIDs are unsuccessful, steroids may 
be considered once bacterial causes have been excluded. The 
use of colchicine with aspirin as first-line combination therapy 
decreases the likelihood of recurrence in adults. However, col- 
chicine has not been well studied in the pediatric population 
(33). Resolution occurs in days to weeks, with complete reso- 
lution usually in <6 weeks. Relapse occurs in a small subset of 
patients, typically improving with reinstitution of NSAIDs or 
steroids. Constrictive pericarditis rarely occurs as a late com- 
plication of viral pericarditis. 

Bacterial Pericarditis 

Bacterial pericarditis is a serious, life-threatening disease. It 
presents most frequently in patients under 2 years of age (34). 
Patients present with symptoms of fever, chest pain, friction 
rub, and muffled heart sounds, but may be in shock on pres- 
entation. In addition, patients have dyspnea, tachypnea, and 
tachycardia out of proportion to the fever. Bacterial pericardi- 
tis can result from hematogenous dissemination or direct con- 
tact. The lung is the most common origin of dissemination, 
particularly when the agent is Staphylococcus aureus , Hae- 
mophilus influenzae , and Streptococcus pneumoniae. Septic 
arthritis, osteomyelitis, meningitis, or soft tissue infection also 
may be the source for hematogenous dissemination (34-37). 

In bacterial pericarditis, the pericardial fluid demonstrates 
a marked predominance of neutrophils, and cultures typically 
are positive for the causative organism. Latex agglutination 
studies of the pericardial fluid, serum, or urine may be helpful 
if antibiotics have been given prior to obtaining a sample of 
pericardial fluid. Potential bacterial causes of pericarditis are 
listed in Table 62.2. Staphylococcus aureus is the most com- 
mon bacterium isolated, accounting for half of the cases of 
bacterial pericarditis (34). Also, it is the most common cause 
of postoperative bacterial pericarditis (i.e., occurring within 
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1 Pericarditis-Potential Bacterial 
IHHH Causes 

Staphylococcus aureus 

Chlamydia psittaci 

Haemophilus influenzae 

Nocardia asteroids 

Streptococcus pneumoniae 

Brucella 

Other Streptococci species 

Yersinia 

Neisseria meningitidis 

Salmonella 

Neisseria gonorrhoeae 

Actinomyces 

Campylobacter fetus 

Mycobacterium tuberculosis 

Pseudomonas aeruginosa 

Escherichia coli 

Mycoplasma pneumoniae 

Listeria monocytogenes 

Mycoplasma hominis 

Pasteurella multocida 

Legionella 

Klebsiella 

Francisella tula re ns is 

Anaerobes 


3 months of a cardiac operation) (38). Anaerobic bacteria 
should be considered in patients with concurrent lung abscess, 
abdominal infection, or a history of blunt chest trauma. 

Importantly, antibiotics alone are not sufficient to treat bac- 
terial pericarditis. All patients require percutaneous or surgical 
drainage of the pericardial cavity. If the purulent pericardial 
fluid cannot be aspirated percutaneously, a surgically created 
window or pericardiectomy will be required (29). Streptoki- 
nase administered in the pericardium may improve drainage 
(39,40). Broad-spectrum antibiotics are mandatory and ini- 
tially should be directed toward the most common organisms 
(Staphylococcus aureus and Haemophilus influenzae). Initial 
treatment should include an intravenous penicillinase-resistant 
penicillin (nafcillin or oxacillin) or vancomycin in patients at 
risk for methicillin-resistant Staphylococcus aureus , as well 
as a third-generation cephalosporin (ceftriaxone, cefotaxime) 
(34,38,41). An aminoglycoside may be added for immuno- 
compromised patients. Specific therapy can be tailored once 
specific culture/sensitivity results are known. Patients with 
bacterial pericarditis should be treated for at least 3 to 4 weeks 
with intravenous antibiotics. 

Survival for patients with bacterial pericarditis currently is 
>90% (39,41). Risk factors for poor outcome include young 
age at diagnosis, septicemia, tamponade, delay in diagnosis, 
inadequate drainage, concurrent myocarditis, and a staphy- 
lococcal etiology (37,39,42). Constrictive pericarditis can be 
a late complication (36,39), most commonly associated with 
Staphylococcus aureus , Haemophilus influenzae , or Strepto- 
coccus pneumoniae infections. 


may be seen on auramine-rhodamine fluorescent-stained 
smears (43). Pericardial biopsy is useful to provide histologic 
confirmation. Pericardial fluid adenosine deaminase levels are 
diagnostic for tuberculous pericarditis if >50 U/L (26,43,44). 
Mycobacterium cultures may take up to 6 weeks to grow; thus, 
treatment should be initiated before confirmation of diagnosis. 

Multidrug therapy is essential due to the risk of drug- 
resistant tuberculosis. A treatment regime of rifampicin, iso- 
niazid, pyrazinamide, and ethambutol for at least 2 months, 
followed by isoniazid and rifampicin for another 4 months is 
highly effective (43). One or two months of steroid therapy 
may be useful to reduce inflammation and increase pericardial 
fluid resorption (45). Early in the course of the disease, peri- 
cardiectomy is difficult due to the presence of diffuse inflam- 
matory and caseous material. Some investigators recommend 
delaying pericardiectomy for at least 6 weeks, although this 
remains controversial (43,46). Tuberculosis is a common cause 
of chronic pericardial effusion, and constrictive pericarditis 
may develop after recovery. Worldwide, tuberculous pericardi- 
tis is one of the leading causes of constrictive pericarditis (43). 


HIV and Other Infections 

Pericardial effusions are common in patients with human 
immunodeficiency virus (HIV) and are present in up to 25% 
of children with HIV infection (47-49). Children with HIV 
rarely develop tamponade. Pericardial fluid cultures typi- 
cally are negative. Immunocompromised patients, including 
patients with HIV, are at risk for rarer causes of pericarditis, 
including parasitic and fungal causes (Table 62.3). In develop- 
ing nations, concurrent infection with tuberculosis and HIV is 
common. The presence of HIV is a significant risk factor for 
developing tuberculous pericarditis (43). 


Other Causes of Pericarditis and Pericardial Effusion 

Renal Failure 

Pericarditis occurs in 10% of patients with chronic renal fail- 
ure (50,51). It is more common in patients with concurrent 
systemic lupus erythematosus (SLE), or drug-induced in those 
receiving hydralazine for hypertension. Most pericardial effu- 
sions will resolve with efficient dialysis (51). The pericardial 
fluid typically is serous. Care should be taken with hepariniza- 
tion in these patients, as a pericardial hemorrhage can occur 
with resultant tamponade. NSAIDs can be given for chest 
pain, but do not affect the size of the effusion. Pericardiocen- 
tesis should be performed for the usual indications, including 
patients suspected of having bacterial pericarditis and in those 
with hemodynamic compromise. If the effusion fails to resolve 
with dialysis, or if constriction develops, pericardiectomy may 
be necessary (51). 


Tuberculous Pericarditis 

Once common throughout the world, Mycobacterium tuber- 
culosis pericarditis now occurs most frequently only in devel- 
oping nations. The typical onset is insidious with symptoms 
of low-grade fever, night sweats, weight loss, malaise, dysp- 
nea, and chest pain. The presentation may be complicated 
by subacute pericardial tamponade. Tuberculous pericarditis 
often occurs due to direct extension of miliary tuberculosis or 
lymphatic spread into the pericardium. Hematogenous spread 
may occur without evidence of pulmonary infiltrates. Most 
patients have a positive Mantoux skin test. 

The pericardial fluid, when aspirated, is serosanguineous or 
hemorrhagic with lymphocyte predominance. Acid-fast bacilli 



H Pericarditis — Other Infectious 
■ Causes 

Fungal 

Candida , Aspergillus , Blastomyces , 
Coccidioides, Histoplasma, Cryptococcus 

Parasitic 

Entamoeba histolytica , Echinococcus 

Protozoal 

Toxoplasma gondii 

Rickettsial 

Typhus, Q fever 

Spirochetal 

Syphilis, leptospirosis 
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Drug-Induced Pericarditis 

Cromolyn Sodium 

Isoniazid 

Cyclophosphamide 

Methysergide 

Cyclosporine 

Penicillin 

Dactinomycin 

Phenytoin 

Doxorubicin 

Procainamide 


Hydralazine 


Kawasaki Disease 

During the acute phase of Kawasaki disease, one-third of 
patients have a pericardial effusion, which typically resolves 
within 2 weeks. Effusions related to this inflammatory process 
do not commonly progress to tamponade, but this has been 
reported (52,53). 

Drug-Induced Pericarditis 

Drug-induced pericarditis may occur in patients treated 
with the medications listed in Table 62.4. The most com- 
mon offenders are hydralazine, isoniazid, procainamide, 
and phenytoin. Antinuclear antibodies often are elevated in 
these patients. Effusions due to a lupus-like effect rarely pro- 
gress to tamponade (54). Treatment includes discontinuing 
the offending drugs and initiation of NSAIDs. Patients with 
hypersensitivity reactions to penicillin and cromolyn sodium 
in association with pericardial effusion have been reported 
(55,56). 

Hypothyroidism 

The hypothyroid patient with a pericardial effusion most 
commonly is asymptomatic. It occurs in up to 80% of 
patients with myxedema, but is rare in patients with only 
mild hypothyroidism (57). Cardiac tamponade is exceed- 
ingly uncommon due to the slow accumulation of fluid (57). 
Patients present with paradoxical bradycardia, unlike oth- 
ers with pericardial effusions who usually have tachycardia. 
If pericardiocentesis is required, the fluid contains elevated 
protein and mucopolysaccharides (58). Most effusions will 
resolve gradually after initiation of thyroid hormone replace- 
ment therapy. 

Chylopericardium 

Chylous pericardial effusion may occur in patients follow- 
ing congenital heart surgery, particularly after trauma to the 
thoracic duct or in patients with elevated central venous pres- 
sures (59,60). Concurrent chylous pleural effusion may be 
present. Chylopericardium can occur in patients with medias- 
tinal masses that obstruct lymphatic drainage, and in associa- 
tion with cystic hygromas, radiation therapy, or pancreatitis. 
It rarely may be idiopathic. The pericardial fluid obtained is 
milky-colored, with elevated triglyceride and protein levels. 
Patients should be given a low-fat or median-chain triglycer- 
ide diet, initiated after a period of parenteral nutrition with- 
out oral intake to allow resolution of the chylous effusion. 
Persistent chylous effusions can be treated by thoracic duct 
ligation. Some patients may require palliation with a pericar- 
dial window, pericardiectomy, or placement of a pericardio- 
peritoneal or pleuroperitoneal shunt (59,60). Successful use 
of intravenous octreotide has been reported in some patients 
with chronic chylous pleural effusions (61). 


Trauma 

Blunt and penetrating cardiac trauma may result in hemor- 
rhagic pericardial effusion. In cases of trauma, the usual Beck’s 
triad of symptoms (distant heart sounds, hypotension, and 
jugular venous distension) rarely occurs, and echocardiogra- 
phy is diagnostic (9). All symptomatic patients require emer- 
gency pericardiocentesis. Iatrogenic hemopericardium also can 
occur during placement of central venous lines and invasive 
cardiac procedures. A pneumopericardium may be present in 
patients after an esophageal rupture (Fig. 62.12). 

Neoplastic Disease 

Primary tumors of the pericardium are rare. Metastatic dis- 
ease is more common. Primary neoplasms include lymphoma, 
malignant teratoma, mesothelioma, and angiosarcoma. 
Potentially metastatic tumors include Hodgkin disease, non- 
Hodgkin lymphoma, leukemia, malignant melanoma, Wilms 
tumor, neuroblastoma, Kaposi sarcoma, and bone/soft tissue 
sarcomas (62-65). Nonmalignant congenital intrapericardial 
lesions may occur, including pericardial cysts, extralobar pul- 
monary sequestration, cystic lymphangioma, bronchogenic 
cysts, and pericardial teratomas (66-70). Teratomas can be 
large and cause hydrops fetalis in the fetus (71). Surgical exci- 
sion of these large tumors, when possible, is curative (67). 

Pericardial effusions often occur in patients with malig- 
nancies, independent of the primary tumor, due to infectious 
causes or metastatic invasion of pericardial lymphatics. Peri- 
carditis can occur as a complication of certain chemotherapy 
agents, listed in Table 62.4. Diagnosis of the cause of a malig- 
nant effusion can be made using cytologic analysis and culture 
of pericardial fluid (72). 

Patients who have received mediastinal irradiation are at 
increased risk of pericardial involvement after chemotherapy. 
Up to 5% of patients receiving mediastinal irradiation will 
develop pericarditis, typically from 2 months to 2 years after 
treatment (73). The patient may present with only mild symp- 
toms or may progress to fulminant constrictive pericarditis 



Figure 62 . 12 . Chest radiograph of an adolescent patient who 
presented with chest pain after an esophagogastroduodenos- 
copy procedure. Perforation of the esophagus had occurred, 
with resultant pneumopericardium evident. (Courtesy of 
Dr. Malek El-Yaman, West Virginia University Children’s 
Hospital, Morgantown, WV.) 
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(74). Most cases improve with treatment with NSAIDs, but 
pericardiectomy may be necessary for recurrent effusions (75). 
Steroids are required in some patients (76). 

Postpericardiotomy Syndrome 

Postpericardiotomy syndrome usually occurs at least 1 week 
after intracardiac or pericardial surgery. Because there is peri- 
cardial and pleural inflammation, these patients frequently 
have pleuritic chest pain. It has been estimated to occur in 
up to 30% of patients following surgery (77,78). Postperi- 
cardiotomy syndrome typically occurs as a single episode, 
although it can recur weeks to years later. Children younger 
than 2 years old rarely are affected (79). Postpericardiotomy 
syndrome may produce irritability, malaise, decreased appe- 
tite, and arthralgias. Physical examination will reveal a fric- 
tion rub and tachycardia. The patient may have signs of fluid 
retention. Cardiac tamponade is rare, but can occur (80). 

The cause of postpericardiotomy syndrome remains specu- 
lative. The most likely etiology however is that of an auto- 
immune reaction (81,82). Postpericardiotomy syndrome can 
occur after blunt cardiac trauma, pacemaker lead placement, 
and in Dressler’s syndrome (postmyocardial infarction syn- 
drome) (83). While postpericardiotomy syndrome may occur 
after any cardiac operation, it is most frequent after repair of 
atrial septal defects, ventricular septal defects, and Tetralogy 
of Fallot (77). It occurs in up to 50% of pediatric patients 
after cardiac transplantation (84). Serum laboratory evalua- 
tion may reveal nonspecific inflammatory markers, including 
elevated erythrocyte sedimentation rate or C-reactive protein, 
and an elevated white blood cell count. Echocardiography 
may reveal an effusion, which typically reaches its maximal 
size by the 10th postoperative day (77). 

Postpericardiotomy syndrome typically is benign and self- 
limited. Treatment includes diuretics for fluid retention and 
NSAIDs. Pericardiocentesis may be needed for symptomatic 
effusions (85). Aspirin is the primary anti-inflammatory medi- 
cation recommended, in doses as high as 30 to 75 mg/kg/d in 
four divided doses for 4 to 6 weeks. As postpericardiotomy 
syndrome resolves, the drug is then tapered (85,86). In patients 
refractory to NSAIDs, or in those with large effusions, pred- 
nisone (2 mg/kg/d, maximum dose 60 mg daily, for 1 week 
with a 4-week taper) can be effective (87). Patients with recur- 
rent effusions may require pericardiocentesis or pericardiec- 
tomy (88,89). 

Autoimmune and Connective Tissue Diseases 

Pericarditis and pericardial effusions occur in many autoim- 
mune and connective tissue diseases, including SLE, juvenile 
rheumatoid arthritis, dermatomyositis, periarteritis nodosa, 
mixed connective tissue diseases, Wegener granulomatosis, 
Takayasu arteritis, and the spondyloarthropathies. It has been 
estimated that 25% of pediatric patients with SLE develop 
pericarditis (90). This usually is treated with oral NSAIDs, but 


potentially could require pericardiocentesis if hemodynamic 
compromise develops (91). Pericarditis occurs in 10% of 
patients with juvenile rheumatoid arthritis at the time of diag- 
nosis. This usually is treated effectively with oral NSAIDs. 
Short courses of steroids hasten resolution of symptoms (92). 
Patients with acute rheumatic fever rarely will develop peri- 
carditis (50). Pericardial effusions in patients with acute rheu- 
matic fever respond well to NSAIDs. 

Recurrent and Chronic Pericarditis 

Pericarditis recurs when the underlying disease relapses, or 
when an effusion reaccumulates after discontinuation of pre- 
viously effective medical therapy (4,93). This occurs most 
frequently in patients with postpericardiotomy syndrome, 
juvenile rheumatoid arthritis, or SLE (94,95). Treatment 
strategies include reinstitution of NSAIDs, colchicine, or oral 
steroids. Patients have been treated successfully with immune 
modulators including azathioprine and cyclophosphamide 
(95). Pericardiectomy should be reserved for the patient with 
multiple recurrences. 

Chronic pericarditis is defined as pericardial inflammation 
lasting >3 months. Similar treatments can be used for sympto- 
matic patients, including NSAIDs, steroids, and percutaneous 
or surgical drainage of the effusion when necessary (94,96). 
Intravenous immunoglobulin has been reported to be effective 
in some patients with chronic pericarditis (97). 

Congenital Abnormalities of the Pericardium 

Absence of the Pericardium 

Complete or partial absence of the pericardium is rare. Most 
cases are identified incidentally at autopsy or surgery. Most 
commonly, partial absence of the pericardium is left sided 
(98,99). Up to one-third of patients have an associated car- 
diac defect or pulmonary anomaly, including bicuspid aortic 
valve, atrial septal defect, patent ductus arteriosus, tetralogy 
of Fallot, pulmonary sequestration, or bronchogenic cyst (98). 
Although usually asymptomatic, patients can present with 
nonspecific symptoms such as dyspnea, light-headedness, and 
chest pain. Rarely, sudden death occurs due to herniation of 
the left atrium, left atrial appendage, or right atrium through 
the defect (99). Compression of a coronary artery and torsion 
of the great vessels also may occur. 

The apical impulse may be shifted leftward. Chest radiog- 
raphy reveals a leftward shift of the cardiac silhouette. The 
diagnosis is not typically made by echocardiography, although 
unusual scanning windows, cardiac hypermobility, and abnor- 
mal ventricular motion may be present (100). The entire car- 
diac structure is shifted to the left; thus, the RV cavity may 
appear enlarged from the standard parasternal windows (15). 
CT and MRI are diagnostic (Fig. 62.13) (20). Surgical repair 
is indicated for patients with cardiac chamber herniation, or 




Figure 62.13. Cardiac MRI sequences 
in an adolescent patient demonstrat- 
ing partial absence of the pericardium. 
Note the marked displacement of the 
heart into the left hemithorax. While 
the herniation of the apical LV wall is 
more subtle in this four-chamber view 
in systole (A), it becomes more appar- 
ent in the LV outflow-tract view in late 
diastole (B). (Courtesy of Dr. Malek El- 
Yaman, West Virginia University Chil- 
dren’s Hospital, Morgantown, WV.) 
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Figure 62.14. Chest radiography (A) and CT scans (B, C) of a patient with a coarctation of the aorta and inci- 
dentally discovered pericardial cyst (asterisk). 


in patients with a small defect if future herniation is possible 
(99). This can be performed either by patch closure of the 
defect, or by enlargement of the defect to prevent incarcera- 
tion of the herniated tissue. Patients with complete absence 
of the pericardium usually are asymptomatic and require no 
treatment (98). 

Pericardial Cysts 

Pericardial cysts are congenital anomalies resulting from fail- 
ure of fetal lacunae to coalesce into the pericardial coelom 
(101). Patients usually are asymptomatic. The cysts often are 
discovered incidentally on chest x-ray (Fig. 62.14A). A cyst 
can become infected or cause bronchial compression, and the 
patient may have chest pain, dyspnea, or cough (102,103). 
Due to the benign nature of pericardial cysts, usually no 
treatment is required. Sometimes cysts present as previously 
unknown masses in the thoracic cavity, and infection or neo- 
plasm must be excluded (104). Cysts may appear as echo-free 
spaces adjacent to the heart. CT or MRI, in conjunction with 
a normal history and clinical exam, can confirm the diagnosis 
of a pericardial cyst (Fig. 62.14B,C) (20). 


CONSTRICTIVE PERICARDITIS 


Constrictive pericarditis is characterized by a thickened and 
fibrotic pericardium that restricts ventricular filling (Fig. 62.15). 
While focal constriction has been reported, the constrictive 
process usually involves the entire pericardium. Constrictive 
pericarditis can develop as an idiopathic process, but most com- 
monly represents the end stage of various forms of pericarditis 
(105,106). Worldwide, tuberculous pericarditis is the most com- 
mon cause of constrictive pericarditis (43). 

With constriction, diastolic expansion of the ventricles is 
limited causing hemodynamic compromise. Early diastolic 
filling will be normal, with limited mid and late diastolic fill- 
ing. Ventricular systolic function generally is normal. Pulmo- 
nary wedge and central venous pressures are increased due to 
elevated ventricular filling pressures (107). Patients may have 
dyspnea, fatigue, exercise intolerance, or syncope. Hepato- 
megaly, splenomegaly, jugular venous distension, edema, or 
ascites may occur. Auscultation may reveal a diastolic filling 
sound corresponding to abrupt cessation of ventricular filling 
(“precordial knock”) (105,108). Chest radiography may be 
normal or may display pericardial calcification in 25% of 
patients (Fig. 62.3) (15). The electrocardiogram often is non- 
specific, but may demonstrate low-voltage QRS complexes 
and ST-segment of T-wave abnormalities. 


Echocardiography shows paradoxical septal motion with a 
septal “bounce.” The “bounce” refers to the septum shifting 
leftward with increased RV filling during inspiration, and then 
shifting back rightward with expiration due to improved LV 
filling. The superior and inferior vena cavae may be dilated 
due to elevated ventricular diastolic and central venous pres- 
sures. Subcostal imaging may demonstrate “diaphragmatic 
tethering,” where the diaphragm is pulled toward the heart 
with each ventricular contraction. Doppler echocardiography 
demonstrates marked respiratory variation of both left- and 
right-sided flows (Fig. 62.16) (109). With inspiration, there is 
an exaggerated decrease in the mitral inflow velocity (mitral 
E velocity) and an exaggerated increase in tricuspid inflow 
velocity (tricuspid E velocity) (109). Conversely, in expiration, 
there is an exaggerated increase in mitral inflow velocity and 
an exaggerated decrease in tricuspid inflow velocity. 

CT and MRI may reveal pericardial thickening and/or 
calcification (20). Cardiac catheterization demonstrates 
equalization of LV and RV end-diastolic pressures, left and 
right mean atrial pressures, and the mean pulmonary capil- 
lary wedge pressure. The “square root sign” refers to the 
early diastolic pressure decrease followed by a plateau on 
LV and RV pressure tracings, and results from rapid early 
diastolic filling with abrupt cessation (Fig. 62.12). The 
definitive treatment for constrictive pericarditis is radical 
pericardiectomy (96,108). 



Figure 62.15. Severe constrictive pericarditis. Note the mark- 
edly thickened pericardium in this ventricular short-axis slice. 
(Courtesy of Dr. William D. Edwards, Division of Anatomic 
Pathology, Mayo Clinic, Rochester, MN.) 
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Figure 62.16. Hemodynamic filling patterns in constriction. 
These diagrams illustrate a patient with constrictive pericar- 
ditis and the corresponding Doppler echocardiographic pat- 
terns with inspiration and expiration. Note the (A) respiratory 
variation in ventricular filling and the corresponding Doppler 
features of mitral and tricuspid valve inflow and pulmonary 
vein (PV) and hepatic vein (HV) flow. B: Typical mitral inflow 
and hepatic vein pulsed-wave Doppler recordings in constric- 
tion. Inspiration starts with the upward deflection of the res- 
pirometer tracing, while expiration starts with the downward 
deflection of the tracing. Note the decrease in mitral inflow E 
velocity with inspiration, and increase with the onset of expi- 
ration (left frame). In hepatic vein flow, there is a prominent 
diastolic flow reversal with expiration. (Adapted from Oh 
JK. The Echo Manual, 3rd ed. Philadelphia, PA: Lippincott 
Williams &C Wilkins, 2006.) 


Differentiating Between Constrictive Pericarditis 
and Restrictive Cardiomyopathy 

Restrictive cardiomyopathy commonly is an infiltrative pro- 
cess and includes amyloidosis, hemochromatosis, endomyo- 
cardial fibrosis, and eosinophilic cardiomyopathy. It may be 
idiopathic (110,111). Restrictive cardiomyopathy is character- 
ized by markedly abnormal diastolic function with preserved 
systolic function. 

The differentiation between constrictive pericarditis and 
restrictive cardiomyopathy often is difficult (107,112-114). 
Echocardiographic measurements of diastolic function in 
children often are confounded by factors including preload, 
heart rate, age, and body size (115). Differentiating between 
constriction and restriction is critical, since the definitive 
treatments for these disorders are markedly disparate (pericar- 
diectomy vs. cardiac transplant) (Table 62.5). 

Cardiac catheterization can be useful in differentiating con- 
striction from restriction (Fig. 62.17) (107). In constrictive 
pericarditis, there is an inspiratory increase in the area of the 
RV pressure curve compared with expiration. The area of the 
LV pressure curve decreases during inspiration as compared 
with expiration. Conversely, in restrictive cardiomyopathy, 
there is an inspiratory decrease in the area of the RV pressure 
curve as compared with expiration. The area of the LV pres- 
sure curve is unchanged during inspiration as compared with 
expiration. Talreja et al. (107) have described a catheteriza- 
tion-based calculation called the systolic area index , which is 
obtained by taking the ratio of the area under the RV pressure 
curve to the area under the LV pressure curve in inspiration 
versus expiration (calculated as (RV msp /LV insp )/(RV exp /LV exp )) 
(Fig. 62.17). A systolic area index value >1.1 was 97% sensi- 
tive and 100% specific for diagnosing constrictive pericarditis. 
This study only evaluated adult patients and requires valida- 
tion in a pediatric cohort. 

Echocardiographic differentiation between constriction 
and restriction includes the factors listed in Table 62.5 and 
those depicted graphically in Figure 62.18. The characteristic 


Distinguishing Constrictive Pericarditis and Restrictive 
| jgjj Cardiomyopathy 

Finding 

Constriction 

Restriction 

History of Cardiac Surgery 

Common 

Uncommon 

Echo: Septal "bounce" 

Common 

Typically absent 

Echo: Atrial size 

Normal/mildly enlarged 

Significantly enlarged 

Echo: Systolic function 

Typically normal 

Normal or mildly decreased 

Echo* Wall thickness 

Normal 

Normal or increased 

Echo: Doppler changes with 
inspiration/expiration 

Significant and common 

Rare 

CT: Pericardial thickening 

Common 

Typically absent 

Cath: RVSP 

<50 mm Hg 

>50 mm Hg 

Cath: LVEDP -RVEDP 

<4 mm Hg 

>4 mm Hg 

Cath: Wedge pressure - RA pressure 

<4 mm Hg 

>4 mm Hg 

Cath: RVEDP/RVSP 

>0.33 

<0.3 

Cath: Systolic area index 

>1.1 

<1.1 


RVSP, right ventricular systolic pressure; RVEDP, right ventricular end-diastolic pressure; LVEDP, left ventricular end-diastolic pressure; 
RA, right atrium. 
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Figure 62.17. Catheterization tracings in constrictive physiol- 
ogy (A) and restrictive cardiomyopathy (B). Note that both 
patients have early rapid filling with elevation and equalization 
of the left ventricular (LV) and right ventricular (RV) pressures 
at end expiration. In constrictive pericarditis, there is an inspi- 
ratory increase in the area of the RV pressure curve ( orange 
shaded area) compared with expiration. The area of the LV 
pressure curve (yellow shaded area) decreases during inspira- 
tion as compared with expiration. Conversely, in restrictive 
cardiomyopathy, there is an inspiratory decrease in the area of 
the RV pressure curve (orange shaded area) as compared with 
expiration. The area of the LV pressure curve (yellow shaded 
area) is unchanged during inspiration as compared with expi- 
ration. (Reprinted from Talreja DR, Nishimura RA, Oh JK, 
et al. Constrictive pericarditis in the modern era. J Am Coll 
Cardiol 2008;51:317, with permission from Elsevier). 

septal “bounce” occurs more commonly in constriction, while 
severe atrial enlargement is more typically observed in restric- 
tion. Doppler velocities, including mitral inflow, hepatic 
venous flow, tricuspid inflow, and pulmonary venous inflow, 
are affected by respiration in constriction. There may be a 
relatively normal peak mitral valve E velocity during expira- 
tion in constriction or restriction. These mitral valve signals 
can be differentiated by the respiratory variation that occurs 
in constriction (increased E velocity during expiration), and 
the short deceleration time (DT) that occurs in restriction. 
Normally, hepatic vein Doppler waveforms will demonstrate 
larger systolic and diastolic forward flow waves compared to 
small systolic flow reversal and diastolic flow reversal waves. 
In constriction, decreased LV filling on inspiration allows for 
increased RV filling, causing hepatic vein diastolic forward 
flow to increase. In expiration, hepatic vein diastolic forward 
flow decreases, and significant flow reversals in diastole may 
occur. Thus, in patients with constriction, the flow may appear 
normal with inspiration, while marked diastolic reversals will 
be seen with expiration (Fig. 62.18). Conversely, in restric- 
tion, marked reversals in the hepatic veins occur with inspi- 
ration, and may occur in both systole and diastole. Mitral, 
tricuspid, and pulmonary vein velocities rarely are affected by 
respiration in patients with pure restriction. Importantly, the 
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Figure 62.18. Diagram of Doppler velocities from mitral inflow 
(MV), mitral annulus velocity, and hepatic vein (HV), and the 
ECG and respirometer recordings indicating inspiration (I) and 
expiration (E). Note the relatively similar peak mitral valve E 
velocity in normal, constriction, and restriction in expiration. 
The striking difference is the respiratory variation seen in con- 
striction, with increased E velocity during expiration, and the 
short deceleration time (DT) seen in restriction. Patients with 
constriction will have normal or even increased tissue Doppler 
(TD) early diastolic mitral annulus (e') velocities, compared 
to patients with restriction, whose e' velocities are markedly 
blunted, typically below 8 cm/s. Examining hepatic vein flow, 
the normal patient will have larger systolic (S) and diastolic (D) 
flow waves compared to tiny insignificant systolic flow rever- 
sal (SR) and diastolic flow reversal (DR) waves. In patients 
with constriction, marked diastolic reversals will be seen with 
expiration (arrow), while the flow may appear normal with 
inspiration. Conversely, in restriction, marked reversals in 
the hepatic veins are typically seen with inspiration, and may 
occur in both systole and diastole (arrows). (Modified from Oh 
JK. The Echo Manual , 3rd ed. Philadelphia, PA: Lippincott 
Williams & Wilkins, 2006.) 


diastolic flow reversals seen on expiration in constriction may 
not be evident in patients with tachycardia or atrial fibrilla- 
tion. In these situations, augmented systolic reversals actu- 
ally may be seen on expiration instead of prominent diastolic 
reversals. 

Tissue Doppler imaging can be helpful in the differentiation 
of constriction and restriction (Fig. 62.18). In normal pediatric 
subjects beyond infancy, the early diastolic septal mitral annu- 
lus velocity (e') should be between 9 and 16 cm/s. In constric- 
tion, the e' velocity is normal or even increased as compared to 
normal. In restriction, the e' velocity often is <8 cm Is (similar 
to other cardiomyopathies) (15,116). In normal hearts, the lat- 
eral mitral annulus e' velocity is greater than the septal mitral 
annulus e' velocity. But, in constriction, the septal mitral annu- 
lus e' velocity can be greater than or equal to the lateral mitral 
annulus e' velocity, a paradoxical finding called mitral annulus 
reversus (117). This reversal of mitral annulus velocities is not 
seen in patients with restrictive cardiomyopathy. 

Special Circumstances 
Ventilator-Dependent Patient 

During normal breathing, there is a decrease in intrathoracic 
pressure with inspiration and an increase with expiration. Dur- 
ing positive pressure mechanical ventilation, the intrathoracic 
pressure changes are opposite those that occur with sponta- 
neous breathing. Mechanical inflation of the lungs causes an 
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increase in intra thoracic pressure (118). As a result, the promi- 
nent Doppler respiratory variation in patients with constric- 
tive pericarditis reverses during positive pressure ventilation, 
with mitral and pulmonary vein inflow velocities increasing 
during inspiration and decreasing in expiration (119). 

Single-Ventricle Patient 

The diagnosis of constriction in patients with single ventri- 
cle can be difficult. The traditional echocardiographic and 
catheter based methods rely on assessment of interventricu- 
lar hemodynamics. With single ventricle patients, symptoms 
of dyspnea, fatigue, or exercise intolerance may be present, 
along with signs of venous congestion such as hepatomegaly, 
splenomegaly, jugular venous distension, and edema even in 
the absence of constriction. Evaluation of pericardial thickness 
by CT or MRI may provide the only specific findings for con- 
striction. Constriction may cause protein-losing enteropathy 
after Fontan operation (120). It is important to consider con- 
striction as a potential etiology in a patient after Fontan opera- 
tion who presents with new-onset protein-losing enteropathy, 
since pericardiectomy could be curative (121). 
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I nfective endocarditis (IE) is a disease that is associated with 
considerable morbidity and mortality and remains a dreaded 
complication of structural heart disease. Although relatively 
rare in children, this cardiac infection with protean manifesta- 
tions continues to have a disproportionate influence on clinical 
practice. Reported mortality rates are much lower now than in 
the preantibiotic era; however, overall morbidity and expense 
burden of prolonged and often intense medical and surgical 
therapies remain formidable. 

Major advances in understanding this disease process have 
been made over the years. Additionally, the development and 
refinement of echocardiographic techniques have contributed 
to better diagnosis and management of endocarditis. Increas- 
ingly precise clinical criteria for the diagnosis of IE have been 
established (1,2) that assist physicians in making a better 
objective assessment of the varied clinical manifestations of 
this disease process. 


DEFINITION 


IE is a microbial infection of the endocardial (endothelial) sur- 
face of the heart. Native or prosthetic heart valves are the most 
frequently involved sites. Endocarditis also can involve septal 
defects, the mural endocardium, or intravascular foreign devices 
such as intracardiac patches, surgically constructed shunts, and 
intravenous catheters. Infective endarteritis is a similar clinical 
illness involving arteries, including the ductus arteriosus, the 
great vessels, aneurysms, or arteriovenous shunts. 

At one time, endocarditis was classified as acute or sub- 
acute, but the recent tendency has been to avoid this termi- 
nology. It is preferable to describe the disease based on the 
etiologic agent involved. Low-virulence organisms such as 
a-hemolytic streptococci, enterococci, or coagulase-negative 
staphylococci usually cause a prolonged subacute form of 
the illness. On the other hand, Staphylococcus aureus and 
other pyogenic bacteria, such as Streptococcus pneumoniae or 
/3-hemolytic streptococci, are usually associated with a more 
virulent or acute clinical illness. 


EPIDEMIOLOGY 


The epidemiology of heart disease in children has changed 
during the past several decades as has the epidemiology of IE 
itself. While it is difficult to get exact incidence data for IE 
because it is not a notifiable disease, the incidence is believed 
to have increased since the mid-1900s. The reported U.S. inci- 
dence from the early 1980s was approximately 1 in 1,280 (3). 
In a review of several published studies between 1986 and 
1995, the estimated incidence in children overall was 0.3 per 
100,000 children per year with a mortality of 11.6% (4). 


The apparent increase in the incidence of IE in children 
reflects increased survival of patients with cardiovascular dis- 
ease, paralleling advances in surgical and medical approaches 
to congenital heart disease (CHD) during the past several 
decades as well as to aggressive treatment regimens in neo- 
natal and pediatric intensive care units. Whereas rheumatic 
heart disease was a major underlying cardiac condition in U.S. 
children with endocarditis until the 1970s, it has become an 
unusual underlying cardiac condition in more recent years. 
This is not true in developing countries, where endocarditis 
remains an important complicating factor in individuals with 
rheumatic heart disease. 

CHD conditions, such as ventricular septal defect, patent 
ductus arteriosus, aortic valve abnormalities, and tetralogy 
of Fallot, are now the more common underlying conditions. 
An increasing proportion of children with IE have had previ- 
ous corrective or palliative surgery for CHD, with or without 
implanted vascular grafts, patches, or prosthetic cardiac valves 
(5), and various reports have indicated that 50% to 70% of 
children with CHD have had previous cardiac surgery (3,6-9). 

In neonatal IE, most cases occur in structurally normal 
hearts. Although relatively uncommon, increasing numbers 
of cases of neonatal IE have been reported since the 1970s. 
This reflects marked increases in cardiovascular interventions 
(surgical and nonsurgical) in newborns and young infants 
with concomitant increased use of prosthetic intravascular 
devices and insertion of long-term indwelling central venous 
catheters (5). 

Patients with underlying cardiovascular disease may 
develop endocarditis at any age — in childhood, adolescence, 
or adulthood. In a pooled series of 723 children with congeni- 
tal heart defects who developed endocarditis, the defects most 
frequently associated with IE were ventricular septal defect, 
tetralogy of Fallot, and aortic stenosis (6). Two recent, impor- 
tant reviews have characterized these epidemiologic changes 
succinctly. Yoshinaga et al. (10) identified increasing morbidity 
and mortality from IE in infants with CHD under 1 year of 
age. Rosenthal et al. (11) also found that it is younger chil- 
dren with CHD, especially those who have undergone surgical 
treatment, who constitute increasing number of IE patients as 
compared to earlier health care eras. 


MICROORGANISMS 


Most cases of endocarditis are caused by a relatively small 
number of microorganisms (Table 63.1). Experimental data 
and clinical observations indicate that some bacteria are more 
commonly associated with endocarditis than others. One of 
the most logical and intriguing explanations relates to bacte- 
rial adherence. Following careful in vitro studies, Gould et al. 
(12) found that bacteria most frequently responsible for endo- 
carditis (e.g., viridans streptococci) display a propensity for 
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Etiologic Agents of Infective 
Endocarditis in Infants and Children 


Agent Frequency 


Streptococci 

a-Hemolytic 

Most common 

/3-Hemolytic 

Uncommon 

Enterococci 

Rare 

Pneumococci 

Rare 

Others 

Uncommon 

Staphylococci 

S. aureus 

Second most common 

Coagulase negative 

Uncommon, but increasing 

Gram-negative agents 

Enterics 

Rare 

Pseudomonas species 

Rare 

HACEK 3 

Rare 

Neisseria species 

Rare 

Fungi 

Candida species 

Uncommon 

Others 

Rare 


3 Haemophilus, ActinobacHlus, Cardiobacterium, Eikenella, Kingella 


adherence to canine or human valves. In contrast, gram-neg- 
ative organisms, seldom responsible for endocarditis, adhere 
rather poorly in this in vitro system. 

Gram-positive cocci account for about 90% of recover- 
able bacteria in adult patients. Viridans group streptococci are 
responsible for most cases of endocarditis in all age groups in 
developing countries where, as a predisposing condition, rheu- 
matic heart disease is prevalent. Staphylococci (5. aureus and 
coagulase-negative staphylococci) may account for more cases 
than do viridans group streptococci in developed countries 
where health care-associated infections are becoming more 
prevalent (13). 

Similar trends have been noted in the pediatric age group 
(5,6,9,14). One study examined the prevalence of IE among 
children with S. aureus bacteremia. The prevalence of definite 
IE was approximately 12%, and definite or possible IE was 
20%. Most of these children developed bacteremia from an 
infected intravascular device (15). Overall, enterococcal endo- 
carditis occurs much less frequently in children than in adults. 

Gram-negative organisms cause <10% of the endocar- 
ditis in children. However, neonates, immunocompromised 
patients, and injection drug users (IDUs) are at an increased 
risk for Gram-negative bacterial endocarditis. Among the fas- 
tidious Gram-negative bacilli of the HACEK group (Haemo- 
philus parainfluenzae, H. aphrophilus , H. paraphrophilus , H. 
influenzae , ActinobacHlus actinomycetemcomitans , Cardio- 
bacterium hominis, Eikenella corrodens, Kingella kingae , and 
K. denitrificans), Haemophilus species are more common than 
the others in children, frequently affect previously damaged 
valves, and cause a subacute course of endocarditis. Rarely, 
Neisseria gonorrhoeae can cause endocarditis, presenting as 
an acute illness and affecting previously normal valves. Com- 
monly, valvular destruction results from this organism. 


In IDUs, other organisms isolated include S. aureus and 
occasionally Candida or other fungal species. 

In instances of prosthetic valve endocarditis, the infective 
organisms differ depending on whether endocarditis occurs 
early (<2 to 3 months after surgical procedure) or late. Pros- 
thetic valve endocarditis frequently is caused by S. aureus or 
coagulase-negative staphylococci. These infections often are 
implanted at the time of surgery and are seen <60 days after 
cardiac surgery, but coagulase-negative staphylococci may be 
present as late as 1 year after surgery. 

Anaerobic organisms rarely cause endocarditis in children. 
Some individuals with the clinical picture of endocarditis, 
but with sterile routine blood cultures, may be infected with 
anaerobic organisms, which are not readily recovered by the 
usual culture methods in the clinical laboratory. 

Fungal endocarditis is relatively unusual in children 
although it is one of the most feared forms of endocarditis. 
Complications, especially embolization, are frequent. Candida 
species are the most common organisms recovered; Aspergil- 
lus species, Torulopsis glabrata, and some other fungi ( Histo - 
plasma, Coccidioides , Cryptococcus) also have been reported. 
Fungal endocarditis is often noted in narcotic addicts or after 
cardiac surgery, but it also occurs in immunocompromised 
individuals and in neonates. In neonates, this infection may 
be a complication of intensive care measures, including hyper- 
alimentation fluid infusion, use of broad-spectrum antibiotics 
for a prolonged time, and extended use of indwelling venous 
catheters. The mortality rate from fungal endocarditis is high, 
even with intensive medical and surgical therapy (5,14). 

Approximately 5% to 10% of patients with endocarditis 
have negative blood cultures. A diagnosis of culture-negative 
endocarditis is made when a patient has clinical and/or echo- 
cardiographic evidence of IE but persistently negative blood 
cultures. The most common causes of culture-negative IE are 
current or recent antibiotic therapy or infection caused by a 
fastidious organism that grows poorly in vitro (5). Many of 
these individuals demonstrate subsequent proof of endocardi- 
tis, either in the operating room or at necropsy. Consultation 
with the clinical microbiologist is invaluable in looking for 
unusual and fastidious organisms. The clinician should care- 
fully evaluate such cases for the possibility of other diseases. 
For example, IE can be confused with other causes of postop- 
erative fever (e.g., postpericardiotomy syndrome) and may be 
appropriately included in the differential diagnoses of collagen 
vascular diseases or even certain oncologic diseases presenting 
in childhood. 


PATHOGENESIS 

Several independent factors and events are requisites for the 
development of IE. A pre-existing congenital or acquired 
lesion of the heart or great vessels is usually present, although 
in some instances, such as in IDUs and in patients with intrave- 
nous catheters, endocarditis may develop in the absence of car- 
diovascular structural abnormalities. The sequence of events 
resulting in endocarditis includes damage to the endothelium, 
formation of nonbacterial thrombotic endocarditis (NBTE) on 
the surface of the damaged endothelium, occurrence of a tran- 
sient bacteremia, adherence of these bacteria to the NBTE, and 
subsequent proliferation of the bacteria within a vegetation. 

Careful clinical and pathologic studies of endocarditis 
have defined the underlying structural cardiac or great ves- 
sel abnormalities that are the most frequent sites of infection. 
The risk of endocarditis varies for different underlying condi- 
tions (Table 63.2). A review of available reports by Steckelberg 
and Wilson (16) suggests that the incidence of endocarditis in 
the general population is approximately 5 cases per 100,000 


TABLE 63.1 
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Relative Risk of Endocarditis 
for Various Cardiovascular and 
Underlying Conditions 

High Risk 
Prosthetic valves 
Previous episode of endocarditis 

Complex cyanotic CHD (e.g., single-ventricle states, 
transposition of the great arteries, tetralogy of Fallot) 

Surgically constructed systemic artery-to-pulmonary artery 
shunts 

Injection drug use 

Indwelling central venous catheters 
Moderate Risk 

Uncorrected patent ductus arteriosus 

Uncorrected ventricular septal defect 

Uncorrected atrial septal defect (other than secundum) 

Bicuspid aortic valve 

Mitral valve prolapse with regurgitation 

Rheumatic mitral or aortic valve disease 

Other acquired valvar diseases 

Hypertrophic cardiomyopathy 


person-years. In high-risk groups, the incidence is substan- 
tially higher (300 to 2,160 cases per 100,000 person-years). 
The incidence in the moderate-risk groups ranges from 50 to 
440 cases per 100,000 person-years. 

Virtually all vegetations occur in areas where there is a 
pressure gradient with resulting turbulence of blood flow. 
Turbulent blood flow produced by certain types of congenital 
or acquired heart disease, such as flow from a high- to low- 
pressure chamber or across a narrowed orifice (e.g., where a jet 
through a small ventricular septal defect hits the right ventricu- 
lar wall) traumatizes the endothelium. The sites of high-veloc- 
ity jets where most IE vegetations occur are most often on the 
atrial side of the atrioventricular valves and the ventricular side 
of the semilunar valves. Intact cardiac endothelium is a poor 
stimulator of blood coagulation and is weakly receptive to 
bacterial attachment, whereas damaged or denuded endothe- 
lium is a potent inducer of thrombogenesis. Thrombogenesis 
at such a site results in the deposition of sterile clumps of plate- 
lets, fibrin, and occasionally red blood cells and the formation 
of NBTE. This provides an environment to which bacteria can 
adhere and eventually form an infected vegetation. NBTE also 
can be produced in children with indwelling intravenous cath- 
eters positioned in the right side of the heart. Such catheters 
may traumatize the endocardium or valvular endothelium, 
exposing the subendothelial collagen. Much has been learned 
about the pathogenesis of the developing site of infection by 
study in experimental animals of NBTE. Use of a polyethylene 
catheter in the rabbit model yielded important information. 
Very shortly after the vascular endothelium is injured by the 
catheter, platelets and fibrin will adhere to the site of injury. 
This meshwork continues to grow with further accumulation 
of platelets and fibrin; very few leukocytes are involved. Fol- 
lowing the initial deposition of platelets and fibrin, thrombus 
formation occurs. Certain bacteria such as staphylococci and 
streptococci, commonly implicated in endocarditis, are potent 


stimuli of platelet aggregation. In addition, the lysosomal 
granules of platelets may release hydrolytic enzymes or other 
active proteins that may potentiate the process. 

Experimental studies have shown that circulating micro- 
organisms are entrapped within this meshwork, becoming the 
nidus of infection. This usually occurs distal to the pressure gra- 
dient. The exception to this is valvular aortic stenosis, where the 
site of the vegetation is usually on the ventricular side of the aor- 
tic valve. A possible explanation for this finding is that in almost 
all instances of aortic stenosis there is at least some degree of 
aortic insufficiency. The ability of various microorganisms to 
adhere to specific sites determines the location of the infection. 
Mediators of bacterial adherence serve as virulence factors in 
the pathogenesis of IE. Numerous bacterial surface components 
present in streptococci, staphylococci, and enterococci have 
been shown in animal models of endocarditis to function as 
critical adhesions. Bacteria adhering to the vegetation stimulate 
further deposition of fibrin and platelets on their surface. Within 
this secluded focus, the buried microorganisms multiply rapidly. 

The original site of infection subsequently changes in char- 
acter. This change depends on several factors, including the 
microorganism involved. In endocarditis caused by a-hemo- 
lytic streptococci, the large colonies of bacteria become 
encased in an organizing mass of fibrin. The fibrin barrier has 
a direct effect on two important factors in the defense against 
infection: the prevention of the invasion by phagocytic leuko- 
cytes and the difficulty in penetration of the vegetation by anti- 
microbial agents. For reasons that are not fully appreciated, 
this type of vegetation formation does not frequently occur 
with some of the more virulent bacteria, such as 5. aureus , 
where the infection rapidly destroys the valve or invades the 
myocardium with subsequent abscess formation. 

There have been substantial gains within the past several 
years in the understanding of the pathogenesis of endocarditis 
largely because of the availability of newer molecular biologic 
techniques. These techniques have allowed the examination 
of individual virulence factors of Gram-positive cocci and the 
investigation of important host-cell interactions with microor- 
ganisms. Several specific surface structures of staphylococci, 
streptococci, and enterococci have been identified as markers 
of virulence (17). Mucosal surfaces are populated by endoge- 
nous bacteria. Transient bacteremia can be induced by trauma 
to a mucosal surface during various dental, oral, and surgical 
procedures; however, spontaneous bacteremia may also occur 
(16). The bacteremia associated with various tissue manipula- 
tions, including dental and surgical procedures, has been care- 
fully studied. Spontaneous bacteremia also has been noted to 
occur after tooth brushing, chewing hard foods, or other daily 
events. Many dental procedures have been associated with 
bacteremia, particularly procedures known to induce gingival 
or mucosal bleeding. Transient bacteremia caused by viridans 
group streptococci and other oral microflora following tooth 
extraction may reach 80%. In experimental animals, large 
doses of bacteria are generally needed to induce endocarditis. 
In humans, it is likely that the dose in spontaneous bacteremia 
may be too small to lead to implantation of bacteria on car- 
diac lesions, but this concept is not evidence-based. 

Following successful medical therapy, the cardiac lesions 
of endocarditis usually heal, although important residua 
can remain. Experimental studies in rabbits suggest that the 
resolution process includes endothelialization of the affected 
surface; phagocytosis of bacterial debris, sometimes with calci- 
fication; and subsequent organization by fibroblasts. Resulting 
hemodynamic abnormalities depend on the site of infection, 
the specific damage caused by the active vegetation, and the 
size and location of the abscess. 

The immediate consequences of endocarditis, including veg- 
etation formation, hemodynamic alterations, and the clinical 
syndrome, are only part of an evolving complex disease entity. 


TABLE 63.2 
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Distal manifestations of the disease in the past were considered 
to be the results of embolic phenomena. It is now recognized 
that additional mechanisms are involved in the pathogenesis 
of endocarditis that lead to peripheral manifestations. Many 
important extracardiac findings in endocarditis are related to 
immunologic mechanisms. Rheumatoid factor is present for 
6 weeks or longer in sera of about half of the patients with 
endocarditis. This is considered to be due to a gradual hyperim- 
munization of the host. Rheumatoid factor is more frequently 
found in patients with endocarditis related to a-hemolytic 
streptococci or coagulase-negative staphylococci (low-viru- 
lence organisms) than in those caused by S . aureus (more viru- 
lent organisms). There is also correlation of the duration of 
infection with the presence of this antiglobulin. Rheumatoid 
factor tends to disappear from the sera with successful therapy. 
Immunologic mechanisms also underlie other clinical manifes- 
tations of the disease including the skin, subcutaneous tissues, 
and eye findings noted below (Clinical Features). 

Another immunologic consequence of endocarditis is the 
development of circulating immune complexes in the sera of 
patients. This is due to extended exposure to foreign antigen, 
and these immune complexes disappear after successful anti- 
microbial therapy. Although deposition of immune complexes 
in renal parenchyma can occur, their precise role in pathogen- 
esis has not been fully defined. The nephritis seen in patients 
with endocarditis may manifest itself microscopically as either 
focal or diffuse glomerulonephritis. In the focal lesion, there is 
often segmental fibrinoid necrosis of isolated lobules of the glo- 
merular tuft. In the more diffuse form, there is marked cellular 
proliferation with interstitial round cell infiltrates. Immuno- 
fluorescence studies show granular deposits in the glomerular 
basement membrane and mesangium, usually associated with 
complement and immunoglobulin G (IgG) deposits, although 
IgA, IgM, and fibrinogen also have been demonstrated. Uri- 
nalysis results may be normal, but hematuria, cylindruria, and 
pyuria have been reported. Compromise of renal function may 
occur and appears to be more common in adults than in chil- 
dren. In addition to immune mechanisms, the kidney is an ext- 
racardiac site frequently affected in patients with endocarditis 
because of microscopic and macroscopic emboli of pathologic 
lesions. Many emboli are reportedly sterile. However, abscess 
formation also has been reported following septic emboliza- 
tion to the kidney. Abscess formation in other vital organs 
occurs as well (see below) and is involved in the pathogenesis 
of many of the life threatening sequelae of active IE. 


CLINICAL FEATURES 

Most clinical manifestations and complications of endocardi- 
tis are directly related to hemodynamic and structural changes 
caused by the local infection, to embolization from vegeta- 
tions, or to immunologic reactions by the host. Bacteremia 
itself can also cause clinical findings such as fever and systemic 
toxicity. Endocarditis simulates a wide variety of disorders, 
including other infectious diseases, malignancies, and connec- 
tive tissue diseases. It should be part of the differential diagno- 
sis of any unusual or febrile illness in patients with underlying 
heart disease. If the diagnosis is not made promptly, the dis- 
ease may escape detection until the process is far advanced 
with irreparable damage. 

The clinical features differ, in part, depending on the pri- 
mary infection site. Findings also may be different in children 
compared with adults. Most cases of endocarditis in adults 
are valvar, but endocarditis in children with congenital heart 
lesions may often involve other structures such as mural endo- 
cardium, patent ductus arteriosus, arteries or other vascular 
sites such as conduits or surgical shunts. 


Endocarditis involving the left side of the heart frequently 
results in peripheral embolization, leading to ischemia, infarc- 
tion, or mycotic aneurysms. In these cases, specific clinical 
findings depend on the localization of the emboli. In children, 
embolization from the right heart may be no less frequent, but 
such emboli, if small, are not as easily appreciated clinically 
because of filtration by the lungs. However, large pulmonary 
emboli may complicate endocarditis of the tricuspid valve. 

Table 63.3 lists clinical findings and usual laboratory 
findings seen in patients with endocarditis. Fever is the most 
common finding in all patients with endocarditis, with the 
exception of neonates, and can vary depending on the infect- 
ing organism. When hemolytic streptococci are the causative 
agents, for example, fever is often low grade, reaching a maxi- 
mum of 39°C. In contrast, endocarditis caused by S. aureus 
is frequently associated with high, spiking temperature eleva- 
tions of >40°C. 

Children with “subacute” endocarditis usually display slowly 
progressive nonspecific symptoms, including myalgias, arthral- 
gias, headache, and general malaise. Fever may be relapsing and 
low grade. There is often a marked diminution in appetite. In 
contrast, with the acute form of endocarditis a toxic course is 
the rule with high fever, systemic debilitation, and more overt 
hemodynamic changes on presentation. 

With diligent auscultation, new or changing murmurs are 
often heard. Since it may be difficult to recognize changes in a 
patient who has a pre-existing murmur, serial auscultation is 
essential. This will assist not only with diagnosis but also with 
management. For example, increased intensity of the dias- 
tolic murmur of aortic insufficiency should alert the examiner 
to the possibility of progressive aortic valvar deterioration, 


1 — 

TABLE 

1 Clinical and Laboratory Findings 
* jyj in Patients with Endocarditis 

Finding 


Frequency 3 

Clinical 

Fever 


+ + + + 

Nonspecific symptoms (myalgia, arthralgia, 
headache, malaise) 

+ + + 

Heart murmur (new or changing) 

+ + 

Heart failure 

+ + 

Petechiae 

+ + 

Embolic phenomena 

+ + 

Splenomegaly 

+ + 

Neurologic findings 

+ + 

Osier nodes, Janeway lesions, Roth spots, 
splinter hemorrhages 

+ 

Laboratory 

Positive blood culture (off antibiotics) 

+ + + + 

Elevated acute-phase reactants 

+ + + + 

Anemia 


+ + + 

Hematuria 

+ + + 

Presence of rheumatoid factor 

+ + 

Leukocytosis 

+ + 


8 + + + + very common; + + +, in most cases; + +, infrequent; +, rare. 



CHAPTER 63 ■ Infective Endocarditis and Prevention 1367 



C 


Figure 63.1. A: A patient with Osier nodes from Strep- 
tococcus viridans bacterial endocarditis. B: A Janeway 
lesion on the sole of an adolescent female with entero- 
coccal endocarditis. C: Hemorrhagic retinitis with 
Roth spots in an adolescent female with enterococcal 
endocarditis. (A, B, and C from American Academy 
of Pediatrics. Red Book Online Visual Library. 2006, 
with permission.) 


which can lead to worsening left ventricular dysfunction, heart 
failure, and to the possible need for early valve replacement. 
Similarly, diminution of a continuous murmur in a cyanotic 
child with a prosthetic systemic-to-pulmonary shunt may be 
a sign of endocarditic involvement of the graft. Extracardiac 
findings can include splenomegaly, which may be seen in 
most instances when the disease has been present for weeks 
or months. Neurologic findings are present in about 20% of 
children with endocarditis and may simulate the picture of an 
abscess, an infarct, or aseptic meningitis. Renal abnormalities, 
including proteinuria, hematuria, and leukocyturia, can occur 
in the presence of emboli or in association with endocarditis- 
related immune complex deposition, as noted previously. The 
classically described signs such as small, tender, raised lesions 
on the pads of the fingers and toes (Osier nodes, Fig. 63. 1A); 
small, nontender, flat erythematous lesions on the palms or 
soles (Janeway lesions, Fig. 63. IB); retinal hemorrhages with a 
central white spot (Roth spots, Fig. 63. 1C); and splinter hem- 
orrhages can also occur but are relatively rare in children. 

Neonates represent a unique group in that many may have 
relatively few specific symptoms. In those newborns who are 
symptomatic, systemic hypotension, clinical signs compatible 
with generalized sepsis, or focal neurologic findings from cen- 
tral nervous system embolization may be clues to the develop- 
ment of endocarditis. Neonates appear particularly prone to 


peripheral septic embolization and the development of satellite 
infections including meningitis and osteomyelitis. 


LABORATORY DIAGNOSIS 


The blood culture is the most valuable aid in making the diag- 
nosis of endocarditis. Although a positive blood culture in 
a child with underlying or predisposing cardiac disease or a 
history of previous endocarditis does not necessarily indicate 
endocarditis, it is imperative that the diagnosis be considered 
in such a patient. 

It is not possible to specify the exact number of cultures 
that should be obtained in each situation. The collection of 
three separate sets of blood cultures, each from a separate 
venipuncture over a 24-hour period, is adequate in most cases. 
In patients in whom the diagnosis of endocarditis is highly sus- 
pect, and the clinical situation is changing, arbitrary therapy 
should be considered after blood cultures have been obtained 
over an appropriate time period. In some situations, however, 
making careful observations and obtaining more blood cul- 
tures before initiating antibiotic therapy are appropriate. 

Since the bacteremia in patients with IE is usually continu- 
ous, it is not necessary to obtain blood cultures only upon a 
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temperature elevation. The volume of blood to be collected is 
another consideration, particularly in instances where there is 
a likely low magnitude of bacteremia. Usually 20 to 30 mL of 
blood are collected from an adult patient, but this is not pos- 
sible in a small child. Thus, 1 to 3 mL in infants and young 
children and 5 to 7 mL in older children are adequate, depend- 
ing on the blood culture detection system (5). It is rare for IE 
to be caused by anaerobic bacteria; therefore, the emphasis is 
usually on inoculating blood into bottles designed for aerobic 
incubation. Usually, three blood cultures are obtained by sepa- 
rate venipunctures on the first day, and if there is no growth by 
the second day of incubation, two more may be obtained. It is 
usually not necessary to obtain more than five blood cultures 
over 2 days unless the patient received prior antibiotic therapy. 

Other laboratory tests are not specific for confirming the 
diagnosis of endocarditis (Table 63.3), but they may be helpful 
in the management and follow-up of patients with this infec- 
tion. Acute-phase reactants are commonly elevated. Initially, 
it is possible to find that the erythrocyte sedimentation rate 
(ESR) is only minimally elevated. As the disease progresses, 
the ESR will usually increase. It may remain elevated for some 
time even after documented bacteriologic cure. About half of 
the patients with endocarditis may have detectable rheumatoid 
factor or immune complexes in their sera. Anemia is common 
and may be hemolytic or may represent the anemia of chronic 
disease. It should be noted that chronic low-grade hemolysis 
also may be caused by a prosthetic valve in the absence of IE. 
Microscopic or macroscopic hematuria represents either renal 
embolization or immune complex related nephritis. Extreme 
leukocytosis is not a consistent finding and is more common 
in acute IE. In some situations, tests for the presence of anti- 
bodies to specific bacterial antigens are helpful. For example, 
antibodies against teichoic acid and against the cell wall pep- 
tidoglycan in severe staphylococcal infection may be present. 


ECHOCARDIOGRAPHY 


Two-dimensional echocardiography has become the principal 
diagnostic method in cases of suspected IE with sensitivities 
in children reported to be >80% (18). Neither sensitivity nor 
specificity of echocardiography is 100%. Therefore, a nega- 
tive echocardiogram does not always rule out endocarditis. 
Transthoracic echocardiography (TTE) generally is more help- 
ful in children with normal cardiac anatomy or with isolated 
valvar abnormalities and septal defects than it is in children 
with complex congenital anomalies (7). Echocardiographic 
examination is often definitive in patients destined for surgery. 

Although data from adults indicate that transesophageal 
echocardiography (TEE) is superior to TTE for identification 
of vegetations (19), similar information in children is not avail- 
able. Nevertheless, even in children, TEE adds to the ability 
to diagnose paravalvular leakage and complications such as 
dehiscence in prosthetic valve endocarditis as it does in older 
patients (20). Also, TEE is considered useful to assess the devel- 
opment of complications of left ventricular outflow tract IE and 
may be especially helpful in children who have had multiple 
surgeries for complex congenital cardiac disease or in others 
with limitations of TTE ultrasound windows such as children 
with chronic lung diseases or congenital chest wall deformities. 

Echocardiography is particularly important as part of the 
serial evaluation of a patient with IE after the initial diagnosis. 
Select echocardiographic findings can indicate the likelihood 
of progressive complications including the need for operative 
intervention (Table 63.4) (21). Serial assessment of cardio- 
vascular performance by echo can also be important to guide 
clinical decision making. Figure 63.2 demonstrates 2-D echo- 
cardiographic examples of both left and right heart IE. 


Echocardiographic Features 
Suggesting Potential Need for 
Surgical Intervention 


Vegetation 

Persistent vegetation after systemic embolization: 

Anterior mitral leaflet vegetation, particularly with size >10 mm 3 

One or more embolic events during first 2 wk of antimicro- 
bial therapy 3 

Two or more embolic events during or after antimicrobial 
therapy 3 

Increase in vegetation size after 4 wk of antimicrobial therapy 36 
Valvular dysfunction 

Acute aortic or mitral insufficiency with signs of ventricular 
failure 6 

Heart failure unresponsive to medical therapy 6 
Valve perforation or rupture 6 
Perivalvular extension 
Valvular dehiscence, rupture, or fistula 6 
New heart block 6 

Large abscess, or extension of abscess despite appropriate 
antimicrobial therapy 6 

a Surgery may be required because of risk of embolization 
^Surgery may be required because of heart failure or failure of medical therapy. 
From Bayer et al. Diagnosis and management of infective endocarditis and its 
complications. Circulation 1998;98:2936-2948, with permission. 


DIAGNOSTIC CRITERIA 


The diagnosis of IE can be straightforward in patients with 
classic manifestations including bacteremia (or fungemia), 
active valvulitis, peripheral emboli, and immunologic vascu- 
lar phenomena. In many patients, however, classic peripheral 
manifestations may be few or absent, particularly in new- 
borns, young infants, patients with acute-onset IE, and cases 
of right-sided endocarditis. Acute IE may evolve too quickly 
for immunologic vascular phenomena to develop, which are 
more characteristic of subacute IE. 

Variability in the clinical presentation of IE requires diagnos- 
tic criteria that are both sensitive for disease detection and spe- 
cific for its exclusion across all forms of the disease. A diagnostic 
strategy was developed (the Duke criteria) that uses a combina- 
tion of clinical, microbiologic, pathologic, and echocardiographic 
findings (1). These criteria stratified patients with suspected IE 
into three categories: “definite” cases, identified either clinically 
or pathologically (IE proved at surgery or autopsy), “possible” 
cases (not meeting the criteria for definite IE), and “rejected” 
cases (those with no pathologic evidence of IE at autopsy or sur- 
gery; rapid resolution of the clinical syndrome with either no 
treatment or short-term antibiotic therapy; or a firm alternative 
diagnosis). In the mid-to-late 1990s, the criteria were validated 
in geographically and clinically diverse groups including children 
(22,23). Several refinements in the Duke criteria have been made 
recently to both the major and minor criteria (2). These so-called 
modified Duke criteria have been shown to be more sensitive in 
diagnosing IE in children than the original Duke criteria (24). 
The modified Duke criteria are shown in Table 63.5. 


TABLE 63.4 
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Figure 63.2. A: Mitral valve vegetations (arrows) in preteen patient with low-grade, persistent fever, weight loss, 
and malaise. Blood cultures grew a-hemolytic streptococci. Prior history of abnormal mitral valve known. IAS, 
intra-atrial septum; LV, left ventricle; RV, right ventricle. B: Right heart endocarditis involving vegetations on 
tricuspid valve (arrow) in a neonate. Blood cultures grew coagulase-negative staphylococci. 


Within vegetations, organisms are embedded within the 
fibrin-platelet matrix and exist in very high concentrations. 
Additionally, there are relatively low rates of bacterial metabo- 
lism and cell division, which result in decreased susceptibility 
to beta-lactam and other cell wall-active antibiotics. 

Bactericidal, rather than bacteriostatic, antibiotics should 
be chosen whenever possible to decrease the possibility of 


Definition of Infective Endocarditis According to the Modified Duke Criteria 


Definite infective endocarditis (IE): 

1. Pathologic criteria: 

A. Microorganisms demonstrated by culture or histologic examination of a vegetation, a vegetation that has embolized, or an 
intracardiac abscess specimen; or 

B. Pathologic lesions; vegetation or intracardiac abscess confirmed by histologic examination showing active endocarditis 

2. Clinical criteria (see Table 63.5B): 

A. Two major criteria; or 

B. One major criterion and three minor criteria; or 

C. Five minor criteria 
Possible IE: 

1 One major criterion and one minor criterion; or 

2 Three minor criteria 

Rejected IE: 

1. Firm alternative diagnosis explaining evidence of IE; or 

2. Resolution of IE syndrome with antibiotic therapy for <4 d; or 

3. No pathologic evidence of IE at surgery or autopsy, with antibiotic therapy for <4 d; or 

4. Does not meet criteria for possible IE as above 

From Li JS, Sexton DJ, Mick N, etal. Proposed modifications to the Duke criteria for the diagnosis of infective endocarditis. Clin Infect Dis 2000;30:633-638, with permission. 
Modifications shown in boldface. 


TABLE 63.5A 


ANTIMICROBIAL THERAPY 


General Principles 

Complete eradication of the infecting microorganism in a veg- 
etation usually requires several weeks of antibiotic therapy. 
Prolonged therapy is usually necessary for several reasons. 
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TABLE 63.5B 


Definition of Terms Used in the Modified Duke Criteria for the Diagnosis of Infective 
Endocarditis 


Major Criteria 

1. Blood culture positive for IE 

A. Typical microorganisms consistent with IE from two separate blood cultures: 

i. Viridans streptococci. Streptococcus bovis, HACEK group, S. aureus; or 

ii. Community-acquired enterococci in the absence of a primary focus; or 

B Microorganisms consistent with IE from persistently positive blood cultures defined as follows: 

i. At least two positive cultures of blood samples drawn >12 h apart; or 

ii. All of three or a majority of >four separate cultures of blood (with first and last sample drawn >1 h apart) 

C Single positive blood culture for Coxiella burnetii or anti-phase-1 IgG antibody titer >1:800 

2. Evidence of endocardial involvement 

A. Echocardiogram positive for IE (TEE recommended for patients with prosthetic valves, rated at least "possible IE" by clinical criteria, or 
complicated IE [paravalvular abscess]; TTE as first test in other patients) defined as follows: 

i. Oscillating intracardiac mass on valve or supporting structures, in the path of regurgitant jets, or on implanted material in 
the absence of an alternative anatomic explanation; or 

ii. Abscess; or 

iii. New partial dehiscence of prosthetic valve 

B. New valvular regurgitation (worsening or changing or pre-existing murmur not sufficient) 

Minor Criteria 

1. Predisposition, predisposing heart condition, or injection drug use 

2. Fever, temperature >38°C 

3. Vascular phenomena, major arterial emboli, septic pulmonary infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival 
hemorrhages, and Janeway lesions 

4. Immunologic phenomena: glomerulonephritis. Osier nodes, Roth spots, and rheumatoid factor 

5. Microbiologic evidence: positive blood culture, but does not meet a major criterion as noted above 3 or serologic evidence of 
active infection with organism consistent with IE 

6. Echocardiographic minor criteria eliminated 

Excludes single positive cultures for coagulase-negative staphylococci and organisms that do not cause endocarditis. 

HACEK, Haemophilus parainfluenzae , H. aphrophilus, H. paraphrophilus ; H. influenzae , Actinobacillus actinomycetemcomitans, Cardiobacterium ho(pinis, Eikenella corrodens, 
Kin gel I a kingae, and K. denitrificans, TEE, transesophageal echocardiography; TTE, transthoracic echocardiography. 

From Li JS, Sexton DJ, Mick N, et al. Proposed modifications to the Duke criteria for the diagnosis of infective endocarditis. Clin Infect Dis 2000;30:633-638, with permission. Modifications 
shown in boldface. 


treatment failures or relapses. Parenterally administered antibi- 
otics are recommended because of the desirability of achieving 
high blood levels of the agents. In small children, intravenous 
antibiotics are preferred over intramuscular agents because of 
their small muscle mass. Use of heparin lock devices or indwell- 
ing catheters for intravenous therapy in older children and 
adults facilitates ambulation and activity. Outpatient (home) 
therapy can be considered in selected patients after initial treat- 
ment in the hospital and after confirming that these patients 
are hemodynamically stabile and afebrile, have negative blood 
cultures, and are not at high risk for complications. Patient 
and parent compliance with the medical plan is important, 
and frequent monitoring by a home health provider is essen- 
tial. There should also be easy access to a hospital for prompt 
reevaluation by an experienced physician should complications 
develop. When combinations of antibiotics are used, they can 
be tested in the laboratory for synergistic bactericidal activity, 
such as demonstrated by the combination of penicillin G with 
gentamicin against enterococci or a-hemolytic streptococci. 

Documentation of cessation of bacteremia should be sought 
early in therapy as a means of measuring the adequacy of the 


antibiotic regimen. Serum peak and trough antibiotic levels 
should be monitored when potentially toxic antibiotics (e.g., 
aminoglycosides) are used. This will ensure that levels are ade- 
quate and have not reached a toxic range. The clinician should 
still be alert to signs of toxicity even if serum levels remain 
within the generally accepted limits. All patients with endocar- 
ditis require close follow-up. Obtaining occasional blood cul- 
tures during the first 6 to 8 weeks after cessation of treatment 
is important because most relapses occur during this period. 

The role of cardiovascular surgery in the therapy of endo- 
carditis is determined by the site of infection and by the clini- 
cal course, especially the hemodynamic status of the patient. 
Decisions for surgical intervention must be individualized. 
Indications for surgery that are usually agreed upon include 
major or recurrent embolic events, persistent infection, and 
progressive cardiac failure (21,25), especially when the aortic 
or mitral valves are involved. Medical management alone of 
progressive valvar damage and resulting heart failure is dan- 
gerous. A decision to operate based on hemodynamic deterio- 
ration should not be delayed solely because the full course of 
antibiotic therapy has not been completed. 
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g Therapy of Native Valve Endocarditis Caused by Streptococci 

Highly penicillin-susceptible viridans group streptococci and streptococcus bovis (MIC <0.12/tg/mL) 

Regimen Dosage 3 Route Duration, weeks 

Aqueous crystalline penicillin G sodium 200,000 U/kg per 24 h IV in 4-6 equally divided doses 4 

Or 

Ceftriaxone sodium 100 mg/kg per 24 h IV/IM in 1 dose 4 

Aqueous crystalline penicillin G sodium 200,000 U/kg per 24 h IV in 4-6 equally divided doses 2 b 

Or 

Ceftriaxone sodium 100 mg/kg per 24 h IV/IM in 1 dose 2 

Plus 

Gentamicin sulfate c 3 mg/kg per 24 h IV/IM in 3 equally divided doses 2 

Vancomycin hydrochloride* 40 mg/kg per 24 h IV in 2-3 equally divided doses 4 

Strains of viridans group streptococci and S. bovis relatively resistant to penicillin (MIC >0.12 to <0.5 pg/mL) 

Regimen Dosage 3 Route Duration, weeks 

Aqueous crystalline penicillin G sodium 300,000 U/kg per 24 h IV in 4-6 equally divided doses 4 

Or 

Ceftriaxone sodium 100 mg/kg per 24 h IV/IM in 1 dose 4 

Plus 

Gentamicin sulfate" 3 mg/kg per 24 h IV/IM in 3 equally divided doses 2 

Vancomycin hydrochloride* 40 mg/kg 24 h IV in 2 or 3 equally divided doses 4 

Streptococci with MIC >0.5 pg/mL as well as for enterococcal endocarditis caused by strains susceptible 
to penicillin, gentamicin, and vancomycin 

Regimen Dosage 3 Route Duration, weeks 

Ampicillin sodium 300 mg/kg per 24 h IV in 4-6 equally divided doses 4-6 

Or 

Aqueous crystalline penicillin G sodium 300,000 U/kg per 24 h IV in 4-6 equally divided doses 4-6 

Plus 

Gentamicin sulfate" 3 mg/kg per 24 h IV/IM in 3 equally divided doses 4-6 

Vancomycin hydrochloride* 40 mg/kg per 24 h IV in 2 or 3 equally divided doses 6 

Plus 

Gentamicin sulfate" 3 mg/kg per 24 h IV/IM in 3 equally divided doses 6 

^Dosages recommended are for patients with normal renal and hepatic function. Maximum dosages per 24 h: penicillin, 18 million units; ceftriaxone, 2 g; gentamicin, 240 mg. 
Pediatric dose should not exceed that of a normal adult. 

6 Two-week regimen not intended for patients with known cardiac or extracardiac abscess, impaired renal function, symptoms of infection >3 mo in duration, impaired eighth 
cranial nerve function 

c Dosage of gentamicin should be adjusted to achieve peak serum concentration of 3-4p.g/mL and a trough concentration of <1 |ig/mL when 3 divided doses are used. Patients 
with a creatinine clearance of <50 mL/min should be treated in consultation with an infectious diseases specialist. Other potentially nephrotoxic drugs should be used with 
caution in patients receiving gentamicin therapy 

^Vancomycin therapy recommended only for patients unable to tolerate penicillin, ampicillin or ceftriaxone. Dosage should be adjusted to obtain peak {1 h after infusion 
completed) serum concentration of 30-45 jig/mL and a trough concentration range of 10-15p.g/mL. Vancomycin dosages should be infused over at least a 1 h period to reduce 
risk of histamine-release "red man" syndrome. 

MIC, minimal inhibitory concentration. 


A detailed set of recommendations for antibiotic treatment 
of IE has been made by both the American Heart Association 
(AHA) (5,13) and the European Society of Cardiology 
(ESC) (26). Tables 63.6 and 63.7 are modified from these 
recommendations . 


Streptococcal Endocarditis 

Table 63.6 presents recommended treatment regimens for endo- 
carditis caused by streptococci. Highly penicillin-susceptible 
streptococci have a minimal inhibitory concentration (MIC) to 
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TABLE 63.7 


Therapy for Endocarditis Caused by Staphylococci in the Absence of Prosthetic Materials 


Regimen 


Dosage* Route 


Duration 


Oxacillin-susceptible strains 

Nafcillin or oxacillin 6 200 mg/kg per 24 h IV in 4-6 equally divided doses 6 wk 

With 

Optional addition of gentamicin sulfate* 3 mg/kg per 24 h IV/IM in 3 equally divided doses 3-5 d 

For penicillin-allergic (nonanaphylactoid type) patients: 

Cefazolin 100 mg/kg per 24 h IV in 3 equally divided doses 6wk 

With 

Optional addition of gentamicin sulfate 3 mg/kg per 24 h IV/IM in 3 equally divided doses 3-5 d 

Oxacillin-resistant strains 

Vancomycin 6 40 mg/kg per 24 h IV in 2 or 3 equally divided doses 6wk 

’Dosages recommended are for patients with normal renal function. Pediatric dose should not exceed that of a normal adult. 

‘Penicillin G 300,000 U/kg per 24 h IV in 4-6 equally divided doses may be used in place of nafcillin or oxacillin if strain is penicillin susceptible (minimum inhibitory concentration 
<0.1 /ig/mL) and does not produce /3-lactamase. 

c Gentamicin should be administered in close temporal proximity to vancomycin, nafcillin, or oxacillin dosing. 
rf For specific dosing adjustment and issues concerning vancomycin, see Table 65.6 footnotes. 


penicillin (<0.12 // g/mL [micrograms/mL]). They are the most 
common organisms causing endocarditis in children. The vast 
majority of these organisms is the viridans group (a-hemolytic 
streptococci); the rest are S. bovis (a nonenterococcal penicil- 
lin-susceptible group D Streptococcus) or /Lhemolytic strepto- 
cocci. For patients who are not penicillin allergic, intravenous 
aqueous crystalline penicillin G for 4 weeks is associated with 
high cure rates. This regimen is preferred for patients with 
impaired renal function or for those who are at risk of amino- 
glycoside toxicity. Ampicillin is an alternative to penicillin and 
has been used when penicillin is not available because of sup- 
ply deficiencies. Ceftriaxone sodium given intravenously (IV) 
or intramuscularly (IM) daily for 4 weeks is also an acceptable 
regimen and is more commonly used today in the outpatient 
setting due to ease of dosing. Unacceptably high relapse rates 
occur when intravenous penicillin is used alone for 2 weeks. 

A 2-week course of therapy with either penicillin or cef- 
triaxone combined with gentamicin has become increasingly 
popular and results in high cure rates in adults (13). This 
regimen is recommended for uncomplicated cases of native 
valve IE caused by highly penicillin-susceptible viridans group 
streptococci or S . bovis in patients at low risk for adverse 
events caused by gentamicin therapy. It should not be used for 
patients who have any of the following clinical features: endo- 
carditis of >3 months’ duration, prosthetic valve infection, 
shock or decreased perfusion, extracardiac foci of infection, 
mycotic aneurysm or cerebritis, renal failure, vestibular dys- 
function, or presence of a vegetation visible by echocardiogra- 
phy. Reported relapse rates have been very low, and there are 
considerable savings associated with a shortened hospital stay. 
Experience with the 2-week regimen in children is limited, but 
it appears promising (with limited information). 

Strains of viridans group streptococci and S. bovis with 
an MIC for penicillin of >0.12 //g/mL and <0.5 //g/mL are 
referred to as relatively resistant strains. They are occasion- 
ally recovered from pediatric patients with endocarditis. These 
patients are best treated with 4 weeks of penicillin or ceftriax- 
one combined with 2 weeks of gentamicin. 

Patients with IE caused by streptococci with an MIC >0.5 
//g/mL should be treated with ampicillin or aqueous crystalline 


penicillin G plus gentamicin for 4 to 6 weeks. This regimen is 
also used for treating Abiotrophia defectiva and Granulicatella 
species (formerly known as nutritionally variant streptococci) 
and Gemella species. It is also used for enterococcal endocardi- 
tis susceptible to penicillin, gentamicin, and vancomycin. Ente- 
rococci uncommonly cause endocarditis in pediatric patients. 

Patients allergic to penicillin (or ampicillin) frequently can 
be desensitized to enable treatment with these agents of choice. 
An effective alternative regimen when neither penicillin nor 
ceftriaxone can be used safely is intravenous vancomycin. For 
all streptococci with a penicillin MIC of <0.5 //g/mL, 4 weeks 
of vancomycin therapy appears adequate. For more resistant 
streptococci (penicillin MIC of >0.5 //g/mL), treatment for 
6 weeks of vancomycin (which may be combined with gen- 
tamicin) is recommended. Patients receiving these regimens 
should be closely monitored for renal toxicity and ototoxicity. 

IE caused by S. pneumoniae , S . pyogenes , and group B, 
C, and G streptococci is relatively uncommon. There are few 
published reports of large series of cases evaluating therapeu- 
tic regimens for endocarditis caused by these microorganisms 
in patients of any age. Recent AHA recommendations review 
this aspect of the problem in more detail (13). 

Staphylococcal Endocarditis 

Table 65.7 presents recommended treatment regimens for 
endocarditis caused by staphylococci. Staphylococci are coag- 
ulase-positive (S. aureus) or coagulase-negative (S. epidermidis 
and various other species). Only a few 5. aureus strains are 
penicillin susceptible because of production of enzymes called 
beta-lactamases. Therefore, antibiotic therapy must include 
a penicillinase-resistant penicillin (e.g., nafcillin or oxacillin) 
administered IV for 6 weeks. Addition of gentamicin for the 
first 3 to 5 days is optional. However, gentamicin’s clinical 
benefit has not been formally demonstrated and it is associated 
with increased toxicity, so it should be used cautiously. Cefa- 
zolin may be used rather than nafcillin or oxacillin in patients 
with nonanaphylactoid-type penicillin allergy. 

There are increasing rates of oxacillin resistance in hospi- 
tal as well as community settings. Furthermore, recovery of 
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clinical S. aureus isolates highly resistant to vancomycin (27) 
has complicated the treatment of 5. aureus endocarditis. The 
cyclic lipopeptide antibiotic daptomycin has been approved 
for S. aureus bacteremia and right-sided IE. Data on its use for 
endocarditis treatment in children are still somewhat limited. 
The reader is referred to guidelines from the Infectious Dis- 
eases Society of America for more information (28). 

In nonaddicts, 5. aureus endocarditis primarily involves 
the left side of the heart and is associated with mortality 
rates as high as 25% to 40%. 5. aureus endocarditis in IDUs 
often involves the tricuspid valve. Cure rates for right-sided 
5. aureus endocarditis in IDUs are high (>85%) and may be 
achieved with relatively short courses of treatment (13). 

Rifampin is effective against most staphylococci, but when 
it is used alone, resistance quickly develops. Routine use of 
rifampin is not recommended for treatment of native valve 
staphylococcal endocarditis. 

Some coagulase-negative staphylococci and S. aureus 
strains are resistant to penicillin G and to penicillinase- 
resistant penicillins. Although in vitro evaluations may sug- 
gest that cephalosporins are effective, these organisms are 
indeed resistant to cephalosporins. They should not be used as 
therapeutic agents. Oxacillin-resistant staphylococci should be 
treated with vancomycin. In the penicillin-allergic individual 
who cannot be desensitized, intravenous vancomycin adminis- 
tered for 6 weeks is the drug of choice. 

Gram-Negative Bacterial Endocarditis 

Gram-negative bacteria that most often cause IE in children 
are the HACEK group of fastidious coccobacilli ( Haemophilus 
parainfluenzae, H. aphrophilus, H. par aphrophilus, H . influ- 
enzae, Actinobacillus actinomycetemcomitans, Cardiobacte- 
rium hominis , Eikenella corrodens, Kingella kingae , and K. 
denitrificans) . These microorganisms grow slowly in standard 
blood culture media, and recovery may require prolonged 
incubation. Typically, only a small portion of the blood cul- 
ture bottles in patients with HACEK endocarditis demonstrate 
growth. In cases in which blood cultures are initially negative, 
the microbiology laboratory should be asked to retain blood 
cultures for at least 2 weeks in all patients suspected of hav- 
ing IE. Bacteremia caused by HACEK microorganisms in the 
absence of an obvious focus of infection is highly suggestive of 
endocarditis even in the absence of typical physical findings. 

Infections with these organisms should be treated for 
4 weeks with ceftriaxone or another appropriate third- or 
fourth-generation cephalosporin or ampicillin/sulbactam. In 
adults, ciprofloxacin is recommended in patients unable to 
tolerate cephalosporins or ampicillin. Fluoroquinolones are 
generally not recommended for patients younger than 18 years 
old, and an infectious disease consultation should be sought if 
this drug is considered. 

IE caused by aerobic enteric organisms such as Escherichia 
coli. Pseudomonas aeruginosa , or Serratia marcescens is occa- 
sionally seen. Many such patients are IDUs, although occasion- 
ally a postoperative cardiac patient, an immunocompromised 
patient, or a neonate may develop endocarditis with one of these 
organisms. Therapy must be individualized and guided by in 
vitro antimicrobial susceptibility testing. Most experience has 
been with an extended-spectrum penicillin or a cephalosporin 
such as cefotaxime or ceftazidime together with an aminogly- 
coside such as gentamicin or amikacin. Therapy for at least 
6 weeks is recommended. Cardiac surgery in combination with a 
prolonged course of antibiotic therapy is often necessary (13,29). 

Gonococcal endocarditis, although rare and very aggres- 
sive, can be treated successfully with high-dose penicillin if 
the organism is penicillin susceptible. For penicillin-resistant 
organisms, an appropriate third-generation cephalosporin 
(such as cefotaxime or ceftriaxone) is recommended. 


Fungal Endocarditis 

Fungal endocarditis is a relatively new syndrome and is often 
a complication of medical and surgical advances. Its incidence 
in children is reported to have increased significantly in recent 
years (14). The prognosis is poor, with high mortality and 
morbidity. Fungal endocarditis can occur in immunocompro- 
mised patients (including preterm infants), IDUs, patients on 
broad-spectrum antibiotics for a prolonged period of time, and 
patients who have cardiovascular devices such as prosthetic 
cardiac valves or central venous catheters. About two-thirds 
of the cases of fungal endocarditis are due to Candida species 
(30). Despite aggressive combined medical and surgical inter- 
ventions, mortality rates for fungal endocarditis remain unac- 
ceptably high. The survival rate for patients with mold-related 
endocarditis is <20%. Treatment of fungal endocarditis with 
antifungal agents alone is almost always unsuccessful, par- 
ticularly in older patients. Amphotericin B is the most often 
recommended medical treatment option although the new 
echinocandin antifungal drug caspofungin is a viable alterna- 
tive (30). Surgical replacement of the infected valve (native or 
prosthetic) and excision of infected tissue are usually required 
in conjunction with antifungal agents. Surgery is probably best 
performed after 1 to 2 weeks of medical therapy if the patient’s 
hemodynamic status permits, but earlier if there is evidence of 
embolic phenomena. Antifungal therapy is then usually given 
for 6 weeks. Suppressive treatment with oral azoles is often 
maintained long term and sometimes for life. (For more detailed 
treatment options, the reader is referred to reference (30).) 

Culture-Negative Endocarditis 

Blood cultures can be negative in <20% of cases of endocar- 
ditis. This failure to culture the causative microorganism can 
be the result of inadequate microbiologic techniques, infection 
with highly fastidious bacteria or nonbacterial pathogens, or 
previous administration of antimicrobial agents before blood 
cultures were obtained (the latter of which is most common 
in the United States). Administration of antibiotics to patients 
before blood cultures are obtained reduces the recovery rate of 
bacteria by 35% to 40% (13). The antimicrobial susceptibil- 
ity of the organism and the duration and nature of previous 
antimicrobial therapy together determine the length of time 
that blood cultures will remain negative. Patients with blood 
cultures that are initially negative after the patient has received 
only a few days of antibiotic therapy may still develop positive 
blood cultures after several subsequent days without antibiot- 
ics. The blood cultures of patients who receive longer courses 
of high-dose bactericidal antimicrobials may remain negative 
for weeks. Selection of the most appropriate medical therapy 
for patients with culture-negative endocarditis is difficult. The 
AHA and the ESC guidelines discuss various therapy recom- 
mendations for culture-negative IE (13,26). 

Prosthetic Valve Endocarditis 

Antibiotic therapy for patients with infected prosthetic heart 
valves must be appropriate for the specific infecting agent. 
Duration of therapy is usually 6 weeks or longer. Prosthetic 
valve infections owing to highly penicillin-susceptible strep- 
tococci (MIC <0.12 p%fmL) should be treated with 6 weeks 
of penicillin or ceftriaxone with or without gentamicin for 
the first 2 weeks. Infections caused by relatively or highly 
penicillin-resistant streptococci or enterococci should be 
treated as above except that gentamicin for 6 weeks should 
be combined with the penicillin or ceftriaxone. For penicillin- 
allergic patients who cannot be desensitized, vancomycin is 
recommended. 
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Staphylococcal endocarditis in the presence of a foreign 
body such as a prosthetic valve or graft should be treated 
with nafcillin or oxacillin (for an oxacillin-susceptible organ- 
ism) plus both gentamicin and rifampin or vancomycin (for 
a methicillin-resistant organism). The aminoglycoside can be 
stopped after 2 weeks, but the other agents are continued for 
>6 weeks of therapy. In this situation, cardiac surgery is often 
required because of par a valvular abscess formation and dif- 
ficulty eradicating the infection from the prosthetic material. 

Therapy for other causes of prosthetic valve endocarditis is 
based on the results of in vitro MIC and minimal bactericidal 
concentration (MBC) tests and in vitro evaluation of antimicro- 
bial synergy. Various regimens are discussed by the AHA (13). 

Experience in adults with prosthetic valve endocarditis has 
emphasized that early surgical replacement of the infected 
valve may reduce the excessively high mortality rate associ- 
ated with such infections. The timing of surgical removal and 
replacement of an infected prosthetic valve must be individual- 
ized. Some experts recommend that most or all patients with 
staphylococcal infection or prosthetic valve infection early 
after implantation should undergo valve replacement. Indi- 
cations for operative intervention include significant valvular 
obstruction, progressive heart failure secondary to valvular 
insufficiency or dehiscence, fungal endocarditis, persistently 
positive blood cultures after appropriate antibiotics for 10 to 
14 days, bacteriologic relapse after an appropriate course of 
therapy, and recurrent major emboli. Less definite indications 
for surgery include a single major embolus, echocardiographic 
demonstration of a large vegetation, and extension of infec- 
tion to an annular abscess or a myocardial abscess. 

Anticoagulation therapy during the treatment of IE remains 
controversial. A previous AHA statement (21) has noted the 
relative contraindication to anticoagulation during treatment 
of native valve IE in view of the confirmed risk for cerebral 
hemorrhage in these patients, particularly with left heart 
lesions. Conversely, most authorities agree that for prosthetic 
valve endocarditis, and for others with IE who already are 
on anticoagulation for other reasons, maintenance of antico- 
agulation is appropriate. This sentiment was confirmed as a 
preferred approach in a large survey of cardiologists and infec- 
tious disease specialists published in 2005 (31). 

PREVENTION 

Prophylaxis 

Because of the high rates of morbidity and mortality associated 
with IE, any measure that can prevent the disease is desirable. 
Endocarditis can often be prevented by repairing the underlying 
cardiac defect or reducing the likelihood of bacteremia. In fact, 
the AHA has published recommendations for antibiotic regi- 
mens to be used before certain dental and surgical procedures 
for IE prevention since the mid-1950s (32). However, there 
has never been a prospective study in patients with underlying 
structural cardiac disease to determine definitively whether pro- 
phylactic antibiotics provide protection against development of 
IE during bacteremia-inducing procedures. Additionally, most 
instances of IE are not attributable to an antecedent invasive 
procedure but more likely result from routine activities of daily 
activities (chewing, toothbrushing, etc.). Within the past few 
years, some groups, including the AHA in 2007 (32), the UK’s 
National Institute for Health and Clinical Excellence (NICE) in 
2008 (33), and the ESC in 2009 (26), have reexamined the evi- 
dence underlying the antibiotic prophylaxis recommendations. 
These groups have significantly restricted the recommendations 
for who should receive routine prophylaxis (AHA and ESC) or 
have eliminated routine prophylaxis entirely (NICE). All three 


organizations recognize that there are groups of individuals at 
increased risk of IE, including most with unrepaired congenital 
cardiac defects, acquired valvular heart disease with stenosis 
or regurgitation, a prosthetic cardiac valve or other prosthetic 
material, and/or a history of previous IE. 

The AHA now limits prophylaxis recommendations to 
patients with “cardiac conditions associated with the highest 
risk of adverse outcome from IE” (Table 63.8), whereas the 
ESC limits its recommendations to “patients with the highest 
risk of IE.” The patient groups are the same under either defi- 
nition with the exception that the AHA includes cardiac trans- 
plant recipients who develop valvulopathy while the ESC does 
not include this group of patients in their recommendations. 

For the above patient groups, both the AHA and ESC limit 
prophylaxis to dental procedures that involve manipulation of 
gingival tissue or the periapical region of teeth or perforation 
of the oral mucosa. They also list situations for which prophy- 
laxis is not appropriate, such as routine anesthetic injections 
through noninfected tissue, taking dental radiographs, place- 
ment of removable prosthodontic or orthodontic appliances, 
adjustment of orthodontic appliances, placement of ortho- 
dontic brackets, or shedding of deciduous teeth and bleeding 
from trauma to the lips or oral mucosa. None of the three 
groups recommend routine prophylaxis for most procedures 
involving the upper or lower respiratory tract, upper or lower 
gastrointestinal (GI) tract, or genitourinary (GU) tract. A ques- 
tion sometimes arises concerning tattooing or body piercing 
in patients who have CHD. While these procedures should 
be discouraged, and if undertaken they should be performed 
under sterile conditions, antibiotic prophylaxis for the preven- 
tion of endocarditis is not recommended. 

The recommended prophylactic regimens are given in 
Table 63.9 and are those from the AHA (32). The antibiotic 
should be administered as a single dose 30 to 60 minutes before 
the procedure. Amoxicillin is the drug of choice for children 
who can take oral medications and who are not allergic to 


Cardiac Conditions Associated 
with the Highest Risk of Adverse 
Outcome from Endocarditis for 
Which Prophylaxis with Dental 
Procedures is Recommended 

Prosthetic cardiac valve 
Previous IE 

Congenital heart disease (CHD) a 

Unrepaired cyanotic CHD, including palliative shunts and 
conduits 

Completely repaired congenital heart defect with prosthetic 
material or device, whether placed by surgery or by catheter 
intervention, during the first 6 mo after the procedure* 

Repaired CHD with residual defects atthe site or adjacent 
to the site of a prosthetic patch or prosthetic device (which 
inhibit endothelialization) 

Cardiac transplantation recipients who develop cardiac 
valvulopathy 

"Except for the conditions listed above, antibiotic prophylaxis is no longer 
recommended for any other form of CHD. 

^Prophylaxis is recommended because endothelialization of prosthetic material 
occurs within 6 mo afterthe procedure. 


TABLE 63.8 
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TABLE 63.9 


Prophylactic Regimens for Dental, Oral, or Respiratory Tract, Procedures 


Agent 


Regimen (single dose 30-60 min before procedure) 


Standard oral prophylaxis 
Unable to take oral medications 


Penicillin allergic-oral regimen 


Penicillin allergic and unable to 
take oral medication 


Amoxicillin 

Ampicillin 

Or 

Cefazolin or ceftriaxone 

Clindamycin 

Or 

Cephalexin 3 

Or 

Azithromycin or clarithromycin 
Clindamycin 

Or 

Cefazolin 3 


50 mg/kg PO (maximum 2 g) 

50 mg/kg IM or IV (maximum 2 g) 

50 mg/kg IM or IV (maximum 1 g) 
20 mg/kg PO (maximum 600 mg) 

50 mg/kg PO (maximum 2 g) 

15 mg/kg PO (maximum 500 mg) 
20 mg/kg IV (maximum 600 mg) 


50 mg/kg IM or IV (maximum 1 g) 


^Cephalosporins should not be used in individuals with immediate-type hypersensitivity reaction (urticaria, angioedema, or anaphylaxis) to penicillins. 


penicillins. If a patient is already taking an antibiotic when he 
or she has a procedure that requires IE prophylaxis, an anti- 
biotic from a different class should be chosen for prophylaxis 
rather than increasing the dose of the current antibiotic. 

If any patient included by AHA or ESC in Table 63.8 (high- 
est risk of adverse outcome/highest risk group) is undergoing 
a respiratory tract procedure to treat an established infection, 
the antibiotic regimen administered to them should contain an 
agent that covers organisms that cause IE. Similarly, if a patient 
is undergoing a GI or a GU tract procedure where there is an 
established infection, or for those who receive antimicrobial 
therapy to prevent wound infection or sepsis associated with a 
GI or GU procedure, the patient should receive a regimen that 
includes an agent effective against enterococci. 

The risk of acquiring endocarditis may change after surgi- 
cal or other reparative procedures. This risk could go down 
(e.g., successful closure of atrial septal defect or ventricular 
septal defect), not change (e.g., placement of palliative shunts/ 
conduits), or could go up (e.g., replacement of a native car- 
diac valve with a prosthetic valve). Patients/parents should be 
reminded that a child’s need for antibiotic prophylaxis could 
change as they evolve through various treatment programs. 

Finally, the new AHA recommendations note that poor den- 
tal hygiene and periodontal or periapical dental infections may 
produce bacteremia themselves even in the absence of dental 
or oral procedures. The guidelines emphasize the importance 
of maintenance of good oral health as an important factor in 
preventing endocarditis in susceptible individuals. Clinicians 
are urged to educate their patients/parents in this regard and 
to frequently remind them of this need. 
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A lthough chest pain is common in patients presenting to 
pediatric cardiology clinics, myocardial ischemia is rarely 
ever the etiology. The list of etiologies leading to myocardial 
ischemia is potentially long, and each diagnosis for the most 
part is uncommon. Myocardial ischemia must always be con- 
sidered in any patient who presents with chest pain or has a 
known diagnosis that could lead to ischemia, that is, Kawasaki 
disease (KD). The consequences of not considering this diag- 
nosis can be devastating. Unfortunately, many patients who 
suffer an ischemic episode do not present until after a myocar- 
dial event. This group of rare patients must undergo a rapid 
evaluation that leads to definitive therapy. The patient who 
presents with symptoms of chest pain before an event or in the 
middle of an event is the focus of this particular chapter. An 
algorithm based upon a detailed history, exam, and appropri- 
ate diagnostic testing should lead to the correct diagnosis and 
the ability to include or exclude myocardial ischemia from the 
differential diagnosis. For the purposes of this chapter, we do 
not review atherosclerotic coronary artery disease (CAD) as 
this is covered elsewhere (see Chapter 71). 


DEFINITION 


Myocardial ischemia is an imbalance between myocardial 
oxygen supply and demand. Left untreated, it results in angina 
pectoris, myocardial stunning, myocardial hibernation, or 
under the most severe instances, acute coronary syndromes 
such as myocardial infarctions. 

From a supply standpoint, a reduction or decrease in coro- 
nary blood flow due to spasm or obstruction leads to low flow 
ischemia of the myocardium and eventually to an acute coro- 
nary syndrome or myocardial infarction. Also, coronary blood 
flow may be normal but myocardial oxygen supply reduced in 
cases of severe hypoxia. Cyanotic heart disease, severe anemia, 
and hemoglobinopathies all have the potential for significant 
hypoxia leading to myocardial ischemia. 

On the demand side, an increase in myocardial oxygen 
demand, that is, exercise, may lead to ischemia if there is a lim- 
itation on a supply that under normal or steady-state condi- 
tions is adequate but is not sufficient during times of increased 
demand. Although this mechanism of ischemia may lead to 
an acute coronary syndrome, more commonly, patients suffer 
chronic chest pain during times of increased demand. 

Therefore, in our pediatric population and adults with 
CHD, chest pain often stems from a benign etiology, but, 
rarely, it may portend imminent catastrophe. In this patient 
population, the diagnoses leading to ischemia must fall under 
these two broad categories to cause myocardial ischemia. 


HISTORY 


For the patient who presents with chest pain, a detailed his- 
tory provides the most important information to include 
or exclude myocardial ischemia from the differential diag- 
nosis. Myocardial ischemia causing chest pain has typical 
characteristics that, when present, requires further investi- 
gation. Chest pain is more likely ischemic in origin when it 
is associated with: 

■ Exertion more than at rest 

■ Dyspnea 

■ Diaphoresis 

■ Syncope 

and is characterized as: 

■ Substernal pressure or burning rather than pain 

■ Pressure that radiates to neck or arm 

■ Fairly reproducible with similar activity 

■ Short lived; 2 to 10 minutes as opposed to hours 

Other important historical features include how the pain is 
relieved. If a patient is able to continue to run and play and 
the pain goes away despite continuing activity, myocardial 
ischemia is less likely. 

Excluding atherosclerotic CAD, where hypertension, dia- 
betes, tobacco use, and hyperlipidemia are important risk fac- 
tors, prior medical history tends not to be helpful in evaluating 
other causes except in KD. Patients diagnosed with KD should 
be extensively interviewed and old records obtained regarding 
history of treatment, echocardiogram results, and follow-up 
studies. Patients should also be screened for prior febrile ill- 
nesses that may have been mistaken for KD. A family history 
should screen for Marfan syndrome, other aortopathies, and 
hypertrophic cardiomyopathy. A prior surgical history where 
the coronary arteries were manipulated or reimplanted is 
important in a patient with typical ischemic chest pain. The 
surgical reports pertaining to the procedure and how the 
coronary arteries were either reimplanted or manipulated are 
important to the current care of the patient and future testing 
that would to need be done. 


DIFFERENTIAL DIAGNOSIS 


The etiologies for nonatherosclerotic CAD and myocardial 
ischemia remain rare and for the most part difficult to diag- 
nose, require a high index of suspicion, and often involve 
advanced imaging studies. Most of the diagnoses are cov- 
ered in other areas of this textbook and are detailed in those 
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chapters. This group of diagnoses can be divided into those 
involving the coronary arteries directly and those that involve 
the myocardium leading to myocardial ischemia. 

Related to the Coronary Arteries 

■ Anomalous coronary arteries 

□ Left main coronary artery from the pulmonary artery 

□ Left main coronary artery from the right coronary cusp 

□ Right coronary artery from the left coronary cusp 

■ Coronary artery fistula 

■ Coronary artery spasm 

■ Thromboembolic or embolic CAD 

■ Kawasaki disease 

■ Coronary artery dissection 

■ Ostial CAD s/p reimplantation 

□ d-TGA arterial switch 

□ Aortic root replacement 

□ Ross procedure 

■ Intramyocardial bridging 

■ Atresia of the left coronary artery orifice 

Related to the Myocardium (Supply/Demand 
Mismatch) 

■ Hypertrophic cardiomyopathy 

■ Severe aortic stenosis 

■ Dilated cardiomyopathy 

■ Tachycardia in the face of limited coronary blood flow 

Other 

■ Severe hypoxia or cyanosis 


EXAMINATION 

The cardiovascular examination in a patient with concerns for 
myocardial ischemia may be completely normal. Important 
cardiovascular findings in specific disease states include 

■ Dynamic systolic ejection murmur consistent with hyper- 
trophic obstructive cardiomyopathy. Nonobstructive patients 
may not have a left ventricular outflow tract murmur with 
dynamic maneuvers but carry the same risk for ischemia. 


■ Continuous murmur along the left or right lower sternal 
border consistent with a coronary fistula or anomalous left 
main coronary artery from the pulmonary artery (LCAPA). 

■ Patients with dilated cardiomyopathy and heart failure will 
have signs of elevated jugular venous pressure, third or 
fourth heart sound, holosystolic murmur of mitral regurgi- 
tation, peripheral edema, and hepatic enlargement. 

■ Harsh systolic ejection murmur of hemodynamically sig- 
nificant aortic stenosis. 


ELECTROCARDIOGRAM 


The electrocardiogram (ECG) remains the most important 
diagnostic test in the evaluation for myocardial ischemia. 
Many factors are involved the interpretation of the ECG; 
age, autonomic tone, heart rate, race, gender, and body habi- 
tus. Standing, hyperventilating, and performing a Valsalva 
maneuver can all have an effect on ST segments with small 
degrees of ST depression or T wave inversions just from body 
position or maneuvers. Pellicia et al. (1) described abnormal 
ECGs in 40% of Olympic athletes who had structurally nor- 
mal hearts. 

When the ECG is being performed to evaluate myocardial 
ischemia, the ECG should be obtained during episodes of chest 
pain, when possible, or shortly thereafter. The presence of an 
old ECG or an ECG obtained when the patient did not have 
chest pain for comparison is crucial when trying to decide 
whether dynamic ST changes are present, therefore consist- 
ent with myocardial ischemia. The ECG findings depend on 
several major factors as follows: 

■ Duration of myocardial ischemia 

■ Presence of prior bundle branch block (BBB) or WPW (pre- 
excitation), paced rhythm that could alter the ECG findings 
of myocardial ischemia 

■ The extent of the myocardial ischemia — subendocardial, 
transmural 

■ Location of the myocardial ischemia; i.e., anterior, posterior 

Duration, location, and extent of myocardial ischemia will 
determine the changes seen on ECG. Whether the ischemia is 
subendocardial or transmural will affect the ST changes and 
the interpretation of the ECG (Fig. 64.1). When acute trans- 
mural ischemia occurs, tall peaked T waves with ST elevation 
are produced from epicardial injury representing the ischemic 
zone at risk of myocardial injury. The location that represents 



Figure 64.1. A: Represents subendocardial ischemia with the direction of injury toward the inner surface of the 
heart and therefore away from the surface chest leads. The injury current leads to ST depression. B: Represents 
transmural or epicardial injury with the injury current going toward the chest leads and therefore upright ST eleva- 
tion. (Reprinted from Mirvis DM, Goldberger AL. Electrocardiography. In: Zipes DP, Libby P, Bonov TO, et al., 
eds. Braunwald’s Heart Disease. 7th ed. Philadelphia, PA: Elsevier Saunders, 2005, with permission from Elsevier.) 
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Figure 64.2. Right bundle branch block (RBBB) with acute 
anterior myocardial infarction. There are Q waves in the 
right-sided precordial leads and ST elevation in leads VI -V6. 
(Reprinted from Mirvis DM and Goldberger AL. Electro- 
cardiography. In: Zipes DP, Libby P, Bonov TO, et al., eds. 
Braunwald’s Heart Disease . 7th ed. Philadelphia, PA: Elsevier 
Saunders, 2005, with permission from Elsevier.) 

the ischemic zone is represented by the placement of the sur- 
face ECG: 

■ Inferior — leads II, III, aVF 

■ Anterior — V2-V6 

■ Anterior- septal — V 1 - V3 

■ Lateral — I, aVL 

■ Posterior — leads VI and V2 with tall R waves and 
ST depression, usually accompanied by ischemic changes in 
the inferior leads. 

With subendocardial ischemia, the ischemic zone is toward 
the inner ventricular layer (subendocardium) and the overly- 
ing precordial leads demonstrate ST depression. Subendocar- 
dial ischemia is the common pattern for patients experiencing 
chronic chest pain secondary to ischemia. Abnormal base- 


line ECG with preexisting ST or T wave change, prior BBB 
or evidence of preexcitation can limit the typical findings 
of myocardial ischemia (Figs. 64.2 and 64.3) and make the 
interpretation of myocardial ischemia more difficult, if not 
impossible, without other diagnostic tools. 

For pediatric and adolescent patients in particular, nor- 
mal variants and other disease states may mimic ischemic ST 
changes and need to be differentiated from true ischemic ST 
changes. Repolarization changes, pericardial disease, digitalis 
effect, and electrolyte abnormalities may all be associated with 
ST changes (Figs. 64.4-64.7). 

A completely negative ECG at the time of ongoing chest 
pain is extremely predictive of nonischemic chest pain. The 
risk of an acute myocardial event is <2% among patients with 
no prior history for CAD presenting with a negative ECG at 
the time of chest pain (2). Therefore, differentiating between 
ischemic and nonischemic ST changes is crucial in the evalua- 
tion of chest pain. 


BIOMARKERS OF MYOCARDIAL INJURY 

When myocardial injury occurs, enzymes from the myo- 
cardium are released approximately 2 hours later and can 
be detected by various assays. Cardiac troponin T and I and 
creatine kinase MB isoenzyme (CK-MB) are all important 
biomarkers of myocardial injury and, when elevated, sig- 
nify myocardial damage with good sensitivity and specific- 
ity (3,4). After injury occurs, these enzymes will rise within 
2 hours, and may continue to rise for several hours. By 12 hours, 
the CK-MB will begin to decrease and by 24 hours the sensi- 
tivity of the troponins remains high whereas the CK-MB sen- 
sitivity diminishes (5) (Fig. 64.8). The CK-MB false positives 
are possible due to trace amounts of CK-MB in skeletal mus- 
cle. Therefore, damage to skeletal muscle on a large scale may 
increase the amount of CK-MB in the blood stream. Addition- 
ally, cardiac enzymes may be elevated with perimyocarditis due 
to inflammatory changes to the myocardium. 

Troponins I and T are more specific than CK-MB for myo- 
cardial injury. However, since the troponin assays are able 
to detect what is felt to be very small degrees of myocardial 
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Figure 64.3. LBBB with acute inferior myocardial infarction. There is ST elevation in the inferior leads II, III, aVF. 
The patient is in atrial fibrillation. (Reprinted from Mirvis DM, Goldberger AL. Electrocardiography. In: Zipes 
DP, Libby P, Bonov TO, et al., eds. Braunwald’s Heart Disease. 7th ed. Philadelphia, PA: Elsevier Saunders, 
2005, with permission from Elsevier.) 
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Figure 64,4. Normal variant repolarization 
abnormality. There is J-point elevation mostly 
seen in lead V4. There are no reciprocal ST 
depression and no PR depression to distin- 
guish this from acute myocardial infarction 
and pericarditis, respectively. (Reprinted from 
Goldberger AL. Myocardial Infarction: Electro- 
cardiographic Differential Diagnosis . 4th ed. St 
Louis, MO: Mosby-Year Book, 1991, with per- 
mission from Elsevier.) 



damage, in all cases, this may not be due to CAD. Myocar- 
ditis, pericardial disease, and trauma may all yield a positive 
troponin result. Therefore, the context in which the assay is 
performed may be equally important to the interpretation of 
the result. 

There is increased sensitivity and specificity of the biomark- 
ers for myocardial when serial assays are performed and when 
they are performed several hours after the onset of chest pain. 
Depending on the timing of the study, a single CK-MB and 
troponin I drawn early after the onset of chest pain may have 
a sensitivity of only 34% and 40%, respectively, whereas serial 
assays and assays drawn late (>12 hours) after the onset of 
chest pain have sensitivities that approach 90% (6). 

A typical approach to the patient who presents with chest 
pain and the concern for myocardial injury would be to draw 
CK-MB and troponin cardiac enzymes at presentation. If 
positive, there is a high likelihood of myocardial damage and 
appropriate therapy should be initiated, if not already started 


based upon other data. If the initial study is negative, and 
there remains a high likelihood that the chest pain represents 
myocardial ischemia, serial enzymes should be performed over 
the next 24 hours. Important in the use of cardiac biomarkers is 
the recommendation that patients with a very low probability 
for myocardial ischemia should not undergo cardiac enzyme 
testing because of the possibility for a false-positive result lead- 
ing to unnecessary testing (7). 


CARDIAC IMAGING AND STRESS TESTING 

Two-dimensional transthoracic Doppler echocardiography 
(TTE) is an important diagnostic study when directed based 
upon history, exam, and ECG findings. The utility in a patient 
with no risk factors for myocardial ischemia, a normal exam, 
and normal ECG is far less helpful. From the list of potential 
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Figure 64.5. Acute pericarditis. PR depression represents reciprocal atrial inflammatory changes in all leads except 
AVr where there is PR elevation as the vector of injury is directed upward and to the right. Ventricular injury cur- 
rent is directed down and leftward leading to ST elevation in most leads except AVr. (Reprinted from Goldberger 
AL. Myocardial Infarction: Electrocardiographic Differential Diagnosis. 4th ed. St Louis, MO: Mosby-Year Book, 
1991, with permission from Elsevier.) 
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Figure 64.6. Digitalis effect (top) and digitalis toxicity (bottom). The typical ST segments have a scooped-out 
appearance. With digitalis toxicity (bottom), arrhythmias are common. In this case, the underlying rhythm is atrial 
fibrillation. The group beating is consistent with junctional tachycardia typical for digitalis toxicity. (Reprinted from 
Goldberger AL. Clinical Electrocardiography: A Simplified Approach. 4th ed. St Louis, MO: Mosby-Year Book, 
1991, with permission from Elsevier.) 
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causes of myocardial ischemia, TTE will accurately diagnose 
the following: 

■ Hypertrophic cardiomyopathy 

■ Severe aortic stenosis 

■ Dilated cardiomyopathy 

In some cases TTE may provide clues to the diagnosis, but 
in many of these diagnoses, the echocardiogram may appear 
completely normal. 
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Figure 64.7. ECG changes associated with hyperkalemia (A) and 
hypokalemia (B). Day 1 (A) represents high serum levels of potas- 
sium with no recognizable P waves and prolonged QRS. On Day 
2, the potassium level has decreased, and the P waves return and 
QRS becomes more narrowed. The T waves are tented consistent 
with hyperkalemia and must be recognized versus ischemic T 
waves. Day 1 (B) with low levels of serum potassium, the T and 
U waves have merged, and by Day 4 as the potassium approaches 
normal, the ECG normalizes. (Reprinted from Mirvis DM, Gold- 
berger AL. Electrocardiography. In: Zipes DP, Libby P, Bonov 
TO, et al., eds. Braunwald’s Heart Disease . 7th ed. Philadelphia, 
PA: Elsevier Saunders, 2005, with permission from Elsevier.) 



Hours since onset of chest pain 

Figure 64.8. Sensitivity of markers of myocardial ischemia 
according to length of time from onset of chest pain. CK-MB, 
creatine kinase MB isoenzyme. (From Zimmerman J, Fromm 
R, Meyer D, et al. Diagnostic marker cooperative study for the 
diagnosis of myocardial infarction. Circulation 1999;99:1671, 
with permission.) 
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■ Anomalous left main coronary artery from the pulmonary 

artery 

□ Diastolic color flow within the ventricular septum repre- 
senting coronary collateral circulation 

□ Retrograde flow into the left main coronary artery 

□ Mitral regurgitation with a structurally normal mitral 
valve (ischemic mitral regurgitation secondary to papil- 
lary muscle dysfunction) 

□ Segmental left ventricular systolic dysfunction 

■ Coronary artery fistula 

□ Diastolic color flow in the chamber receiving the coro- 
nary fistula, that is, right atrium 

□ Enlarged right atrium and right ventricle if significant 
left-to-right shunt. 

■ Kawasaki disease 

□ Coronary aneurysms 

Cardiac MRI (CMR) and CT are the tests of choice when 
evaluating for anomalous coronary arteries, coronary fistulae, 
coronary aneurysm and ostial CAD following coronary reim- 
plantation. 

The main objective of stress testing for myocardial ischemia 
is to unmask the mismatch between myocardial oxygen demand 
and myocardial perfusion. At rest, the supply of myocardial 


blood flow may be sufficient compared to the myocardial oxy- 
gen demand. However, with exertion, and increased demand, 
the amount of supply, i.e. myocardial perfusion may be inad- 
equate and therefore ischemia is induced. Stress-induced 
ischemia may be detected by: 

■ ECG changes (ST depression) 

■ Segmental wall motion abnormality by echocardiography 

or CMR 

■ Perfusion defect by nuclear imaging or CMR 

The role of stress testing in this population is less well 
defined. For the most part, stress testing is most sensitive 
and specific when the heart is structurally normal heart at 
rest, defined as a normal ECG with normal myocardial per- 
fusion and wall motion at baseline. Therefore, a change in 
myocardial perfusion with stress will more clearly define the 
differences between normal and abnormal. In patients with 
a structurally abnormal heart (hypertrophic cardiomyopathy) 
or abnormal ECG (left bundle branch block [LBBB]), the abil- 
ity to detect true myocardial ischemia with stress becomes 
much less accurate. 

Additionally, when the diagnosis is nonatherosclerotic 
fixed CAD, a negative stress test may not clearly define the 


TABLE 64.1 


Strengths and Weaknesses of Various Stress Testing Techniques for Detecting 
Myocardial Ischemia 


Technique 

Strengths 

Limitations 

Exercise ECG 

Low cost, short duration 

High sensitivity in three-vessel or left main 

CAD 

Provides useful prognostic information 
(e.g., ischemia at low workload) 

Suboptima 1 sensitivity 

Low detection rate of one-vessel disease 

Nondiagnostic with abnormal baseline ECG 

Need to achieve >85% of maximum heart rate for 
maximizing accuracy 

Exercise or pharmacologic 
nuclear prefusion imaging 

Higher sensitivity and specificity than exer- 
cise ECG 

Studies can be performed in almost all 
patients 

Quantitative image analysis 

Suboptimal specificity because of artifacts 

Long procedure time when rest and stress both 
performed 

Higher cost than exercise ECG 

Radiation exposure 

Poor-quality images in obese patients 

Exercise or pharmacologic 
stress echocardiography 

Higher sensitivity and specificity than exer- 
cise ECG 

Comparable value with dobutamine stress 
Short time to complex examination 
Identification of coexisting structural cardiac 
abnormalities (e g,, valvular disease) 

Relatively lower cost than othertechniques 

No radiation 

Decreased sensitivity for detection of one-vessel disease 
Inability to image all of the left ventricle in some patients 
Highly operator dependent for image analysis 

No quantitative image analysis 

Poor acoustic window in some patients (e.g., chronic 
obstructive lung disease) 

Infarct zone ischemia less well detected 

Magnetic resonance 
imaging (MRI) 

High spatial resolution MRI coronary 
angiography promising 

Visualizing of subendocardial perfusion 
Pharmacologic stress procedure short 

No radiation 

Inability to image patients with metal devices 

Difficult to image in setting of irregular heart rhythm 

Motion artifact in absence of good breath-hold and 
respiratory gating 

Coronary motion 

No large clinical studies yet published 

Cardiac CT 

Noninvasive coronary angiography to rule out 
significant coronary stenosis 

Radiation exposure 

Cardiac motion artifacts 


Beta-blockers often required to reduce heart rate to 
<60 beats/m in 

Artifacts caused by coronary motion 

Prolonged breath-holding for scanner with <16-slice/s 

Images not generated in real time 
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Causes of Myocardial Ischemia in Nonatherosclerotic CAD 

Diagnosis 

Treatment 

Anomalous coronary arteries 

Surgical repair with reimplantation or coronary bypass 

Coronary spasm 

Medical therapy with CCB, /3B, Nitrates 

Kawasaki disease 

Medical therapy with /3B, anti pi ate lets, anticoagulation, PCI 

HCM 

Medical therapy with /3B, associated with intramyocardial bridging 
which may require myocardial release or coronary bypass 

Aortic stenosis 

Surgical replacement of the aortic valve, some may be candidates for 
balloon valvuloplasty 

Coronary artery fistula 

Transcatheter occlusion of fistula vs. surgical ligation 

Thromboembolic CAD 

Anticoagulation 

Ostial CAD s/p reimplantation 

Surgical repair of the ostium vs. coronary bypass 


CCB, calcium channel blockers; /?B, beta-blockers; PCI, percutaneous coronary intervention, HCM, hypertrophic cardiomyopathy. 


risk of ischemia. Patients with anomalous CAD may exercise 
and participate in highly competitive sports with no symptoms 
of ischemia, but may still have intermittent ischemia that is 
unpredictable placing them at risk for sudden cardiac death. 
Stress testing in the population is frequently normal. Basso 
et al. (8) reviewed the clinical profile of young competitive ath- 
letes who suffered sudden cardiac death and at autopsy were 
found to have anomalous coronary arteries with origin of the 
coronary artery from the wrong sinus. They found that 6 of 
the 27 patients had premonitory stress testing, and that in all 
cases, the stress study was normal, including stress ECG and 
echo wall motion (2/2). 

Therefore, the following patients in whom a high index of 
suspicion still exists after initial work up would benefit most 
from stress testing: 

■ Those with structurally normal heart 

■ Those who are able to cooperate with stress testing, 

whether medically or exercise induced 

There remain many different types of stress testing to detect 
myocardial ischemia. Each test has strengths and weaknesses 
that depend not only on the test itself and imaging technique 
but also institutional experience. There are some institutions 
that clearly favor nuclear stress testing to echocardiography, 
or vice versa, and therefore become more proficient in one 
technique compared to another. A list of various techniques to 
detect myocardial ischemia are now available, each with their 
own set of strengths and weaknesses (Table 64.1). 


TREATMENT 


When patients present with myocardial ischemia from 
nonatherosclerotic CAD and ongoing chest pain, the immediate 
therapeutic interventions involve reducing myocardial oxygen 
demand with /3-blocker therapy, antiplatelet agents, diagnostic 
testing to delineate the cause, and finally definitive treatment. 
Those with a history of KD presenting with chest pain and 
ischemic ECG changes are treated similar to typical acute 
myocardial infarction patients with thrombolytic therapy 
versus immediate cardiac catheterization and percutaneous 
coronary intervention. Other diagnoses such as anomalous 
CAD will require surgical intervention for definitive therapy, 
(see Chapter 32) (see Table 64.2) 


SUMMARY 

Myocardial ischemia remains rare in the pediatric popula- 
tion and in those with CHD. Historical features of myo- 
cardial ischemia are important to elucidate. With typical 
symptoms for ischemic chest pain, a high index of suspicion 
should dictate further testing. Definitive diagnostic testing 
with echocardiography, CMR and CT testing should con- 
firm the diagnosis for the majority of those with a cause for 
myocardial ischemia. Cardiac catheterization should be per- 
formed when chest pain c/w ischemia is ongoing and when 
other diagnostic testing fails to find a cause for myocardial 
ischemia. General therapies include antiplatelet agents and 
reducing myocardial oxygen demand with /3-blocker ther- 
apy. Definitive therapy is based upon the structural or func- 
tional abnormalites leading to myocardial ischemia and may 
involve additional medical therapies, catheter-based inter- 
vention or surgical repair. 
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P ediatric heart transplantation has been practiced for over 
25 years. With the advent of the T-cell activation inhibi- 
tors such as cyclosporine, heart transplant success rates for 
pediatric and adult patients have improved to the point that 
the initially restricted ages and indications have expanded 
considerably. Infant heart transplantation has been performed 
for over 20 years (1), and infants, children, and adolescents 
with complex cardiac anatomic lesions are now routinely 
successfully transplanted (2-4). There have been additional 
immunosuppressant pharmacologic agents discovered since cy- 
closporine, and novel new agents are in investigational stages. 
The increasing experience and newer drugs promise even better 
long-term results. Currently, the half-life (50% still alive) for 
children transplanted in the early 1980s is approximately 11 to 
18 years (4). Decades-long survival seems likely (5). 

Over 300 heart transplant procedures are performed annu- 
ally in pediatric patients in the United States. Many more 
infants and children and adolescents could benefit from heart 
transplantation each year. The rate-limiting step to making 
heart transplantation more widely available is donor availabil- 
ity. Matching of appropriate donors to recipients is a more 
complicated problem in pediatrics with fewer recipients await- 
ing transplant at any given time compared to adults. Thus, 
the logistics of matching the size, blood type, and location of 
donor and recipient are logistically more complex. 

Organ transplantation in the United States is sanctioned 
by congressional mandate through the National Organ Trans- 
plant Act (NOTA). NOTA created the framework for the 
Organ Procurement and Transplant Network (OPTN). The 
contractor for the OPTN is the United Network for Organ 
Sharing (UNOS). The process of organ donor identification 
is required for all hospitals, and the management of organ 
donors is by government-regulated local agencies called OPOs 
(Organ Procurement Organizations). The decision to donate 
organs remains a voluntary process involving donor and fam- 
ily wishes. The current UNOS allocation algorithm has three 
status categories based on medical urgency. These categories 
are status IA, IB, and II. Status IA is for the sickest patients 
needing an urgent transplantation for survival. Waiting mor- 
tality is 17% to 25% for status I patients and remains a signifi- 
cant problem in all age groups (6,7). Even within the sickest 
pediatric wait-list group (status IA), there is large variability 
in outcomes, with those requiring extracorporeal membrane 
oxygenation (ECMO) having the highest wait-list mortality 
(7,8). The synchronization of recipient need, donor availabil- 
ity, consent for organ donation, and finally organ transplanta- 
tion is a modern medical miracle that represents the ultimate 
in human sharing. 

At present, 1-year survival in excess of 85% and 5-year 
survival >70% can be expected following pediatric heart 
transplantation (Fig. 65.1). Catch-up growth and hemody- 
namic rehabilitation to normal childhood functional status is 
likely. The quality of life can be normal. Heart transplantation 
remains the only hope for children with lethal cardiomyopathy, 


some forms of complex congenital heart disease, and some 
infants and children with failed surgical interventions. This 
chapter discusses the indications for heart transplantation, 
various phases of the transplant process (preoperative, early 
postoperative, and late), the immunosuppressive drugs, the 
role of heart and lung transplantation, and the issue of retrans- 
plantation. 


PRETRANSPLANT EVALUATION 


A large amount of historical, anatomic, hemodynamic, meta- 
bolic, immunologic, and psychosocial information is required 
before deciding whether or not a child is an acceptable trans- 
plant candidate (9) (Table 65.1). A comprehensive history 
and physical examination is mandatory, including age, height, 
weight, and body surface area. Since pediatric heart donors 
are matched with recipient size, accurate measurements of 
the recipient are critical and need to be continually updated 
in those patients who wait long periods of time and undergo 
changes in their height or weight. Cardiac diagnoses, includ- 
ing all previous surgeries, must be meticulously delineated, 
with particular attention to venous and arterial connections, 
since the surgeon will need this information in order to devise 
a surgical plan in those with complex congenital heart disease 
with abnormal connections. The use of extended donor heart 
and vessel retrieval and creative intraoperative techniques has 
resulted in successful orthotopic heart transplantation in chil- 
dren with abnormal situs and/or significant systemic and pul- 
monary venous anomalies (2,10). Immunization status should 
be determined, and if incomplete prior to listing for transplant, 
immunizations may be given as indicated by age (11,12). 
A history of malignancy, once considered to be an absolute 
contraindication to transplantation, may not preclude trans- 
plantation in selected patients (13,14). A thorough laboratory 
evaluation is necessary to determine liver and kidney function 
since severe, irreversible liver or kidney dysfunction would 
generally exclude the child from consideration for heart trans- 
plantation, although some centers may consider multiple organ 
transplants. An equally extensive infectious disease evaluation 
is necessary to exclude active infection, to determine potential 
latent infections such as cytomegalovirus (CMV) or Epstein- 
Barr virus (EBV), and to provide baseline data on susceptibili- 
ties that can be followed serially after transplant. An accurate 
and documented blood type is critical since this is usually the 
main compatibility factor used for donor/recipient matching. 

Evaluation of the immune system is an important part 
of the pretransplant evaluation. Although it is common to 
check recipient and donor human leukocyte antigen (HLA) 
status, this information is not normally part of the decision- 
making process when determining donor suitability. Retro- 
spective studies have suggested that HLA compatibility is rare 
but may lessen rejection and improve graft survival in heart 
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Years 

Figure 65.1. Actuarial survival for pediatric heart transplants performed January 1982 through June 2008. 
(From Kirk R, Edwards LB, Kucheryavaya AY, et al. The Registry of the International Society for Heart and 
Lung Transplantation: thirteenth official pediatric heart transplantation report — 2010. J Heart Lung Transplant 
2010;29:1119-1128, with permission.) 


transplantation (15). In part due to the constraints of cold 
ischemic time (usually a maximum of about 4 hours) and the 
ongoing organ donor shortage, prospective HLA matching is 
not routinely utilized in heart transplantation. Panel reactive 
antibodies (PRA), a laboratory measure of preformed anti- 
HLA antibodies, are assayed to determine whether the recipi- 
ent has any circulating anti-HLA antibodies. Recipients with 
circulating donor-specific anti-HLA antibodies before trans- 
plant have decreased graft survival when compared to those 
without these antibodies (16,17). Patients with a significantly 
elevated PRA before transplantation have traditionally under- 
gone a prospective crossmatch between donor and recipient 
before acceptance of a donor organ (18-20). However, this 
can severely limit the donor pool available to a recipient and 
increases mortality waiting for transplant in those awaiting 
a compatible donor (16,20). Because of the significant dif- 
ficulties associated with finding a compatible crossmatch in 
patients with elevated PRAs, multiple treatment modalities, 
including intravenous immunoglobulin, plasmapheresis, cyclo- 
phosphamide, and rituximab, have been utilized with variable 
degrees of success to try to decrease the PRA of highly sen- 
sitized patients (21-23). In sensitized adult patients awaiting 
renal transplant, rituximab has been shown to decrease HLA- 
antibody levels and thus expand the available donor pool for 
a HLA-compatible transplant (24). At the current time, there 
are conflicting data regarding the utility of the proteasome 
inhibitor, bortezomib, as an agent to reduce pretransplant 
donor-specific antibody (25,26). 

With the exception of some infants with unoperated con- 
genital heart disease (e.g., hypoplastic left heart syndrome 
[HLHS]), most children will require a cardiac catheteriza- 
tion before heart transplantation. Cardiac catheterization and 
angiography should be performed as part of the pretransplant 
evaluation by someone experienced in the diagnosis and treat- 
ment of pediatric cardiovascular disease and heart transplan- 
tation. Especially in patients with complex congenital heart 
disease, hemodynamic and anatomic assessments are critical 
for appropriate pretransplant evaluation. In addition to pre- 
cise anatomic and hemodynamic definition, it is necessary to 
determine whether other pharmacologic, catheter interven- 
tional, or surgical options may be necessary prior to transplan- 
tation. Patients with univentricular physiology, particularly 
those who have undergone multiple palliative procedures, are 


a unique group of patients whose pretransplant evaluation can 
be very complicated. For example, children after the Fontan 
operation may have many complications such as dysrhyth- 
mias, protein-losing enteropathy, cirrhosis, and/or low cardiac 
output that may bring them to transplant consideration. 

Assessment of pulmonary artery anatomy, pressures and, 
when possible, pulmonary vascular resistance is critically 
important in the pretransplant evaluation of most children 
being assessed for heart transplantation. Severe, fixed elevation 
of the pulmonary vascular resistance is a contraindication to 
orthotopic heart transplantation because of concerns of acute 
posttransplant donor right ventricular failure. Both elevated 
transpulmonary pressure gradient and elevated pulmonary 
vascular resistance have been identified as risk factors for early 
mortality after heart transplantation (27). However, a previous 
multi-institutional analysis of risk factors for mortality in chil- 
dren >1 year of age at the time of transplantation did not find 
elevated pulmonary vascular resistance to be a risk factor (28). 
The current selection criteria for pediatric orthotopic heart 
transplant recipients exclude those patients with significantly 
elevated nonreactive pulmonary vascular resistance (3,9). In 
these patients who are denied orthotopic heart transplantation, 
other options such as heterotopic heart transplantation, heart/ 
lung transplantation, or lung transplantation with repair of the 
congenital heart defect may be considered (29-31). Accurate 
evaluation of the degree of pulmonary hypertension may not 
be possible in those patients with either discontinuous pulmo- 
nary arteries or multiple sources of pulmonary blood flow, or in 
those with multiple branch pulmonary artery stenoses. Several 
agents have been shown to have both acute and chronic benefi- 
cial effects in lowering transpulmonary gradients and pulmo- 
nary artery pressures in adults and children. Response to these 
agents, including intravenous nitroglycerin, nitroprusside, 
prostaglandin Ej, dobutamine, enoximone, milrinone, in addi- 
tion to inhaled nitric oxide, has been shown to predict outcome 
after heart transplantation (32-36). Mechanical circulatory 
support can also be considered in refractory cases (37). Chil- 
dren with restrictive cardiomyopathy appear to be at higher 
risk for development and rapid progression of significant pul- 
monary hypertension and thus require careful monitoring and 
possibly early consideration for heart transplantation (38,39). 

Assessment of anatomy and function by a complete Doppler 
echocardiogram is a necessary part of the pretransplant evaluation. 
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TABLE 65.1 


Routine Pretransplant Evaluation 


Comprehensive history and physical examination, 
including: 

Age, height, weight, body surface area 

Diagnoses 

Past medical history 

Medications 

Allergies 

Immunization record 


Laboratory data 

Liver and kidney function tests 
Urinalysis 

Glomerular filtration rate 
Prothrombin time/partial thromboplastin time 
Complete blood count and differential 
PPD skin test 

Serologies for human immunodeficiency virus, hepatitis, 
cytomegalovirus, Epstein-Barr virus, Toxoplasmosis 
gondii, syphilis 
ABO type 

Panel reactive antibody 

Consulation with dental service, or other services 
as indicated 

Cardiopulmonary data 

Cardiac catheterization and angiography 

Echocardiogram 

Radionuclide angiography 

Endomyocardial biopsy 

Electrocardiogram 

Chest radiograph 

Pulmonary function tests 

Vo 2 max 

Psychosocial evaluation 

Possible relocation 
Long-term supportive care 
Parental substance abuse 
History of neglect or abuse 


Cardiac magnetic resonance imaging may also be beneficial for 
defining anatomy and physiology. Radionuclide angiography may 
be superior to echocardiography in terms of quantitating the degree 
of systemic ventricular dysfunction. Endomyocardial biopsy may 
be indicated in certain instances, for example, to exclude active 
myocarditis or myocardial infiltrative diseases. Electrocardio- 
grams and 24-hour continuous ambulatory electrocardiograms 
may be important in determining underlying rhythm, evidence of 
ischemia or previous infarction, and abnormal rhythms or inter- 
vals. A chest radiograph may be very useful for measuring the 
degree of recipient cardiomegaly to help in determining size limi- 
tations in potential donors. In older children, pulmonary function 
tests may be important, especially if there is any concern of chronic 
lung disease. In those who can cooperate, measurement of maxi- 
mal 0 2 consumption may be very useful for quantifying the degree 
of cardiorespiratory compromise the patient is experiencing. 
A significantly reduced maximal 0 2 consumption < 50 % of that 
predicted for age may be considered evidence of compromise that 
should at least lead to consideration of heart transplantation as a 
therapeutic option (9,40). This diagnostic test may be much less 
useful in those children with heart failure who have undergone 


the Fontan operation, since a significant number of patients in this 
group is unable to achieve maximal aerobic exercise capacity (41). 

Psychosocial evaluation is a critical part of the pretransplant 
evaluation. A stable family support system that is emotionally 
and intellectually able to provide medications and posttrans- 
plant care is crucial to the success of the heart transplant. In 
many instances, it is necessary for the family to relocate to 
be in close proximity to the transplant center for the entire 
waiting period before transplantation and for 3 to 6 months 
after the transplant. This often provides additional stressors to 
the family. It is uncommon to have an absolute psychosocial 
contraindication to pediatric heart transplantation. However, 
a family history of noncompliance, substance abuse, or child 
abuse or neglect may be a relative contraindication to trans- 
plantation. In some instances in which the patient’s parents 
have been determined to be incapable of handling the respon- 
sibility of caring for the child before and after transplantation, 
it has been necessary for a relative to take over those responsi- 
bilities (11). Financial needs and resources can vary consider- 
ably and should be thoroughly evaluated. 


PRETRANSPLANT MANAGEMENT 


Once a patient is under consideration for transplantation, every 
effort must be made to stabilize or improve the patient’s clini- 
cal status. Since the waiting time for donors is unpredictable, 
patients may wait for long periods of time, during which time 
ongoing pharmacologic, catheter interventional, and occa- 
sional surgical treatments must be used as needed. Patients 
may deteriorate rapidly while waiting for a suitable donor, 
in which case, more invasive measures may be necessary to 
bridge the patient to transplantation. 

The epidemiology of infant heart transplantation has 
changed through the years as the results for staged repair have 
improved and donor resources have remained stagnant. Heart 
transplantation, because of donor limitations, became con- 
signed as primary therapy to those very few infants deemed 
unsuitable for staged reconstruction. Primary transplantation 
has remained available in some centers as a parental choice, 
and as the only solution for the occasional young infant with 
profound cardiomyopathic disease and inoperable complex 
congenital heart disease, including some tumors. Infants await- 
ing heart transplantation with ductal-dependent lesions (e.g., 
HLHS variants or other ductal-dependent lesions without good 
surgical options), are critically ill, chronically instrumented, 
and usually in an intensive care setting while they await trans- 
plantation (42,43). Since waiting times for donors has increased 
at many institutions, there are increased challenges and prob- 
lems associated with keeping these infants stable, sometimes 
for several months, before a suitable donor becomes available 
(44,45). Initial efforts must be directed toward opening and 
maintaining patency of the ductus arteriosus through the use 
of continuous infusion of prostaglandin E a . Once unrestricted 
ductal patency is achieved, therapy must be directed toward 
maintaining adequate systemic blood flow, sometimes through 
pharmacologic manipulation of the pulmonary vasculature 
(46,47). Some infants with HLHS and other ductal-dependent 
lesions have undergone percutaneous or surgical stenting of the 
ductus arteriosus in order to maintain ductal patency (48,49). 
The development of the so-called hybrid procedures has 
allowed surgical bilateral branch pulmonary artery banding 
and transcatheter stenting of the ductus arteriosus in place of 
a Norwood procedure (50). If necessary, heart transplantation 
after the hybrid procedure can be performed with acceptable 
results (51). Up to 50% of infants with HLHS may develop a 
critical restriction at the atrial septal defect level. These infants 
have excessive cyanosis and hemodynamic instability and 
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represent a high-risk group of infants who can be stabilized 
with interventional catheter procedures (52). 

Heart transplantation has become a possible alternative to 
a high-risk Fontan operation in a strategy of staged palliation 
for single ventricle physiology. Heart transplantation should 
be considered as an alternative to Fontan completion in the 
decision-making algorithm for high-risk Fontan candidates, 
since rescue heart transplantation after early Fontan failure is 
associated with poor outcomes (53-58). 

Patients with end-stage biventricular congenital heart dis- 
ease represent a complex group for heart transplantation and 
require careful evaluation and management to ensure opti- 
mal perioperative and long-term outcomes. The vast major- 
ity of patients with biventricular congenital heart disease 
have undergone prior cardiac surgical procedures. Indications 
for transplantation in this subgroup are primarily progres- 
sive refractory heart failure following prior cardiac surgical 
reconstructive procedures. Contraindications to transplanta- 
tion mimic those for other forms of end-stage heart disease 
(9,59,60). 

Patients with heart failure secondary to ventricular dys- 
function represent a significant proportion of children who 
are referred for heart transplantation. The natural history of 
dilated cardiomyopathy in children is quite variable; thus the 
optimal therapy for dilated cardiomyopathy and timing for 
transplantation in these children is unknown. Large, multi- 
center, randomized studies in adults with chronic heart fail- 
ure have shown a significant improvement in left ventricular 
performance, symptoms, and survival in patients receiving 
angiotensin-converting enzyme (ACE) inhibitors and beta- 
blockers such as carvedilol or metoprolol when compared with 
placebo controls (61-64). Addition of beta-blockers to chronic 
heart failure therapy in some children (particularly those with 
a systemic left ventricle) may improve ventricular function, 
symptoms, and survival, thus delaying or even precluding the 
need for transplantation (65-68). ECMO has been used suc- 
cessfully in children as a bridge to transplantation, but remains 
problematic due to complications such as sepsis, bleeding, and 
neurologic injury (8,69-72). Options for mechanical support 
in children include miniaturized intra-aortic balloon pumps, 
ECMO, centrifugal pumps, and, more recently, both pulsa- 
tile ventricular assist devices (VADs) and axial flow devices 
(see Chapter 21). ECMO remains the most common form of 
mechanical support available and is the best option for acute 
decompensation. ECMO provides total cardiopulmonary 
support, can be relatively quickly accomplished, and allows 
the flexibility of peripheral and central cannulation (73,74). 
ECMO pumps, however, achieve nonpulsatile flow, and the 
circuit is complex. The incidence of bleeding and infectious 
complications is very high, and neurologic impairment with 
extended use is also common. ECMO also restricts patients’ 
mobility, impairing physical rehabilitation. VADs have poten- 
tial advantages over ECMO as a mechanical bridge (70). 
Pulsatile pumping may result in better tissue perfusion and 
specifically provides better recruitment of the microcirculation 
of the brain, lungs, and kidneys during extracorporeal circula- 
tion. In addition to improving a patient’s hemodynamic status 
and reversing end-organ dysfunction, VADs can be partially or 
fully implanted and allow for physical rehabilitation to improve 
the patient’s overall condition and likelihood for successful 
transplantation. Biventricular VAD support can effectively be 
used in small children as a bridge to heart transplantation and 
can be accomplished with low mortality and morbidity. Biven- 
tricular VAD support may offer an additional means to reverse 
extremely elevated pulmonary vascular resistance (37,75-79). 
However, the persistent high rate of morbidity emphasizes the 
importance of optimizing the decision-making process and, 
particularly, the timing of implantation. Patients with congeni- 
tal heart disease and end-stage heart failure currently have a 


limited number of options for long-term mechanical circula- 
tory support. In recent years, significant advances have been 
made, and more devices are under development with some 
having already reached preclinical trials (80). Over the next 
few years, continued improvements in the field of pediatric 
mechanical circulatory support are expected, including the 
addition of new pediatric VADs, new magnetically levitated 
centrifugal pumps, and new low-pressure-drop hollow-fiber 
membrane oxygenators for ECMO. 


DONOR ISSUES 


Because of the ongoing donor shortage for pediatric heart 
transplantation, transplant cardiologists have made great 
efforts to maximize donor usage. Although optimal donors 
have normal cardiac anatomy and function, ideal size and 
blood type match, and minimal cold ischemic time, many suc- 
cessful pediatric heart donors are used that do not meet these 
ideal criteria (1). Some degree of both systolic and diastolic 
dysfunction in the donor heart can be tolerated (1,81). Stud- 
ies have shown successful pediatric heart transplant outcomes 
after donor ischemic times as long as 8 hours, with no sig- 
nificant differences in outcomes between those with donor 
ischemic times >8 hours and those with donor ischemic times 
<90 minutes (82). Although the mechanism is unclear, the use 
of advanced-age donor hearts (>40 years of age) for appro- 
priately sized teenage recipients carries a significantly higher 
1-year posttransplant mortality than use of younger donor 
hearts (83). 

The incidence of sudden infant death syndrome (SIDS) has 
decreased over the last 15 years (58). Still, SIDS is the third 
leading cause of death for infants with an estimated annual 
incidence in the United States of 0.54 per 1,000 live births. 
There has been no difference in clinical outcome between 
infants transplanted with a donor who died from SIDS com- 
pared to donors who died of other causes (1,84). Recently, the 
proportion of transplanted infant donor hearts where donor 
cause of death was SIDS has increased from just over 4% 
in 2000-2002 to nearly 9% in 2006-2008. This is possibly 
due to transplant centers’ increasing confidence with the use 
of SIDS donors. Most recently, there is increased interest and 
investigation into the use of non-heart-beating heart donors 
after cardiocirculatory death as an additional source of donors 
for both adults and children (85,86). Increasing the number of 
donors remains an important goal to ensure that sick patients 
in need of transplant have that opportunity. 


ABO INCOMPATIBLE HEART 
TRANSPLANTATION 


The need for matching donors and recipients can lead to donor 
hearts that are not used and recipients who die waiting. Blood 
group matching is considered critical for heart transplantation. 
Since infants usually lack preformed blood group antibod- 
ies (isohemagglutinins), ABO incompatible heart transplants 
have been successfully performed in infants <1 year old, and 
occasionally older patients (87,88). Cardiac transplantation 
in infancy using ABO incompatible donors in the appropri- 
ate setting has now become an established protocol in many 
centers around the world. Those infants who received an ABO 
incompatible graft usually (but not always) fail to develop 
antibodies against the incompatible blood group epitope from 
the donor, while making antibodies normally to other incom- 
patible blood groups (88,89). For example, a recipient whose 
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blood type is O and receives a heart from a B donor will later 
make antibody to blood group A but usually not to blood 
group B. This observation has been used as an example of 
B cell tolerance (90). This type of approach has resulted in 
improved wait-time survival of infants in some studies, but 
not in all studies (91,92). This difference may reflect the fact 
that donor hearts are still offered to ABO-compatible recipi- 
ents before ABO-incompatible recipients in the UNOS system 
in the United States, but not in other systems. The 10-year 
outcomes of infants receiving ABO-incompatible heart trans- 
plants are virtually identical to ABO-compatible heart trans- 
plants (89). Thus, there appears to be no contraindication to 
listing all infants with low isohemagglutinin titers for ABO- 
incompatible heart transplant. 


POSTOPERATIVE MANAGEMENT 


General Considerations 

The postoperative course after heart transplantation can be 
complicated by numerous unique issues. Potential complica- 
tions relate both to the donor and the recipient. Myocardial 
injury and cause of death, donor versus recipient size, donor 
heart ischemic time, blood and tissue compatibility, infectious 
status of both donor and recipient, recipient diagnosis, and 
recipient clinical and psychosocial conditions may affect myo- 
cardial performance and postoperative course. 

The effects of brain injury and death on myocardial 
performance have been investigated (81,93). The process of 
brain death leads to myocardial dysfunction and is often due to 
multiple factors: brain death itself may cause myocardial dys- 
function; the donor cause of death (sepsis, trauma, etc.,) can 
directly depress myocardial contractility; and the high catecho- 
lamine environment of stress or the pharmacologic support of 
the donor can lead to receptor downregulation. Although no 
specific correlation with survival has been demonstrated, it 
is common for many centers to accept some degree of donor 
heart systolic or diastolic dysfunction, either or both of which 
are often reversible after transplantation. Donor ischemic 
times in pediatric heart transplantation have been reported by 
many centers to increase the postoperative need for inotropic 
support but to not be a risk factor for 1-year mortality (82,94). 

As described above, ABO-incompatible heart transplants 
have been successful in the 1st year of life before the onset of 
isohemagglutinin production. This practice requires particu- 
lar attention to postoperative management including specific 
immunosuppression and transfusion protocols (87-89). In the 
adolescent age group, the number of patients with congenital 
heart disease who become transplant candidates after a long 
surgical and blood transfusion history is increasing. These 
patients represent an increasingly HLA-sensitized heart trans- 
plant population who require special consideration and often 
require pre- and postoperative immunomodulatory treatment 
(16,23,95). Many strategies have been tried to reduce this 
allosensitization before transplantation in order to optimize 
the opportunity for finding and transplanting an HLA cross- 
match-compatible organ. These strategies have included plas- 
mapheresis, a procedure that involves extracorporeal removal 
and replacement of the entire plasma volume (containing anti- 
bodies as well as other proteins such as coagulation factors). 
Plasmapheresis requires placement of a large bore dual lumen 
catheter in a large central vein. This is often challenging in 
young children due to size of blood vessels, lack or minimal 
vascular access because of venous occlusions from previous 
catheters, and/or systemic venous anomalies. Exchange trans- 
fusions are often performed in children who are too small for 
vascular catheter placement and plasmapheresis. Additional 


strategies include immunosuppressant medications (such as 
cyclophosphamide), intravenous immune globulin (IVIG), 
rituximab, or some combination of these (23,96,97). It has 
been known for decades that the presence of circulating anti- 
HLA antibodies before transplantation is associated with 
increased risk of rejection, graft vasculopathy, graft dysfunc- 
tion, and death after transplantation (16,98-100). Injury to 
the graft may be acute with hemodynamic dysfunction or more 
chronic manifesting as chronic rejection or graft vasculopathy. 
Donor specific anti-HLA antibodies may be preformed due 
to allosensitization prior to transplant, or develop de novo 
at any time following transplant. The de novo development 
of anti-HLA antibodies after heart transplantation correlates 
with decreased long-term survival (101). Patients with de novo 
antibodies appearing more than 1 year following transplanta- 
tion have the poorest survival (102). 

Patients with congenital heart disease present unique periop- 
erative problems related to their specific morphology, previous 
surgical procedures, and reconstructive surgery. Heart trans- 
plantation in children with an anatomic or physiologic single 
lung has been successfully performed, but pulmonary artery 
reconstruction increases risk for mortality (103-105). Heart 
transplantation for structural congenital heart disease with 
single ventricle physiology is associated with substantial early 
mortality, and transplantation after the acutely failing Fontan 
may be prohibitively risky (53). Fontan status remains a risk 
factor of mortality after heart transplantation with an expected 
5 -year survival barely approaching 70%, with particularly 
increased risk in those with evidence of pulmonary vascular 
disease (106). Tailoring of immunosuppressive therapy is a 
crucial issue in these patients since they are often immunocom- 
promised from their failing Fontan physiology with protein 
loss, liver dysfunction, and low cardiac output. Heart trans- 
plantation outcomes for patients after the Fontan operation 
are better in those who require heart transplantation owing to 
ventricular dysfunction (rather than those with preserved ven- 
tricular function and failing Fontan circuit) and those without 
significant comorbidities such as hepatic cirrhosis or chronic 
malnutrition (57). Protein-losing enteropathy is a severe com- 
plication of Fontan physiology but can be improved by heart 
transplantation (55,58,107). Moreover, the long-term fate of 
protein-losing enteropathy after heart transplantation has not 
been completely elucidated, and recurrence of protein-losing 
enteropathy after heart transplantation has been reported. 


Practical Considerations 

Adequate monitoring of the postoperative heart transplant 
patient is essential. Recently published guidelines from the 
International Society for Heart and Lung Transplantation 
(ISHLT) for the perioperative monitoring of both adult and 
pediatric heart transplant recipients are detailed in Table 65.2 
(108). Of these, standard pediatric monitoring would include 
all except assessment of pulmonary arterial wedge pressure 
and cardiac output via invasive catheters owing to concerns 
of catheter size and maintaining appropriate catheter position, 
especially in smaller recipients. However, continuous, direct 
measurement of pulmonary artery pressures is often moni- 
tored in pediatric patients, particularly those with elevated 
pretransplant pulmonary arterial pressures. Perioperative 
hemodynamic instability can be present and can be a result of 
multiple causes including graft reperfusion injury, inflamma- 
tory response after cardiopulmonary bypass, elevated pulmo- 
nary vascular resistance, and labile fluid status. Most patients 
can be supported with catecholamine infusions after trans- 
plant surgery and often benefit from an elevated heart rate to 
compensate for diastolic filling abnormalities. Temporary pac- 
ing is also used. Milrinone is often used to reduce pulmonary 
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ISHLT Guidelines for Post-Heart 
IHMiHIhB Transplant Monitoring 

Postoperative 12-lead ECG 

Invasive arterial pressure 
monitoring 

Right atrial or central venous 
pressure monitoring 

Left atrial of pulmonary 
artery wedge pressure 
monitoring 

Intermittent measures of 
cardiac output 

Arterial oxygen satura- 
tion monitoring 

Intraoperative transesophageal 
echocardiogram 

Continuous assessment 
of urinary output 


and systemic vascular resistance and potentially provides a 
non-adrenergic-receptor-dependent form of inotropic support. 
The donor right ventricle is not “prepared” to deal with eleva- 
tion in pulmonary vascular resistances, and thus some degree 
of right ventricular failure is common and usually lasts for 
several days. Many agents, such as prostaglandins, prostacy- 
clin, nitroprusside, inhaled nitric oxide, and others have been 
proven to be effective in these patients (36). In rare instances, 
right heart failure may be so severe that ECMO is required 
to support the circulation. Hemodynamic parameters, such 
as right-sided filling pressures and functional right ventricular 
assessment with echocardiography can be used to follow the 
course of right ventricular recovery and direct appropriate 
weaning from supportive measures. A preventive therapy with 
selective vasodilators as well as the availability of mechani- 
cal assist devices during and after heart transplantation can 
reduce deleterious effects of both transitional pulmonary 
hypertension and primary graft failure (109). 

The early posttransplant period (<30 days) is the most haz- 
ardous. Primary graft failure and early morbidity are largely 
explained by recipient issues that increase perioperative risk 
(110). Review of the ISHLT Scientific Registry details several 
major risk factors for 1-year mortality (4): 

1. Congenital diagnosis, on ECMO (relative risk: 2.86) 

2. Congenital diagnosis, no ECMO (relative risk: 2.02) 

3. Retransplantation (relative risk: 1.96) 

4. Year of transplant: 1996-1997 versus 2002-2003 (relative 
risk: 1.68) 

5. Year of transplant: 1998-1999 versus 2002-2003 (relative 
risk: 1.49) 

6. On dialysis (relative risk: 1.66) 

7. On ventilator (relative risk: 1.54) 

8. Panel reactive antibody >10% (relative risk: 1.36) 

Postoperative bleeding can be significant in children fol- 
lowing heart transplantation. Causes are multifactorial and 
include previous congenital heart surgery necessitating exten- 
sive dissection, cardiopulmonary bypass, multiple suture lines, 
pretransplant heparinization for VAD or ECMO support, and 
poor preoperative nutritional status. Platelet and fresh fro- 
zen plasma infusions should be used as necessary to control 
hemorrhage, and recombinant factor VII may be useful for 
refractory bleeding. Volume resuscitation including packed 
red blood cells (preferably leukocyte-reduced and CMV nega- 
tive) may be necessary, but should be administered with cau- 
tion given the potential increased risk for allosensitization 
from transfused leukocytes, which may express non-donor- 
matched HLA antigens. Patients with refractory hemorrhage 
or those demonstrating clinical evidence of cardiac tamponade 
should be surgically explored. 


Acute renal failure occurs postopera tively in 3% to 10% 
of transplant recipients (111). Hemodialysis may be necessary 
for refractory fluid overload and oliguria in the presence of a 
rising serum creatinine. Multidisciplinary team management 
including nephrology consultation is often useful in this cir- 
cumstance. Patients often develop systemic hypertension in 
the immediate postoperative period. This can be secondary to 
baroreflex-mediated hypertension, catecholamine dysregula- 
tion from low cardiac output before transplant, significant pre- 
existing renal injury, and newly initiated immunosuppressive 
medications such as corticosteroids or calcineurin inhibitors. 
Nitroprusside, calcium-channel blockers, ACE inhibitors, or a 
combination of these usually provides adequate blood pressure 
control. Recipient/donor size mismatching can also influence 
postoperative course. “Big heart syndrome” results when the 
donor size is significantly larger than the recipient. In the early 
transplant period, donor/recipient weight ratio mismatches 
of >2.0 may result in systemic hypertension syndrome with 
associated central nervous system symptoms including seizures 
and coma. Treatment consists of antihypertensive medication 
titration to achieve a normal blood pressure for age. An inap- 
propriately small donor heart size has been associated with 
increased mortality, and a donor/recipient weight ratio <1 has 
been reported as a significant predictor of fatal postoperative 
heart failure (112). Postoperative pericardial effusions develop 
in 9% to 21% of adult recipients (113,114). The incidence in 
pediatric patients is unknown but is likely similar to adults 
and may, in part, be related to an increased pericardial vol- 
ume created after a dilated heart is replaced with normal-sized 
heart that fills with fluid. Unless the effusion is hemodynami- 
cally compromising or there is a strong suspicion of an infec- 
tious etiology, the effusion usually does not require surgical 
or percutaneous drainage and can be monitored serially by 
echocardiography. Posttransplant sinus node dysfunction is 
common with a reported prevalence as high as 44% (115) and 
is likely related to myocardial ischemia and surgical manipula- 
tion. The ISHLT guidelines recommend pharmacologic treat- 
ment or pacing to maintain an adequate heart rate. 

Immunosuppression is started in the perioperative period. 
Some institutions begin calcineurin inhibitors (cyclosporine 
or tacrolimus) just before the transplant operation. High-dose 
corticosteroids are given intraoperatively and continued for 
a brief period of time, after which they can be discontinued 
or decreased to a low-dose maintenance regimen. Additional 
immunosuppressive medications may be given postoperatively 
in the form of polyclonal antibodies directed toward multiple 
T-cell epitopes (antithymocyte globulin), or either chimeric 
or humanized monoclonal antibodies directed toward the 
interleukin 2 (IL-2) activation pathway (CD25) (116,117). 
Despite its success in achieving these goals, the universal use 
of induction therapy has been nonetheless limited due to mixed 
reports that it may have increased the risk for infection and 
posttransplant lymphoproliferative disease (PTLD), and there is 
no consistent evidence that it improves outcomes. Recent data 
suggest that induction strategies can be implemented without 
increasing early infection or PTLD risk (118). Other mainte- 
nance immunosuppressants include azathioprine or mycophe- 
nolate mofetil (MMF), and in a few selected cases, sirolimus. 

Over the last 12 years, the incidence of rejection in the 1st 
year after pediatric heart transplant has decreased from about 
60% to just over 40% (119). The peak hazard, or instantane- 
ous risk, for rejection is around 1 to 2 months after transplan- 
tation (120). Older age at transplantation represents a risk for 
first rejection and a risk for an increased number of episodes 
of rejection within the first 6 months after transplantation. 
Infections occur in up to 25% of pediatric recipients during 
the early postoperative period, and 60% of these infections 
are bacterial (121). The most common bacterial pathogens 
reported are Staphylococcus, Pseudomonas , and Enterobacter 
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cloacae (122). Bloodstream and pulmonary infections are 
most common, followed by urinary tract and surgical site 
infections (123,124). The ISHLT guidelines recommend perio- 
perative antibiotic prophylaxis against skin flora, particularly 
Staphylococcus aureus , and, if donor infection is confirmed, 
additional targeted therapy against the potentially transmit- 
table donor organism should be strongly considered. 

Rejection: Diagnosis and Treatment 

Institutional preference usually dictates whether endomyocar- 
dial biopsy or echocardiography is used as the primary rejec- 
tion surveillance tool. Because of the inconvenience, greater 
technical challenges, and possible increased morbidity of 
biopsy in smaller children, there has been much interest in 
evaluating the role of echocardiography in children undergo- 
ing transplantation (125-131). Many quantitative echocardio- 
graphic parameters have been investigated, including various 
measures of systolic and diastolic function, changes in left ven- 
tricular wall thickness and mass, and development of mitral 
regurgitation or pericardial effusion. Doppler studies and tis- 
sue characterization have also been evaluated. Despite this 
interest, the controversy over the role of echocardiography 
is far from resolved. Furthermore, if endomyocardial biopsy 
is still considered the gold standard for diagnosing allograft 
rejection after heart transplantation (132-135), the value of 
routine surveillance biopsies is also controversial in children. 
In fact, many centers have discontinued routine surveillance 
biopsies after the 1st or 2nd year from transplantation. Many 
centers perform routine endomyocardial biopsy on infants sig- 
nificantly less frequently or not at all, instead depending on 
physical exam and echocardiogram to aid in diagnosis, and 
reserve biopsy only for clinical indications (136). With any 
clinical deterioration in the early postoperative period, eval- 
uation of and treatment for rejection as the potential cause 
should be considered. 

The need for noninvasive diagnosis of rejection has stim- 
ulated the ongoing search for biohumoral markers, such as 
B-type natriuretic peptide. The clinical relevance is still to be 
defined for all these markers (137-140). 

Clinical evaluation of rejection is important but can be mis- 
leading, particularly in pediatric patients in whom infectious 
issues can mimic the presentation of rejection. The character- 
istic infiltration of the donor heart by lymphocytes leads to 
the diagnosis of rejection on endomyocardial biopsy (141). 
Histologically, cardiac allograft rejection and lymphocytic 
myocarditis can be very similar. There have been reports of 
positive viral genome in heart transplant endomyocardial 
biopsy specimens, suggesting viral myocarditis, in addition 
to improved outcomes in these patients if treated with IVIG 
for presumed myocarditis (142,143). Arrhythmias also may 
be a marker for rejection. The surface electrocardiogram may 
suggest atrial flutter or atrioventricular dissociation, but this 
observation may be attributed to the fact that the recipient 
atrial tissue contracts independently of the donor atrial tissue, 
and there may be two P waves present on the surface electro- 
cardiogram that are not synchronous. 

The vast majority of initial rejection episodes can be suc- 
cessfully reversed by high-dose corticosteroids alone or in con- 
junction with anti-T-cell antibodies. Corticosteroids as either 
intravenous methylprednisolone ( 1 0 to 30 mg/kg every 12 hours) 
or oral prednisone are the first line in rejection therapy. 
Humoral or antibody-mediated rejection (AMR) results from 
an antibody-mediated response to mismatched human leu- 
kocyte antigens present within the donor myocardium and 
vascular endothelium, and the number of mismatches may 
influence the speed and degree of rejection (144). Pathologi- 
cally, this form is characterized by a lack of significant cellular 


rejection on endomyocardial biopsy with characteristic his- 
tologic and/or immunohistochemical findings (145,146). 
It is often accompanied by left ventricular dysfunction and 
detection of donor-specific antibodies in the recipient serum. 
Treatment of AMR following heart transplant is focused on 
elimination of circulating antibodies, inhibition of circulat- 
ing antibodies, suppression of B cells, plasma cell depletion, 
and/or complement inhibition, in addition to support of graft 
function, which is often impaired due to immune-mediated 
injury (147-149). Attempts to remove antibody are most 
commonly performed with plasmapheresis. Sedation may be 
required for catheter placement, which has risks if the patient 
is experiencing hemodynamic compromise from AMR. Fluid 
shifts, calcium and other electrolyte flux, and systemic reac- 
tions to blood products used for plasma replacement are other 
risks related to plasmapheresis and/or exchange transfusion. 
Immune apheresis (immunoadsorption) is an emerging modal- 
ity to specifically remove circulating antibodies and immune 
complexes. Plasmapheresis is often accompanied by the use 
of high-dose IVIG for immunomodulation to block anti-HLA 
antibody activity and inhibit complement, as well as corticos- 
teroids to further attenuate the negative effect of circulating 
antibodies. Therapies to specifically target B cells are often 
incorporated into treatment for AMR. Rituximab is a chi- 
meric murine/human anti-CD20 monoclonal antibody that is 
utilized to deplete B cells and interfere with antigen-presenting 
cell activity to attempt to reduce the risk of recurrent AMR. 
While most reports have shown utility in treating AMR, all are 
small case series with different response rates and treatment 
protocols, combining various doses of rituximab with IVIG, 
steroid, and plasmapheresis. Serious infections are a notable 
side effect observed with rituximab therapy. Cyclophospha- 
mide and MMF have also been used to directly suppress B-cell 
population. New therapies are constantly being sought since 
the current methods are not universally successful. 

Immunosuppressive Medications 

The class of drugs that inhibit T-cell activation are still the 
mainstay of immunosuppressive therapy. Cyclosporine was 
the first drug of this class to reach clinical utility in the early 
1980s and in effect began the modern era of solid organ trans- 
plantation. Cyclosporine can be given initially intravenously 
in a dose of 0.03 to 0.1 mg/kg/h. When oral medications can 
be tolerated, the usual starting dose is approximately three 
times the intravenous dose or 2 to 6 mg/kg/day divided every 
12 hours in older children, although higher doses are usually 
required in infants. Trough blood levels of cyclosporine must 
be monitored to insure efficacy and avoid toxicity. The thera- 
peutic range for blood levels for the active compound, cyclo- 
sporine A, range from 100 to 350 ng/mL. Higher blood levels 
are usually maintained early after transplant, and tapered 
based on time posttransplant and clinical course. The bio- 
availability of cyclosporine is variable particularly in children, 
although the microemulsion preparations have improved bio- 
availability (150). Studies comparing cyclosporine with tac- 
rolimus have suggested no definitive benefit of tacrolimus over 
cyclosporine in terms of reducing the incidence of rejection, 
although tacrolimus is now more widely used in pediatric 
heart transplantation than cyclosporine (4,151,152). 

Tacrolimus acts at a different site in the IL-2 activation path- 
way of lymphocytes. Like cyclosporine it can be given intrave- 
nously. When given orally the starting dose is usually 0.05 to 
0.1 mg/kg/day divided twice daily. Trough blood levels must 
be monitored. The usual therapeutic range is 5 to 15 ng/mL. 
The third agent in this class (T-cell activation inhibitors) is 
rapamycin (sirolimus). Sirolimus acts at a more distal site 
(target of rapamycin receptor) in the lymphocyte activation 
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cascade by blocking transcription of activation genes. Early 
experience with this medication as adjunctive or replace- 
ment therapy for calcineurin inhibitors have been promising 
(153,154). Sirolimus can inhibit smooth muscle proliferation 
and may have another advantage by inhibiting the process 
of cardiac allograft vasculopathy (CAV) (155). The dosing 
and monitoring of sirolimus in pediatric patients is not well 
defined. The usual starting dose is 1 to 2 mg/m 2 /day with 
levels of 5 to 15 ng/mL at present in heart transplant (156). 
Sirolimus is most often used in combination with a calcineurin 
inhibitor. However, sirolimus appears to be less nephrotoxic 
over the long term and has been successfully used as the sole 
T-cell activation inhibitor at a later stage in liver, renal, and 
most recently heart transplant recipients (157). Use in pedi- 
atric heart transplantation has been growing and has been 
positive for allowing reduction in calcineurin dose and in sta- 
bilizing and/or improving renal function (154,156). Everoli- 
mus is an inhibitor of the p70 S6 kinase, arresting the cell cycle 
of lymphocytes and vascular smooth muscle in the G1 phase, 
with additional immunosuppressive actions of IL-2 and IL- 
15-mediated T- and B-cell proliferation (158,159). Experience 
with everolimus in pediatric heart transplantation is limited. 

Drug and food interactions are common with immuno- 
suppressive agents. They should be carefully evaluated when 
starting new drugs, including even antibiotics or foods such as 
grapefruit. 

Antiproliferative Agents 

Historically, the most commonly used agent to block immune 
cell proliferation has been azathioprine. It is a nonselective 
inhibitor causing nonspecific bone marrow suppression. The 
usual dose is 1 to 2 mg/kg/day as a single daily dose and drug 
effect is monitored by the white blood count. The white blood 
count is usually maintained at >4,000/mL. Mycophenolic 
acid in the form of MMF inhibits the de novo pathway for 
purine synthesis. Since lymphocytes lack the salvage pathway, 
MMF can selectively block lymphocyte proliferation without 
the side effects of nonspecific bone marrow suppression. The 
improved selectivity compared to azathioprine may provide 
more effective immunosuppression (160). Because of these 
benefits, MMF has replaced azathioprine in most pediatric 
heart transplant protocols (4). Comparative studies in adult 
heart transplantation indicate an efficacy benefit for MMF 
over azathioprine (161). The usual starting dose of MMF in 
children is 600 mg/m 2 , but absorption varies widely and higher 
doses may be required. In adults and adolescents, the dose of 
MMF is 3 g/day divided twice daily. The value of blood lev- 
els is controversial. The effective blood level for mycophenolic 
acid has been reported as 3 to 7 ng/mL (108). Methotrex- 
ate and cyclophosphamide have also been used in transplant 
recipients as adjunctive therapy for chronic or recurrent rejec- 
tion (162,163). 

Nonspecific Immunosuppression 

Corticosteroids are potent immunosuppressive agents and are 
the first line of rejection therapy. Many centers also use corti- 
costeroids as part of routine immunosuppression. In pediatric 
patients, the side effects of corticosteroids have encouraged 
most programs to attempt to discontinue routine oral steroids 
(164,165). The favorable experience in pediatric heart trans- 
plant with a corticosteroid-free maintenance protocol has led 
to its use with other pediatric solid organ transplant recipients. 
For significant rejection, methylprednisolone is usually given 
in a dose of 10 to 30 mg/kg every 12 hours intravenously for 
six to eight doses. A tapering dose may then be used to return 


to usual maintenance oral doses of prednisone or discontin- 
ued depending on the policy of each individual program. The 
dose for maintenance of oral prednisone is in the range of 
0.1 to 1 mg/kg/day. 

All the current immunosuppressive medications do not lead 
to tolerance in humans, although they can lead to tolerance in 
experimental models. The transplanted graft must work for 
many decades in pediatric recipients. In order to reduce the 
burden of immunosuppressive drugs, the drive to develop tol- 
erizing protocols for infants and children is pressing. 

Late Follow-Up 

The number of pediatric heart transplants performed world- 
wide markedly increased in the late 1980s and has since pla- 
teaued (4). The 5- to 10-year survival after pediatric heart 
transplantation can be achieved with good quality of life, 
although long-term concerns remain regarding rejection, 
infection, CAV, and complications of chronic immunosuppres- 
sion, including malignancy, hypertension, renal insufficiency, 
as well as compliance with therapy (166). Since 1982, more 
than 8,500 pediatric heart transplantations have been success- 
fully completed around the world (4). Of these 8,500, 24% 
were infant heart transplantations. The median survival time 
period for adolescents undergoing heart transplantation was 
11.3 years and for infant heart transplantation was 18.3 years. 
These data indicate that the majority of the transplant recipi- 
ents are surviving into their late adolescence and early adult- 
hood. Given the improved health outcomes of the pediatric 
transplant recipients, research attention has begun to focus on 
growth, development (cognitive and psychosocial), and quality 
of life. Data from the Registry of the ISHLT also shows a dif- 
ferent late survival for young child and adolescent recipients: 
When looking at conditional survival (i.e., subsequent survival 
for recipients who survived at least 1 year after transplant), 
both infants (age <1 year) and children (age 1 to 10 years) 
show a significantly lower risk of late mortality than adoles- 
cents (age 11 to 17 years). The median conditional graft half- 
life was >19 years for childhood recipients, and 15.2 years for 
adolescent recipients. In addition to immunologic factors that 
may provide an advantage for transplantation in the 1st year 
of life (167), reduced compliance to therapies in adolescent 
age patients may play a key role in determining these results. 
Many centers have reported that incomplete adherence with 
immunosuppressive therapy is the leading cause of late death 
in the adolescents (168). Reduced compliance to therapies in 
adolescent patients may play a key role in determining these 
results. Adherence is an important topic of investigation, 
particularly with adolescent transplant recipients, because of 
the negative impact it can have on their health status and mor- 
tality (169). Adolescent transplant recipients appear to be at 
particular risk for nonadherence for multiple reasons. First, 
the adolescent time period itself is a risk factor for nonadher- 
ence due to increased need during this period to fit in with their 
peer group and suppress any qualities that make them appear 
different (170). Additionally, body image becomes very impor- 
tant during this period as it is associated with peer acceptance, 
and the negative impact immunosuppressant therapy has on 
physical appearance may cause adolescents, especially girls, to 
stop taking the medication (170). Third, parents may expect 
adolescents to be more responsible for their own medical man- 
agement and provide less supervision than they would with 
younger children (171). Fourth, there are data from pediatric 
cancer and the adult transplant literature that suggest patients 
become less adherent to medical regimen over time, which con- 
notes increased rates for adolescence, given that many of them 
were transplanted as infants or younger children (172,173). 
Finally, the normal stressors that occur during adolescence can 
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interact with the stressors that are a result of the chronic ill- 
ness to create psychological distress, which also increases the 
risk of nonadherence. The pediatric heart transplant recipi- 
ent’s ability to transition from childhood into a happy and 
productive adult life can be significantly affected by his or her 
cognitive abilities, learning experiences, sense of self, and emo- 
tions. Overall, the existing literature suggests that transplant 
recipients present with impairments in cognitive, academic, 
and neuropsychological functioning. While more informa- 
tion is available regarding pediatric transplant recipients’ 
neurodevelopmental functioning, there are still limitations to 
the current understanding since few of the studies examined 
functioning beyond childhood. Attention to these factors is an 
important part of caring for these children. In this section, we 
discuss some of the important facets of long-term follow-up of 
pediatric heart transplant recipients, including routine health 
care maintenance issues and potential complications that 
may occur. 


Health Care Maintenance 

Vaccination is an important therapeutic approach to mini- 
mize infectious complications due to vaccine-preventable 
pathogens in organ transplant recipients (174). Nevertheless, 
vaccinations are commonly underused, and prospective ran- 
domized studies on their efficacy in transplant recipients are 
rare. Physicians should aim at complete vaccination cover- 
age of both the patient and household contacts before trans- 
plantation, and vaccination should be performed as early as 
possible in the course of the underlying disease. Moreover, 
particular attention should be paid for complete vaccination 
of health care workers. All inactivated vaccines may be safely 
administered in transplant recipients, whereas most live vac- 
cines are strictly contraindicated or should only be adminis- 
tered after a careful risk/benefit assessment. It is recommended 
to administer live vaccines such as measles, mumps, rubella 
(MMR) and varicella vaccine prior to transplantation (12). 
While MMR is the most effective after a year of age when 
maternal antibody has waned, it can be administered as early 
as 6 months of age for pediatric patients who may require 
transplantation. If transplantation has still not occurred by 
the time the baby is a year of age, the dose can be repeated. 
The second dose of MMR can be administered as soon as 
4 weeks later. A minimum of 4 weeks between live-virus vac- 
cine administration and transplantation is suggested. For 
patients who are incompletely vaccinated or unvaccinated 
prior to transplant, consultation with an infectious diseases 
specialist is recommended. While data regarding timing of 
vaccines after transplantation have not been fully evalu- 
ated, most centers restart vaccination at approximately 3 to 
6 months after transplantation, when baseline immunosup- 
pression levels are attained. 

As vaccine-specific protective immunity may wane more 
rapidly on initiation of immunosuppressive drug therapy, a 
monitoring of specific immunity may help to identify patients 
who have lost protective immunity and may benefit from 
booster immunizations. If booster immunizations or primary 
vaccinations are applied after transplantation, they should 
be started at approximately 6 months posttransplantation to 
increase efficacy. 

Generally, to reduce the risk of morbidity and mortality 
from these preventable diseases, it is important that physicians 
caring for pediatric transplant recipients update the immuni- 
zation status of their patients. As with all children, pediatric 
heart transplant recipients can have fevers and require prompt 
evaluation for these. Fortunately, most acute febrile illnesses in 
these patients are not serious and can be managed safely in an 
outpatient setting (175). 


Quality of Life and Rehabilitation 

Children have very good quality of life and rehabilitation after 
heart transplantation. Key pediatric issues after transplanta- 
tion include psychosocial support for patients and families 
with regard to school, growth, development, and future expec- 
tations (176). Heart transplantation in children aged 5 to 
1 8 years seems to be associated with an ongoing deficit in par- 
ent-perceived physical health status (177). Most children grow 
at a normal rate after transplantation, showing normal onset 
and progression of puberty. However, catch-up growth may 
not be observed. This seems related to the types of heart dis- 
ease, the age at transplantation, and the immunosuppressive 
regimen (178-180). Most children and adolescents have the 
capacity for healthy cognitive and psychological functioning 
after heart transplantation. Nevertheless, approximately 20% 
of pediatric heart recipients have abnormal neurologic exami- 
nations and 25% have emotional adjustment difficulties (181). 
Adolescent poor compliance or noncompliance represents part 
of these difficulties. Late rejection, associated with poor out- 
come, is often associated with nonadherence and adolescent 
age (169). Older children return to school and a more normal 
lifestyle after transplantation and express an improvement in 
the quality of their lives. Rehabilitation of the pediatric heart 
transplant recipient depends on the age of the patient and the 
degree of illness before and after transplantation. In contrast 
to the experience with adult heart transplant recipients, pedi- 
atric heart transplant recipients generally enjoy near-normal 
exercise capacity with low-normal oxygen consumption and 
just mildly reduced workload. Younger age at transplant is 
associated with greater exercise capacity (oxygen consump- 
tion). The persistence of some chronotropic incompetence 
may contribute to the lesser exercise capacity (182). Heart 
rate, systolic blood pressure response, and oxygen consump- 
tion all demonstrate significant incremental improvements 
with time after heart transplant, possibly providing supportive 
evidence for reinnervation of the allograft in many patients. 
In serial studies, deterioration in percent-predicted maximal 
oxygen consumption has been associated with a need for 
retransplantation owing to CAV. The utility of serial routine 
graded exercise tests in pediatric heart transplant recipients 
warrants further study, especially for its role in the detection of 
CAV (183). Exercise should be encouraged in this population. 
Benefits include improved blood glucose control, increase in 
bone density, and potential psychological enrichment. Return 
to age-appropriate activities including a physical education 
class can be achieved in the majority of patients within the first 
6 months after transplantation (184). Patients with neurologic 
deficits may require special treatment programs. 

Arrhythmias and Heart Rate Response 

Significant arrhythmias after transplantation are relatively 
uncommon and when they occur may be indicative of graft 
problems such as rejection. Onset of supraventricular and 
ventricular tachyarrhythmias always raise concern of rejection 
(185), although pediatric heart transplant recipients appear 
to be more prone to tachyarrhythmias than adult heart trans- 
plant recipients, and they are not always associated with rejec- 
tion (186). Ventricular arrhythmias also may be indicative of 
CAV. Symptomatic sinus bradycardia and heart block after 
transplantation requiring pacemaker placement have been 
described in a small percentage of children (187). Heart rate 
response to exercise and heart rate recovery after exercise in 
pediatric heart transplant recipients are consistent with auto- 
nomic denervation after transplant and suggestive of late auto- 
nomic reinnervation of these hearts (188). Previous studies in 
adults have demonstrated that parasympathetic reinnervation 


CHAPTER 65 ■ Pediatric Heart Transplantation 1393 


is rather infrequent after heart transplant and occurs in only 
5% to 10% of recipients (189). Sympathetic reinnervation 
occurs much more frequently, however, and has been described 
using both invasive and noninvasive approaches in adults 
(190). These include (a) measurement of norepinephrine levels 
from coronary sinus and heart rate response after intracoro- 
nary injection of tyramine; (b) kinetics after intravenous infu- 
sion of radiolabeled norepinephrine that includes coronary 
sinus catheterization; (c) histologic evidence of nerve endings 
on endomyocardial biopsy tissues using special staining; (d) 
scintigraphic techniques such as single-photon emission com- 
puterized tomography or positron emission tomography imag- 
ing using radioisotopes; and (e) heart-rate variability studies 
(191-194). A study in neonatal heart transplant recipients 
at 9.5 ± 2.3 years after their transplant reported higher peak 
heart rate and better exercise performance compared with 
reports in other cohorts of pediatric (nonneonatal) heart trans- 
plant recipients (182). 

Late Rejection 

One of the most important factors in reducing the risk of and 
morbidity from rejection is to maintain regular and frequent 
routine office visits for all pediatric heart transplant patients. 
Evidence of rejection in infants and small children ranges 
from no symptoms to a wide variety of nonspecific symp- 
toms including tachycardia, tachypnea, lethargy, irritability, 
and poor feeding. Physical signs are similar to those in adults, 
including jugular venous distention, organomegaly, new mur- 
mur, and gallop rhythm. Children who have no rejection in 
the 1st year after transplant may be at lower risk for hemody- 
namically compromising rejection late after transplantation. 
Also “biopsy-negative” rejection — at times presenting with 
severe left ventricular dysfunction and negative cellular or 
immunohistochemical abnormality on biopsy — can occur late 
after transplantation. These patients can improve with aug- 
mented immunosuppression including plasmapheresis, cyclo- 
phosphamide, antilymphocyte therapy, and agents suppressing 
antibody production, but their long-term outcome remain 
guarded (195). Either cellular rejection or AMR can present as 
recurrent or refractory. In these cases, treatment strategies can 
include several immunosuppressant combinations and total 
lymphoid irradiation (196). Generally, late rejection can be an 
ominous sign and may be predictive of graft loss. Episodes 
of late rejection with or without hemodynamic compromise 
always raise the concern of noncompliance. 

Infection 

Pediatric heart transplant recipients are at risk for serious and 
opportunistic infections, including bacterial, viral (especially 
CMV), and protozoal ( Pneumocystis ) infections, particularly 
in the first 6 months after heart transplantation when immu- 
nosuppression is greatest. Because of the significant post- 
operative risk of infection, many centers use some form of 
prophylaxis against fungal (nystatin), CMV (acyclovir or gan- 
ciclovir in recipients who receive organs from CMV-positive 
donors), and/or protozoal (trimethoprim/sulfamethoxazole) 
infections, although exact indication and duration of proph- 
ylaxis are unknown (108). The Pediatric Heart Transplant 
Study reported the time-related risk of “serious” infection and 
death in a large pediatric heart transplant population from 
22 participating centers in the United States (121). The most 
common types of infections were bacterial in 60%, followed 
by CMV (18%), other viral infections (13%), fungal (7%), 
and protozoal (2%). The peak hazard for bacterial and fungal 
infections was in the 1st month after transplantation, whereas 
the peak hazard for viral infection was in the 2nd month after 


transplantation, with the most common virus being CMV. 
Availability of ganciclovir and the development of assays for 
rapid diagnosis of active infection, such as the polymerase 
chain reaction (PCR) detection of viral genome, have reduced 
the risk of CMV disease. In contrast to adults in whom previ- 
ous CMV exposure is common, fewer pediatric donors and 
recipients are CMV seropositive (CMV+), thus increasing the 
risk of CMV posttransplant infection in pediatric recipients. 
Often this infection consists of benign viremia and does not 
lead to clinically relevant disease. Because CMV disease can 
occur early after transplant and the perioperative morbidity can 
be significant, prophylactic and preemptive strategies to mini- 
mize or prevent CMV infection/disease have been developed. 
Prophylaxis consists of intravenous ganciclovir or oral valgan- 
ciclovir initiated in the early postoperative period with a goal 
of preventing CMV infection. Preemptive therapy consists of 
close monitoring of recipient CMV status, either by quantita- 
tive PCR or CMV antigenemia, and initiating treatment when 
a previously CMV-negative patient becomes CMV-positive 
thereby minimizing transition of infection into significant 
CMV disease. Prophylaxis with intravenous ganciclovir, oral 
valganciclovir, or CMV immunoglobulin is commonly used 
by pediatric transplant centers for CMV-mismatched patients 
and has a survival benefit over nonprophylaxis. The recent 
ISHLT guidelines recommend initiating treatment with oral or 
intravenous ganciclovir or valganciclovir for CMV+ or CMV- 
mismatched pediatric recipients (108). 

Identification of viral genome in the myocardium of pedi- 
atric transplant recipients, particularly if untreated with IVIG, 
appears to be predictive of adverse clinical events, including 
CAV and graft loss (142,143). The risk of all types of infec- 
tions is very low by 6 months after transplant, but a low risk 
persists indefinitely. Exposure to pets is controversial, but most 
centers recommend avoidance of cat feces because of the risk 
of toxoplasmosis and avoidance of reptiles because of the risk 
of Salmonella. Although infective endocarditis is a rare com- 
plication after heart transplantation, most centers recommend 
endocarditis prophylaxis long-term after heart transplantation 
before dental, upper respiratory, gastrointestinal, and genitou- 
rinary tract procedures that are likely to cause bacteremia. 

Malignancy, Epstein-Barr Virus Infection, and 
Posttransplant Lymphoproliferative Disorders 

Increased risk of malignancy is a well-recognized complication 
after organ transplantation. In pediatrics, the vast majority are 
lymphoproliferative disorders and are often associated with 
primary infection with EBV (197,198). In contrast to adults, 
PTLD is the major malignancy in pediatric patients after solid 
organ transplantation, while other neoplasms are rare. The 
incidence of PTLD increases during the year after transplan- 
tation and varies between the different types of organ trans- 
plantation; high incidence has been reported for the thoracic 
organs and intestine (5% to 40%), whereas the incidence in 
kidney and liver transplant patients (1% to 10%) is lower 
(199). The pathology of early onset disease is usually poly- 
morphic, whereas late expression, usually beyond 3 years, is 
often monomorphic and lymphomatous (120,197). First-line 
treatment remains the reduction of immunosuppression with 
variable clinical response (198). Monomorphic disease may 
require treatment with conventional chemotherapeutic agents. 
Since the vast majority of lymphoproliferative disorders are of 
recipient B-cell origin after heart transplantation, the use of 
the chimeric anti-CD20 monoclonal antibody, rituximab, has 
been successful (198). The development of quantitative EBV 
PCR on peripheral blood samples represents a useful technique 
for diagnosing and monitoring viral loads, but it is still unclear 
how to use this information to guide patient care (200,201). 
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FIGURE 65.2. Selected posttrans- 
plantation left coronary angio- 
gram demonstrating proximal 
left anterior descending (LAD) 
lesion that appeared minimal by 
angiography but demonstrated 
prominent intimal thickening on 
intravascular ultrasonography 
(inset). 



Another novel approach is cellular immunotherapy, whereby 
the patient is given infusion of EBV-specific cytotoxic T-cells 
(198). Reports of malignant neoplasia other than lymphoma 
are rare in transplanted children. These include squamous 
cell carcinomas and other skin cancers. Therefore, children 
should be advised to avoid excessive sun exposure and use 
sunscreen. 

Chronic Rejection and Cardiac Allograft 
Vasculopathy 

Cardiac allograft vasculopathy (CAV) is the major factor lim- 
iting long-term survival after pediatric heart transplantation. 
CAV is manifested pathologically by a diffuse and accelerated 
form of coronary disease consisting of myointimal prolifera- 
tion that is concentric and involves the entire length of the 
vessel, including intramyocardial branches. Eventually, lumi- 
nal occlusion occurs. There may also be a pronounced inflam- 
matory component (202). The cause(s) of CAV has been an 
area of intense research for decades, and is still not ideally 
defined. Most investigators agree that CAV is primarily an 
immune-mediated disease, and thus can be considered a major 
manifestation of chronic rejection (203). Immunologic events 
interact with nonimmunologic risk factors, such as donor age, 
hypertension, and graft ischemia/reperfusion injury, in addi- 
tion to recipient hypertension, hyperlipidemia, obesity, dia- 
betes, smoking, race, and gender (204). CMV infection after 
transplantation also has been associated with the development 
of CAV. The final common pathway of these mechanisms is 
endothelial activation, a prothrombotic environment, and 
endothelial damage with subsequent diffuse intimal prolifera- 
tion. Major risk factors for development of disease in children 
are older recipient and donor age, and two or more episodes 
of rejection in the 1st year (205), in addition to late rejec- 
tion episodes and late pacemaker requirement (206). Patients 
suffering from severe late rejection or presenting with symp- 
toms of high-grade atrioventricular block must be monitored 


aggressively and should be evaluated closely for the presence 
or development of CAV. 

The incidence of CAV in children is less than that in adults 
(66% of pediatric patients are CAV-free at 10 years after trans- 
plant), but recipient age has been significantly related to free- 
dom from CAV; infants and younger recipients (<10 years old) 
have lower risk of CAV than adolescents (4). It is possible that 
pediatric recipients have less CAV than adults because of less 
persisting donor factors or because of less nommmune risk 
factors. However, the actual incidence of CAV in children is 
probably being underestimated because of the lack of reliable 
methods for diagnosing and monitoring the disease. Because 
the cardiac allograft is not innervated, angina is an uncom- 
mon presenting symptom of CAV Clinical symptoms, when 
present, are generally limited to congestive heart failure with 
allograft dysfunction, silent myocardial infarction, or sud- 
den death. Coronary angiography is still the first modality 
for diagnosing CAV, although it is well-appreciated that this 
modality underestimates the incidence and severity of disease. 
Dobutamine stress echocardiography is a safe, noninvasive 
technique that may be useful in diagnosing and following 
CAV in children (207). Intravascular ultrasound provides an 
additional modality for detecting CAV also in pediatric heart 
recipients, but is not always predictive of outcomes (208-210) 
(Fig. 65.3). More recently, intracoronary Doppler flow meas- 
urement of coronary flow reserve (CFR) with adenosine is 
a good indicator of endothelium-independent vasodilator 
response in children after heart transplantation and may be 
performed with reasonable safety in pediatric heart trans- 
plant recipients. Reduced CFR after systemic or intracoronary 
application of adenosine is associated similarly with CAV 
based on biopsy and coronary angiography, which might be 
important in future studies for establishing a noninvasive diag- 
nostic tool for CAV in children (211). The ideal management 
of CAV is unknown; intervention or surgical management has 
had limited utility while medical management has been disap- 
pointing. As stated earlier in this chapter, both sirolimus and 
everolimus have potential for preventing and/or treating CAV 
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(155,158,212). Coronary interventional procedures can be 
used in pediatric heart transplant recipients for palliation of 
CAV (213,214). Medical treatment has primarily been directed 
toward attempts to decrease the progression of the disease by 
using preventive measures and manipulation of immunosup- 
pression (203). A reduction in the incidence of CAV has been 
found after treatment with statins in adult patients (215). In 
pediatric patients, pravastatin and atorvastatin have been 
found safe and effective to reduce total cholesterol and low- 
density lipoprotein, and retrospective studies suggest a ben- 
efit on reducing the incidence of CAV in children (216—218). 
Long-term studies are required to evaluate the effect of statins 
on the incidence of CAV and on growing organs. For this 
reason they must be used with caution particularly in young 
patients. Minimizing the use of steroids and tailoring immu- 
nosuppression to protocols with tacrolimus may be beneficial 
over cyclosporine or sirolimus in maintaining better lipid pro- 
files. Whether statins, and in particular pravastatin, affect pro- 
gression of CAV or aid in its prevention in children has not yet 
been conclusively proven (219). Nevertheless, the clinical use 
of statins is now common in most pediatric heart transplant 
centers. Unfortunately, the mainstay of therapy for estab- 
lished, severe CAV remains retransplantation. 

Complications of Immunosuppression 

Because two of the main functions of the immune system are 
fighting infection and tumor surveillance, all immunosup- 
pressants put the patient at risk for infection and malignancy. 
Additionally, individual immunosuppressant medications 
have significant adverse effects, even when properly used in 
appropriate doses. Hypertension is a common complication 
after transplantation and may represent in part an adverse 
effect of cyclosporine or tacrolimus, particularly when used 
in combination with corticosteroids. The multifactorial eti- 
ology of hypertension in this population means that blood 
pressure control is often difficult to attain, and further 
research is essential if we are to optimize our management 
and limit the impact of complications (220). Catastrophic 
neurologic complications have resulted from severe postop- 
erative hypertension and require urgent treatment. Chronic 
hypertension appears to be less prevalent in pediatric heart 
transplant recipients than in adults, but it is still a problem 
requiring treatment, even in centers using a steroid-sparing 
maintenance immunosuppressive protocol. Antihyperten- 
sive therapy in these children should be similar to that used 
for adults, including calcium channel blockers, angiotensin- 
converting enzyme inhibitors, and/or angiotensin-receptor 
blockers (108). 

Neurotoxicity is another recognized complication of cyclo- 
sporine, occurring in as many as 10% to 25% of patients, with 
a peak in the early postoperative period. Symptoms include 
tremors, restlessness, dysesthesias of the palms and soles, 
seizures, and altered mental status. Cyclosporine and tac- 
rolimus (calcineurin inhibitors) may cause acute and chronic 
renal insufficiency and monitoring for renal insufficiency in 
children should be lifelong. Renal insufficiency increases over 
time in pediatric heart transplant recipients. African Ameri- 
can race, younger age at transplant, longer duration of listing, 
high level of calcineurin inhibitors, and renal insufficiency at 
6 months after transplant are important risk factors for renal 
insufficiency at 5 years after transplant (221). These patients 
should be followed carefully with early referral to a pediatric 
nephrologist if they develop evidence of renal insufficiency. 
Individual susceptibility, including transforming growth fac- 
tor gene polymorphism, could play a role in the long-term 
outcome of renal function in patients with calcineurin inhib- 
itor-based immunosuppression (222). Strategies to minimize 
long-term exposure to calcineurin inhibitors may reduce the 


prevalence of renal insufficiency in this vulnerable population 
(223,224). These strategies include dosage reduction of cal- 
cineurin inhibitors and the use of antiproliferative agents like 
sirolimus and everolimus (154,225,226). 

A high prevalence of lipoprotein abnormalities has been 
described among pediatric heart transplant recipients (227). 
Again, the use of cyclosporine and steroids has been associ- 
ated with this disorder. Therefore, the increasing use of lipid- 
lowering agents also in pediatric patients appears justified. 
Posttransplant diabetes mellitus is present in approximately 
2% of pediatric recipients with cyclosporine-based immuno- 
suppression, but in 8% of recipients with tacrolimus-based 
immunosuppression (228, 229). Diabetes may be related to 
reversible insulin resistance. Tacrolimus levels, HLA-DR mis- 
match, and older age at transplant may predispose to post- 
transplant diabetes. Gastrointestinal complications can also 
occur during the follow-up of pediatric heart transplant recipi- 
ents. They include cholelithiasis, intestinal pneumatosis, and 
colitis (230-232). Sirolimus reportedly has less nephrotoxicity 
than cyclosporine or tacrolimus but has been associated with 
severe stomatitis and frequent elevations in cholesterol and 
lipid profiles (233). Sirolimus has growth factor antagonist 
properties and may cause marrow suppression particularly 
when used in combination with other agents that can suppress 
the marrow such as tacrolimus or MMF. 

Miscellaneous 

Infants with HLHS who undergo heart transplantation require 
extended reconstruction of their aortic arch. Of these, as 
many as 20% will develop coarctation of the aorta that may 
require treatment. Although surgical repair may be necessary 
in complex obstructive lesions, balloon coarctation angio- 
plasty is a safe and effective treatment in most situations (234) 
(see Chapter 13). Severe tricuspid regurgitation secondary to 
valve damage from endomyocardial biopsies is an uncommon 
but potentially hemodynamically significant complication. 
Attempts to minimize the number of biopsies, careful place- 
ment of the biopsy catheter, or the use of a long sheath may 
reduce the incidence of this complication. Anemia is highly 
prevalent in children after heart transplantation. The etiology 
of this uncertain, but usually is not secondary to iron defi- 
ciency (235). 

Retransplantation 

Experience with pediatric heart retransplantation is limited. 
Nevertheless, in the most recent summary of the Registry of the 
ISHLT, the number of patients undergoing retransplantation 
has increased to 6% for recipients between 11 and 17 years 
of age (4). The most common indications for retransplanta- 
tion are CAV, followed by acute rejection, chronic rejection, 
and intraoperative donor organ failure. Elective retransplanta- 
tion can be performed with acceptable mortality. Intermedi- 
ate outcome is similar to that of children undergoing primary 
heart transplantation (236,237). When retransplantation is 
performed in the setting of early primary graft failure, the 
results are quite poor and many investigators consider retrans- 
plantation in this setting inappropriate (237,238). Encourag- 
ingly, the outcomes following retransplantation after a long 
intertransplant interval are equivalent to the outcomes fol- 
lowing primary transplant (236). The medical and pharmaco- 
logic issues after retransplant mimic those following primary 
transplant. 

Heterotopic and Heart-Lung Transplantation 

Experience with heterotopic heart transplantation in children 
is limited. The main indications for this procedure are primar- 
ily the presence of fixed high pulmonary vascular resistance 
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that precludes orthotopic heart transplantation, although 
some consider availability of an undersized donor or expecta- 
tion of a certain degree of recipient heart recovery to be indica- 
tions as well. One- and five-year actuarial survival rates have 
been reported to be as high as 83% and 66%, respectively. 
Thus, in selected patients, heterotopic heart transplantation 
may be considered an alternative, particularly when pulmo- 
nary vascular resistance is excessively high for orthotopic 
heart transplantation. Another alternative in this situation is 
heart-lung transplantation. The volume of pediatric heart- 
lung transplantation decreased significantly in the 2000s both 
in frequency and in survival rates (239,240). Thus, the ongo- 
ing role of this procedure in the management of irreversible 
pediatric cardiopulmonary disease remains uncertain. In gen- 
eral, the poor late survival after heart-lung transplant tracks 
the poor late survival seen after lung transplant alone. Another 
alternative that has met with some success in the setting of 
excessively high, fixed pulmonary vascular resistance in those 
patients with unrepaired congenital heart lesions is the perfor- 
mance of single-lung transplantation and repair of the con- 
genital heart lesion (30). 
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T his chapter addresses the pathophysiologic mechanisms 
leading to pulmonary hypertension associated with con- 
genital heart defects and other disease-related or idiopathic 
processes. Our evolving knowledge of fundamental mecha- 
nisms has led to new and improved treatments and holds great 
promise for the development of future therapies. 


HEART DEFECTS WITH INCREASED PULMONARY 
BLOOD FLOW 

High-Flow Congenital Heart Defects and Pulmonary 
Hypertension 

As early as 1935, Brenner (1) observed different types of 
pulmonary vascular lesions in patients with congenital heart 
defects. A variety of physiologic factors appeared to contrib- 
ute to the severity and rate at which vascular disease devel- 
oped in patients with congenital heart defects (Table 66.1). 
In 1958, Heath and Edwards (2) suggested that there was 
a progression of structural changes (grades I through VI) 
(Fig. 66.1). Grades I and II, medial hypertrophy and intimal 
hyperplasia, respectively, were considered mild and probably 
reversible. Grades III and IV were, respectively, lumen occlu- 
sion from intimal hyperplasia and early to advanced arterial 
dilation. Grade III was thought to be, at best, partially revers- 
ible, but grade IV, irreversible. Grades V and VI were consid- 
ered terminal changes, grade V being angiomatoid formation, 
and grade VI fibrinoid necrosis. The latter changes were iden- 
tified most frequently in older children. Structural changes 
that predicted severe and fixed elevation in pulmonary vas- 
cular resistance were therefore more difficult to establish in 
infants and young children, although it was recognized that 
certain lesions, such as transposition of the great arteries with 
intact septum, but especially with a large ventricular septal 
defect (VSD) or a patent ductus arteriosus, were at high 


risk. Curiously, there have been reports of late progression 
of pulmonary vascular disease in infants with transposi- 
tion of the great arteries even after successful and timely 
surgical correction. Infants with a large VSD, especially an 
atrioventricular septal defect, also developed pulmonary vas- 
cular disease in early infancy; in the latter group, there were 
advanced changes observed even within the first 6 months of 
life. Patients with cyanotic heart defects who had large, surgi- 
cally created systemic-to-pulmonary artery shunts were also 
at risk for pulmonary vascular disease. Several investigators 
tried to quantify the degree of medial hypertrophy, but their 
measurements did not correlate closely with the preopera- 
tive level of pulmonary vascular resistance or with its change 
postoperatively (3). 

Structural Remodeling and Growth 

Beginning in 1965, a new and quantitative method of analy- 
sis of the pulmonary vascular bed was developed that was 
particularly applicable to the study of infants and young 
children because it incorporated features of altered growth 
of the pulmonary circulation. This method was based upon 
extensive studies carried out using a technique of radiopaque 
barium-gelatin arterial injection of a postmortem lung spec- 
imen. It was observed from the postmortem arteriograms 
that the vessels are prominent in the newborn, whereas in 
the adult they are obscured by a dense background haze 
produced by the addition of many small intraacinar arter- 
ies not present at birth (4). On microscopic examination, 
three features of normal remodeling and growth of the pul- 
monary vascular bed were established (5). With increasing 
age, muscle is observed in arteries located more peripherally 
within the acinus. At first, nonmuscular arteries become par- 
tially muscular, and later they become fully muscularized. At 
birth, the muscularized arteries are thick walled, but within 
a few days, the smallest muscular arteries dilate and their 
walls thin to adult levels. When infants are 4 months of age, 
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TABLE 66.1 

Factors Determining the Development of Pulmonary Vascular Disease in Patients with 

Common Varieties of Congenital Heart Disease 





Major Factors 



Minor Factors 


PA 

Tp pv 

tQp A 

^°2PA 

vLpo 2SA 

^P^SA 

Hematocrit T 

PVD 

ASD, secundum 


- 

- 

+ 

+ 

- 

- 

- 

Unlikely 

ASD, primum 


- 

± 

+ 

+ 

- 

- 

- 

Possible 

TAPVC 


+ 

+ 

+ 

+ 

± 

± 

+ 

Highly probable 

Large VSD 


+ 

± 

+ 

+ 

- 

- 

- 

Probable 

With mitral disease 

+ 

+ 

+ 

+ 

- 

- 

- 

Virtually certain 

TF 


- 

- 

- 

- 

+ 

+ 

+ 

Unlikely until late 

With Potts 


+ 

+ 

+ 

+ 

+ 

- 

± 

Probable 

TGA 


+ 

+ 

+ 

+ 

+ 

± 

+ 

Virtually certain 

With VSD 


+ 

+ 

+ 

+ 

+ 

± 

+ 

Certain 


ASD, atrial septal defect; TAPVC, total anomalous pulmonary venous connection; PVD, pulmonary vascular disease; P, pressure; PV, pulmonary vein; Q, flow; PA, pulmonary 
artery; SA, systemic artery; P PA , mean pulmonary artery pressure; P pv , mean pulmonary venous pressure; P0 2PA oxygen pressure in pulmonary artery; P0 2SA/ oxygen pressure 
in systemic artery; PH SAf pH in systemic artery; Q PA , flow in pulmonary artery. +, present; absent; ±, may or may not be present; TF, tetralogy of Fallot; VSD, ventricular 
septal defect; TGA, transposition of the great arteries. 

Adapted from Nadas AS, Fyler DF. Pediatric Cardiology. Philadelphia, PA: WB Saunders, 1972:68, 


this process has included the largest muscular pulmonary 
arteries and is complete. Arteries grow both in number and 
size, and they grow most rapidly in infancy. Although alve- 
oli also proliferate, the ratio of alveoli to arteries actually 
decreases from the newborn value of 20:1 to the value of 
8:1, which is achieved first in early childhood and which 
persists (Fig. 66.2). 

Morphometric analysis of the lungs of patients with con- 
genital heart defects reveals disturbed growth and remod- 
eling of the pulmonary vascular bed (Table 66.2) (6). On 
postmortem arteriograms from infants with VSD, the axial 
arteries were dilated at the hilum but narrowed peripherally. 
On microscopic examination of the pulmonary vascular bed, 
muscle had extended precociously into normally nonmuscular 
peripheral arteries, regression of the perinatal musculature had 


not occurred, and there was additional medial hypertrophy. 
Also, the peripheral arteries had not grown normally in that 
they were small and few. Alveolar differentiation and multipli- 
cation, however, were normal. Because there were no regional 
variations in the lung, it was feasible to apply the morpho- 
metric technique to analysis of lung biopsy tissue in assess- 
ing abnormal muscularity and evaluating arterial size and 
number (7). 

Lung Biopsy 

Lung biopsy studies indicated that the severity of altered 
growth and development of the pulmonary vascular bed corre- 
lated with the hemodynamic state. Three progressively severe 



Figure 66.1. Heath-Edwards classification of pulmonary vascular changes. A: Grade I: medial hypertrophy. 
Elastin-van Gieson stain (EVG), original magnification, xl50. B: Grade II: cellular intimal proliferation in an 
abnormally muscular artery. EVG, original magnification, x250. 
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Figure 66.1. (Continued) C: Grade III: occlusive changes. Medium is thickened as a result of fasciculi of longitu- 
dinal muscle, and vessel is all but occluded by fibroelastic tissue. EVG, original magnification, xl50. D: Grade IV: 
dilation. Vessel is dilated, and medium is abnormally thin {arrow). Lumen is occluded by fibrous tissue. EVG, 
original magnification, xl50. E: Grade V: plexiform lesion. There is cellular intimal proliferation (arrow); clus- 
tered around are numerous thin-walled vessels that terminate as capillaries in the alveolar wall. EVG, original 
magnification, x95. F: Grade VI: acute necrotizing arteritis. A severe reactive inflammatory exudate is seen 
through all layers of the vessel. Hematoxylin eosin stain, original magnification, x250. (From Wagenvoort CA, 
Heath D, Edwards JE. The Pathology of the Pulmonary Vasculature . Springfield, IL: Charles C. Thomas, 1964, 
with permission.) 


stages are seen. With grade A, there is abnormal extension of 
muscle into small peripheral arteries, or, in addition, there is a 
mild increase in wall thickness of the normally muscular arter- 
ies (<1.5 times normal). These patients have increased pulmo- 
nary blood flow and increased pulse pressure but normal mean 
pulmonary artery pressure. Meyrick and Reid (8) showed 
from ultrastructural studies of lung biopsy tissue that this 
change is due to precocious differentiation to mature smooth 
muscle cells (SMCs) of the pericyte in the nonmuscular region 
of the artery and the intermediate cell in the partially mus- 
cular region. Because arteries become more muscular as they 
increase in size, it is tempting to speculate that, in the altered 
hemodynamic setting of chronic high flow and high pressure, 
“stretch” is the stimulus for SMC differentiation from precur- 
sor cells. 

With grade B, as in grade A, there is increased extension of 
muscle, but, in addition, there is more severe medial hypertro- 
phy of normally muscular arteries. When medial-wall thickness 


is >1.5 but <2 times normal (mild grade B), pulmonary 
hypertension is usually present; when medial wall thickness is 
more than twice normal (severe grade B), pulmonary hyper- 
tension is invariably present and usually the pressure value is 
greater than half that of the systemic level. The medial thick- 
ness is due to hypertrophy as well as hyperplasia of preexisting 
SMCs and also to an increase in the intercellular connective 
tissue proteins. 

With grade C, in addition to the findings of severe grade B, 
arterial concentration and usually artery size are reduced. 
Patients with these changes usually have a pulmonary vascular 
resistance of >3.5 U-m 2 . When the artery number is less than 
half of normal (severe grade C), pulmonary vascular resistance 
values are often in excess of 6 U-m 2 . The basis for grade C is 
likely the failure of new vessels to grow normally, although 
some loss of arteries also may occur. Morphometric grades A 
and B are refinements of Heath-Edwards grade I; grade C is 
a new feature that also appears to be of important functional 
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ALV/Art Ratio 



NORMAL 


VSD 2 yrs 

( High Pressure, High Resistance ) 

Figure 66.2. Schema showing peripheral pulmonary arterial 
development through morphometric changes: extension of 
muscle into peripheral arteries, percent wall thickness, and 
artery number (alveolar-arterial ratio) as they relate to age. 
Upper panel: Normal development. Bottom panel: Abnormali- 
ties in all three features in a 2-year-old child with a hypertensive 
VSD. T.B., artery accompanying a terminal bronchiolus; R.B., 
artery accompanying a respiratory bronchiolus; A.D., artery 
accompanying an alveolar duct; A.W., artery accompanying 
an alveolar wall; ALV/Art, alveolar-arterial ratio. (From Rabi- 
novitch M, Haworth SG, Castaneda AR, et al. Lung biopsy in 
congenital heart disease: a morphometric approach to pulmo- 
nary vascular disease. Circulation 1978;58:1107— 1122, with 
permission.) 

significance. Grade C may be found with Heath-Edwards 
grade I, is common with grade II, and is invariable with grade 
III. In fact, when grade III is seen, arterial concentration is 
generally half of normal or less. 

Whether and to what extent abnormal growth and struc- 
tural remodeling of the pulmonary vascular bed are per- 
manent and result in persistent pulmonary hypertension 
can be determined best by correlating these features with 


postoperative hemodynamic studies. We correlated the quan- 
titative features of abnormal growth and remodeling of the 
pulmonary arteries and the qualitative changes described by 
Heath and Edwards with the hemodynamic behavior of the 
pulmonary circulation in the immediate postoperative period 
in the intensive care unit 1 day after repair and at the time of 
routine cardiac catheterization study 1 year later (9). Patients 
with grade A or mild grade B changes have normal pulmonary 
artery pressures in the early postoperative period or only a 
minimal degree of elevation. Most patients with more severe 
medial hypertrophy (i.e., severe grade B and Heath-Edwards 
I) have elevated values. The pulmonary hypertension is fre- 
quently labile and almost always can be controlled. The mech- 
anism and treatment are discussed in the next section. Both 
the presence and the severity of pulmonary hypertension in 
the early postoperative period are increasingly predictable 
when there are more advanced changes on lung biopsy, that 
is, reduced artery number (grade C) and intimal hyperplasia 
(Heath-Edwards II and III) (Fig. 66.3). 

One year after repair, however, patients operated on within 
the first 8 months of life tend to have normal pulmonary 
hemodynamics regardless of the severity of vascular changes 
on lung biopsy, as do all patients with severe grade B (Heath- 
Edwards I) abnormalities, regardless of their age at repair. 
Patients surgically corrected between 9 months and 2 years 
of life with grade C and Heath-Edwards II or III structural 
changes may have persistent elevation in pulmonary vascu- 
lar resistance. This appears inevitable in patients operated on 
after the age of 2 years (Fig. 66.3). 

Quantitative techniques have been applied successfully 
to the analysis of lung biopsy tissue prepared by frozen sec- 
tion to help the surgeon decide between a palliative and cor- 
rective procedure when preoperative hemodynamic data are 
borderline or difficult to obtain or to interpret. The ability to 
predict from biopsy tissue whether even mild elevation in pul- 
monary vascular resistance will be present postoperatively is 
of increasing importance, particularly in the consideration of 
patients for a Fontan procedure. Patients with tricuspid atresia 
who have had previous systemic-to-pulmonary artery shunts 
and those with single-ventricle and previous pulmonary artery 
bands are particular problems. We currently consider a biopsy 
showing severe grade C (less than half the normal number of 
arteries) and grade III or greater changes in 20% of vessels 
to indicate severe vascular disease that is unlikely to regress 
postoperatively and may preclude a successful result from clo- 
sure of a VSD; severe grade B, medial wall thickness greater 
than twice normal, or grade II changes in any vessel may 
preclude a favorable result from a Fontan procedure. Even 
minor vascular changes on lung biopsy tissue (mild grade B) 




Structural Features Quantified in Congenital Heart Defects 


Congenital Heart 
Defect 

Artery 

Size 

Artery 

No. 

Extension 
of Muscle 

Medical Wall 
Thickness 

VSD 

i 

i 

t 

t 

Hypoplastic left heart 

N 

t 

t 

T 

CA 

N 

N 

t 

T 

TAPVC 

N 

N 

t 

t 

TF 

l 

N or T 

N 

1 or T 

PA 

i 

i 

N 

1 


VSD, ventricular septal defect; TF, tetralogy of Fallot; TAPVC, total anomalous pulmonary venous connection; CA, common AV canal; 
PA, pulmonary atresia; T, increased, above normal; i decreased, below normal; N, normal. 


LUNG BIOPSY GRADE 
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Figure 66.3. A: Lung biopsy grade is correlated with mean pulmonary arterial pressure recorded the day after 
surgical repair. The dashed vertical lines separate the normal from the abnormally elevated pressure values, and 
the dotted horizontal lines separate the biopsy grades. Note that with the more severe Heath-Edwards changes 
on lung biopsy tissue, there is a trend toward a greater proportion of patients with elevated pulmonary arte- 
rial pressures and higher values. A, B, C, morphometric grades; m, mild, s, severe. N, I, II, III, Heath-Edwards 
grades; n, normal; *, no patients in this group; VSD, ventricular septal defect; DTGA, D-transposition of the great 
arteries; complete atrioventricular septal defect; (AVSD) complex, associated abnormality. B: Graph correlating 
lung biopsy grade with pulmonary vascular resistance 1 year after cardiac repair. Patients who underwent repair 
within the first 8 months of life, but not those operated on later, had normal pulmonary vascular resistance 
regardless of the severity of their structural changes. (From Rabinovitch M, Keane JP, Norwood WI, et al. Vas- 
cular structure in lung biopsy tissue correlated with pulmonary hemodynamic findings after repair of congenital 
heart defects. Circulation 1984;69:655-667, with permission.) 


are associated with increased morbidity after the Fontan 
procedure, gauged by prolonged hospitalization, as a result of 
the need for increased ventilator support and drainage from 
chest tubes (unpublished observations). 

Wedge Angiography 

Techniques of wedge angiography have been developed to 
assess preoperatively the structural state of the pulmonary 
vascular bed. Changes that can be evaluated quantitatively, 
such as sparsity of arborization of the pulmonary tree, abrupt 
termination, tortuosity and narrowing of small arteries, 
and reduced background capillary filling, generally reflect 
advanced changes in the preacinar arteries of at least Heath- 
Edwards grade III severity. A technique has been described 
that allows quantitative assessment of abnormalities in a pul- 
monary wedge angiogram (10). An end-hole balloon catheter 
is directed to the origin of the axial artery of the posterior 
basal segment of the right lower lobe; the balloon is inflated, 
contrast material is injected, and the injection is filmed on 
biplane cineangiography. The rate of tapering of the arteries 
is assessed by measuring the length of a segment over which 
the lumen diameter narrows from 2.5 to 1.5 mm. More abrupt 
arterial tapering is suggestive of more severe changes in the 
intraacinar arteries, assessed both morphometrically and by 
the Heath-Edwards classification (Table 66.3 and Fig. 66.4). 

Further studies revealed that there are several pitfalls and 
limitations in the interpretation of the pulmonary wedge 
angiogram. Pulmonary stenosis or previous placement of a 
pulmonary artery band, owing to poststenotic dilation, will 
give the impression of rapid tapering. With advanced vascular 


disease, there is sometimes such extensive intimal hyperplasia 
that the vessel appears narrowed all the way from the hilum 
so that abrupt tapering is no longer apparent. In this situation, 
however, the background haze is absent and the pulmonary 
circulation time is usually prolonged. Technical abnormalities 
also can result in difficulties in interpretation. If the injection 
of contrast fails to fill the vessels all the way out to the pleura, 
the background will appear dark, and if the balloon does not 
completely occlude the vessel, the false impression of a dense 
background will be created owing to filling of capillaries and 
veins. Assessment of the circulation time depends on the exclu- 
sion of pulmonary vein stenosis and intrapulmonary shunting. 

Intravascular ultrasound could be investigated to estimate 
the severity of pulmonary vascular disease at least in proximal 
vessels. Optical coherence tomography is a new technique that 
can resolve neointimal lesions in very small arteries and may 
hold greater promise, but has just recently been applied clini- 
cally to assess coronary stent stenosis (11). 

Reactive Pulmonary Circulation 

A major challenge in pediatric cardiology is to understand 
and control the reactive pulmonary circulation, which can 
be particularly problematic in the early postoperative period. 
The pulmonary hypertensive crisis, as it has been called, is 
thought to result from interaction of a hypertrophied and 
perhaps hypercontractile circulation with an injured vascular 
endothelium, with platelets and leukocytes that were exposed 
to postcardiopulmonary bypass and hypothermia and may 
more easily degranulate and release potent vasoconstrictor 
agents, particularly thromboxanes and leukotrienes. In recent 
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TABLE 66.3 


Correlation of the Pathology, Physiology, and Angiogram in 
Pulmonary Vascular Disease 





Physiology 



Grade 

Pathology 

Qp 

Ppa 

R P 

Wedge Angiogram 

A 

Abnormal extension of muscle 
into small arteries; 

t 

N 

N 

Show tapering of axial 
arteries 


± mild medial hypertrophy 

T 

N 

N 


B 

"A" plus severe medial 
hypertrophy 

T 

t 

N 

Abrupt tapering 

C 

"B" plus artery, number, 
and size 

±T 

t 

T 

Very abrupt tapering 


Qp, pulmonary blood flow; P PA , mean pulmonary artery pressure; pulmonary vascular resistance; N, normal; The symbols are: 
T increased; ±, may or may not be increased; i, decreased. 


studies, increased density of neuroepithelial bodies has been 
observed in the airways of patients at risk for this complica- 
tion (12). The neuroendocrine cells, which are also oxygen 
sensors, contain bombesin and serotonin, agents known to 
be potent vasoconstrictors. There is also an increase in vaso- 
constrictor neuropeptide-containing nerves (13) (Fig. 66.5). 
Because most of the pulmonary hypertensive crises occur 
while weaning patients from the ventilator, it is tempting to 
speculate that swings in airway pressure might lead to degran- 
ulation of the neuroepithelial cells and release of the vaso- 
constrictor substances. Moreover, we have observed a striking 


decrease in lung compliance accompanying the pulmonary 
hypertensive crisis. 

In ultrastructural lung-biopsy studies in patients with con- 
genital heart defects and pulmonary hypertension, alterations 
in endothelial cells support endothelial dysfunction as a cause 
of heightened pulmonary vascular reactivity and also relate 
endothelial dysfunction to the pathogenesis of progressive 
pulmonary vascular disease. On scanning electron micros- 
copy, the endothelial surface of normal thin-walled pulmo- 
nary arteries has a “corduroy-like” appearance in that the 
cells form narrow, even ridges. In contrast, the endothelial 



Figure 66.4, Left: A wedge angiogram shows slow tapering of the axial artery in a child with dTGA and normal 
pulmonary artery pressure (Ppa) and resistance (Rp). Approximate segment length between 2.5 and 1.5 mm 
internal diameter is marked off (arrows). Right: A wedge angiogram in a child with a VSD shows rapid taper- 
ing of the artery when there is increased Ppa and Rp. An approximate segment length between 2.5 and 1.5 mm 
internal diameter is marked off (arrows). Large arrow denotes takeoff to the right pulmonary artery. (From Rabi- 
novitch M, Reid L. Quantitative structural analysis of the pulmonary vascular bed in congenital heart defects. 
In: Engle MA, ed. Cardiovascular Clinics: Pediatric Cardiovascular Disease. Philadelphia, PA: FA Davis, 1981, 
with permission.) 
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Respiratory 

Unit 


Figure 66.5. A: Neuroepithelial bodies (arrowheads) are seen as dark-staining regions (immunoreactive for sero- 
tonin) in airway of a newborn infant, (kindly supplied by E. Cutz.). B: Tyrosine hydroxylase immunoreactive 
perivascular nerve fibers (arrow) at the advential-medial border of an alveolar duct artery in a child aged 
2 1/2. Scale bar = 50 mm. Diagram on the right shows terminal bronchiolus (TB) and airways of respiratory unit 
accompanied by an innervated pulmonary artery (PA). RB, respiratory bronchiolus; AD, alveolar duct. Square 
indicates area shown in (B). (From Allen K, Wharton J, Polak J, et al. A study of nerves containing peptides in 
the pulmonary vasculature of healthy infants and children and of those with pulmonary hypertension. Br Heart 
J 1989;62:353-360, with permission.) 


surface of hypertensive thick-walled pulmonary arteries has a 
“cable-like” texture in that the cells form deep, twisted ridges. 
The hypertensive endothelium may be predisposed to interact 
abnormally with marginating blood elements, such as platelets 
and leukocytes. This might result in the release of pulmonary 
vasoconstrictor substances and smooth muscle mitogens (14). 

On transmission electron microscopy, the endothelium 
appeared to show heightened metabolic activity with an 
increased rough endoplasmic reticulum. The subendothe- 
lium of the muscular arteries is also abnormal in that there 
appears to be degradation and neosynthesis of the internal 
elastic lamina. This observation provided an important clue 
related to the discovery of heightened elastolytic activity in 


the vessel wall associated with the initiation and progression 
of pulmonary vascular disease. Further studies were designed 
to try to identify what the products of increased endothe- 
lial metabolism might be. We hypothesized that, because 
endothelial cells produce von Willebrand factor (vWF, factor 
VIII), an increase in this protein may cause platelet adhesion, 
formation of microthrombi, and may result in the release of 
pulmonary vasoconstrictor substances and smooth muscle 
mitogens. Using an immunoperoxidase stain for factor VIII, 
hypertensive pulmonary arteries stained densely, whereas 
nonhypertensive vessels did not. Circulating levels of the fac- 
tor VIII molecule, both the antigenic component (VIILAg) 
and the biologic, assessed as ristocetin-induced platelet 
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agglutination (VIII:rist) were measured. Although VIILAg 
levels were significantly higher in patients with congenital 
heart defects and elevated pulmonary artery pressure than 
in those with normal pressure, only a few patients showed a 
concomitant elevation in biologic activity. This finding indi- 
cated that the molecule being secreted was lacking in biologic 
activity; indeed, further biochemical analysis of the factor 
VIII molecule showed lack of the high-molecular-weight 
components (15). 

Under conditions that aggravate the endothelial dysfunc- 
tion (e.g., cardiopulmonary bypass), vWF biologic activ- 
ity was markedly increased (16). This could account for the 
development of platelet fibrin microthrombi in the postop- 
erative period and for abnormal release of vasoactive com- 
pounds causing increased vascular reactivity. Various regimens 
have been adopted to anticipate and manage postoperative 
increased pulmonary vascular reactivity that include monitor- 
ing of pulmonary artery and left atrial pressures, institution of 
nitric oxide (NO) therapy, and the institution of phosphodies- 
terase inhibitors such as sildenafil, if therapy is needed beyond 
the intensive care unit. 

There is now convincing evidence that impaired production 
of NO appears at an early time point in patients with congeni- 
tal heart defects (17). There also is evidence that production 
of the vasoconstrictor endothelin also might be increased in 
patients with pulmonary hypertension and congenital heart 
defects (18). 

Almost all patients with high-flow congenital heart defects 
who are operated upon in a timely fashion, show a fall in pul- 
monary artery pressure and return to normal resting hemo- 
dynamics indicating resolution and regression of pulmonary 
hypertensive structural changes. This is supported by experi- 
mental studies carried out by our group and others as well 
as by anecdotal reports of resolution of severe pulmonary 
vascular disease in the remaining lung after single lung trans- 
plant. There are, however, a few patients who maintain a high 
level of pulmonary vascular resistance and are refractory to 
vasodilator therapy despite what appear to be mild vascular 
changes on light microscopy (medial hypertrophy), and oth- 
ers who develop rapidly progressive pulmonary vascular dis- 
ease despite early diagnosis and timely intervention. For these 
patients, the prognosis may be not much better than for those 
with unexplained pulmonary hypertension (19). 

Therapies for the patient with Eisenmenger syndrome have 
included chronic oxygen, anticoagulants, and palliative sur- 
gical procedures, including atrial septal defect creation and 
intravenous prostacyclin as well as, more recently, aerosolized, 
nebulized, or oral prostacyclin. In some cases, these measures 
have improved the quality of life and in others they have 
served as a bridge to a heart-lung transplant or surgical cor- 
rection along with single- or double-lung transplant, including 
living donors. More recent addition of sildenafil and endothe- 
lin receptor blockers in this group of patients awaits the results 
of clinical trials, but is discussed later in this chapter, and in 
the subsequent chapter, with regard to patients with primary 
pulmonary hypertension. 

Pathophysiology Based Upon Further Pathologic 
Assessments 

Recent immunohistochemical studies have been carried out in 
lung-biopsy tissue from patients with congenital heart defects 
to elucidate mechanisms that are directly related to enhanced 
proliferation and migration of cells in the neointima with 
characteristics of SMCs. There is a progressive increase in the 
deposition of two matrix glycoproteins, tenascin, and fibronec- 
tin, in the media and neointima (Fig. 66.6). We previously 
related the increased expression of tenascin to vascular SMCs 


and fibroblasts. Fibronectin has been related to increased 
migration of smooth muscle-like cells in the context of neoin- 
timal formation. There is evidence from other studies that the 
neointimal lesions are associated with increased expression 
of transforming growth factor beta and procollagen in addi- 
tion to fibronectin (20). It is also proposed that endothelial 
cell proliferation and a form of angiogenesis are observed with 
plexiform lesions. The plexiform lesions in pulmonary hyper- 
tension appear to be derived from different clonal populations 
of endothelial cells compared with those observed in primary 
pulmonary hypertension where a single clone is usually found 
(21). More recently, we described an increase in the expres- 
sion of the calcium binding protein S100A4/Mtsl in advanced 
lesions from patients with congenital heart defects causing 
pulmonary arterial hypertension (PAH) as well as idiopathic 
PAH (Fig. 66.7) (22). S100A4/Mtsl stimulates vascular SMC 
migration and proliferation, is produced in response to seroto- 
nin stimulation (23), and is enhanced when there is increased 
activity of the serotonin transporter (SERT). This is in keeping 
with studies indicating that a polymorphism causing increased 
activity of the SERT is highly prevalent in patients with 
PAH (24). 

Experimental Studies Simulating High Flow 
and Pressure 

In experimental studies, an aortopulmonary shunt surgically 
created in a growing piglet results in a progressive increase in 
pulmonary artery pressure associated with the development of 
structural changes similar to those seen in the clinical setting. 
Creation of large aortopulmonary shunts in dogs, particularly 
into a single pulmonary artery, resulted in more rapidly pro- 
gressive pulmonary vascular changes. There are several other 
experimental models of high-flow congenital heart defects 
such as in sheep or calves after an aortopulmonary lobar 
anastomosis. In utero placement of an aortopulmonary shunt 
most faithfully reproduces the changes that might be expected 
to occur in the newborn with a left-to-right shunt when the 
pulmonary vascular resistance falls. In this model, the initial 
response to high flow induced from the time of birth experi- 
mentally appears to be angiogenic with high levels of vascular 
endothelial growth factor (VEGF) and its receptors, but later 
in association with the decrease in VEGF and decline in arte- 
rial number, the resistance becomes elevated (25). 

Takedown of the shunts during the period of rapid lung 
growth resulted in regression of both structural changes and 
pulmonary hypertension (26). Regression of medial hyper- 
trophy and muscularization of distal vessels has been shown 
in experimental studies following pressure off-loading (27). 
There are many common features linking the cellular and 
molecular pathophysiology of pulmonary vascular disease, 
regardless of etiology, that we have linked to elevated elastase 
activity and this subject is discussed at the end of the chapter. 


HEART DEFECTS WITH INCREASED PULMONARY 
VENOUS PRESSURE 


Vascular Changes 

Although advanced pulmonary vascular disease is less likely 
to occur early in patients with congenital heart defects related 
to increased pulmonary venous pressure, Collins-Nakai et al. 
(28) reported greater than Heath-Edwards grade III changes 
in the majority of older children in their series with congeni- 
tal mitral stenosis. In patients with total anomalous pulmo- 
nary venous connection, abnormal muscularization of the 
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Figure 66.6. Representative photomicrographs showing immunoperoxidase staining for tenascin-C (TN) 
(A,D,G), proliferating cell nuclear antigen (PCNA) (B,E,H), and epidermal growth factor (EGF) (C,F,I) in graded 
lung biopsy tissue sections. A-C: Vessel showing a typical grade I A lesion; D-F: Vessel showing a typical grade 
IC lesion; G-I: vessel showing a typical grade IIIC lesion. In low-grade lesions (A), modest TN immunostaining 
was evident in the adventitia. With medial hypertrophy, TN immunoreactivity became more prominent in the 
periendothelium (D), with the most intense immunostaining being apparent within the neointima of high-grade 
lesions showing occlusive neointimal formation (G). In the lowest grade of lesion, PCNA was negative (B), despite 
foci of EGF in the media. With medial hypertrophy, PCNA was expressed in the media (E), together with foci of 
EGF (F). With the development of higher-grade occlusive lesions, TN (G), PCNA (FI), and EGF (I) co-localized 
to the neointimal cell layers. Note that TN and PCNA staining was performed on serial sections, whereas EGF 
detection was carried out on similar vessels within the same biopsy. Original magnification, x40. (From Jones PL, 
Cowan KN, Rabinovitch M. Progressive pulmonary vascular disease is characterized by a proliferative response 
related to deposition of tenascin-C and is preceded by subendothelial accumulation of fibronectin. Am J Pathol 
1997;150:1349-1360, with permission.) 


small arteries and veins was observed from birth, and more 
severe structural changes (i.e., Heath-Fdwards grade III) were 
described in infants as young as 1 month of age. In infants 
with hypoplastic left heart syndrome, there is such severe 
medial hypertrophy of the small arteries and veins from birth 
that it must have developed in utero (29). In both adults and 
children with rheumatic mitral stenosis, Wagenvoort and 
Wagenvoort (30) observed increased medial-wall thickness of 
the pulmonary arteries. 

In postmortem arteriograms of infants and children with 
congenital heart defects and elevated pulmonary venous pres- 
sure, the axial pulmonary arteries have a reduced lumen diam- 
eter throughout their lengths. On microscopic examination of 
the lung, there is severe extension of muscle into peripheral 
intraacinar arteries, which are normally nonmuscular, and 
failure of regression of the fetal musculature of the normally 
muscular arteries. The vessels, however, appear normal sized 
and are normal or slightly increased in number. The presence 
of pulmonary vascular changes in defects with high pulmonary 


venous pressure and the capacity for these abnormalities to 
regress with improvement in hemodynamics may be relevant 
because the Norwood and other various staged surgical pro- 
cedure for the treatment of hypoplastic left heart syndrome 
ultimately depend on the success of a bidirectional cavopul- 
monary shunt and a right atrial-to-pulmonary artery anasto- 
mosis or tunnel. 


Experimental Studies 

Pulmonary venous hypertension has been created experi- 
mentally by banding the pulmonary veins or by elevating left 
atrial pressure. LaBourene et al. (31) banded the pulmonary 
veins in newborn piglets and studied the pathophysiology of 
progressive pulmonary venous obstruction. After 1 week, 
they observed no change in pulmonary hemodynamics, but 
there was a striking decrease in compliance of the pulmo- 
nary veins. By 3 weeks, there was PAH without elevation in 
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Figure 66.7. Representative photomicrographs of human lung biopsy tissue after immunoperoxidase staining for 
S100A4/Mtsl. A: Vessel from patient graded 0-IB showing normal pulmonary artery with no immunodetectable 
S100A4/Mtsl. B: Vessel showing a typical grade IB lesion with severe medial hypertrophy but without immuno- 
reactivity for S100A4/Mtsl. C: An artery from a patient with grade IVC disease with occlusive neointimal pro- 
liferation and strong positive staining for S100A4/Mtsl particularly in the intima compared to the media of the 
vessel. S100A4/Mtsl was not detected in all cells and appears to be localized in a subpopulation of intimal cells. 
D: A plexogenic lesion from a patient with grade IVC disease with staining of the SMCs and sparing of the endo- 
thelial cells (arrows). Immunoreactivity for S100A4/Mtsl was present in the lung parenchyma at a similar level 
in all grades of pulmonary vascular disease. Original magnification, x40. (Reproduced from Greenway S, van 
Suylen RJ, Du Marchie Sarvaas G, et al. S100A4/Mtsl produces murine pulmonary artery changes resembling 
plexogenic arteriopathy and is increased in human plexogenic arteriopathy. Am } Pathol 2004;164:253-262, 
with permission.) 


pulmonary venous pressure. By 6 weeks, further progression 
of pulmonary hypertension was associated with elevated pul- 
monary venous pressure (Fig. 66.8). At 1 week, ultrastructural 
changes in the veins occurred that consisted of fragmentation 
of elastin and a phenotypic switch in medial SMCs in which 
they appeared to be more synthetic and migrating toward the 
subendothelium (Fig. 66.8). By 3 weeks, pulmonary venous 
hypertension developed and there was already evidence of 
intimal proliferation. By 6 weeks, there was an increase in 
collagen in the walls of the pulmonary veins. This study sug- 
gested that pulmonary hypertension may be the first sign of 
pulmonary venous obstruction and that elevation of pulmo- 
nary venous pressure is associated with considerable struc- 
tural remodeling. 


HEART DEFECTS WITH DECREASED PULMONARY 
BLOOD FLOW 


Structural Features 

In patients with congenital heart defects causing low pulmo- 
nary blood flow, hypoplasia of the pulmonary arterial mus- 
culature is observed, and in those in whom the hematocrit is 
particularly elevated, thromboemboli can occur. The creation 


of systemic-to-pulmonary artery shunts may improve the 
hypoplasia, but secondary to abnormally high flow and pres- 
sure, medial hypertrophy and intimal hyperplasia also could 
ensue. Studies suggest that the potential for growth of the cen- 
tral pulmonary arteries is correlated with the proportion of 
elastin in the media, and the same may be true for the intrapul- 
monary vessels (32). 

On postmortem arteriograms in patients with decreased 
pulmonary blood flow, the axial arteries are abnormally nar- 
row in lumen diameter (33). The background haze also may be 
reduced, as in patients with pulmonary atresia and intact ven- 
tricular septum. On microscopic examination of the lung from 
patients with pulmonary atresia and intact ventricular septum, 
the intraacinar pulmonary arteries are abnormally thin walled, 
small, and few in number. In patients with tetralogy of Fallot, 
these vessels are normal or decreased in muscularity, normal 
in number, and small (34). Alveolar development is impaired 
in patients with decreased pulmonary blood flow, and this is 
reflected mostly by a reduction in alveolar number. Patients 
with tetralogy of Fallot and associated pulmonary atresia form 
a special subgroup in which the relative distribution of central 
pulmonary arteries and aortopulmonary collaterals determines 
peripheral pulmonary vascular structure. In patients with tri- 
cuspid atresia, the structural state of the pulmonary vascular 
bed is variable, depending on whether pulmonary blood flow 
is increased or decreased. 
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Figure 66.8. A: Pulmonary artery pressure (Ppa, upper panel) and pulmonary capillary wedge pressure (Pew, 
lower panel) in banded and sham-operated piglets at 1, 3, and 6 weeks after banding. Values are averages of 
mean ± SEM (n = six piglets per group at each time point). At 1 week, there was no change. At 3 weeks, there 
was a significant increase in Ppa, which preceded the further rise in Ppa, at 6 weeks (*p < 0.01; f p < 0.05.). 
B: Transmission electron photomicrographs of representative pulmonary veins (PVs) from banded (right panel) 
and sham-operated (left panel) piglets at 3 weeks after banding (original magnification, xl4,131) (inset original 
magnification, x28,263). Both pulmonary veins show apparent injury and lifting of endothelial cells and suben- 
dothelial spaces as a result of poor preservation during handling. Sham-operated PV displays on intact internal 
elastic lamina (IEL) and predominantly contractile-appearing SMCs (c) in media. In contrast, PV from banded 
piglet depicts complete breakdown of IEL into elastin fragments (Efg), a thickened subendothelium composed 
of collagen, extracellular matrix (ECM), and SMCs that appear to have migrated in from media, many of which 
have a synthetic-appearing phenotype (S) exemplified by a large amount of endoplasmic reticulum and a cor- 
responding paucity of contractile filaments. C and S SMCs are better appreciated in insets. (Bar = 1 jim). (From 
LaBourene JI, Coles J, Johson DJ, et al. Alterations in elastin and collagen related to the mechanism of progressive 
pulmonary venous obstruction in a piglet model. Circ Res 1990;66:438-456, with permission.) 



1412 SECTION VIII ■ Pulmonary Vascular Disease 


Experimental Studies 

Levin et al. (35) created low pulmonary blood flow by band- 
ing the main pulmonary artery of fetal lambs. The changes 
in the lung that resulted consisted of diffuse hypoplasia of 
the musculature of the peripheral pulmonary vessels; those 
identified were small in caliber and few. Haworth et al. (36) 
ligated the left pulmonary artery in newborn piglets and 
demonstrated normal development of the intraacinar arter- 
ies owing to extensive anastomoses with bronchial arteries, 
but in the preacinar vessels, there was occlusive fibrosis of the 
lumen. 

HYPOXIA-INDUCED PULMONARY VASCULAR 
DISEASE 

Hypoxia and Pulmonary Vasoconstriction 

The pulmonary hypertension that occurs in response to acute 
hypoxia is usually mild and rapidly reversible. Hultgren et al. 
(37) demonstrated an 18% increase in pulmonary artery pres- 
sure in men brought suddenly from sea level to high altitude 
(7,800 feet). There is much variability in individual response to 
hypoxia; some people hyperventilate and become mildly alka- 
lotic, hardly increasing their pulmonary artery pressure at all, 
whereas others develop severe pulmonary hypertension with 
high-altitude pulmonary edema. Several theories have been 
proposed to explain high-altitude pulmonary edema. Endothe- 
lial swelling of small arteries occurs in some areas of the lung 
and causes high resistance, which results in diversion of exces- 
sive flow through small vessels, causing edema. Defective 
fibrinolysis with formation of microemboli has been reported, 
as has inadequate diuresis (38). Abnormal endothelial metabo- 
lism of factor VIII has also been described. There is increased 
circulating antigenic activity without increased biologic activ- 
ity, suggesting that the high-molecular-weight components of 
the molecule may be associated with platelet microaggregates 
(39). Some studies suggest that high-altitude pulmonary edema 
may have an immune basis because it is associated with major 
histocompatibility complex HLA-DR6 and HLA-DQ4. The 
subset with pulmonary hypertension is associated with HLA- 
DR6 (40). The combination of acetazolamide, NO, and oxy- 
gen treatment has been successful in alleviating the symptoms 
of high-altitude pulmonary edema, and acetazolamide is also 
effective in preventing this complication. 

Experimental Studies of Acute Hypoxia 

Micropuncture has shown that both the small arteries and 
veins contribute to the acute hypoxic vasoconstrictor response. 
Studies by Hales et al. (41) suggested that prostaglandins miti- 
gate the response to hypoxia, but the studies showed that the 
response to endothelial-derived relaxing factor is impaired. 
Recent reports revealed that with hypoxic vasoconstriction 
there is inhibition of a Ca 2+ -activated depolarizing potassium 
channel. With chronic hypoxia, this channel may become acti- 
vated as a relaxing mechanism. 

The relationship between acute hypoxic vasoconstric- 
tion, the sustained pulmonary hypertension, and structural 
changes in the pulmonary vascular bed induced by chronic 
hypoxia is not known. Experimental studies of unilater- 
ally banding the pulmonary artery in chronically hypoxic 
rats support the hypothesis that some structural changes in 
hypoxia are influenced by an alteration in the hemodynam- 
ics of the pulmonary circulation and others are more direct 
effects of hypoxia per se (42). The direct effect of hypoxia 


is associated with increased ornithine decarboxylase activity, 
an enzyme implicated in structural remodeling of pulmonary 
arteries (43). 

CHRONIC HYPOXIA 

Clinical Features of Chronic Hypoxia 

In persons who live at high altitudes, there is chronic elevation 
in pulmonary artery pressure that is frequently reversible at 
least under conditions of rest with administration of oxygen or 
return to sea level (44). In a study by Arias-Stella and Saldana 
(45), postmortem lung tissue from persons who had been liv- 
ing at high altitudes was compared with that obtained from 
sea-level dwellers. Structural changes were found in the ves- 
sels in the high altitude lung specimens; the peripheral arteries 
were more muscular than normal and had decreased lumen 
diameters. 

Children living in Denver (elevation 5,200 feet) have 
slightly higher mean pulmonary artery pressures than sea-level 
dwellers, and children living in Moroccocha, Peru (elevation 
14,900 feet) have mean pulmonary artery pressures that are 
twice as high. Moreover, in the high-altitude residents, mean 
pulmonary artery pressure more than doubles with exercise, 
whereas it increases by only 50% in sea-level dwellers. 

Experimental Studies 

In animal studies, Tucker et al. (46) observed that the degree of 
reactivity to hypoxia or the level of pulmonary hypertension 
varied among different species according to the amount of 
smooth muscle in the pulmonary vascular bed. In the rat, the 
hemodynamic and structural responses of the pulmonary vas- 
cular bed to chronic hypoxia were studied. After just 3 days 
of chronic hypoxia, a sustained elevation in pulmonary artery 
pressure and resistance was measured even after the rats were 
kept in room air for several hours. This finding coincides with 
the time that structural changes in the pulmonary vascular 
bed appear, in particular, the extension of muscle into periph- 
eral arteries that are normally nonmuscular. Over the ensuing 
2 weeks of hypoxia, mean pulmonary artery pressure pro- 
gressively rises to double control values (47). This increase is 
accompanied by right ventricular hypertrophy, further exten- 
sion of muscle into peripheral arteries, medial hypertrophy of 
normally muscular arteries, and reduction in arterial related 
to alveolar concentration. In the large preacinar pulmonary 
arteries, the adventitia is thickened as the result of an increase 
in the number of fibroblasts and collagen, and the media is 
also thicker as a result of hypertrophy of SMCs and accumula- 
tion of collagen, elastin, and other extracellular matrix com- 
ponents such as tenascin. 

Relative hyporesponsiveness to hypoxia of the female ani- 
mal has been observed in a number of species. During recov- 
ery from chronic hypoxia, mean pulmonary artery pressure 
returned to near normal in rats exposed as adults but remained 
50% above normal in animals exposed during infancy, corre- 
lating with more severe residual vascular abnormalities. Ultra- 
structural and biochemical studies in the rat have shown that 
regression of smooth muscle hypertrophy following return 
to room air is accompanied by an increase in the amount of 
elastin and collagen in the vessel wall (48). Thus, the vessel, 
although less muscular, is enclosed in a tight sheath, which 
may interfere with its compliance and its ability to grow. In 
studies by Kerr et al. (49), inhibition of collagen synthesis 
decreased chronic hypoxic pulmonary hypertension and vas- 
cular changes. 
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Stenmark et al. (50) took newborn calves to a simulated 
high altitude of 4,300 m and observed severe pulmonary hyper- 
tension with right-to-left shunting owing to the rapid develop- 
ment of suprasystemic levels of pulmonary artery pressure. 
There was striking medial hypertrophy and remarkable pro- 
liferation of a dense adventitial sheath, which, in large vessels, 
was sometimes seen to exhibit neovascularization (Fig. 66.9). 
Further studies showed striking synthesis of elastin in the pul- 
monary arteries of these neonatal calves. Most recent studies 
have implicated fibrocytes as key contributors to the remod- 
eling of the pulmonary vasculature. It is believed that these 
“stem cells” that have characteristics of both fibroblasts and 
leukocytes (51) migrate into the vessel wall through the angi- 
omata located in the expanding adventitia (52) (Fig. 66.10) 



and there is also a population of stem cells in the adventitia 
that may expand under conditions of hypoxia (53). There is 
also evidence in this model that epigenetic factors may be con- 
trolling the expression of proinflammatory cytokines in the 
fibroblasts in this model and that the inflammatory response 
is critical to the evolution of the disease (54). 

Studies in transgenic mice suggest that genetic factors might 
modulate the response to chronic hypoxia. For example, in the 
absence of hemoxygenase 1, there is reduced production of 
NO and its associated vasodilatory effects (55). Prostacyclin 
synthetase overexpression is protective against the hemody- 
namic and vascular changes of pulmonary hypertension (56). 
Serotonin has been implicated in the increased vasoreactivity 
of the fawn-hooded rat (57), and there is attenuated severity 
of pulmonary vascular disease in mice lacking the SERT gene 
(58). Overexpression of the SERT worsens hypoxia-induced 
pulmonary hypertension (59) as does haploinsufficiency of 
bone morphogenetic protein receptor 2 (Bmprl) (60) or domi- 
nant negative Bmprl (61), although in both cases the degree 
of structural remodeling is relatively unimpressive. Haploin- 
sufficiency of Bmprl in cultured SMCs and in transgenic mice 
makes them more sensitive to the proproliferative effects of 
serotonin (62). Epigenetic factors also appear to control sign- 
aling via Bmpr2 (63) as well as reduced expression of the free 
radical scavenger superoxide dismutase seen in the fawn- 
hooded rat with pulmonary hypertension (64). 

We have shown that mice overexpressing the calcium bind- 
ing protein S100A4/Mtsl have mild pulmonary hypertension 
under room air conditions. Values are increased over control 
mice in hypoxia but the remodeling response also appears to be 
mitigated. We related this to increased production of fibulin-5 
and thickening of the elastic laminae (65). Thus overexpres- 
sion of genes that might worsen hypoxia-induced pulmonary 
hypertension appears to invoke compensatory mechanisms 
that protect against the remodeling response. Understanding 
why these compensatory mechanisms fail may be critical in 
appreciating why some patients develop rapidly progressive 
pulmonary hypertension. 

Numerous studies have attempted to show how acute 
vasoconstriction or a direct hypoxic “injury” initiates the 
structural changes observed in the pulmonary arteries. 
There is convincing evidence that the high endothelin lev- 
els are causally related to hypoxic vasoconstriction and the 
subsequent initiation of vascular changes. In some studies, 
chronic hypoxia appears to decrease endothelial nitric oxide 
synthase (eNOS). Strategies proven effective in the treat- 
ment of chronic hypoxic pulmonary hypertension in rats 
include inhibition of 5-lipoxygenase activating protein as 
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Figure 66.9. An artery from the lung of a 2-week-old calf 
raised at a simulated altitude of 4,300 m from birth. Pulmo- 
nary artery systolic pressure was 100 mm Hg. There is marked 
medial hypertrophy and adventitial thickening with neovas- 
cularization (arrow). Elastic tissue stain, original magnifica- 
tion, x400. (Kindly supplied by K. Stenmark.) (top). In situ 
hybridization localization of tropoelastin mRNA in control 
and hypertensive vessels from neonatal calves. White staining 
over areas indicates tropoelastin mRNA labeling. In normoten- 
sive vessels (middle), labeled cells (35S-labeled T66-T7) were 
confined to the inner media. Minimal signal is noted in the 
outer vessel wall. In vessels from hypertensive animals (14 days 
of hypoxia) (bottom), intense autoradiographic signal was 
observed throughout the media, albeit in a patchy distribution. 
(From Prosser IW, Stenmark K, et al. Regional heterogeneity 
of elastin and collagen gene expression in intralobar arteries in 
response to hypoxic pulmonary hypertension as demonstrated 
by in situ hybridization. Am J Pathol 1989;135:1073-1088, 
with permission.) 
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Figure 66.10. Immunohistochemistry (brown peroxidase signal) revealed a greater number of c-kit+ cells (arrows) 
in the vessel wall of distal (A) and proximal (B and C) arteries from hypoxic animals compared with control 
animals. The c-kit+ cells ( arrows ) are localized contiguous to vasa vasorum in proximal vessels (B and C) and 
continuous to and within the vessel wall of vasa located in the adventitia (F). Scale Bar represents 100 (im in A, 
D, and E, and 50 jam in B, C and F. (Reproduced from Davie NJ, Crossno JT Jr, Frid MG, et al. 2004. Hypoxia- 
induced pulmonary artery adventitial remodeling and neovascularization: contribution of progenitor cells. Am 
J Physiol Lung Cell Mol Physiol 286:L668-L678, with permission). 


well as inhibition of cyclic d'-S'-guanosinemonophosphate- 
specific phosphodiesterase, and continuous infusion of NO. 
In other studies, activation of voltage-gated K channels 
(Kv2.1) by gene transfer or a metabolic activator inhibited 
chronic hypoxic pulmonary hypertension (66,67). Serine 
elastase inhibitors also effectively reduce chronic hypoxia- 
induced pulmonary hypertension and associated vascular 
remodeling (68). In addition, experimental studies suggest 


that vascular smooth muscle growth inhibitors may be use- 
ful in preventing vascular disease. Heparin infusion will 
decrease the severity of hypoxia-induced vascular changes, 
presumably by decreasing smooth muscle hyperplasia. Most 
recently, rho kinase inhibitors have proven effective when 
administered even by inhalation, in preventing pulmonary 
hypertension and structural changes associated with chronic 
hypoxia (69-72). 
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LUNG DISEASE 


Several factors may contribute to the pulmonary hypertension 
that commonly but not invariably accompanies severe paren- 
chymal lung disease: the level of hypoxia and polycythemia, 
the degree of endothelial injury and subsequent imbalance 
in vasoactive mediators and vascular reactivity, the level of 
pulmonary venous pressure secondary to dysfunction of the 
hypoxemic left ventricle, and the nature and severity of the 
structural damage to the pulmonary arteries. Treatment of 
the lung disease will decrease the level of pulmonary artery 
pressure by eliminating the contributing causes and by allowing 
some regression of the structural changes. The latter, however, 
ultimately determines the level of pulmonary hypertension and 
the rate of development of right-sided heart failure. 

Obstructive Lung Disease 

In children, unlike in the adult population, obstructive lung 
disorders such as asthma are only rarely associated with the 
development of pulmonary hypertension. In patients with 
cystic fibrosis, however, cor pulmonale is common. When 
right ventricular hypertrophy and failure are observed, they 
generally reflect the degree of abnormal structural remodeling 
of the pulmonary vascular bed. The severity of the arterial 
changes tend to be patchy, reflecting the nature of the lung 
disease, but the venous changes are more uniform suggesting 
that they result from left atrial hypertension secondary to the 
left ventricular dysfunction. 

Restrictive lung disease may occur in childhood from a 
variety of causes, and pulmonary hypertension is a common 
complication. Examples of such restrictive lung disorders are 
diffuse interstitial fibrosis (Hamman-Rich syndrome), bron- 
chopulmonary dysplasia, radiation fibrosis and chemotherapy 
toxicity, infiltrative lung tumors, and collagen vascular disease. 
In the latter, pulmonary vasculitis may be important etiologi- 
cally and is discussed separately. Reversal of the pulmonary 
hypertension generally depends on the ability to affect the 
course of the interstitial lung disease. Few structural studies 
have been done in patients with restrictive lung disorders. It has 
been proposed that, secondary to fibrosis of the alveolar septa, 
the loss of small alveolar wall arteries results in an increase in 
pulmonary vascular resistance, and as a secondary response 
there is hypertrophy of normally muscular arteries. In a study 
of the lungs from premature infants in whom bronchopulmo- 
nary dysplasia, was a complication of severe respiratory dis- 
tress syndrome, Rendas et al. (73) observed that, although the 
preacinar arteries had dilated appropriately, there was exten- 
sion of muscle into normally nonmuscular peripheral arteries, 
which might explain the persistent pulmonary hypertension 
in these patients. In addition, although the number of periph- 
eral arteries relative to alveoli was normal, the marked reduc- 
tion in alveolar number suggested an absolute decrease in the 
cross-sectional area of the pulmonary vascular bed. 


UPPER AIRWAY OBSTRUCTION 


Severe upper airway obstruction from a variety of causes 
(Fig. 66.11 and Table 66.4) may be complicated by the devel- 
opment of pulmonary hypertension. In each case, the hyper- 
tension is not always a direct result of the degree of airway 
obstruction but seems to depend also on whether there is a 
central component, such as diminished ventilatory drive or 
general neuromuscular pharyngeal dysfunction. Many patients 
with upper airway obstruction have worsening of their symp- 
toms with sleep; this worsening may be mechanical, such as 


positioning of the head or it may be the result of a central 
mechanism. Although removal of the airway obstruction often 
results in prompt return to normal pulmonary artery pressure 
and resolution of heart failure, these symptoms can persist 
for some time perhaps because of slow regression of hypoxia- 
induced structural changes in the pulmonary vascular bed or 
persistent impairment of ventilatory drive. 

The Pickwickian syndrome described in adults, consisting 
of hypersomnolence and obesity associated with pulmonary 
hypertension, also has been reported in children (Table 66.4). 
The obesity, through increased work of breathing, stresses the 
respiratory control system, and depending on its inherent sen- 
sitivity, hypoventilation may result, causing further retention 
and hypoxia, which contribute to the lethargy and cor pulmo- 
nale (Fig. 66.11). Mental retardation is often but not invari- 
ably associated with this syndrome. Damage to the respiratory 
center, either as a primary disorder (Ondine’s curse) or second- 
ary to trauma or other neurologic disease, also may result in 
cor pulmonale as a result of chronic intermittent hypoxia and 
hypercarbia. Although the pulmonary hypertension of sleep 
apnea in adults is in large part attributable to airway obstruc- 
tion, in children, it is often the manifestation of an abnormal 
central mechanism. Increasing attention to the “metabolic 
syndrome” and systemic vascular disease has prompted us to 
investigate insulin resistance, which occurs with obesity and is 
also related to the development or progression of pulmonary 
hypertension (74). 

Structural studies of the lung at postmortem have been car- 
ried out in patients with hypoventilation caused by damage 
to the respiratory center and in children with sudden infant 
death syndrome. In the former group, the degree of medial 
hypertrophy was compatible with hypoxia-induced pulmo- 
nary hypertension. Severe extension of muscle into peripheral 
arteries was observed in one-third of all patients with sudden 
infant death syndrome and in all “near-miss” infants in whom 
apnea was documented and who later died suddenly. 


DISORDERS OF THE CHEST WALL 


Neuromuscular disorders affecting the chest wall, such as Duch- 
enne muscular dystrophy, poliomyelitis, Werdnig-Hoffman 
disease, and diseases affecting the vertebrae and rib cage, such 
as scoliosis, may so impair ventilation as to cause pulmonary 
hypertension. In patients with scoliosis, the heart and lungs 
have been studied at postmortem using morphometric tech- 
niques. Mild right ventricular hypertrophy has been described 
in association with medial hypertrophy of normally muscular 
arteries, increased extension of muscle into peripheral arter- 
ies, and reduced arterial number, changes ordinarily found in 
association with chronic hypoxia-induced pulmonary hyper- 
tension. Reduction in arterial number has been found both in 
patients with lobes having a reduced alveolar number and in 
those with a normal alveolar number. 


PERSISTENT PULMONARY HYPERTENSION 
OF THE NEWBORN 


Persistent pulmonary hypertension of the newborn (PPHN) 
may result from one of three causes: underdevelopment of 
the lung and pulmonary vascular bed as seen in congenital 
diaphragmatic hernia, maladaptation of the pulmonary vascu- 
lar bed to extrauterine life as a result of postnatal stress, and 
maldevelopment of the pulmonary vascularity (e.g., alveolar 
capillary dysplasia) (Figs. 66.12 and 66.13). 
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Pathogenesis of 'Pickwickian' Syndrome 
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Figure 66.11. Top: Four different causes of upper airway obstruction, i: Hypertrophied tonsils (t). ii: X-ray of 
head and neck demonstrating compression of nasopharynx (arrow) by hypertrophied adenoids (a), iii: Glottic 
web (w) adjacent to vocal cord (v). iv: Lingual tonsils (t). v: bottom left: Thomas Nast’s drawing of the fat boy in 
“The Pickwick Papers” from an American edition of the Posthumous Papers of the Pickwick Club, London, 1837; 
New York, 1873. Bottom right: A schema of the pathogenesis of the pulmonary hypertension in the Pickwickian 
syndrome. (Modified from Auchincloss JH, Gilbert R. The cardiorespiratory syndrome related to obesity: clinical 
manifestations and pathologic physiology. Prog Cardiovasc Dts 1959;1:413.) 
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Causes of Upper-Airway 
Obstruction in Children 

Hypertrophied tonsils and/or adenoids 
Laryngotracheomalacia 

Subglottic stenosis secondary to congenital web or 
posttraumatic 

Micrognathia with glossoptosis (e.g., Pierre-Robin) 

Crouzon disease 

Hurler disease (macroglossia) 

Ankylosis of the temporomandibular joint 
Craniovertebral anomaly 
Laryngeal tumors or cysts 
Post cleft palate repair 

Development of the Normal Perinatal Pulmonary 
Vasculature 

Current studies are addressing factors that regulate the fetal 
growth and development of the pulmonary vasculature, such 


as matrix molecules (fibronectin and tenascin), and growth 
factors including VEGF, fibroblast growth factor, transform- 
ing growth factor, bone morphogenetic proteins, and Wnts. 
The balance between proteases such as elastase and matrix 
metalloproteinases and antiproteinases controls the response 
to growth factors in two ways. Proteolytic enzymes release 
growth factors from the extracellular matrix and they also 
influence the production of matrix molecules that interact 
with cells and can promote or repress the activation of growth 
factor receptors. 

Vasoactive molecules also regulate pulmonary vascular 
development; for example, endothelin production is associated 
with cell proliferation, and NO and prostacyclin are associ- 
ated with the suppression of cell growth. Transcription factors 
are being identified that control vascular SMC differentiation 
and the programming of constellations of genes involved in 
pulmonary vascular morphogenesis. 

The mediators responsible for maintaining the increased 
pulmonary vascular tone in the constricted fetal circulation 
and for the normal fall in pulmonary vascular resistance in the 
newborn have been the subject of much study, both experi- 
mentally and clinically. Studies by Wang and Coceani (75) in 
isolated peripheral pulmonary arteries from fetal and neonatal 
lambs showed that endothelin is a powerful vasoconstrictor 
and may be responsible for the increase in pulmonary vascu- 
lar resistance in the fetus, but this may depend also on the 
availability of specific receptors and on basal tone. Endothelin 
is released by endothelial cells in culture when subjected to 
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Figure 66.12. Left: Schema showing normal arterial dilation during transition from fetal to neonatal circulation. 
When the lung is underdeveloped, the vascular bed is hypoplastic and abnormally muscular. When it is undevel- 
oped, the vascular bed is abnormally muscular; when it is maladapted, it has not dilated appropriately at birth. 
Right: Arteriogram showing a small right lung with a distorted and even smaller left lung. Arteries in both lungs 
are reduced in size and number. (From Kitagawa M, Hislop A, Boyden EA, et al. Lung hypoplasia in congenital 
diaphragmatic hernia: a quantitative study of airway, artery, and alveolar development. J Surg 1971;58:342-346, 
with permission.) 
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Figure 66.13. Lung micrographs from the left (A) and right 
(J3,C) lungs of an infant with alveolar capillary dysplasia. 
A: Barium distends the lumen of a preacinar artery (A) but 
does not enter the anomalous vein to the left of the artery. 
Intraacinar arterial branches that contain barium are identified 
( arrowheads ), but intraacinar veins and venules are distended 
with red cells, presumably forced ahead of the barium by the 
postmortem angiogram. Airspaces are lined by cuboidal epi- 
thelium, and no luminal capillaries are seen, all vessels lying 
centrally in the airspace walls. Hematoxylin and eosin, original 
magnification, x90. B: Intraacinar pulmonary arteries showing 
medial muscular thickening that forms a continuous layer, even 
in the smallest branch ( arrowhead ), which is 20 mm in exter- 
nal diameter. Media is demarcated by external and internal 
elastic laminae, stained black in this elastic stain. A bronchiole 
is identified (B). Elastic-van Gieson, original magnification, 
x220. C: Intraacinar arteries, the smaller measuring 60 jam in 
external diameter, with concentric intimal fibrosis; the latter is 
overlaid by arrowheads that mark the internal elastic laminae. 
The media is narrow in these branches, but the lumen (con- 
taining festooned endothelial cells) is the same size as in the 
similar-sized arteries seen in B . Elastic— van Gieson, original 
magnification, x220. (From Cullinane C, Cox PN, Silver MM. 
Persistent pulmonary hypertension of the newborn due to 
alveolar capillary dysplasia. Pediatr Pathol 1992;12:499-514, 
with permission.) 


hypoxia. Dilator prostaglandins partially influence the fall in 
pulmonary vascular resistance because indomethacin retards 
but does not prevent the decrease observed with oxygen. Cur- 
rent thinking suggests that vasodilation of the newborn pul- 
monary circulation may be the result of increased production 
of NO (76) and repression of potassium channels (77). Studies 
by Belik et al, (78) also suggested that the mechanical proper- 
ties of fetal pulmonary vascular SMCs differ from those of the 
neonate. 


Underdevelopment of the Lung 

Underdevelopment of the lung parenchyma and associated 
pulmonary vasculature is associated with congenital dia- 
phragmatic hernia, hypoplastic or dysplastic lungs, scimitar 
syndrome, and oliogohydraminos secondary to renal agen- 
esis and dysplasia. Pulmonary hypoplasia is also a feature of 
prematurity, absence of the phrenic nerve, asphyxiating tho- 
racic dystrophy, rhesus isoimmunization, and, experimentally, 
amniocentesis and smoking. 

Pulmonary hypertension and right-to-left shunting from 
birth will result from hypoplasia of the pulmonary vascular 
bed (Fig, 66.12). Heightened pulmonary vascular resistance 
can be attributed to the impaired gas exchange (hypoxia, 
hypercarbia) in addition to the structural changes in the vessels. 
In infants with congenital diaphragmatic hernia, reversal of 
pulmonary hypertension has been achieved by using vasodila- 
tors, extracorporeal membrane oxygenation (ECMO) or high- 
frequency oscillation, and NO alone or in combination with 
phosphodiesterase inhibitors. Some infants with hypoplastic 
lungs that had been refractory to NO prior to ECMO dem- 
onstrated a beneficial effect of NO after ECMO. The expecta- 
tion is that the reduction in pulmonary artery resistance will 
stimulate regression of vascular changes and maturation in 
growth of the pulmonary arteries. There is recent evidence that 
endothelin receptor blockade may be a useful strategy in con- 
genital diaphragmatic hernia (79). In some cases, however, the 
lung hypoplasia might be excessive and stimulation of growth 
of distal arteries and alveoli may be inadequate. Dysplasias 
of the lung associated with PPHN, such as alveolar capillary 
dysplasia (Fig. 66.13), which may be familial in nature, are 
currently so refractory to treatment that a biopsy probably 
should be done to guide clinical management. 

Experimental studies carried out in newborn lambs and 
rabbits have shown that heparin can stimulate remodeling of 
the pulmonary circulation. Accelerated maturation of the pul- 
monary circulation was achieved by inducing an increase in 
the number of peripheral pulmonary arteries relative to alveoli. 
Clinical data show that this therapeutic strategy might prove 
useful in inducing the growth of peripheral arteries, thereby 
reducing pulmonary vascular resistance (80). Most impressive 
is the use of NO to experimentally stimulate angiogenesis and 
growth of distal vessels as well as alveoli (81,82). This has also 
been achieved with recombinant VEGF (83) and an activator 
of soluble guanylate cyclase (84), More recently, bone mar- 
row progenitor cells and mesenchymal progenitor cells or even 
conditioned medium have been used to stimulate growth of 
vessels and alveoli (85-87) (Fig. 66,14). 

Maladaptation of the Pulmonary Vascular Bed 

Perinatal stress, for example, hemorrhage, hypoglycemia, 
aspiration, or hypoxia may result in failure of dilation of nor- 
mally muscular vessels and left ventricular dysfunction, both 
contributing to persistent pulmonary hypertension. Structural 
studies of the lung at postmortem in fatal cases of meconium 
aspiration suggest that there were antecedent pulmonary vas- 
cular abnormalities that exacerbated the postnatal pulmo- 
nary hypertension. The most striking feature is the presence 
of muscle in arteries that are small and peripheral in location 
and normally nonmuscular. The use of inhaled NO in clinical 
studies and L-arginine in experimental studies and strategies 
to maximize dilator effects attributable to cyclic guanosine 
monophosphate (GMP) by inhibiting phosphodiesterases with 
agents such as sildenafil have proven effective in lowering pul- 
monary artery pressure. Because GMP-increased production 
of endothelin may underlie the pathophysiology, the use of 
endothelin receptor blockade or endothelial converting enzyme 
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Figure 66.14. Either bone marrow stromal cell (BMSC) or BMSC-conditioned media (CM) treatment prevents vas- 
cular changes associated with pulmonary hypertension in hyperoxia-induced lung injury. A: Hyperoxia-exposed, 
phosphate -buffered saline (PBS)-treated newborn mice develop significant right ventricular hypertrophy that is 
significantly reduced by BMSC treatment. Data are expressed as mean ± SEM (n = 10 to 12 animals per group). 
*p < 0.001, compared with the two normoxia groups and the hyperoxia group that received BMSC. B: BMSC 
treatment significantly reduced the medial wall thickness as compared with the hyperoxia group that received 
PBS treatment. Data are expressed as mean ± SEM. * p < 0.001, compared with normoxia and the hyperoxia 
group that received BMSC. C: Representative pulmonary arterioles immunostained for alpha-smooth muscle 
actin, displaying a thickened smooth muscle layer in hyperoxia-exposed mouse lungs as compared with nor- 
moxic controls, and absence of muscularization on BMSC treatment. D: Similar to BMSC treatment, BMSC-CM 
treatment significantly reduced right ventricular hypertrophy in hyperoxia-exposed animals, and (E) significantly 
reduced medial wall thickness as compared with the hyperoxia group that received pulmonary artery SMC-CM. 
Data are expressed as mean ± SEM (n = 16 to 18 animals per group). < 0.0001 versus normoxic groups or 
BMSC-CM treated groups. F: Representative small pulmonary arterioles, as in (C). Solid bar scale represents 
100 pm and all the panels are under the same magnification. (From Aslam M, Baveja R, Liang OD, et al. Bone 
marrow stromal cells attenuate lung injury in a murine model of neonatal chronic lung disease. Am ] Respir Crit 
Care Med 2009;180:1122-1130 with permission.) 
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inhibition may prove beneficial, especially if specificity could 
be controlled to maximize dilatory activity. That is, endothe- 
lin A receptors and endothelin B constrictor (as opposed to 
endothelin B dilator) receptors should be targeted. 

Maldevelopment of the Pulmonary Vascular Bed 

Newborns in whom there is no apparent reason for persis- 
tent pulmonary hypertension are the most perplexing of all. 
Clinical studies suggested in some cases a relationship between 
maternal ingestion of prostaglandin synthase inhibitors and 
subsequent persistent pulmonary hypertension. In a study of 
infants with PPHN reduced expression of the gene for eNOS 
was reported (88). 

Chronic hypoxia in pregnant guinea pigs and in pregnant 
rats will produce structural changes in the pulmonary vas- 
cular bed of the newborn. In lambs, the clinical syndrome 
has been produced by administration of a cytokine associ- 
ated with inflammation, that is, tumor necrosis factor alpha. 
Relatively short periods of hypoxia in the fetal lamb will result 
in sustained elevation of pulmonary artery pressure and struc- 
tural changes in the pulmonary arteries. In utero ligation of 
the ductus arteriosus simulates the structural changes and the 
initial hemodynamic profile of persistent pulmonary hyper- 
tension. In this model, increased lung preproendothelin and 
decreased (endothelin B) ETB receptors were observed (89). 
These features have been reported in the same experimental 
model in association with reduced expression of NO synthase. 
In addition, there is an elevation of cyclic GMP phosphodi- 
esterase activity that would potentiate the effects of reduced 
NO. In this model, phosphodiesterase inhibitors have proven 
effective in reducing pulmonary hypertension. Endothelin 
receptor blockade has also been used to successfully treat an 
experimental model of pulmonary hypertension associated 
with prematurity (90). Structural changes in the contractile 
apparatus of the hypertensive pulmonary arteries, such as 
the reduction in myosin light-chain phosphatase, also could 
influence the response to vasodilators. There are promising 
studies in lambs using antioxidant (superoxide dismutase) 
along with NO in neonatal lambs with persistent pulmonary 
hypertension (91). 

THROMBOEMBOLIC DISEASES 
Clinical Features 

Diagnosing thromboemboli as a cause of pulmonary hyperten- 
sion requires a high index of suspicion in patients who have 
disorders in which the former are likely to occur (Table 66.5 
and Fig. 66.15). For example, thromboemboli frequently occur 
in children who have ventriculoatrial shunts for hydrocepha- 
lus because of either clots dislodging from the end of the cath- 
eter or an abnormal fibrinolytic reaction of cerebrospinal fluid 
within the lung. Children with sickle cell anemia may develop 
pulmonary thromboses and infarctions. In endogenous areas, 
ova emboli due to schistosomiasis have been described. Fat 
emboli may occur secondary to trauma and also in association 
with collagen vascular disease. Tumor emboli may carry meta- 
static disease from the kidneys or other abdominal organs, or 
they may be present in association with infiltrative carcinoma- 
tous disease of the lung. Thromboembolic pulmonary hyper- 
tension is also associated with tumor chemotherapy. Deep vein 
thrombosis also is seen in children as a source of pulmonary 
emboli. Right-sided endocarditis and right atrial myxoma 
also may be sources of emboli. In the newborn and young 
infant, pulmonary thrombosis may be associated with sepsis 


Causes of Thromboembolic 
Disease in Children 


Ventriculoatrial shunts for hydrocephalus 

Fat emboli (posttraumatic or with collagen vascular disease) 

Sickle cell anemia 

Tumor emboli 

Ovaemboli (schistosomiasis) 

Thrombosis in other vascular structures (secondary to 
immobilization) 

Sepsis and/or dehydration 
Right-sided endocarditis 
Right atrial myxoma 


and dehydration and portal or renal vein thrombosis, and it is 
seen with nephrotic syndrome. Thromboembolic pulmonary 
hypertension also can be associated with steroids. There is 
little direct evidence that oral contraceptives alone will cause 
the development of pulmonary vascular disease in women, but 
these compounds probably should be avoided, particularly 
in susceptible women, such as those with congenital heart 
defects and pulmonary hypertension. Diagnosis of the nature 
and severity of embolic phenomena can be established by chest 
radiography and lung scans, although occasionally angiogra- 
phy is necessary, and there have been advances in treatment 
by thromboendarterectomy (92). There are two factors that 
probably contribute to the pulmonary hypertension of throm- 
boembolic disease: first, the structural damage and occlusive 
changes within the large and small arteries; and, second, the 
concomitant release of vasoactive substances, particularly 
from degenerating platelets, serotonin, or thromboxane. 

The nature of the pulmonary vascular abnormalities in 
thromboembolic disorders has not been studied extensively in 
children, but findings can be expected to be similar to those 
described in adults. In postmortem pulmonary arteriograms 
of adult patients, some vessels show evidence of thrombi (seen 
as filling defects), and filling of the peripheral distribution of 
these vessels with contrast material is scant. Other areas of the 
lung, however, appear normal. Upon microscopic examination 
of the abnormally filled areas, fibrous intimal hyperplasia is 
observed, mostly eccentric in nature, in both the preacinar and 
peripheral intraacinar arteries. Some vessels show evidence of 
having been completely occluded and later recanalized. Micro- 
scopic examination of areas that appear normal on the arterio- 
gram show intraacinar pulmonary arteries that are increased 
both in size and concentration, suggesting compensatory 
dilation and recruitment. Throughout the lung, there may be 
medial hypertrophy of muscular arteries, but this probably 
depends on the duration of the disease and the severity of pul- 
monary hypertension. 


SICKLE CELL DISEASE AND OTHER 
HEMOGLOBINOPATHIES 


There has been increasing recent attention given to the com- 
plication of pulmonary hypertension in patients with sickle 
cell disease (93) and other hemoglobinopathies such as thalla- 
semia. This complication is now recognized as a significant risk 
factor for death (94). The cause goes beyond thromboemboli 


TABLE 66.5 
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Figure 66.15. A: Lung perfusion scan performed after injec- 
tion of technetium-99m macroaggregated albumen in a teenage 
boy who, after an orthopedic procedure, developed deep vein 
thromboses and pulmonary emboli. The latter are visualized 
as filling defects (arrows). LPO, left posterior oblique; RPO, 
right posterior oblique; B: Venous angiogram (left) shows site 
of tumor (infiltrative reticulum cell sarcoma) in inferior vena 
cava. Right ventricular cineangiogram (right) demonstrates 
large embolus from same tumor in right pulmonary artery. 


and appears to relate to hemolysis-induced endothelial dys- 
function and subsequent dysregulation of arginine metabolism 
and reduced NO bioavailability. Initial results of studies using 
sildenafil to treat chronic pulmonary hypertension appear 
promising (95). New studies suggest a potential benefit of 
nitrite therapy in this disorder (96). 


PORTAL HYPERTENSION 


Severe liver disease producing cirrhosis and intrahepatic por- 
tal hypertension, as well as portal vein thrombosis produc- 
ing extrahepatic portal hypertension have been associated 
with the development of pulmonary hypertension (97). Severe 
structural changes, consisting of medial hypertrophy, occlu- 
sive cellular intimal hyperplasia, plexiform lesions, and dila- 
tion complexes occur in the peripheral pulmonary arteries. It 
has therefore been postulated that the “toxic liver” is unable 
to degrade a certain vasoconstrictor substance that then cir- 
culates through the lung in high concentration causing struc- 
tural damage to the vessels. In some patients with liver disease, 
however, there is generalized vasodilation of the vessels in the 
lung (98). In other patients, anastomoses develop between pul- 
monary and hepatic arteries (99). Thus, the pulmonary vascu- 
lar response (both structural and hemodynamic) in individual 
patients with liver disease may differ greatly. Severe pulmonary 
hypertension should not be considered a contraindication to 


liver transplantation because regression of the hemodynamic 
abnormality has been described. Recently portopuimonary 
hypertension has been linked to a polymorphism in S100A4 
(100), a gene we linked to experimental pulmonary hyperten- 
sion discussed later in this chapter. 


GRANULOMATOUS AND COLLAGEN VASCULAR 
DISEASES AND IMMUNE/INFECTIOUS DISEASES 


Pulmonary hypertension may occur either in adults or in chil- 
dren with sarcoidosis. This seems to be due to the presence 
of obstructive granulomas within the pulmonary arteries. Pul- 
monary hypertension also may occur in association with col- 
lagen vascular disease, such as scleroderma, and the CREST 
syndrome (calcinosis, Raynaud’s phenomenon, esophageal 
dysfunction, sclerodactyly, telangiectasia) and more rarely in 
association with systemic lupus erythematosus, rheumatoid 
arthritis, Takayasu arteritis, polymyositis, and dermatomyositis. 
While the pathologic features of PAH include thromboemboli, 
particularly in association with the antiphospholipid syn- 
drome (101) an immune/inflammatory vasculitis appears to 
be the initiating event. The prevailing hypothesis is that there 
is endothelial injury coupled to an immune defect and this 
leads to a peri- and intravascular inflammatory response that 
causes vascular lesions that lead to progressive PAH. In addi- 
tion to high circulating levels of endothelin-1 (indicative of an 
endothelial injury), there is increased production of autoan- 
tibodies that reflect the immune compromise. Activating 
antibodies to platelet-derived growth factor (PDGF) receptor 
(102) could explain the proliferative response of SMCs caus- 
ing vascular lesions. In an allergic model of PAH, an IL-13- 
mediated increase in a resistin-like molecule was observed and 
this protein can induce SMC proliferation (103). 

The results of therapy, including intravenous prostacy- 
clin, have not appreciably improved long-term survival in 
the subset of patients with PAH in association with systemic 
sclerosis. These patients appear to deteriorate with lower 
levels of pulmonary artery pressure and resistance, per- 
haps because of intrinsic abnormalities in the right ventricle 
or related to increased stiffness of the conduit pulmonary 
arteries (104). 

Inflammation has been linked to the development of PAH, 
and both the chemokine receptor CX3CR1 and the chemokine 
fractalkine appear to be elevated (105). Severe PAH has been 
associated with acquired immunodeficiency syndrome, even in 
the absence of lung parenchymal disease (106), and has been 
reproduced experimentally (107). Moreover, the development of 
PAH in the subset of patients with human immunodeficiency 
virus (HIV) infection may be a function of the immunogenetic 
background (i.e., human leukocyte antigen class II alleles) 
(108). More recently, a link has been made between expres- 
sion of human herpesvirus 8 associated with Kaposi sarcoma 
and idiopathic PAH (109), although this association has not 
been confirmed in all populations studied. 

It appears that the Kaposi sarcoma virus can stimulate lys- 
osomal-mediated degradation of BMPR2 (110), the receptor 
that is mutated and dysfunctional in patients with idiopathic 
pulmonary hypertension. This receptor normally protects the 
pulmonary vasculature, as is discussed later in the chapter. The 
HIV-nef gene has been implicated in plexogenic pulmonary 
vascular lesions associated with PAH in HIV-infected patients 
and Simian immunodeficiency virus-infected nonhuman pri- 
mates (111). 

Recently, we have reported that the mouse that overex- 
presses S100A4/Mtsl develops extensive and severe neointi- 
mal lesions following injection of the gamma murine herpes 
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Figure 66.16 Heightened neutrophil elastase expression in cultured pulmonary 
artery SMCs is localized to neointimal lesions in lungs from patients with idiopathic 
pulmonary artery hypertension (IPAH). A: Western immunoblots on top and rela- 
tive densitometry on the bottom comparing neutrophil elastase relative to /3-actin 
in cultured pulmonary artery SMCs isolated from three IPAH patients versus three 
unused donor lungs as controls. Bars represent mean of n = 3 per group, with 
< 0.05 determined by £-test. Representative immunohistochemistry from one of 
five IPAH and one of four control lungs. Cells strongly expressing neutrophil elastase 
are apparent in the subendothelium and media of pulmonary arteries with neointimal 
or plexiform lesions in the IPAH lung (B,D). Little immunoreactivity for neutrophil 
elastase was apparent in the pulmonary arteries in the control donor lung (F). Back- 
ground immunoreactivity is apparent using IgG as a control (C,E). Arrowheads point 
to regions of intense immunoreactivity. Marked areas are shown with twofold higher 
magnification, on the right. Scale bars, 100 fim (B-F). (From Kim YM, Haghighat L, 
Spiekerkoetter E, et al. Neutrophil elastase is produced by pulmonary artery smooth 
muscle cells and is linked to neointimal lesions. Am J Pathol 2011;179:1560-1572, 
with permission.) 



virus-68 (the murine homologue of human herpesvirus-8). 
This is associated with an elevated elastase activity that we 
have now identified as neutrophil elastase produced by pul- 
monary artery SMCs. In this model, we identified high levels 
of neutrophil elastase in SMCs and also observed high levels 
of this enzyme in the vessels from patients with pulmonary 
hypertension (Fig. 66.16) (112). 

The high incidence of PAH in areas of the world endemic 
for schistosomiasis has resulted in a number of experimen- 
tal studies addressing pathogenesis and pathobiology of this 
complication. About 10% of patients with schistosomia- 
sis will develop portal hypertension and 10% of those (1% 
total) will have PAH. Chronic infection with the high-dose 
cercariae resulted in extensive lung vascular remodeling and 
PAH (113) (Fig. 66.17). 

Allergic responses to ovalbumin or to aspergillus (114) can 
result in extensive vascular remodeling although in this model 
of disease, as in the S100A4 overexpressing mice inoculated 
with virus, elevation in right ventricular systolic pressure is 
not observed. A Th2 immune response characterizes both the 
ovalbumin and the cercariae models but not the viral model 
of pulmonary vascular remodeling. In mice lacking prosta- 
glandin synthase, induction of allergic inflammation with the 
house dust mite induces intense pulmonary vascular remod- 
eling; changes that are reversed by administration of prosta- 
glandin E2. 

A recent study has shown that in the model of PAH in which 
loss of arteries is induced by the combination of injection of 
an inhibitor of VEGF and hypoxia, depletion of T cell subsets 
actually worsens the pathology (115). This adverse response 
has been attributed to unbalanced B cell activity resulting from 
impaired regulatory T cell (Treg) production (116). 


In patients with idiopathic pulmonary artery hypertension 
(IPAH), there is a pronounced inflammatory response, height- 
ened circulating levels of cytokines and their receptors, stro- 
mal-derived factor-1 and monocyte chemoattractant protein 
(MCP)-l, as well as fractalkine (105), and its cognate recep- 
tor, which are associated with heightened SMC proliferation. 
Also intriguing are recent studies suggesting that heightened 
expression of the transcription factor NFATc2 that is asso- 
ciated with inflammatory cells may underlie PAH. Increased 
nuclear NFATc2 is observed in T cells from IPAH patients and 
in pulmonary vascular lesions, and this can lead to repression 
of Kv 1.5 channel expression. NFATc2 can be inhibited by a 
small molecule and its nuclear translocation can be suppressed 
by cyclosporine. These agents can also attenuate experimentally 
induced PAH (117). 

DRUGS AND TOXINS 
Clinical Studies 

The ingestion of substances associated with PAH include ami- 
norex, as well as the fenfluramine compounds, for example, 
dexfenfluramine, a serotonin antagonist (118). These agents 
resemble epinephrine in their chemical structure, suppress 
appetite, and cause symptoms of right-sided heart failure in 
10% of patients within 6 to 12 months of initial administra- 
tion. Microscopic changes in the lung are similar to those in 
patients with end-stage pulmonary vascular disease, regardless 
of etiology (i.e., medial hypertrophy and intimal fibroelasto- 
sis, including the presence of plexiform and dilation lesions). 
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Figure 66.17. Representative photomicrographs (xlOO mag- 
nification) of lung sections. A: Mice infected with Schistosoma 
mansoni for 25 weeks with eggs in the lung; numerous grossly 
remodeled vessels can be seen ( arrows indicate remodeled vessels). 
B: In mice infected with S. mansoni for 25 weeks and treated with 
praziquantel for the final 8 weeks, no grossly remodeled vessels 
can be seen. Sections were stained with hematoxylin and eosin. 
Bar represents 10 pm. (From Crosby A, Jones FM, Kolosionek E, 
et al. Praziquantel reverses pulmonary hypertension and vascular 
remodeling in murine schistosomiasis. Am J Respir Crit Care Med 
2011;184:467-473, with permission.) 

Pathophysiologic studies have also suggested that there are 
similarities to primary PAH in terms of monoclonal expansion 
of endothelial cell populations (119). As previously mentioned, 
our studies have linked serotonin to increased production and 
secretion of S100A4/Mtsl, a gene associated with advanced 
clinical and experimental PAH (22,23). 

The toxic oils, such as rapeseed oil, have been implicated 
in the development of malignant PAH (120). Ingestion of pyr- 
rolizidine alkaloids, such as bush tea, causes hepatic veno- 
occlusive disease, and a similar compound, monocrotaline, 
when ingested by animals, causes severe pulmonary vascular 
disease (121). 

Experimental Studies 

Rats that ingest the toxin monocrotaline develop pulmonary 
arterial changes that can be correlated with hemodynamic evi- 
dence of progressive PAH with increased pulmonary vascular 
resistance (122-127). Initially, there is an increase in cardiac 
output associated with extension of muscle into peripheral 
arteries that are normally nonmuscular. After a few weeks, 
when there is an increase in pulmonary artery pressure, medial 
hypertrophy of normally muscular arteries is apparent. After 
3 weeks, when an increase in pulmonary vascular resistance 
occurs secondary to both a further rise in pulmonary artery 
pressure and a drop in cardiac output, there is a reduction in 
the number of peripheral pulmonary arteries, and “ghost,” or 
disappearing, vessels can be seen. 

Ultrastructural studies have shown injury to the vas- 
cular endothelium within several hours of monocrotaline 


injection; inflammatory cells and edema are apparent after 

1 week. Studies carried out in our laboratory comparing the 
response to monocrotaline in neonatal, infant, and adult 
rats suggested that, in the neonate, transient inflammation 
causes a severe decrease in alveolar number. The develop- 
ment of vascular changes is similar in the three groups. In 
the infant rat, however, the abnormalities regress between 

2 and 4 weeks after injection, whereas in the adult animal, 
they progress (122). Our studies showed that increased 
elastase activity not only initiated but also contributed to the 
progression of the vascular changes. Similar to pulmonary 
hypertension secondary to chronic hypoxia, there is an early 
increase in enzymatic activity only 2 days after injection 
of the toxin, but there is also a further increase in elastase 
activity observed with malignant progression of the disease 
in adult rats. Furthermore, we demonstrated that elastase 
inhibitors are effective in reducing the pulmonary hyperten- 
sion and vascular changes (125). We have also shown that 
elastase inhibitors can effectively reverse the pulmonary 
hypertension that results from monocrotaline toxicity with 
values similar to those in control animals that did not receive 
this toxin (128) (Figs. 66.18 and 66.19). Reversibility of dis- 
ease was associated with coordinated apoptosis and caspase- 
mediated degradation of the excess extracellular matrix 
(129) with regeneration of normal endothelial channels and 
precapillary vessels. 

Based upon subsequent knowledge that the effect of 
elastase was critical in maintaining survival signals through 
epidermal growth factor receptors (EGFRs) (130), we recently 
blocked EGFR (131). In these studies, we were able to show 
reversal of progressive PAH that was sustained even 1 month 
after cessation of treatment. More recently, the use of a PDGF 
receptor blocker to reverse PAH in this experimental model 
(132) has prompted a case report showing the successful use 
of imatinib in a patient with advanced pulmonary vascular 
disease (133). This report has prompted several clinical trials 
using imatinib in patients with PAH, with the published data 
suggesting potential efficacy in those with the most severe dis- 
ease (134). 

Others have used eNOS gene therapy in association 
with endothelial progenitor cell administration (Fig. 66.20) 
(135,136), gene therapy with survivin (137) (Fig. 66.21), angi- 
opoietin-1 (138), inhibition of the SERT (139), adrenomedul- 
lin (140), and the rho kinase inhibitor, fasudil (141). Recently, 
gene replacement therapy with the Bmpr2 has shown similar 
efficacy to that seen in the hypoxia model (142). Potassium 
channel dysfunction is implicated in the pathogenesis of pul- 
monary vascular disease (143), and gene therapy restoring K 
channel function has been used effectively to suppress pul- 
monary vascular disease (67) but this has not been tested to 
reverse the process. 

Recently, this group has shown abnormal metabolism 
linked to inflammation in pulmonary hypertension and impor- 
tant novel therapeutic targets linked to reversing a fatty acid 
oxidation defect (144). An important link between altered 
metabolism and inflammation underlies the propensity of 
mice (145,146) and highlights the role of mitochondrial dys- 
function as pivotal to the pathology (147) (Fig. 66.22). Mice 
with insulin resistance develop pulmonary hypertension (148) 
and there is a high incidence of metabolic syndrome in women 
with idiopathic pulmonary hypertension (74). Mice with loss 
of peroxisome proliferator-activated receptor-gamma (PPARy) 
in endothelial (149) or in SMCs (150) have spontaneous pul- 
monary hypertension and this can be rescued by adding back 
a apelin, a downstream target of PPARygene regulation (151). 

Other experimental models of chronic inflammation, 
such as repeated injections of endotoxin, and tumor necro- 
sis factor also have been associated with the development 
of pulmonary vascular changes. In models of chronic air 
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Figure 66.18. Cellular mechanism responsible for reversal of pulmonary artery muscularity. Elastase inhibition 
arrests tenascin-C accumulation and proliferation and induces apoptosis and loss of extracellular matrix (such 
as elastin). A-P: Days refer to time after injection of monocrotaline: A,E,I,M, day 21; B,F,J,N, day 28; C,G,K,0, 
day 28; D,H,L,P, day 28. A-D: Saline-perfused pulmonary arteries stained with Movat pentachrome stain. E-H: 
Pulmonary arteries after tenascin-C immunohistochemistry. Arrows indicate positive brown peroxidase staining. 
I-L: In situ TUNEL assays identifying apoptosis. Arrows indicate TUNEL-positive vascular cells. M-P: Proliferat- 
ing vascular cells, shown by immunohistochemistry for proliferating cell nuclear antigen (PCNA); dark nuclei are 
PCNA-positive cells. Q,R: Percent of smooth muscles cells (SMCs) that are TUNEL positive (Q) or PCNA posi- 
tive (R). S: Densitometric quantification of elastin 1, inhibitor treated (1Z, ZD0892; 1M M249314); TUNEL, in 
situ DNA nick end labeling; u, untreated; v, vehicle treated. Graphed data represent mean ± standard error of the 
mean of n - 4; scale bars represent 5 fim; \ p < 0.05, compared with + , p < 0.05, compared with results on day 21 
in rats treated with monocrotaline. (Reproduced from Cowan KN, Heilbut A, Humpl T, et al. Complete reversal 
of fatal pulmonary hypertension in rats by a serine elastase inhibitor. Nat Med 200;6:698-702, with permission.) 
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Figure 66.19. We have speculated how a stimulus could induce activity of an elastolytic enzyme and how this 
might stimulate the remodeling process. The process of progressive pulmonary hypertension involves a series of 
switches in the smooth-muscle cell (SMC) phenotype (i.e., differentiation of muscle from nonmuscle precursor 
cells, SMC hypertrophy, proliferation accounting for medial hypertrophy, and SMC migration resulting in neo- 
intimal formation). In response to a stimulus, such as high flow and pressure, the first “casualty” is the endothe- 
lial cell. As a result of structural and functional alterations in endothelial cells, some of the barrier function would 
be lost, allowing a leak into the subendothelium of a serum factor normally excluded from this region. The serum 
factor could induce activity of an endogenous vascular elastase (EVE). This enzyme released from precursor or 
mature SMCs would activate growth factors normally stored in the extracellular matrix in an inactive form, such 
as basic fibroblast growth factor (bFGF) and transforming growth factor(TGF)-/?, which are known to induce 
smooth muscle hypertrophy and proliferation and increases in connective tissue protein (e.g., collagen and elas- 
tin) synthesis. Growth factors also induce tenascin, a matrix glycoprotein that amplifies the proliferative response 
as described in the text. This results in the differentiation of precursor cells to mature smooth muscle related to 
the muscularization of normally nonmuscular small peripheral arteries. In the muscular arteries, the release of 
growth factors would result in hypertrophy of the vessel wall. Continued elastase activity would cause migration 
of SMCs in several ways. The elastin peptides or degradation products of elastin can stimulate fibronectin, a 
glycoprotein that is pivotal in altering SMC shape and switches them from the contractile to motile phenotype. 
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Figure 66.20. Representative confocal projection images of lung sections 
perfused with fluorescent microspheres (green) suspended in agarose (i.e., 
fluorescent microangiography) and immunostained for alpha smooth mus- 
cle actin (red). A: Normal filling of the microvasculature was observed in 
control rats (a), whereas rats treated with monocrotaline (MCT) showed 
a marked loss of microvascular perfusion and widespread precapillary 
occlusion 21 days (b) and 35 (d) days after MCT injection. In the pre- 
vention model, animals receiving endothelial-like progenitor cells (ELPCs) 
displayed improved microvascular perfusion and preserved continuity of 
the distal vasculature (c). In the reversal model, eNOS-transduced ELPCs 
dramatically improved the appearance of the pulmonary microvascula- 
ture (f), whereas progenitor cells alone resulted in more modest increases 
in perfusion and little noticeable reduction in arteriolar muscularization 
(e), calibration bars=100 fl m. In the prevention model, animals receiving 
ELPCs displayed improved microvascular perfusion (B) and preserved con- 
tinuity of the distal vasculature (C), and similar findings were observed in 
the reversal model. NM, nonmuscular; PM, partially muscular; FM, fully 
muscular. (Reproduced from Zhao YD, Courtman DW, Deng Y, et al. Res- 
cue of monocrotaline-induced pulmonary arterial hypertension using bone 
marrow-derived endothelial-like progenitor cells: efficacy of combined cell 
and eNOS gene therapy in established disease. Circ Res 2005;96:442-450, 
with permission.) 
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Figure 66.21. Gene therapy of rat monocrotaline-pulmonary artery hypertension (MCT-PAH) with adenovirus- 
green fluorescent protein survivin-mutant (Ad-GFP-S-M) improves hemodynamics, reduces remodeling of the 
pulmonary artery (PA) resistance, and prolongs survival. A; Representative high-fidelity PA pressure tracings 
and mean data show that Ad-GFP-S-M, but not Ad-GFP, therapy reduces PA pressure and pulmonary vascular 
resistance index (PVRi), without altering systemic hemodynamics. SVRi, systemic vascular resistance index. 
B,C: Ad-GFP-S-M, but not Ad-GFP, reduces right ventricle (RV) thickness measured in parasternal short axis 
and preserves the normal round shape of the left ventricle (LV). Similarly, Ad-GFP-S-M reduces pulmonary artery 
acceleration time (PAAT). Resistance PA remodeling, as measured by percent medial thickness, is reduced by 
treatment with Ad-GFP-S-M. RVOT, RV outflow tract; AV, aortic valve; PV, pulmonary valve. Magnification in 
(C), x40. D: Targeting survivin with inhaled gene therapy in MCT-PAH significantly prolongs survival within 
the study period. *p < 0.05 versus MCT; p < 0.05 versus Ad-GFP. (Reproduced from McMurtry MS, Archer SL, 
Altieri DC, et al. Gene therapy targeting survivin selectively induces pulmonary vascular apoptosis and reverses 
pulmonary arterial hypertension. J Clin Invest 2005;115:1479-1491, with permission.) 


embolization and thoracic irradiation, in which pulmo- 
nary hypertension and vascular changes are produced, 
endothelial injury is the common observation, as it is in the 
monocrotaline model. 


IDIOPATHIC PULMONARY HYPERTENSION 

After all known causes of pulmonary hypertension have been 
ruled out, the diagnosis becomes that of idiopathic pulmonary 
hypertension. This unexplained disease, in which a structural 
abnormality is always found either in the arteries or in the 
veins, occurs both in children and adults and sometimes with a 
familial tendency (152-154). By the time the patient becomes 
symptomatic, the disease is usually advanced; in the absence 
of treatment, it is usually rapidly progressive and invariably 
fatal, although rare cases of spontaneous regression have been 
reported. The preponderance of affected females ranges in 


some studies from a ratio of 4:1 to 2:1. In general, there is 
an inverse relationship between the age of onset of symptoms 
and the duration of illness until death. Children are most 
frequently diagnosed in infancy and in the absence of treat- 
ment may die within a year. 

Recent attention has been directed to the genetics of this 
disease. Studies by Loyd et al. (155) have shown that there 
is genetic anticipation with the disease occurring earlier in 
subsequent generations and a preponderance of affected 
females at birth, suggesting that in the male there may be 
fetal wastage. In young children, the pathobiology suggests 
failure of the neonatal vasculature to open and a striking 
reduction in arterial number (156). In older children, inti- 
mal hyperplasia and occlusive changes are found in the pul- 
monary arteries as well as plexiform lesions. In adults, in 
addition to the latter changes, “ghost” arteries also have 
been reported. An electron microscopic study (157), per- 
formed on a lung biopsy of an adult patient, showed severe 
endothelial injury, which was speculated to be the initial 
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Figure 66.22. Metabolic hypothesis of pulmonary arterial hypertension (PAH). PAH pulmonary artery SMC 
mitochondria have decreased pyruvate influx, hyperpolarized mitochondria and reduced Krebs cycle activity, and 
mitochondrial-reactive oxygen species (ROS) (free radical) production. Hyperpolarized mitochondria and sup- 
pressed mROS close the mitochondrial transport pore (MTP), “trapping” cytochrome c, and apoptosis-inducing 
factor (AIF) in the matrix, resulting in resistance to apoptosis. This also results in closure of redox-sensitive Kv 
channels and influx of intracellular Ca 2+ resulting in contraction and proliferation. Increased Ca 2+ activates 
transcription factors (HIF and NFAT) that further suppress apoptosis and potentiate proliferative response. This 
whole mechanism initiated by hyperpolarization of mitochondria can be reversed by the inhibition of pyruvate 
dehydrogenase kinase (PDK), by dichloroacetate (DCA) thereby activating pyruvate dehydrogenase (PDH). In 
addition, inhibition of fatty acid oxidation (FAO) indirectly activates PDH (via the Randle cycle), thus mimick- 
ing DCA, also reversing PAH. "Denotes potential additional targets for therapy predicted by this mitochondria- 
centric model of PAH pathogenesis. (From Dromparis P, Sutendra G, Michelakis ED. The role of mitochondria 
in pulmonary vascular remodeling. J Mol Med ( Berl ) 2010;88:1003-1010, with permission.) 


site of damage. In some patients, defective vWF (158) and 
fibrinolysis (159) have been described. Additional features 
include thickening of the pulmonary adventitia and venous 
hypertrophy as well as endothelial cell hyperplasia (160). 
Immunohistochemical changes include increased expression 
of TGF-/3, matrix proteins, and macrophages (161), as well 
as the molecules observed with advanced lesions in congeni- 
tal heart defect patients, that is, fibronectin, tenascin C, and 
S100A4/Mtsl. 

In the venous form of unexplained pulmonary hyperten- 
sion, the clinical presentation is somewhat different from the 
arterial in that orthopnea is a characteristic feature and changes 
suggesting pulmonary edema are apparent on the chest radio- 
graph, despite a normal pulmonary wedge pressure. Structural 
abnormalities in the lung are most striking in both large and 
small veins and consist of loose, fibrous intimal hyperplasia 


with dilated lymphatics. There is also evidence that pulmo- 
nary venous occlusive disease might occur in utero. A number 
of factors affect the prognosis in idiopathic pulmonary hyper- 
tension such as insulin resistance in female patients (74) and 
iron deficiency associated with elevated hepcidin levels (162) 
(Fig. 66.23). 

A mutation in the gene for Bmpr2 is associated with 
60% of familial cases of PAH (152-154), but the penetrance is 
only about 20%. That is, 80% of family members who carry 
the mutation will never develop PAH. Moreover, mutations in 
Bmprl have been described in 20% of sporadic cases of PAH 
(163,164). In addition, other BMP-TGF beta receptor family 
members such as ALK1 and endoglin that were first identified 
as mutated in hemorrhagic telangiectasia are also occasionally 
mutated in patients with PAH (165,166). Focusing additional 
evidence on this family of receptors, a microsatellite instability 
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Figure 66.23. Serum transferrin receptor levels and idiopathic pulmonary arterial hypertension (IPAH). A: Distri- 
bution of soluble transferrin receptor (sTfR) levels according to World Health Organization (WHO) functional 
class in patients with IPAH and in healthy controls, p value relates to Kruskal-Wallis ANOVA. B: Kaplan-Meier 
survival estimates stratified by sTfR level below (blue solid line) or above {green dashed line) the predefined upper 
limit of the normal range, 28.1 nmol/L. (From Rhodes CJ, Howard LS, Busbridge M, et al. Iron deficiency and 
raised hepcidin in idiopathic pulmonary arterial hypertension: clinical prevalence, outcomes, and mechanistic 
insights. J Am Coll Cardiol 2011;58:300-309, with premission.) 


in the TGF-/1 receptor II, resulting in its reduced expression 
and function, is observed in patients with IPAH (167). Recent 
studies have linked the penetrance of pulmonary hypertension 
in affected family members to the expression of Bmpr2 from 
the normal allele (168). A host of new studies also implicate 
estrogen metabolism (169) and estrogen receptor expression 
(170) to the female predisposition to pulmonary hypertension. 

Although the penetrance is low, the functional link between 
mutations in Bmpr2 and PAH is reinforced by the fact that inde- 
pendent of a mutation in Bmpr2 , IPAH patients have reduced 
Bmpr2 protein expression as do, to some extent, patients with 
secondary PAH. The functional consequence of reduced or 
absent Bmpr2 in endothelial or SMCs is related to the patho- 
logic features observed in PAH and discussed below. Impaired 
downstream signaling has been described in association with 
a variety of Bmpr2 mutations (171,172), and there is also a 
newly described mutation in pSmad 8 in a patient with IPAH. 

A few studies have specifically addressed the transcription 
factors and genes that are subsequently upregulated or sup- 
pressed as a result of impaired Bmpr2 signaling. We have shown 
in SMCs that BMPs can induce PPARy transcriptional activ- 
ity to induce apoE, a suppressor of SMC proliferation (150). 
These studies showed that the main function of Bmpr2 sign- 
aling is to suppress the proliferative response of SMCs when 
there is stimulation by growth factors that are induced under 
conditions of vascular injury. In endothelial cells, in contrast to 
SMCs, BMPs induce a complex between PPARy and /3-catenin 
to regulate genes like apelin that have important protective par- 
acrine and autocrine effects (151). BMPs suppress apoptosis of 
endothelial cells in response to injury and are proangiogenic, 
indicating that they may play an important role in repairing 
damaged microvessels. Apelin, in addition to being a factor 
that improves endothelial survival, can also suppress SMC pro- 
liferation, vasodilate, and improve cardiac function (173). 

Interactions between the Bmpr2 signaling pathway and the 
Notch signaling pathway led investigators to determine that 


TABLE 66.6 


Investigative and Other Potential 
Treatments for Pulmonary 
Hypertension 


Novel Therapeutic Strategies for Pulmonary 
Arterial Hypertension 


Elastase inhibition 


Kv channel openers (DCA) 

Malonyl coenzyme decarboxylase inhibitor 
TRP channel suppressor 
Dominant negative surviving 
*Statins 


VIP 

*PPARyagonists 

^Growth factor inhibitors (anti-PDGF, EGF) 

Adrenomedullin 

*Rho kinase inhibition 

^Endothelial progenitor cells engineered with eNOS 

Cyclosporine and rapamycin 

Apelin 

Gamma secretase inhibitors 


This is a summary schema that outlines processes that are current and future 
targets of therapy. Those with asterisk are in trial for PAH, those in green 
are in trial for other indications, and those in blue are in clinical use for other 
indications. 

Modified from Robinovitch M. Molecular pathogenesis of pulmonary arterial 
hypertension. J Clin /west 2008;118:2372-2379. 
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Figure 66.24. Schema outlining factors that converge in the molecular pathogenesis of PAH and how these may 
interact with Bmpr2 dysfunction, a known genetic defect associated with PAH. This schema focuses on factors 
causing increased SMC and fibroblast proliferation as well as apoptosis of endothelial cells, causing an initial 
reduction in vessel number, followed by proliferation of apoptosis-resistant endothelial cells (ECs) in plexiform 
lesions. It shows multiple levels of interaction, with numerous factors related as described in the text. For exam- 
ple, serotonin stimulates both PDGF-mediated and S100A4/Mtsl -mediated SMC and fibroblast proliferation and 
it also reduces Kv channel function, as does hyperpolarized mitochondria. Bmpr2 dysfunction causes Kv channel 
dysfunction and enhances transient receptor potential Ca 2+ (TRP) channel activity, which increases intracellular 
calcium levels, and may (as reflected by question mark) induce elastase activity. Viruses of the herpes family can 
induce elastase activity. Elastase, via activation of matrix metalloproteinases (MMPs) and tenascin C (TN-C), 
upregulates growth factor (GF) receptors such as epidermal GF receptors (EGFRs) and also triggers release of 
growth factors such as EGF from the extracellular matrix, all of which leads to SMC proliferation. Bmpr2 dys- 
function can also increase the mitogenic activity of PDGF activity, increase SMC proliferation by suppressing 
peroxisome proliferator-activated receptor (PPAR)y, and increase transforming growth factor (TGF)-f3 activity. 
Bmpr2 dysfunction can enhance inflammation via osteoprotegrin and interleukin (IL)-6. The transcription factor, 
nuclear factor of activated T cells (NFAT)c2 can suppress Kv channel function. Other inflammatory mediators 
such as fractalkine and mast cell proteinase (MCP)-l can, in addition to osteoprotegrin and IL-6, increase SMC 
proliferation. Bmpr2 dysfunction can lead to EC apoptosis, as can elastase activity. EC apoptosis may predispose 
to the development of apoptosis-resistant ECs in plexiform lesions. Loss of Bmpr2 also activates Notch signaling 
that induces SMC proliferation. (Modified from Rabinovitch M. Molecular pathogenesis of pulmonary arterial 
hypertension. J Clin Invest 2008;118:2372-2379.) 


in PAH there is an increase in activity of Notch. The cleavage 
of Notch following its interaction with a receptor on the SMC 
surface leads to the internalization of the Notch intracellular 
domain that serves as a transcription factor to induce genes 
that cause SMC proliferation (174). Blockade of gamma 
secretase, the enzyme that cleaves Notch, resulted in preven- 
tion and regression of experimental PAH. 


SUMMARY 

The experimental studies point to intersecting and highly 
interrelated pathways that underlie the pathobiology of pul- 
monary hypertension (Fig. 66.24). They suggest potential new 
therapies, some of which are already finding their way into 
clinical practice, as delineated in Table 66.6. 


FUTURE DIRECTIONS 


Further insights into the pathophysiology of PAH will come 
from genomic studies in which extensive sequencing will likely 


reveal additional genetic variants associated with this disease. 
Epigenetic studies are currently being undertaken to address 
whether changes in chromatin remodeling will help explain 
why the lung is a target organ and how environmental fac- 
tors perturb the genome and can lead to further alterations 
in expression of a rare variant or in the genes that interact 
with this rare variant. A number of studies using experimen- 
tal models of pulmonary hypertension point to compelling 
changes in methylation (175) that silence genes such as eNOS 
(176) or superoxide dismutase (64) or that confer a proinflam- 
matory signature on fibroblasts (177) from patients with pul- 
monary hypertension. Regulation of Bmprl signaling also can 
be under epigenetic control (63). 

High throughput gene expression and proteomic stud- 
ies are also revealing changes that reflect specific pathways 
that are perturbed and how environmental exposures and 
immune defects can interact with a vulnerable vasculature. 
Intense focus on aberrations in immune mechanisms rang- 
ing from disturbances in T cell subsets to autoantibody 
production will be important in understanding all forms of 
PAH. The more we learn about specific pathways, the better 
equipped we will be to develop new treatments for pulmo- 
nary hypertension. 
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P ulmonary hypertension (PH) is an important cause of mor- 
bidity and mortality in pediatric patients (1,2). PH is de- 
fined as an elevation of pulmonary artery pressure (PAP) due to 
any cause. Pulmonary arterial hypertension (PAH) is defined as 
a specific type of PH caused by pulmonary vascular disease of 
the precapillary arterioles in the absence of other causes. Ad- 
vances in understanding the pathobiology of PAH have led to 
novel therapies; however, there remains no cure for some forms 
of PAH, such as idiopathic pulmonary arterial hypertension 
(IPAH) (3). Evaluation and treatment for known causes of PH 
is crucial as the best strategy for treatment includes treatment 
of any underlying disorders. The selection of appropriate ther- 
apies for PH is complex and must be carefully done according 
to the etiology and determination of pulmonary vasoreactivity 
at cardiac catheterization. 


DIAGNOSIS AND CLASSIFICATION 


PH is no longer classified as primary or secondary. Currently, 
diseases are grouped according to similar pathology, patho- 
physiology, and treatment. A revision of the World Health 
Organization (WHO) classification, including most of the 
forms of PH encountered in children, was proposed at the 
WHO Dana Point meeting in 2008 (Table 67.1) (4); however, 
this classification was not designed specifically for children. 
Group 1 is defined as PAH. This form of PH is due to pul- 
monary vascular disease of the precapillary arterioles in the 
absence of other causes (such as left heart disease — Group 
2). PAH is defined as a mean PAP >25 mm Hg at rest, with 
a normal pulmonary capillary wedge pressure (<15 mm Hg) 
and increased pulmonary vascular resistance (PVR) index 
(>3 Wood units x m 2 ) (4). A recent article reviews the clini- 
cal presentation of children with PH and outlines the difficul- 
ties of classifying pediatric PH according to this classification 
(5). In particular, the adult classification does not include 
abnormalities of alveolar growth and development nor does it 
account for many of the syndromes seen in pediatric practice, 
such as Down syndrome. Patients with PAH and congenital 
heart disease (CHD) are a heterogeneous population, with a 
range of vascular disease: some patients have a right-to-left 
central shunt (Eisenmenger syndrome), others have a residual 
shunt and severe PAH but are not cyanotic, some patients with 
a small shunt may have severe PAH and are more similar to 
IPAH, and finally it is well known that PAH may persist and 
progress despite corrective cardiac surgery (Table 67.2) (4). 
PAH may be idiopathic (IPAH) or heritable (HPAH) with no 
underlying cause, or associated with a specific disease (asso- 
ciated PAH). Mutations of the bone morphogenetic protein 
receptor, type 2 (BMPR2) gene are the most common genetic 
abnormalities known to cause HPAH. Most studies in chil- 
dren have focused on PAH associated with CHD (Table 67.3) 
and IPAH (6-8). IPAH is a diagnosis of exclusion and thus 


is defined as PAH unexplained by other causes. An extensive 
evaluation to rule out secondary causes must be performed 
before a patient can be diagnosed with IPAH. Persistent pul- 
monary hypertension of the newborn (PPHN) is the most 
common cause of PH in the neonatal period, and is most often 
reversible. PH associated with left heart disease is defined as 
Group 2 PH. In these disorders, the main cause of PH is an 
elevation of left heart pressure due to impaired relaxation 
(diastolic dysfunction) or an anatomic lesion that leads to high 
left atrial pressure (such as mitral stenosis). Group 3 PH, or 
PH associated with lung disease or hypoxemia, is separated 
from Group 1 as treatment of the lung disorder may result in 
normalization of PAP. PH associated with chronic lung dis- 
eases, such as bronchopulmonary dysplasia (BPD) or congeni- 
tal diaphragmatic hernia (CDH) is increasingly recognized as 
an important cause of PH in the infant and child. Group 4 PH, 
or PH associated with chronic thromboembolic disease, is a 
rare cause of PH in children, but is still important to recognize 
and treat as therapy may be curative. Group 5 consists of mis- 
cellaneous disorders that do not fit well into Groups 1 to 4. 

Due to the difficulties of applying the Dana Point Classification 
to children, a working group of the Pulmonary Vascular Research 
Institute developed a unique pediatric classification (Table 67.4) 
(9). This classification recognizes the concepts of perinatal mal- 
adaptation, maldevelopment, and pulmonary hypoplasia as 
important contributors to pediatric PH disease. This classifica- 
tion is not meant to be a guide for therapy. Many children pre- 
senting with PH have complex heterogeneous disease consisting 
of prematurity, a chromosomal or genetic anomaly, a congenital 
cardiac defect, chronic aspiration, and sleep-disordered breath- 
ing. In this classification, PH in children is defined as in adults for 
a biventricular circulation, but PH in the setting of single ventri- 
cle physiology is defined as a PVR index >3.0 Wood units x m 2 or 
a transpulmonary gradient (TPG) >6 mm Hg (9). 


CLINICAL PRESENTATION 


Symptoms of PH in children are frequently misleading and the 
diagnosis may be unrecognized for some time. A high degree 
of suspicion should be the rule and PH should be suspected 
in any child with undue shortness of breath, tiredness, or a 
syncopal episode. In patients with asthma who do not respond 
appropriately to medical therapy, PH should be considered in 
the differential diagnosis. Other clinical symptoms may include 
seizures, hemoptysis, chest pain, dizziness, syncope, arrhyth- 
mias, or in advanced disease, symptoms of right heart failure, 
for example, facial edema. For IPAH patients or those with 
CHD who have undergone complete surgical repair with ele- 
vated PVR, syncope or hypoxic seizures can occur. Thus, chil- 
dren are sometimes misdiagnosed with a seizure disorder prior 
to making the diagnosis of PH. In contrast, syncope is a rare 
presenting symptom in patients with Eisenmenger syndrome. 
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Updated WHO Clinical 
Classification of Pulmonary 
Hypertension (Dana Point, 2008) 

1 Pulmonary arterial hypertension 

1.1 Idiopathic 

1.2 Heritable 

1.2.1 BMPR2 

1 .2.2 ALK1, endoglin (with or without hereditary 
hemorrhagic telangiectasia) 

1.2.3 Unknown 

1.3 Drug- and toxin-induced 

1 .4 Associated with (APAH) 

1.4.1 Connective tissue diseases 

1.4.2 HIV infection 

1.4.3 Portal hypertension 

1.4.4 Congenital heart disease 

1.4.5 Schistosomiasis 

1.4.6 Chronic hemolytic anemia 
1.5 Persistent PH of the newborn 

V PVOD and/or PCH 

2 PH due to left heart disease 

2.1 Systolic dysfunction 

2.2 Diastolic dysfunction 

2.3 Valvular disease 

3 PH due to lung diseases and/or hypoxemia 

3.1 Chronic obstructive pulmonary disease 

3.2 Interstitial lung disease 

3.3 Other pulmonary diseases with mixed restrictive and 
obstructive pattern 

3.4 Sleep-disordered breathing 

3.5 Alveolar hypoventilation disorders 

3.6 Chronic exposure to high altitudes 

3.7 Developmental abnormalities 

4 Chronic thromboembolic PH 

5 PH with unclear and/or multifactorial mechanisms 

5.1 Hematologic disorders: myeloproliferative disorders, 
splenectomy 

5.2 Systemic disorders: sarcoidosis, pulmonary 
Langerhans cell histiocytosis, lymphangioleiomyomatosis, 
neurofibromatosis, vasculitis 

5.3 Metabolic disorders: glycogen storage disease, 
Gaucher disease, thyroid disorders 

5.4 Others: tumoral obstruction, fibrosing mediastinitis, 
chronic renal failure on dialysis 

ALK1, activin receptor-like kinase 1 gene; APAH, associated pulmonary arterial 
hypertension; BMPR2, bone morphogenetic protein receptor, type 2; HIV, 
human immunodeficiency virus; WHO, World Health Organization. 

Reprinted from Simonneau G, Robbins IM, Beghetti M, et al. Updated clinical 
classification of pulmonary hypertension. J Am Coll Cardiol 2009;54:S43-S54, 
with permission from Elsevier. 


Clinical Classification of 
Congenital Systemic-to- 
Pulmonary Shunts associated with 
Pulmonary arterial Hypertension 


■ Eisenmenger syndrome 

Includes all systemic-to-pulmonary shunts due to large defects, 
leading to a severe increase of PVR and resulting in a reversed 
(pulmonary-to-systemic) or bidirectional shunt. Cyanosis, eryth- 
rocytosis, and multiple organs involvement are present. 

■ PAH associated with systemic-to-pulmonary shunts 

In these patients with moderate-to-large septal defects the 
increase of PVR is mild to moderate, systemic-to-pulmonary 
shunt is still largely prevalent and no cyanosis is present at rest. 

■ PAH with small septal defects 

In these cases with small defects (usually VSDs <1 cm and 
ASD <2 cm of effective diameter assessed by echo) the clini- 
cal picture is very similar to idiopathic PAH. 

■ PAH after corrective cardiac surgery 

In these cases, CHD has been corrected but PAH either is still 
present immediately after surgery or has recurred several 
months or years after surgery in the absence of significant 
immediate postoperative residual lesions. 

Reprinted from Simonneau G, Robbins IM, Beghetti M, et al. Updated clinical 
classification of pulmonary hypertension. J Am Co//Car£f/o/2009;54:S43-S54 , 
with permission from Elsevier 


SIGNS AND SYMPTOMS 

The physical signs of PAH include a single and loud P2 with- 
out respiratory variation, right ventricular lift, and hepato- 
megaly with peripheral edema in the case of heart failure. In 
cases of severe disease, the P2 may be palpable. A diastolic 
murmur of pulmonary insufficiency, a holosystolic murmur 
of tricuspid regurgitation, or gallop rhythm may be audible. 
In infants, symptoms are less specific and may involve poor 
appetite, failure to thrive, lethargy, diaphoresis, tachypnea, 
tachycardia, and irritability (10-12). 

EVALUATION 

Because of the many diseases associated with PH, a methodical 
and comprehensive evaluation is important. The most success- 
ful strategy in treatment of PH is the correction of an underly- 
ing abnormality, rather than addition of vasodilator therapy. 
A diagnostic algorithm is shown in Figure 67.1 (13). Special 
situations may predispose to the development of PAH. As an 
example, children living at high altitude and presenting with 
high-altitude pulmonary edema (HAPE) should be screened for 
PH (14). In addition, children with biliary atresia, cavernous 
transformation of the portal vein, primary sclerosing cholangi- 
tis, or cryptogenic cirrhosis, may have portopulmonary hyper- 
tension (PPHTN) with an associated high mortality (15,16). 

CHEST RADIOGRAPHY 


The enlargement of the central pulmonary artery and/or right 
ventricle (RV) on chest radiography suggests the presence of 


TABLE 67.1 


TABLE 67.2 
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Cardiac Lesions associated with 
Pulmonary Hypertension 


Left-to-right shunts ■ Ventricular septal defect 

■ Atrioventricular septal (canal) 
defect 

■ Patent ductus arteriosus 

■ Atrial septal defect 

■ Aortopulmonary window 


Increased pulmonary ■ Cardiomyopathy 
venous pressure ■ Coarctation of the aorta (left 

ventricular diastolic dysfunction) 

■ Hypoplastic left heart syndrome 

■ Shone complex 

■ Mitral stenosis 

■ Supravalvar mitral ring 

■ Cortriatriatum 

■ Pulmonary vein stenosis 

■ Total anomalous pulmonary 
venous return 

■ Left ventricular outflow tract 
obstruction 


Single ventricle 


Cyanotic heart disease 


Anomalies of the 
pulmonary artery or 
pulmonary vein 


Palliative shunting 
operations 


■ Norwood/Damus Stansel Kaye 

■ Cavopulmonary anastomosis 
(Glenn) 

■ Fontan procedure 

■ Transposition of the great 
arteries 

■ Truncus arteriosus 

■ Tetralogy of Fallot (pulmonary 

atresia/VSD) 

■ Univentricular heart (high flow 
with/without restrictive atrial 
septum) 

■ Origin of a pulmonary artery 
from the aorta 

■ Isolated pulmonary artery 
of ductal origin-unilateral 
"absence" of a pulmonary artery 

■ Scimitar syndrome 

■ Waterston anastamosis 

■ Potts anastamosis 

■ Blalock-Taussig anastamosis 


VSD, ventricular septal defect. 

From Ivy DD, Saji B. A new era in medical management of severe pediatric 
pulmonary arterial hypertension. Pediatr Cardiol Cardiac Surgery 2010;26:206-2 18, 
with permission. 


PAH. Prominence of the main pulmonary arteries is apparent 
in most patients with IPAH. The chest radiograph may show 
variable peripheral lung fields, depending on the amount of 
pulmonary blood flow. As pulmonary blood flow decreases as 
a result of increasing PVR, the lung fields become progres- 
sively oligemic. Chest radiography findings may be useful to 
uncover secondary causes of PH: pulmonary venous conges- 
tion may suggest pulmonary veno-occlusive disease (PVOD) 
or pulmonary capillary hemangiomatosis (PCH), hyperin- 
flation or kyphosis are signs of restrictive lung disease, and 
asymmetry of the enlarged central pulmonary arteries may 


TABLE 67.4 


Pulmonary Vascular Research 
Institute Classification of 
Pediatric Pulmonary Hypertensive 
Vascular Disease (Panama 2011) 


1. Prenatal or developmental pulmonary vascular disease 


2. Perinatal pulmonary vascular maladaptation 

3. Pediatric cardiovascular disease 


4. Bronchopulmonary dysplasia 

5. Pediatric lung diseases 

6. Multifactorial pulmonary vascular disease in congenital 
malformation syndromes 

7. Isolated pediatric PAH 

8. Pediatric thromboembolic disease 

9. Pediatric hypobaric hypoxic exposure 

10. Pulmonary vascular disease associated with other system 
disorders 


From Del Cerro MJ, Abman SH, Diaz G, et al. A consensus approach to the 
classification of pediatric pulmonary hypertensive vascular disease: report from the 
PVRI pediatric taskforce, Panama 2011. Pulm Circ 201 1 ;1 -.286—298 , with permission. 


warrant investigation of chronic thromboembolic disease or 
PPHTN (12,17,18). Asymmetric lung volumes may suggest 
either pulmonary arterial or pulmonary venous abnormalities. 
A unilateral small lung may be seen in unilateral “absence” of 
a pulmonary artery, scimitar syndrome, or unilateral congeni- 
tal absence of pulmonary veins. 


ELECTROCARDIOGRAPHY 


Electrocardiography (ECG) is often the first test to suggest PH 
by showing RV hypertrophy and right atrial enlargement. Evi- 
dence of RV hypertrophy on ECG is present in most but not all 
children with PH. ECG findings include a qR complex in lead 
VI or V3R regardless of voltage. An upright T wave in VI is 
indicative of RV hypertrophy from 7 days to 7 years. How- 
ever, some studies have suggested that the specificity (69%) 
and positive predictive value (67%) of EKG is low in children 
with an echocardiographic diagnosis of PH (19), However, 
the sensitivity is likely higher, especially in combination with a 
complete physical examination. 


ECHOCARDIOGRAPHY 

Echocardiography is the most useful noninvasive screening 
tool to evaluate patients with a clinical suspicion of PAH, 
and can diagnose almost all congenital heart disease. (20,21). 
The echocardiogram documents RV size and function, left 
ventricular systolic and diastolic function, morphology and 
function of valves, and the presence of pericardial effusion 
or a patent foramen ovale. Doppler ultrasound can be used 
noninvasively to estimate the pulmonary artery systolic pres- 
sure (PASP). PASP can be determined by measuring the peak 
systolic pressure gradient from the RV to the right atrium 
and calculated using the Bernoulli equation (4i/ 2 , where v is 
the maximum velocity of the TR jet measured by continuous 
wave Doppler and added to the estimated right atrial pressure) 
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(Fig. 67.2). One must be aware that using the tricuspid regur- 
gitant jet velocity as an estimate of PASP can over or underes- 
timate the PAP and thus other features of the echocardiogram 
are essential to support the diagnosis of PH (22). A qualitative 
assessment of RV function is also important. This is often chal- 
lenging due to the geometry of the RV, which is more complex 
to analyze than the left ventricle. Several measures are avail- 
able to attempt to quantify the degree of RV dysfunction 
including the Tei index, (myocardial performance index), RV 
ejection fraction, RV fractional area change, and the tricuspid 
annular plane systolic excursion (TAPSE) (23-29). Normal 
values for TAPSE in children have recently been published and 
should serve as a reference for children with PH (26). Pulmo- 
nic valve insufficiency is frequently seen, and characteristics of 
the pulmonic regurgitant flow velocity or changes in the sys- 
tolic flow velocity profile across the pulmonic valve also can be 
used to estimate noninvasively the pulmonary artery diastolic 
pressure and the mean PAP (30). The presence of a pericardial 
effusion is rare in children, but when present, suggests a poor 
prognosis (27,31). As PH progresses and RV function wors- 
ens, the systolic portion of the cardiac cycle lengthens lead- 
ing to an increase in the systolic:diastolic (S:D) ratio. The S:D 
ratio is higher in PH patients than in controls (1.38 ± 0.61 vs. 
0.72 ± 0.16, p < 0.001), and is associated with worse echocar- 
diographic RV fractional area change, worse catheterization 
hemodynamics, shorter 6-minute walk distance (6MWD), and 
worse clinical outcomes independent of PVR or pressures (32). 

Recent interest has grown in the area of measurement of 
total RV afterload by measurement of input vascular imped- 
ance. Impedance incorporates the sum of total compliance and 
resistance of the vascular bed (33-36). Currently, measurement 


of impedance requires invasive pressure measurements in addi- 
tion to measurement of Doppler flow. A recent manuscript on 
adults with PH showed that a measure of capacitance (stroke 
volume / pulse pressure) was a better predictor of survival than 
measurement of PVR (37,38). In children, pulmonary vascu- 
lar input impedance has recently been shown to be feasible 
and predict clinical outcomes better than PVR in children with 
PAH (39). 


CARDIAC MAGNETIC RESONANCE IMAGING 


Cardiac magnetic resonance imaging (MRI) provides exact 
measurements of heart function and blood flow and is used 
with increasing frequency to evaluate patients with PAH 
(40-46). Cardiac MRI provides valuable information without 
radiation on RV volumes, mass, left ventricular septal bowing, 
cardiac index, and the presence of delayed contrast enhance- 
ment. Most young children require anesthesia for this proce- 
dure, which is an important consideration. 


EXERCISE CAPACITY 

Cardiopulmonary exercise testing (CPET) using cycle ergom- 
etry or 6-minute walk testing has been shown to correlate 
with disease severity and prognosis, and is helpful in assess- 
ing responses to clinical treatments. Recently published data 
showed that children can safely undergo CPET and the peak 


Figure 67.1. Pediatric PAH diagnostic workup 
algorithm. Tf unable to obtain a reliable test in 
a young child and there is a high index of suspi- 
cion for underlying lung disease, the patient may 
require further lung imaging, such as high resolu- 
tion CT scan. ""Children older than 7 years of 
age can usually perform reliably to assess exercise 
tolerance and capacity in conjunction with diag- 
nostic workup. (Reprinted from Rosenzweig EB, 
Feinstein JA, Humpl T, et al. Pulmonary arterial 
hypertension in children: Diagnostic work up and 
challenges. Frog Pediat Cardiol 2009;27:7-11 , 
with permission from Elsevier.) 
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Figure 67.2. Echocardiographic evaluation 
of PH. Spectral Doppler images of TR, dem- 
onstrating an optimal Doppler envelope to 
obtain the maximal TR velocity (top image), 
and of pulmonary insufficiency (bottom 
image). The left marker represents the peak 
early diastolic velocity and the right marker 
represents the end diastolic velocity of the 
pulmonary insufficiency Doppler curve. The 
arrow represents the end-diastolic “shoul- 
der” of the pulmonary insufficiency jet. 
V(TR) max, tricuspid regurgitation peak 
velocity; V(PR) max, pulmonary insuffi- 
ciency peak velocity; v(PR) min, pulmonary 
sufficiency end-diastolic velocity. (From 
Tissot C, Ivy DD. Echocardiographic evalua- 
tion of pulmonary hypertension. In: Beghetti 
M, ed. Pediatric Pulmonary Hypertension . 
Munich, Germany: Elsevier Urban &C 
Fischer; 2011, with permission.) 


oxygen consumption is strongly correlated to disease sever- 
ity (47-49). A recent study of maximal CPET using cycle 
ergometry in children with PH concluded that the study 
could be performed safely in pediatric patients with PH, with 
the exception of patients with severe limitation who were 
excluded from exercise testing. ST-segment depression was 
graded as mild (19%) or moderate (1.5%). There were no 
significant adverse events, such as syncope, chest pain, or 
dizziness, and the study was stopped for fatigue in 53% of 
patients, leg fatigue in 23%, dyspnea in 21%, and miscellane- 
ous reasons in 3% (49). 

Six-minute walk test (6MWT) is a submaximal test 
shown to have a strong independent association with mor- 
tality among adults with IPAH (50-55); however, children 
often have less right heart failure for a given elevation of 
PAP leading to a further distance walked. A recent study 
compared CPET with 6MWT. Peak oxygen consumption 
and oxygen consumption at anaerobic threshold showed 
correlation with 6MWT distance (r = 0.49; p - 0.001 and 
r = 0.40, p = 0.01, respectively), while an inverse correla- 
tion was found between measures of ventilatory efficiency 
(VE/VC0 2 ) at anaerobic threshold and 6MWT distance 
(r = -0.43; p - 0.005). The 6MWT reflected maximal exer- 
cise capacity in children with a 6MWT distance below 


300 m, but correlation was poor above 300 m (54). Normal 
values for 6MWD for children have recently been published 
(51-53,55) (Fig. 67.3). 


CARDIAC CATHETERIZATION 


PAH must be confirmed by catheterization, and acute pulmo- 
nary vasoreactivity testing should be performed to determine 
appropriate therapy. It is uncertain if the same definition of 
vasoreactivity should be applied for adults and children (see 
Therapy section). An anesthesiologist experienced in the man- 
agement of PH should be present during the cardiac catheteri- 
zation, as sedation may pose a significant risk to the patient 
with PAH. A skilled specialist with experience doing cardiac 
catheterizations on children with PAH should perform the 
procedure. Patients with suprasystemic PH pose particular 
risk (56,57). During the catheterization, baseline measures 
including right atrial pressure, PAP, systemic arterial pressure, 
mixed venous and systemic arterial saturation, cardiac index, 
pulmonary capillary wedge pressure, PVR, systemic vascular 
resistance (SVR), and PVR/SVR ratio should be obtained in 
addition to evaluation of shunts when there is a suspicion of 
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Figure 67.3. The distance walked 
in 6 minutes by different age 
groups in normal children. Data 
are shown as histograms and 
box-and-whiskers plots illustrat- 
ing the median, 25th and 75th 
percentile as well as 5th and 95th 
percentile. (From Lammers AE, 
Hislop AA, Flynn Y, et al. The 
6-minute walk test: normal values 
for children of 4-1 1 years of age. 
Arch Dis Child 2008;93:464- 
468 , with permission.) 



6MWD, six-minute walk distance 


a systemic-to-pulmonary communication (58). Measurements 
must be obtained when the patient is closest to his/her usual 
hemodynamic and metabolic state and with a normal pH. 
Particular care is necessary at the time of catheterization to 
exclude additional intracardiac as well as extracardiac defects 
and to measure left ventricular filling pressure accurately to 
rule out postcapillary PH. Acute vasodilator testing is essen- 
tial at the baseline diagnostic catheterization to assist in deter- 
mining the optimal therapeutic regimen, and is described in a 
subsequent section. 


LABORATORY ASSESSMENT 


A comprehensive serologic evaluation looking for other sys- 
temic conditions that might lead to PAH and warrant addi- 
tional treatment is performed (Table 67.5). Approximately, 
5% to 20% of children with idiopathic disease may have an 
elevation of antinuclear antibodies as well as evidence of hypo- 
thyroidism or hyperthyroidism suggesting an autoimmune 
association (59-62). Furthermore, children should be screened 
for evidence of a hypercoagulable state as some may have an 
underlying coagulopathy such as antiphospholipid antibody 
syndrome or a lupus anticoagulant. The evaluation should 
include a liver ultrasound in cases suspected of having por- 
topulmonary hypertension. A chest CT scan is important in 
the evaluation of the child with suspected IPAH to be certain 
that there is no underlying interstitial lung disease. CT scan 
of the chest may also be very helpful in evaluation for pul- 
monary capillary hemangiomatosis or veno-occlusive disease. 
HIV and sickle cell testing should be routinely performed in 
those patients at risk. If there is a family history of PH or early/ 
sudden death, one could offer genetic testing for a BMPR2 
mutation as well. 


VENTILATION-PERFUSION SCINTIGRAPHY 


Ventilation-perfusion lung scanning is mandatory in patients in 
whom IPAH is suspected to exclude chronic thromboembolic 
disease as a cause of the elevated PAP. Although thromboem- 
bolic disease is rare in children, it is one of the few diseases that 
can be cured with appropriate therapy including pulmonary 


thromboendarterectomy. A normal or low-probability lung 
scan essentially rules out thromboembolic disease as the cause 
of the PH. Patients with IPAH will frequently have a patchy 
appearance to the perfusion scan. 


PULMONARY FUNCTION TESTING/NOCTURNAL 
OXIMETRY 


Evaluation for obstructive or restrictive lung disease should 
be performed as part of the evaluation of children with PH. 
Abnormalities of pulmonary function may be present in PAH 
patients particularly in the more advanced stages of the dis- 
ease. A mild restrictive lung defect is seen in 20% to 50% 
of patients with IPAH. The presence of moderate or severe 
restrictive or obstructive physiologic defects should suggest 
another diagnosis. Mild reduction in the diffusion capacity is 
seen in most patients with IPAH. Severe hypoxemia is not usu- 
ally present unless there is either intracardiac shunting via a 
patent foramen ovale or an open congenital heart defect in 
patients with Eisenmenger syndrome or severely depressed 
cardiac output with resultant mixed venous hypoxemia in 
both conditions. Nocturnal oximetry should be performed as 
a screening test for obstructive sleep apnea (OSA) or sleep- 
disordered breathing if there is a suspicion of OSA, for exam- 
ple, in a child with enlarged tonsils or adenoids and history 
of snoring. Sleep-disordered breathing may cause mild PH, 
which may resolve with nighttime continuous positive airway 
pressure. 


EVALUATION OF REFLUX AND ASPIRATION 

In the young child, reflux and aspiration may worsen PH. 
Many children with genetic syndromes, and in particular 
Down syndrome, routinely have aspiration. Silent aspiration 
is of particular concern, as these children do not always cough 
during aspiration events. Modified barium swallow study and 
measurement of reflux with a pH probe are important studies 
in the evaluation of these patients. In general, treatment of 
reflux and aspiration should precede treatment with pulmo- 
nary vasodilators. 
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TABLE 67.5 


Lab Analyses for Pulmonary 
Arterial Hypertension Workup 


CBC, urinalysis, Chem-20 including liver function profile, 
BNP/NTproBNP 

Coagulation studies: 

■ Factor VIII 

■ Lupus anticoagulant 

■ Protein C 

■ Protein S 

■ Factor II, V, VII 

■ Factor V Leiden 

■ Beta-2 Glycoprotein Antibodies 

■ Cardiolipin IgG, IgM Ab 

■ Antithrombin III 

■ Prothrombin mutation 

■ Platelet function assay 


HIV test 


Hepatitis profile 
Thyroid function tests 
CTD workup: 

■ Lupus anticoagulant 

■ ESR 

■ ANA 


■ Anti-DNA 

■ Anticardiolipin antibodies 

■ CH50 complement and components 

■ Special ANAs 

■ Anticentromere 

■ Rheumatoid factor 
Consider BMPR2 genetic testing 

Ag, antigen; ANA, antinuclear antibodies; BNP, brain natriuretic peptide; CBC, 
complete blood counts; CH50, total serum hemolytic component; ESR, erythrocyte 
sedimentation rate; HIV, human immunodeficiency virus; HLA, human leukocyte 
antigen; BMPR2, bone-morphogenetic protein receptor 2. 

Reprinted from Rosenzweig EB, Feinstein J, Humpl T, et al. Pulmonary arterial 
hypertension in children: diagnostic work-up and challenges. Progress Pediatr 
Cardiol 2009;27:7-1 1, with permission from Elsevier. 


BIOMARKERS 


Interest in biomarkers has grown in the last several years. In 
adults, b-type natriuretic peptide (BNP) is a useful tool to assess 
mortality risk, progression of the disease, and response to 
therapy (63). Recent studies in children have begun to identify 
usefulness of BNP or N-terminal pro BNP (NT-proBNP) (64- 
66). BNP correlates positively with functional status in children 
with PAH, and values above 130 pg/mL are associated with 
increased risk of death or need for transplantation (65). Fur- 
thermore, change in BNP measurements over time correlates 
with the change in the hemodynamic and echocardiographic 
parameters of children with PAH, with a BNP value >180 pg/mL 
predicting a decreased survival rate in a more recent study 
(Fig. 67.4). The change in BNP level in a specific patient over 
time was shown to be more helpful in determining risk or 


hemodynamic response to therapy than the average BNP value 
in a pediatric PAH population (64). NT-proBNP, uric acid, or 
norepinephrine levels have also been shown to correlate with 
outcome in children with PAH (66). When using a cutoff value 
of NT-proBNP of 1,664 pg/mL, sensitivity and specificity for 
predicting mortality was 100% and 94%, respectively (66). 


LUNG BIOPSY AND WEDGE ANGIOGRAPHY 


Lung biopsy is not used as part of the routine workup of PH 
given the relatively high risk of the procedure in children with 
PH. Performance of a lung biopsy has played a major role 
in understanding PH associated with CHD as is described in 
Chapter 66, and may help guide surgical management in select 
cases (67-71). In a series of children with CHD and PH assessed 
1 year after repair, Rabinovitch et al. (71) compared pulmo- 
nary hemodynamics and morphometric changes. Hemody- 
namics normalized in all children repaired before 9 months of 
age, regardless of severity of the preoperative Heath-Edwards, 
morphometric, or hemodynamic changes. In contrast, in chil- 
dren with severe preoperative changes at lung biopsy (grade C 
morphometric, Heath-Edwards III), PAP and PVR remained 
significantly elevated if they were repaired after 2 years of age 
(71). The Heath-Edwards changes are heterogeneous, making 
absolute determination of being inoperable difficult (72). 

Lung biopsy is indicated if there is a suspicion of another 
diagnosis that would be treated differently such as PVOD or 
PCH. Likewise, an increasing number of patients are being 
diagnosed with interstitial lung disease associated with PH. 
Examples include surfactant protein deficiency, such as 
ATP-binding cassette transporter A3 (ABCA3) deficiency, or 
capillaritis (73-76). These patients often do not respond to 
treatments currently available for PAH and thus need a defini- 
tive diagnosis for lung transplant listing. The evaluation of PH 
by lung biopsy is further described in Chapter 66. 

Wedge angiography may provide clues to the severity of 
pulmonary vascular disease (70,77,78). Abnormalities of capil- 
lary blush are seen with mild elevation of PVR and may progress 
to the appearance of a “tree in winter” as disease progresses. 


IMPORTANT CAUSES OF PH IN CHILDREN 

Idiopathic Pulmonary Arterial Hypertension 

PAH was first described by Dresdale in 1951 as a sporadic dis- 
ease known as PPH. Subsequently, in 1954, Dresdale reported 
the familial transmission of PPH. PPH, currently named IPAH, 
is characterized by progressive and sustained elevations of 
PAP without a defined etiology. IPAH is a rare disease, which 
occurs most frequently in young adult females (79). While 
generally developing in the adult population, pediatric IPAH 
is well reported, and carried a dismal prognosis in a cohort 
from the National Institutes of Health, with a median survival 
of only 10 months in individuals <16 years old (80). Evalua- 
tion for IPAH in the pediatric age group is similar to that out- 
lined for adults and is a diagnosis of exclusion, but increased 
scrutiny for the possibility of CHD is appropriate, and acute 
pulmonary vasoreactivity may be more common in children 
(81-84). Certain comorbidities, such as thyroid disease, an 
elevated antinuclear antibody, and lower airways obstruction 
are seen in children with IPAH (60,62,85). 

Heritable — Familial Pulmonary Artery Hypertension 

Between 6% and 12% of cases of IPAH may be familial in 
origin with an autosomal dominant pattern of inheritance (86). 
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Figure 67.4. Kaplan-Meier survival curves for children with IPAH and PAH associated with CHD. Survival 
curves are shown for all patients (left) and for the subgroup of IPAH patients (right) categorized with either BNP 
>180 pg/mL or <180 pg/mL. (From Bernus A, Wagner BD, Accurso F, et al. Brain natriuretic peptide levels in 
managing pediatric patients with pulmonary arterial hypertension. Chest 2009;135:745-751. Reproduced with 
permission from the American College of Chest Physicians.) 


BMPR2 mutations present on chromosome 2 q31-32 have been 
identified in children and adults with IPAH and familial PAH 
(87-91). This genetic mutation in the TGF-/3 receptor family 
has been found in patients with familial PAH (50% to 70%) 
(87,89) and sporadic PAH (15% to 26%) (90). Currently, 
about 300 mutations in the BMPR2 gene have been discovered 
(92). The pattern of inheritance in children with BMPR2 
mutations is the same as adults with an autosomal dominant 
pattern with reduced penetrance. Reduced penetrance implies 
that generations of mutation-carrying persons may not express 
the disease. Only 20% of individuals with a known BMPR2 
mutation will develop clinical PAH. HPAH may also be char- 
acterized as “genetic anticipation,” in which HPAH presented 
progressively earlier with subsequent generations. In families, 
it may be the child who presents first with severe disease, and 
then further evaluation of first-degree relatives reveals milder 
disease in the parents or grandparents (93). 

The bone morphogenetic proteins (BMPs) are members of 
the TGF-/3 superfamily of receptors. BMPs play an important 
role in the development of the lungs, bone, and cartilage. BMP 
binds to the BMPR1 receptor leading to heterodimerization 
with the BMPR2 receptor. Activation of the receptor leads to 
phosphorylation of a series of cytoplasmic mediators, such 
as the SMAD proteins. In the BMP cascade, SMAD proteins 
1/5/8 complex with SMAD 4 for translocation to the nucleus 
leading to target gene expression and inhibit cell growth and 
induction of apoptosis (Fig. 67.5) (87,94-103). A similar cas- 
cade is present for TGF-/? signaling. It has been proposed that 
a second hit leads to a further decrease in BMP signaling and 
thus an imbalance/increase in proproliferative TGF-/3 signal- 
ing. Most forms of PAH are associated with abnormal BMPR2 
signaling, even if a defined mutation is not found. 

BMPR2 mutations have been evaluated in several pediat- 
ric series with inconsistent results. Grunig et al. (88) found 
no BMPR2 mutations or deletions in 13 children with IPAH. 
However, in a study by Harrison et al. (104), 22% of children 
with IPAH or PH associated with CHD had activin-like kinase 
type-1 (ALK-1) or BMPR2 mutations. BMPR2 mutations were 
found in only 6% of a mixed cohort of adults and children with 


PAH and CHD (105). More recently, a study by Rosenzweig et 
al. (106) evaluated whether children and adults with PAH had 
a positive response to acute vasodilator testing. In this study, 
the authors found that BMPR2 mutation-positive children 
appeared less likely to respond to acute vasodilator testing than 
mutation-negative children. Furthermore, these children had 
lower mixed venous oxygen saturation and cardiac index than 
those without a BMPR2 mutation. These findings are similar to 
those by Elliott et al.(107) who reported that IPAH and FPAH 
adult patients with BMPR2 mutations are less likely to respond 
to acute vasodilator testing than BMPR2 mutation-negative 
patients. Recently, Sztrymf et al. (108) reported that patients 
with a BMPR2 mutation presented at an earlier age, developed 
more severe disease, and died earlier. Mutations in other mem- 
bers of the TGF-/3 family, such as ALK-1 or endoglin have also 
been described as leading to PH in children (92,94,98,109,110). 

The variable clinical expression with reduced penetrance 
makes genetic counseling difficult. As there is reduced pene- 
trance, only 20% of carriers will develop the disease. A negative 
BMPR2 testing result may be reassuring for a family member 
with a known BMPR2 mutation. If negative, a family mem- 
ber’s risk falls from 1 in 10 to that of the general population, 
which is about 1 in 1,000,000. It is mandatory that genetic 
testing be performed in conjunction with experienced genetic 
counselors before and after the test results (87). 

Other genetic loci may also play important roles. Studies have 
suggested an important role of the serotonin transporter gene in 
some adults with PAH (111,112), and a study in children found 
that homozygosity for the long variant of the serotonin trans- 
porter gene was highly associated with IPAH in children (113). 

Connective Tissue Disease 

PAH complicates the course of some patients with connective 
tissue disease (CTD). The recent WHO classification recog- 
nizes PAH associated with CTD in Group 1 PAH, and CTD 
as one of the most common forms of PAH in adults. It is esti- 
mated that almost 30% of adult cases of PAH are associated 
with CTD, many with systemic sclerosis (114). Among these 
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Figure 67.5. Abnormalities of signaling by the transforming growth factor-/3. TGF-/1 superfamily members play a 
major role in heritable PH. TGF-/3 can be divided into two main intracellular pathways according to the SMAD 
mediators: either SMAD2/3 or SMAD 1/5/8. Members of the TGF-/3 family bind to specific Ser/Thr kinase type II and 
type I receptors; in most cells, TGF signals via TGFBR2 and ALK5 (also known as TGF receptor-1; TGFBR1), and 
BMPs signal via the BMP type II receptor (BMPR2) and ALK1,ALK2, ALK3, and ALK6. Activated type I receptors 
induce the phosphorylation of specific receptor-regulated (R-) SMADs, which are the intracellular effectors of TGF-/3 
family members. In most cell types, TGF-/3 induces SMAD 2/3 phosphorylation and BMPs induce SMAD 1/5/8 phos- 
phorylation. Activated R-SMADs form heteromeric complexes with SMAD4 that accumulate in the nucleus, where 
they regulate the expression of target genes. The imbalance of decreased BMPR2 signaling and increased TGF-/I 
signaling leads to a proliferative state in PH. (From ten Dijke P, Arthur HM. Extracellular control of TGFbeta signal- 
ling in vascular development and disease. Nat Rev Mol Cell Biol 2007;8:857-869 , with permission.) 


patients, PAH is often multifactorial, including pulmonary 
fibrosis-related CTD and thrombosis associated with vasculi- 
tis and/or thrombophilia. PAH associated with CTD is also a 
major risk factor for death in these patients. Recently, various 
pulmonary vasodilator therapies have improved the prognosis 
for patients with PAH associated with CTD. Previous stud- 
ies have shown that epoprostenol increases exercise capacity 
compared with conventional therapy in patients with PAH 
associated with systemic sclerosis (115) and improves hemo- 
dynamics and exercise capacity in patients with systemic lupus 
erythematosus (116). Pulmonary vasodilators have been used 
in these patients with some success. Management of the under- 
lying CTD is crucial for successful management of the child 
with PAH and CTD (117). 

Congenital Heart Disease 

A variety of congenital cardiac lesions can cause PH (10) 
(Table 67.3). The age and type of lesion strongly contribute to 
the risk of developing irreversible pulmonary vascular disease. 
Early surgery has markedly decreased the development of late 
PAH and the propensity for postoperative pulmonary hyper- 
tensive crises. In general, patients with a ventricular septal 
defect (VSD) or patent ductus arteriosus (PDA) do not develop 


irreversible pulmonary vascular changes before 2 years of 
age. Most centers perform early surgical repair in the first 
months of age to decrease the likelihood of pulmonary vas- 
cular disease. Without appropriate surgery an estimated 50% 
of patients with a large nonrestrictive VSD will develop Eisen- 
menger syndrome (118). Patients with an atrial septal defect 
(ASD) are less likely to develop severe PAH, and this usually 
occurs in the third to fifth decade. Infants with an ASD or 
VSD with concomitant chronic lung disease are at an increased 
risk for the early development of severe pulmonary vascular 
disease. In one study of infants with BPD who underwent car- 
diac surgery for the repair of CHD, 25% of those who died 
had PAH (119). In the Euro Heart survey of adults with CHD, 
882 patients with a secundum ASD were identified. Hemody- 
namics was worse in nonoperated patients than the patients 
whose defects had been closed. In moderate or large defects, 
when not operated, clinical parameters tended to worsen with 
time. In adults with small ASDs, the patients did well and an 
operation was not necessarily indicated (120). Eisenmenger 
syndrome in adults with an ASD was rare and occurred in 
15 of 896 patients in a different analysis of the data (121). The 
risk of PAH with a sinus venosus ASD is likely higher than 
that of a secundum ASD (122,123). Of the 1,877 patients in 
the survey, there were 710 with a VSD; the defect was closed 
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in 275, open without Eisenmenger syndrome in 352, and open 
with Eisenmenger syndrome in 83. Patients with cyanotic con- 
genital cardiac lesions such as transposition of the great arter- 
ies, truncus arteriosus, and univentricular heart with high flow 
are more likely to develop rapid irreversible pulmonary vascu- 
lar disease. Palliative shunting operations for certain cardiac 
anomalies designed to increase pulmonary blood flow also 
may lead to the subsequent development of PH. 

Operability 

In the child with CHD and pulmonary vascular disease, 
determination of baseline hemodynamics and reactivity to 
vasodilators is crucial for successful short-term and long-term 
outcome (69,71,124-133). A recent manuscript has exten- 
sively reviewed this topic (125). One of the most important 
factors in long-term survival and freedom from pulmonary 
vascular disease is the age at which surgery is performed. In 
1984, Rabinovitch et al. (71) stated “early corrective surgery 
is the best safeguard against the persistence or progression of 
structural changes in the pulmonary vascular bed.” In their 
series, all children repaired before 9 months of age, regard- 
less of severity of the preoperative Heath-Edwards, morpho- 
metric, or hemodynamic changes had normal PAP one year 
after surgery. Rabinovitch et al. (71) also noted that certain 
lesions, such as d-transposition of the great arteries, complete 
atrioventricular septal defect, and truncus arteriosus are more 
prone to the early development of severe pulmonary vascular 
changes than others (69,130). In general, surgery of the child 
with CHD is recommended before 2 years of age (134-136), 
but most centers will perform complete repair of the majority 
of lesions within the first months of life. 

Cardiac catheterization aids in determination of PVR, pulmo- 
nary-to-SVR ratio (Rp/Rs), and pulmonary-to-systemic blood 
flow. However, several issues arise in the determination of hemo- 
dynamics in these patients. Viswanathan and Kumar (127) have 
described that the assessment of preoperative PVR and pulmo- 
nary vascular reactivity in the patient with CHD is difficult and 
is prone to error. Hemodynamic evaluation of these patients is a 
“snapshot” that may not represent the usual state of the patient. 
These studies are frequently performed under general anesthe- 
sia, which frequently leads to a lower systemic blood pressure 
than the precatheterization condition (58). Furthermore, the 
determination of oxygen consumption in children with CHD 
is problematic (137,138). Oxygen consumption is frequently 
estimated since direct measurement of oxygen consumption 
in intubated patients is not readily available due to lack of an 
FDA-approved device. The LaFarge equation introduces sig- 
nificant overestimation of oxygen consumption in ventilated 
patients with CHD of all ages, particularly in children younger 
than 3 years (137,138). Estimation rather than measurement of 
Pa0 2 in the pulmonary veins leads to overestimation of pulmo- 
nary blood flow, and subsequently underestimation of the PVR. 
In patients with single-ventricle anatomy and physiology, addi- 
tional problems arise. In patients with a bidirectional cavopul- 
monary anastomosis, the PAP is measured with less than a full 
cardiac output, thus the pressure after Fontan completion may 
not be similar. Furthermore, aortopulmonary collaterals are fre- 
quent in the single-ventricle patient leading to underestimation 
of pulmonary blood flow by catheterization. Patients with CHD 
may also have various degrees of pulmonary vein disease lead- 
ing to inability to accurately measure PVR. This problem, in 
addition to the low cardiac output seen in pretransplant evalu- 
ation makes assessment of PVR in the pretransplant evaluation 
particularly difficult (139). 

Although many studies have evaluated hemodynamics to 
determine operability, the precise values that best correlate with 
early and late outcome remain unclear. Many of these studies 
are not directly comparable due to differences in sedation and 


the use of measured or assumed oxygen consumption. The first 
Natural History Study of VSD found that no child repaired 
under 2 years of age, regardless of Rp/Rs had an elevated Rp/ 
Rs 4 to 8 years after surgery (136). Haneda et al. (135) reported 
similar findings. In 1982, Lock evaluated the pulmonary vascu- 
lar response to oxygen in 25 children with large VSDs and ele- 
vated PVR. A positive preoperative response to oxygen, defined 
as a fall in the Rp/Rs of 30%, did not correlate with either 
operative survival or late Rp/Rs (140). In adult patients with 
an isolated ASD, Steele retrospectively evaluated patients with a 
total PVR >7 U x m 2 . Total pulmonary resistance (TPR) (defined 
as mean PAP/pulmonary flow index) had the highest correla- 
tion with survival of the hemodynamic parameters measured. 
Of 18 surgically treated patients at 10-year follow-up, only 1 of 
14 with TPR of <15 U x m 2 , compared with three of four with 
TPR of >15 U x m 2 had died (122). Bush and colleagues in 1988 
measured PVR and evaluated lung biopsies in 14 children with 
PH and CHD. Patients with a lowest PVR of >6 U x m 2 had 
a poor prognosis whatever their lung morphology, and some 
patients with Heath-Edwards grade I or II still had a high PVR. 
Other vasodilators, such as isoproterenol, were used in a study 
of 87 children and young adults with VSD. When resting PVR 
was <7.9 U x m 2 , it always decreased with isoproterenol and no 
postoperative problems were experienced in 21 patients (141). 
In 1991, Moller et al. (142) evaluated 290 patients who under- 
went closure of a VSD from 1954 to 1960. Death occurred in 59 
patients, with higher mortality rates in those operated on after 
the age of 5 years, those with PVR >7 U x m 2 , and those with 
complete heart block (Fig. 67.6) (142). More recently, Berner 
studied 13 children aged 6 months to 16 years with a baseline 
PVR of >6 U x m 2 and Rp/Rs of >0.3 at catheterization with 
inhaled nitric oxide (NO). Six of seven with a fall in PVR and 
Rp:Rs >10% and a value of Rp:Rs <0.3 survived (143). Inhaled 
NO, 80 ppm with oxygen, was studied by Atz et al. (144), and 
they showed that a response of 20% or more reduction in PVR 
was seen in 22/25 patients with NO+oxygen compared with 
16/25 in oxygen alone. Of the 71 patients studied, 10 underwent 
surgery. In these patients, baseline PVR in room air was 12.9 
± 1.9 U x m 2 that decreased to 4.1 ± 1.9 U x m 2 in NO (144). In 
a collaborative study of 10 institutions, 124 patients with CHD 
were studied under conditions of room air, oxygen, and NO 
(145). Seventy four of these underwent surgery and 12 died or 
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Figure 67.6. VSD after surgery. Life table analysis of 168 
patients divided into categories according to level of PVR 
before surgery. (From Moller JH, Patton C, Varco RL, et al. 
Late results (30 to 35 years) after operative closure of isolated 
ventricular septal defect from 1954 to 1960. Am J Cardiol 
1991;68:1491-1497, with permission.) 
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Figure 67.7. Rp:Rs during preoperative testing according to 
outcome following surgery. In a combination of oxygen and 
nitric oxide, the lowest value of Rp:Rs that was associated 
with a poor outcome secondary to PH was 0.16. The highest 
value of Rp:Rs that was associated with a good outcome was 
0.41. An optimal balance in sensitivity and specificity corre- 
lated with an Rp:Rs < 0.27 in a combination of oxygen and 
nitric oxide as criteria for operability. Rp, pulmonary vascular 
resistance index; Rs, systemic vascular resistance index. (From 
Balzer DT, Kort HW, Day RW, et al. Inhaled nitric oxide as a 
preoperative test (INOP test I): the INOP Test Study Group. 
Circulation 2002;106:176-181, with permission.) 

developed right heart failure. When Rp/Rs of <0.33 was used 
as the criterion, sensitivity (64% vs. 97%) and accuracy (68% 
vs. 90%) were increased by using inhaled NO (iNO) in combi- 
nation with oxygen compared with oxygen alone (Fig. 67.7). 
When iNO plus oxygen was used, the lowest value of Rp/Rs 
that was associated with a poor outcome was 0.16. The high- 
est value of Rp/Rs that was associated with a good outcome 
was 0.41 (Fig. 66.7) (145). Most recently, Kannan et al. (146) 
in 2003 described long-term follow-up of 38 patients with an 
unrestrictive VSD and elevated PVR >6.9 U x m 2 operated on at 
a median age 7.5 years (range, 6 months to 27 years), from 1985 
to 1996 in India. Preoperative PVR, ratio of pulmonary blood 
flow to systemic blood flow, and Rp/Rs were 7.63 ±1.8 Wood 
units, 1.9 ± 0.48, and 0.41 ± 0.12, respectively. Thirty patients 
(79%) had a good outcome and were asymptomatic at a mean 
follow-up of 8.7 years, with significant reduction in PAP. Eight 
patients (21%) had a poor outcome, but there was no signifi- 
cant difference regarding hemodynamic parameters at baseline 
between those who had a good outcome and those who did not 
(146). Importantly, Kumar et al. recommend a holistic approach 
that combines clinical, noninvasive, and invasive data to make 
a decision regarding operability in this challenging group of 
patients with shunt lesions and elevated PVR (127,147). This 
approach and an algorithm have recently been described by 
Lopes (147). Patients who are under 2 years of age with evidence 
of pulmonary overcirculation and exclusive left-to-right shunt- 
ing by echo do not necessarily need to undergo cardiac catheteri- 
zation prior to surgery. Those patients who are older and have 
desaturation or bidirectional shunting may benefit from vasodi- 
lator testing to stratify risk (Fig. 67.8). Several studies suggest 
that a baseline PVR or lowest PVR <7 to 8 Wood units x m 2 


predicts a good outcome, (125,141,142,148) although there are 
reports of good surgical outcomes with higher PVR. The role of 
longer-term “treatment and repair” or a period of pulmonary 
artery banding is less well defined but is intriguing (149). 

Eisenmenger Syndrome 

In 1897, Viktor Eisenmenger described a 32-year-old cyanotic 
patient who died of massive hemoptysis and whose postmor- 
tem showed a VSD. Subsequently, Paul Wood, in 1958 used the 
term Eisenmenger complex to define the condition of a large 
VSD associated with increased PAP and PVR causing bidirec- 
tional or reversed (right-to-left) shunting and systemic oxygen 
desaturation (150). Currently, the term “Eisenmenger syn- 
drome” is used more broadly to describe PH with a reversed 
central shunt (150-156). In general, the term Eisenmenger syn- 
drome is used mainly for shunts distal to the tricuspid valve, 
but some studies have included patients with a large ASD. Ele- 
vated PVR and bidirectional or right-to-left shunting through a 
systemic-to-pulmonary connection, such as a VSD, PDA, uni- 
ventricular heart, or aortopulmonary window, characterizes 
the syndrome. The most common lesions being VSD (33%), 
ASD (30%), and PDA (14%) in one series (157). The shunt is 
initially left-to-right, but as the underlying condition continues 
to increase PVR, there is a reversal of the shunt to a right-to- 
left configuration, leading to cyanosis and erythrocytosis. Some 
patients who are diagnosed with Eisenmenger syndrome do 
not have a prior history of congestive heart failure suggesting 
that PVR never fell to normal levels in the perinatal period. In 
general, the prognosis of patients with Eisenmenger syndrome 
is much better than for patients with IPAH, but syncope, right- 
heart failure, and severe hypoxemia are similarly associated 
with a poor prognosis. The RV plays a critical role in determin- 
ing survival. In general, patients with Eisenmenger syndrome 
have favorable RV function until the later stages of the disease, 
whereas patients with late repair of CHD who develop PAH 
tend to do poorly. Morbidity in Eisenmenger syndrome is com- 
mon and includes hemoptysis, pulmonary thromboembolism, 
stroke, and cerebral abscess. An increased risk of death has 
been shown to be related to noncardiac surgery with general 
anesthesia. Maternal mortality is estimated at 50% during the 
course of the pregnancy. Patients with complex heart disease 
and Eisenmenger syndrome tend to have earlier clinical dete- 
rioration and death compared to those with Eisenmenger syn- 
drome related to an ASD, VSD, or PDA (158-160). 

Red blood cell depletion may be utilized in Eisenmenger 
syndrome to provide temporary relief of major hyperviscosity 
symptoms or to improve perioperative hemostasis, but should 
not routinely be performed as this leads to increased stiffness 
of the red blood cell (161). Treatment of iron deficiency and 
routine monitoring of hemoglobin level are key elements of 
treatment and may improve exercise tolerance. Noncardiac 
operations on Eisenmenger patients are associated with a high 
mortality rate and should be managed by a multidisciplinary 
team experienced in the care of patients with this condition. 
Nocturnal oxygen therapy in Eisenmenger syndrome does not 
appear to alter long-term outcome (162). 

Therapy for Eisenmenger syndrome has evolved over the 
last decade (163-165). The Bosentan Randomized Trial of 
Endothelin (ET) Antagonist Therapy-5 (BREATHE-5) was 
a 16-week, multicenter, randomized, double-blind, placebo- 
controlled study evaluating the effect of bosentan, a dual 
ET receptor antagonist (ERA), on systemic pulse oxime- 
try (primary safety end point) and PVR (primary efficacy 
end point) in patients with WHO functional class III Eisen- 
menger syndrome. The placebo-corrected effect on systemic 
pulse oximetry was 1.0% (95% confidence interval, - 0.7 
to 2.8), demonstrating that bosentan did not worsen oxygen 
saturation. Compared with placebo, bosentan reduced PVR 
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Figure 67.8. An algorithm of preop- 
erative evaluation and management 
of pediatric patients with congenital 
cardiac shunts. Proposed criteria for a 
pulmonary vasodilator response to be 
considered as positive: >20% decrease 
in PVRI and Rp/Rs ratio from base- 
line, with respective final (lowest) val- 
ues of <6 Wood units x m 2 and <0.3. 
Criteria for patient assignment to pal- 
liative surgery are not suggested. The 
routine is not applicable to complex 
conditions such as the absence of a 
subpulmonary ventricle (candidates 
to cavopulmonary anastomoses). 
AVT, acute pulmonary vasoreactivity 
test; PDA, patent ductus arteriosus; 
PVRI, pulmonary vascular resistance 
index; SVRI, systemic vascular resis- 
tance index; TGA, transposition of 
great arteries; VSD, ventricular septal 
defect. (From Lopes A. Pre-operative 
pulmonary hypertension in congeni- 
tal heart disease and aspects of Eisen- 
menger’s syndrome in children. In: 
Beghetti M, ed. Pediatric Pulmonary 
Hypertension . Munich, Germany: 
Elsevier Urban & Fischer, 2011, with 
permission.) 
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and mean PAP and increased exercise capacity by 53.1 m 
(164). Patients with Eisenmenger syndrome due to an ASD or 
VSD were equally likely to improve (166). In a separate study, 
in children on bosentan a progressive decline in exercise capac- 
ity was observed from 1-year follow-up, whereas in the adults, 
improvement lasted longer (167). A recent retrospective study 
evaluated the use of advanced therapies (ATs), such as type 5 
phosphodiesterase (PDE-5) inhibitors, prostanoids or ERAs, 
in 229 patients (aged 34.5 ± 12.6 years). The majority had 
complex anatomy, and 53.7% were in New York Heart Asso- 
ciation class >111 at baseline assessment. Sixty-eight patients 
either were on AT or had AT initiated during follow-up. Dur- 
ing a median follow-up of 4.0 years, 52 patients died, only two 
of them while on AT. Patients on AT were at a significantly 
lower risk of death by propensity score regression adjustment 
(C statistic = 0.80; hazard ratio, 0.16; 95% confidence inter- 
val, 0.04 to 0.71; p = 0.015) (Fig. 67.9) (165). ATs should be 
considered when other causes of functional limitation, such as 
iron deficiency, have been first addressed (168). 


HEPATOPULMONARY SYNDROME AND 
PORTOPULMONARY HYPERTENSION 

Hepatopulmonary syndrome (HPS) and PPHTN are distinct 
pulmonary vascular complications of hepatic and extrahe- 
patic portal hypertension (169-172). HPS is defined as dilated 


pulmonary capillaries and precapillary arteriovenous malfor- 
mations resulting in intrapulmonary vascular shunting, venti- 
lation-perfusion mismatching, and chronic hypoxemia in the 
setting of liver disease or portal hypertension. PPHTN is defined 
as PAH with an elevated mean PAP and increased PVR caused 
by a pulmonary arteriopathy in the setting of portal hyperten- 
sion and in the absence of underlying cardiopulmonary disease 
(171,173). PPHTN and HPS are estimated to occur in 2% to 
10% and 4% to 29%, respectively, of adults with cirrhosis 
(174). Both PPHTN and HPS are associated with increased mor- 
bidity and mortality and are significant risk factors for requir- 
ing orthotopic liver transplantation (OLT) (175,176). However, 
resolution of both disorders is possible after successful OLT 
(175,176). PPHTN and HPS have been reported in children 
with portal hypertension from both cirrhosis and congenital or 
acquired portal vein abnormalities; however, the incidence of 
these complications in children is unknown (15,16). An autopsy 
study of children with portal hypertension found 5.2% of cases 
with severe PH. All were females in late childhood or adoles- 
cence with idiopathic portal hypertension (177). 

The pathogenesis of PPHTN and HPS remains unknown. 
Proposed theories suggest that these disorders result from a 
combination of hyperdynamic circulation, increased cardiac 
output, sheer injury to vascular walls, and an imbalance of cir- 
culating vasoactive peptides (178,179). Abnormal hepatic syn- 
thesis of vasoactive peptides, such as ET-1, or impaired hepatic 
metabolism of intestinally derived endotoxins, cytokines, and 
neurohormones may result in these substances reaching the pul- 
monary vascular bed via portosystemic shunting, directly altering 
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Figure 67.9. A: Unadjusted survival rate curves (with 95% CIs) by treatment with ATs in adults with Eisenmenger 
syndrome AT (n = 287). P value refers to Cox model. B: Adjusted survival rate curves, based on the propensity score- 
adjusted Cox model, of patients within the third propensity score quartile, with and without advanced therapy. 
(From Dimopoulos K, Inuzuka R, Goletto S, et ah Improved survival among patients with Eisenmenger syndrome 
receiving advanced therapy for pulmonary arterial hypertension. Circulation 2010;121:20-25, with permission.) 


vessel tone or leading to pulmonary vascular inflammation and 
remodeling. Recent studies have highlighted the potential role of 
vascular endothelial growth factor and hypoxia inducible fac- 
tor in the development of vascular dilation and arteriovenous 
malformations (180-184). The resulting pathology is strikingly 
different in these two disorders with vasodilation of pulmonary 
arterioles and capillaries causing arteriovenous shunting in HPS 
and intimal fibrosis with endothelial and smooth muscle cell 
proliferation leading to increased PVR in PPHTN. 

Patients with elevated RV systolic pressure estimated by 
echocardiography should undergo confirmatory right heart 
catheterization (175,176). In children, a dilated pulmonary 
artery on chest radiograph and loud second heart sound are 
suggestive of PH, whereas the EKG is not uniformly abnormal 
(15). In children, the initial clinical presentation is subtle with 
the initial presentation rarely being death from a pulmonary 
hypertensive crisis (185). 

PPHTN is frequently resistant to many first-line medica- 
tions. If the diagnosis of PPHTN is made early prior to the 
development of irreversible pulmonary vasculopathy, then 
liver transplantation can be successfully performed and may 
reverse the process of PPHTN. Similar to adults, few patients 
with PPHTN respond to calcium channel blocker therapy. 
In more severe cases treatment with epoprostenol is used, in 
addition to other targeted PAH agents (15,174,176). 


HUMAN IMMUNODEFICIENCY VIRUS 


Since the first description by Kim et al. (186), the association 
between PAH and HIV infection has been well established; 
there are multiple reports for adult patients (187,188) whereas 
little is known about the incidence, clinical outcome, and 
therapy options for children (189,190). Most children with 
HIV are infected in the perinatal period (191). Pongprot et 
al. (190) detected PH in 41% of their highly selected cohort 
of HIV-infected children. The pathogenesis of HIV-PAH is 
not completely understood. It has been hypothesized that the 


HIV infection may damage the cells by stimulating the host 
to release proinflammatory cytokines, growth factors, or ET-1 
that would result in PAH (192). HIV Nef, an accessory HIV 
protein, may play a role in the development of PH. The prog- 
nosis of HIV-PAH is limited but seems to improve in adults 
with highly active antiretroviral therapy (HAART). However, 
the efficacy of HAART in patients with HIV-related PAH in 
general and, in the pediatric population more specifically, is still 
uncertain (188,193). 


HEMOGLOBINOPATHIES 

PH is a known complication of many hereditary hemo- 
lytic anemias including sickle-cell disease, thalassemia, and 
spherocytosis (194). Echocardiographic studies have esti- 
mated an incidence of PAH in 20% to 30% of patients with 
sickle-cell disease screened (195,196). Furthermore, recent 
studies have shown that up to 75 % of adults with sickle-cell 
disease may have physiologic evidence of PH at the time of 
death. Gladwin et al. (195) studied 195 adults with sickle-cell 
disease and found a 32% prevalence of PH. The mortality of 
those with PH was 40% at 45 months whereas mortality was 
only 2% at 45 months in those without PAH. PH was defined 
as a Doppler-derived tricuspid regurgitation (TR) velocity of 
>2.5 m/s. A mild elevation of RV systolic pressure carried a 
> 10-fold risk of death in adults with PH. Data in children with 
sickle cell disease are lacking, but recent studies have begun to 
evaluate the prevalence and risk factors for PH (194,197-201). 

In a study by Pashankar et al. (196), screening echocardio- 
grams were performed in children over 6 years of age with 
homozygous SS or thalassemia. When using a definition of PH 
as a PASP >30 mm Hg, corresponding to a peak of TR velocity 
>2.5 m/s, 30% of patients had elevated TR jet velocity >2.5 
m/s. Furthermore, one-third of these patients had TR >3m/s. 
Almost all patients with an elevated TR jet velocity had hemo- 
globin homozygous SS disease. Factors associated with elevated 
PAP included a high reticulocyte count, low oxygen saturation, 
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and a high platelet count. Interestingly, neither the incidences 
of acute chest syndrome, hydroxyurea therapy, blood transfu- 
sion, or stroke, nor hemoglobin and bilirubin levels between 
patients with and without elevated PAP were different. Fur- 
thermore, in patients with an elevated TR velocity, transcra- 
nial Doppler examinations were normal (196). Further study 
by Pashankar et al. (202) followed patients with echocardio- 
graphic evidence of PAH. Those with a TR velocity >3m/s were 
offered treatment with hydroxyurea; a normalization of TR 
velocity was seen in 8 of 19 patients treated with hydroxyurea. 

In children as well as adults with sickle cell disease, PH 
is likely due to multifactorial causes such as left ventricu- 
lar diastolic dysfunction and/or thromboembolic disease 
due to hypercoagulability (203,204). Frequently, patients 
with an elevated TR velocity have elevated cardiac output 
and normal PVR at catheterization. However, it is impor- 
tant to note that viscosity, that is, hemoglobin, may affect 
PVR, and viscosity is rarely considered in the calculation 
of PVR (205). Intravascular hemolysis may lead to release 
of hemoglobin, which reacts with and destroys NO (206) 
(Fig. 67.10). Likewise, arginase released from the erythro- 
cyte degrades arginine and thus further reduces NO forma- 
tion through arginine (197,206). Xanthine oxidase may also 
lead to a decrease in NO. This reduced NO bioavailability 
leads to a cascade of other events that further exacerbates 
PH and includes an increase in ET, an increase in activation 
of adhesion molecules, and activation of platelets (207). Due 


to abnormalities of NO, sildenafil is being studied as a poten- 
tial therapy for treatment of PAH associated with sickle cell 
disease (208,209). However, caution is needed. The National 
Heart, Lung, and Blood Institute of the National Institutes of 
Health stopped a recent clinical trial testing sildenafil treat- 
ment for PH in adults with sickle cell disease nearly one year 
early due to safety concerns. Compared to participants on 
placebo, participants taking sildenafil were significantly more 
likely to have serious medical problems, such as sickle cell 
crises (NIH News, July 28, 2009). 


PULMONARY CAPILLARY HEMANGIOMATOSIS 
AND PULMONARY VENO-OCCLUSIVE DISEASE 

PCH and pulmonary veno-occlusive disease (PVOD) both are 
characterized by precapillary PAH and are included in WHO 
classification group 1 (210-215). These disorders differ in that 
treatment of these disorders may differ from many of the other 
WHO group 1 diagnoses, and thus are in a separate category 
in the new WHO classification. In particular, vasodilators may 
worsen pulmonary edema in PCH and PVOD (212,216). Fur- 
thermore, these two disorders may be difficult to diagnose and 
are frequently found at autopsy (217). Both PVOD and PCH 
are characterized by widespread vascular obstruction at either 
the alveolar capillary bed (PCH) or the pulmonary venules and 
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Figure 67.10. Mechanisms of pulmonary vascular dysfunction in hemoglobinopathies. (From Gladwin MT, Kato 
GJ. Cardiopulmonary complications of sickle cell disease: role of nitric oxide and hemolytic anemia. Hematology 
Am Soc Hematol Educ Program 2005:51— 57, with permission.) 
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small veins (PVOD) (214,215). Treatment of either PVOD or 
PCH has been frequently unsuccessful and may require lung 
or heart/lung transplantation. In both disorders, the definitive 
diagnosis is usually made by surgical lung biopsy. Clues to 
the diagnosis of PVOD and PCH may lie in underlying pul- 
monary edema on chest radiograph and these findings may 
worsen with the initiation of either oxygen or inhaled NO. 
Characteristic findings may be seen on a chest CT scan and 
include central pulmonary artery prominence with widespread 
interlobular septa in the case of PVOD as well as ground-glass 
opacities. In PCH, the chest radiograph demonstrates enlarged 
central pulmonary arteries as well as a reticulonodular or 
micronodular areas of opacity, which may be seen on chest 
radiograph but are more prominent on the chest CT (215). 
Likewise, in both of these disorders pulmonary arteriograms 
may appear normal, particularly if the PVOD is microvascular 
in nature and not associated with larger vessel pulmonary vein 
disease. However, PVOD is rare in the spectrum of pulmonary 
vein abnormalities usually seen in children. In both disorders, 
PAP is elevated, and may be suprasystemic in patients with 
PVOD. Likewise, the pulmonary capillary wedge pressure is 
frequently normal in both disorders. 

Clinical experience has shown that potent vasodilators 
(including continuous intravenous prostacyclin [PGI2] and 
calcium channel blockers) induce florid and even fatal pulmo- 
nary edema in patients with either PVOD or PCH. To exclude 
unsuspected radiologic evidence of PVOD or PCH, it is cur- 
rently suggested that patients with presumed IPAH should 
undergo a high-resolution CT examination before initiation 
of vasodilator therapy. Therapy for these disorders is limited 
and is not uniformly effective. Lung transplantation is the only 
curative option. However, trials of anticoagulation and ster- 
oids have been attempted in children with PVOD with mixed 
results. Due to the findings of myofibroblasts seen in patients 
with pulmonary vein disorders investigators have attempted 
use of chemotherapeutic agents with mixed results (218). In 
general, vasodilator therapy is unsuccessful, frequently con- 
traindicated, and may worsen the patient status (108). In the 
case of PCH, experimental therapies have included alpha inter- 
feron (219), doxycycline (220), or possibly platelet-derived 
growth factor (PDGF) antagonists. 


LEFT HEART DISEASE 


Pulmonary venous hypertension may be caused by increased 
pressure anywhere between the pulmonary veins within the 
lung and the left ventricle. Adatia et al. (221) have recently 
reviewed left heart disease in children. Left heart disease in 
adults is common, particularly in the later part of life and is 
mainly due to left ventricular diastolic dysfunction. However, 
in children, structural heart disease, such as in Shone’s com- 
plex or borderline small left ventricular physiology, is the most 
common. In addition, congenital and acquired cardiomyopa- 
thies are common causes of left heart disease and PH. 

Paul Wood described three important mechanisms in the 
pathophysiology of PH secondary to mitral stenosis, which 
can be applied to most forms of PH due to left heart disease 
(222-225). First, there is a passive increase in PAP as down- 
stream pressure increases to maintain left-sided preload and 
cardiac output. The pulmonary artery diastolic pressure is sim- 
ilar to the left atrial and left ventricular end diastolic pressure 
(LVEDP) in the absence of structural mitral disease. Therefore, 
the TPG and PVR are low (TPG <10 mm Hg, PVR < 2.5 to 
5 Wood units x m 2 ). Second, there is reflex vasoconstriction 
of the pulmonary arteries or veins or both. The diastolic PAP 
will be higher than the left atrial or LVEDP. Vasodilators, such 
as NO, will decrease the pulmonary artery diastolic pressure 


to equal LVEDP (Fig. 67.11). The TPG will be >10 mm Hg 
and PVR >2.5 to 5 Wood units x m 2 . The use of pulmonary 
vasodilators in the setting of pulmonary vein disease, mitral 
stenosis, or an elevation of LVEDP may lead to pulmonary 
edema (128, 226-228). Reflex vasoconstriction is protective in 
some circumstances as described by Paul Wood, who observed 
that patients with mitral stenosis and elevated PVR had few 
symptoms of pulmonary edema (222). Third, there may be 
fixed pulmonary artery or vein obstruction. If there is fixed 
pulmonary vascular disease, there will be little or no change in 
pulmonary artery hemodynamics in response to inhaled NO. 
Frequently, a combination of all three mechanisms contributes 
to PH (221). 

Pulmonary vein disease is a particularly vexing problem. 
Despite surgical, medical, and catheter-based attempts, often 
these therapies are ineffective with recurrence of disease and no 
cure (229-235). “Sutureless” repair of pulmonary vein stenosis 
after repair of total anomalous pulmonary venous return is 
more likely to be successful than in native pulmonary vein dis- 
ease (236-239). Jenkins et al. (231) have described the expres- 
sion of endothelial and smooth muscle cell markers in children 
with pulmonary vein stenosis. They noted strong staining of 
smooth muscle markers and receptor tyrosine kinases (RTK), 
such as PDGF receptor-alpha and -beta, fibroblast growth fac- 
tor receptor (FGFR), and vascular endothelial growth factor 
VEGFR-2, suggesting that these cells are myofibroblast like 
(233). Studies are underway to target the RTK pathway. 


RESPIRATORY DISEASE 


Parenchymal lung disease is an important cause of PH in many 
patients. Complications include hypoxic pulmonary vasocon- 
striction causing increased PAP and can lead to RV hypertro- 
phy and failure. RV function is usually preserved until disease 
is advanced. In most cases, correction of hypoxia can lead to 
reversal of PH. However, the development of cor pulmonale 
carries a poorer prognosis for reversibility. 

Treatment of cor pulmonale depends on the precise etiology 
of lung disease, as well as disease severity. Nocturnal oxygen 
administration may alleviate hypoxia, typically without caus- 
ing hypercapnia. Disorders of respiratory mechanics may also 
lead to hypoxia and the development of PH, as can BPD (240). 
More recent studies have suggested that abnormalities of the 
pulmonary vasculature may be a primary rather than second- 
ary cause of abnormal alveolarization in BPD (241,242). 

Of the chronic lung diseases associated with pediatric PH, 
BPD is the most common (243). BPD is described as chronic 
lung disease of infancy that generally occurs in prematurely 
born infants who have been treated with mechanical ventilation 
and oxygen therapy for acute respiratory distress syndrome. 
Northway and colleagues in 1967 defined BPD by the presence 
of persistent respiratory signs and symptoms, the need for sup- 
plemental oxygen to treat hypoxemia, and an abnormal chest 
radiograph at 36 weeks postmenstrual age. The introduction 
of prenatal steroid use, surfactant therapy, new ventilator 
strategies, and aggressive management of the PDA changed 
the clinical course and outcomes of premature newborns. This 
“new BPD” often develops in extremely low gestational age 
newborns who may have required minimal or even no ventila- 
tor support and low inspired oxygen concentrations. Despite 
these changes in the course of the premature infant, PH in BPD 
continues to contribute to significant morbidity and mortality. 
In premature infants (<32 weeks of gestation) with BPD who 
were diagnosed as having PAH at a median age of 4.8 months, 
Khemani et al. (244) found that the mean PAP was 43 ± 8 
mm Hg and the PVR was 9.9 ±2.8 Wood units. Survival rates 
were 64% ± 8% at 6 months and 53% ± 11% at 2 years after 
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Figure 67.11. An example of reflex pulmonary vasoconstriction in a 5-year-old patient with restrictive cardiomy- 
opathy. A: Simultaneous PAP (85/45 mm Hg) and LVED pressure (23 mm Hg) at baseline. B: After inhaled NO 
abolishes the vasoconstrictive element the simultaneous PAP (55/25 mm Hg) and LVED pressure (25 mm Hg). 
(Reprinted from Adatia I, Kulik T, Mullen M. Pulmonary venous hypertension or pulmonary hypertension due to 
left heart disease. Prog Pediat Cardiol 2009;27:35-42, with permission from Elsevier.) 


diagnosis of PAH (Fig. 67.12). PAH and small birth weight 
for gestational age were associated with worse survival rates. 
Among 26 survivors PAH was improved in 89%. 

Before vasodilator therapy is started, a complete evaluation 
of all causes of lung disease and its associated comorbidities 
should be done (245). This includes an extensive evaluation 
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Figure 67.12. Kaplan-Meier graph demonstrating the probabil- 
ity of survival from the time of diagnosis of PAH for patients 
with BPD and PAH in patients with severe PAH at any time 
(n = 18) and those with less-than-severe PAH (n = 24). (Repro- 
duced with permission from Khemani E, McElhinney DB, Rhein 
L, et al. Pulmonary artery hypertension in formerly premature 
infants with bronchopulmonary dysplasia: clinical features and 
outcomes in the surfactant era. Pediatrics 2007;120:1260-1269, 
Copyright © 2007 by the AAP.) 


for chronic reflux and aspiration, structural airway abnormali- 
ties (such as tonsillar and adenoidal hypertrophy, vocal cord 
paralysis, subglottic stenosis, and tracheomalacia), and assess- 
ments of bronchoreactivity (243). Cardiac catheterization is 
recommended for patients with BPD who: (a) have persistent 
signs of severe cardiorespiratory disease or clinical deteriora- 
tion not directly related to airways disease, (b) are suspected 
of having significant PH despite optimal management of their 
lung disease and associated morbidities, (c) are candidates for 
chronic PH drug therapy, or (d) have unexplained, recurrent 
pulmonary edema. The goals of cardiac catheterization are 
to assess the severity of PH; exclude or document the sever- 
ity of associated anatomic cardiac lesions; define the presence 
of systemic-pulmonary collateral vessels, pulmonary venous 
obstruction, or left heart dysfunction (246); and to assess 
pulmonary vascular reactivity in patients who fail to respond 
to oxygen therapy alone (243). Pulmonary vein stenosis is 
common in children with BPD and PH (229). Management of 
children with pulmonary vein stenosis is difficult as catheter- 
based intervention or surgery has shown poor long-term results 
and overall survival is poor with the 2-year survival rate from 
diagnosis of 43% (229). Left ventricular diastolic dysfunction 
may complicate the course of the infant with BPD with cardiac 
catheterization being required for certain diagnosis (246). 

Patients with CDH are at risk for PH, which can develop at 
any phase of the disease (247-251). In addition to lung hypo- 
plasia, patients with CDH may develop pulmonary artery or 
pulmonary vein stenosis (250). Infants with CDH and poor 
outcome have higher plasma ET-1 levels and severity of PH 
than infants with better outcomes (249). 


THROMBOEMBOLIC DISEASE 


Chronic thromboembolic disease as a cause of PH in children 
is rare, but an accurate diagnosis is essential for treatment 
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(252,253). Predisposing factors include antiphospholipid anti- 
body syndrome, bacterial endocarditis, and ventriculoatrial 
shunt for the treatment of hydrocephalus. Likewise, the use of 
oral contraceptive agents may cause hypercoagulability, lead- 
ing to pulmonary thromboembolic phenomena. 

The diagnosis of chronic thromboembolic PH in children 
requires a high index of suspicion, as well as evaluation by ven- 
tilation perfusion, CT scanning, or angiography. In adults with 
chronic thromboembolic PH, surgically accessible disease, and 
no severe comorbidities, pulmonary thromboendarterectomy 
has been demonstrated to improve survival and quality of life 
(254). A similar approach should be considered for children 
who develop this condition despite the relative paucity of data 
on this procedure in the pediatric age group. 


PHARMACOLOGIC THERAPY OF PULMONARY 
ARTERIAL HYPERTENSION 


Based on known mechanisms of action, three classes of drugs 
have been extensively studied for the treatment of PAH: pros- 
tanoids (epoprostenol, treprostinil, iloprost, beraprost), ERAs 
(bosentan, ambrisentan), and type 5 phosphodiesterase (PDE-5) 
inhibitors (sildenafil, tadalafil) (Fig. 67.13). Without therapy, 
and sometimes despite appropriate surgical correction of con- 
genital cardiac lesions, PAH progresses at a variable rate. As 


vasoconstriction is an important component in the develop- 
ment of medial hypertrophy, vasodilators are frequently used to 
decrease PAP, improve cardiac output, and potentially reverse 
some of the pulmonary vascular changes noted in the lung. The 
long-term strategy for the treatment of PH in children (Fig. 67.14) 
(255) is similar to adults (Fig. 67.15), except that it is difficult to 
place young children in the WHO classification. Therapy in adults 
is evidence based whereas in children it is based on experience. 
Targeted PH therapy has empirically improved survival in most 
forms of PAH (Fig. 67.16A), except that severe PH after complete 
repair of CHD continues to have a worse prognosis (Fig. 67.1 6B). 

Before commencing vasodilator therapy for chronic PAH, 
vasodilator responsiveness should be assessed in the cardiac 
catheterization unit. A positive response is defined by assess- 
ing the change in hemodynamic parameters to vasodilators. 
The younger the child at the time of testing, the greater the 
likelihood of acute pulmonary vasodilation in response to 
vasoreactivity testing (81,144,256). Many oral and inhaled 
vasodilators have been used for testing of vasodilator 
responsiveness (129,143,144,256-261). 


CONVENTIONAL THERAPY 


Conventional therapy in patients used to treat RV failure is 
frequently used in PAH in children. Digoxin is used in the 
presence of RV failure, although there are no clear-cut data in 



Figure 67.13. The nitric oxide, prostacyclin, and endothelin system signaling pathways and targets for therapy in 
PH. (From Diller GP, Baumgartner H. Pulmonary arterial hypertension in adults with congenital heart disease. 
Int J Clin Pract Suppl 2010:13-24, with permission.) 
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Figure 67.14. Treatment algorithm in children with severe PAH. (Reprinted from Tissot C, Ivy DD, Beghetti M. 
Medical therapy for pediatric pulmonary arterial hypertension. } Pediatr 2010;157:528-532, with permission 
from Elsevier.) 


children (262). Diuretics are used to treat peripheral edema or 
ascites in the presence of right heart failure; however, exces- 
sive diuresis should be avoided. Careful attention to respira- 
tory tract infections is required as this may worsen alveolar 
hypoxia, and routine influenza vaccination is recommended. 
The use of decongestants with pseudoephedrine or other 
stimulant-type medications is discouraged as these have been 
associated with PAH (263). In children who require the use of 
oral contraceptive agents either for prevention of pregnancy 
or for regulation of menses, we recommend agents that have 
no estrogen content. Pulse oximetry and polysomnography 
are indicated and chronic hypoxemia or nighttime desatura- 
tion is aggressively treated. However, oxygen therapy is not 
used as a mainstay of therapy in children with normal daytime 
saturations. 


ANTICOAGULATION 


In retrospective trials in adults with IPAH, the use of warfa- 
rin has been associated with improved survival. Although the 
use of chronic anticoagulation has not been studied widely in 
children, it is usually recommended in IPAH, and particularly 
in those with an indwelling central catheter.. During treatment 
with warfarin the aim is to maintain an INR between 1.5 and 
2.0. The use of anticoagulation in patients with Eisenmenger 
syndrome or other forms of PH is controversial and the poten- 
tial risks and benefits of anticoagulation in this setting must be 
carefully weighed. 


VASOREACTIVITY TESTING 

As in adults, cardiac catheterization with acute vasodilator test- 
ing is essential prior to selecting targeted therapy in children. 
Cardiac catheterization carries a greater risk in those children 
with baseline suprasystemic PAP (Odds Ratio = 8.1, p = 0.02) 
(56,57). As in adults, a short-acting vasodilator is used, such as 
inhaled NO (144,264,265). The conventional pediatric defini- 
tion of a response to acute vasodilator testing for determina- 
tion of suitability for calcium channel blockade is a 20% fall 
in mean PAP and PVR to a vasodilator agent with no change 
or an increase in cardiac output (82). Note that this is not 
the definition for operability (see above Operability). Because 
patients treated with calcium channel blockers began to fail 
this therapy, Sitbon et al. (266) established more stringent cri- 
teria for defining acute vasoreactivity in adults. Their definition 
mandated a fall in mean PAP >10 mm Hg to <40 mmHg to 
predict long-term response to calcium channel blocker therapy. 
Although more strict criteria are used in children, this has not 
been adequately studied in this population. Recent data have 
shown that 7% to 35% of children with IPAH and 6% of those 
with APAH are responders to acute vasodilator testing (267). 


CALCIUM CHANNEL BLOCKERS 


The use of calcium channel blockers to evaluate vasoreactiv- 
ity has significant potential risks, as these drugs can cause 
a decrease in cardiac output or a marked drop in systemic 
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Ambrisentan A 

Bosentan A 

Sildenafil A 

Tadalafil 8 


WHO Class I 


• Ambrisentan A 

• Bosentan A 

• Epoprostenol i.v A 

• lloprost inhaled A 

• Sildenafil A 

• Tadalafil 6 

• Treprostinil s.c. B 

• Beraprost c 

• lloprost i.v. EB 

• Treprostinil i.v EB 

• Treprostinil inh. B 



Acute vasoreactivity testing (A for IPAH) 

(E/C for APAH) 

Acute responder 


Non-responder 


• Epoprostenol i.v A 

• lloprost inhaled 6 

• Treprostinil s.c. c 

• Bosentan 6 

• lloprost i.v. EB 
•Treprostinil i.v. EB 

• Initial 
combination 
therapy(see below) 

• Ambrisentan EC 

• Bosentan EC 

• Sildenafil EC 

• Tadalafil EC 


Inadequate clinical response 



Drugs within the same grade of evidence are listed in alphabetical order and not order of 
preferrence.Not all agents listed are approved or available for use in all countries. 


Figure 67.15. Treatment algorithm in adults with severe PAH. In: Pulmonary Arterial Hypertension GUIDE- 
LINES Poeketcard ™. APAH, associated pulmonary arterial hypertension; ERA, endothelin receptor antagonist; 
HP AH, heritable pulmonary arterial hypertension; IP AH, idiopathic pulmonary arterial hypertension; IV, intra- 
venous; PAH, pulmonary arterial hypertension; PDE-5, phosphodiesterase type 5; SC, subcutaneous; WHO, 
World Health Organization. (Adapted from Barst RJ, Gibbs JSR, Ghofrani HA, et al. Updated evidence-based 
treatment algorithm in pulmonary arterial hypertension. JACC 2009;54:S78-S84.) 
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Figure 67.16. A: Survival curves for idiopathic pulmonary arterial 
hypertension (IPAH) and associated pulmonary arterial hyperten- 
sion (APAH) cases censored for time in the study and for trans- 
plantation. There was no significant difference between the two 
groups. B: Survival curves for the subgroups within the APAH 
group. The number in each group (brackets) and the predicted 
survival out of a possible 5 years are shown. (Reproduced from 
Haworth SG, Hislop AA. Treatment and survival in children with 
pulmonary arterial hypertension: the UK Pulmonary Hyperten- 
sion Service for Children 2001-2006. Heart 2009;95:312-317 , 
with permission from BMJ Publishing Group Ltd.) 



blood pressure (252). Such deleterious effects may be pro- 
longed due to the relatively long half-life of calcium channel 
blockers. Consequently, elevated right atrial pressure and low 
cardiac output are contraindications to acute or chronic cal- 
cium channel blockade. The number of patients treated with 
calcium channel blockers is steadily decreasing. An acute trial 
of calcium channel blocker therapy should be performed only 
in those patients who are acutely responsive to either NO or 
PGI2. Likewise, patients who do not have an acute vasodila- 
tory response to short-acting agents and who are then placed 
on calcium channel blocker therapy are unlikely to benefit 
from this form of therapy (82). Eighty percent of children 
with severe PH are nonresponsive to acute vasodilator test- 
ing, and therefore require therapy other than calcium channel 
blockers. 


PROSTACYCLINS 


Adults with IPAH and children with CHD demonstrate an 
imbalance in the biosynthesis of thromboxane A 2 and PGI2 

(268) . Likewise, adults and children with severe PH show 
diminished PGI2 synthase expression in the lung vasculature 

(269) . PGI2 and PGI2 analogues stimulate the cyclic-AMP 
pathway to increase pulmonary vasodilation. Intravenous 
PGI2 was first used in the 1980s and continues to be the 
standard for treatment of severe PH with right heart failure. 
Epoprostenol was FDA approved in 1995. PGI2 adminis- 
tered over the long term, utilizing intravenous epoprostenol, 
has shown to improve survival and quality of life in adults 


and children with IPAH (82,270-272). Barst et al. (82) have 
shown improved survival in children treated with long-term 
intravenous epoprostenol, with a 4-year survival rate for 
treated children of 94% (Fig. 67.17), whilst Yung et al. (84) 
have reported a 10-year treatment success rate (freedom from 
death, transplantation, or atrial septostomy) of 37%. How- 
ever, the treatment of patients with PGI2 is cumbersome. 
Intravenous PGI2 must be infused 24-hours/day via a central 
venous catheter and kept cold with ice packs; the half-life of 
the drug is 2 to 5 minutes, placing the patient at risk for an 
acute pulmonary hypertensive crisis if there is an acciden- 
tal discontinuation of the medication. In addition, the side 
effects of the drug include nausea, diarrhea, jaw pain, bone 
pain, and headaches. Complications like line sepsis, local 
infection, and catheter dislodgement are not unusual and can 
be responsible for life-threatening rebound PH (273,274). 
Recently, the use of specific closed hub systems has been 
described in children to decrease the risk of catheter-related 
infection (275). Some children with an exceptional response 
to intravenous epoprostenol may wean from intravenous to 
oral therapy (47,276). Inhaled PGI2 has been used in the 
critical care setting (277). A generic form of epoprostenol 
has been developed as well as a form that is stable at room 
temperature. 

The PGI2 analog treprostinil was approved by the FDA, 
initially for subcutaneous use (2002), and more recently for 
intravenous administration (2004) and inhaled administra- 
tion (2009). Subcutaneous treprostinil allows patients to 
remain free of central venous catheters, and recent data have 
shown long-term efficacy in adults with PAH (278). Treprosti- 
nil has also been given in the intravenous form. Intravenous 
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Figure 67.17. Kaplan-Meier curves for survival and treatment 
success in children with IPAH who received epoprostenol 
(n - 35). Survival rates at 1, 3, 5, and 10 years were 94%, 88%, 
81%, and 61%, respectively; treatment success rates at 1, 3, 5, 
and 10 years were 83%, 66%, 57%, and 37%, respectively. 
(From Yung, D, Widlitz AC, Rosenzweig EB, et al. Outcomes 
in children with idiopathic pulmonary arterial hypertension. 
Circulation 2004;110:660-665, with permission.) 


treprostinil requires central line access and continuous infu- 
sion, but is easier for families to mix, and has a half-life of 
4 hours. Intravenous treprostinil has fewer side effects than 
intravenous epoprostenol, but there are no studies comparing 
efficacy (279). In its subcutaneous form, discomfort at the infu- 
sion site is common and represents a limiting factor. However, 
a recent study of subcutaneous treprostinil in young children 
showed promise with tolerable side effects (280). Treprostinil 
has also been studied in an inhaled form (281) and studies are 
being performed in children. 

An inhaled PGI2 analog iloprost, received approval for the 
treatment of PAH in the United States in 2004. This medica- 
tion is administered by nebulization 6 to 9 times a day. Iloprost 
requires patient cooperation with the treatment administration 
lasting 10 to 15 minutes, which is difficult for young children 
(256,282,283). The advantage of an inhaled PGI2 is that it 
can cause selective pulmonary vasodilation without affecting 
systemic blood pressure. Additionally, inhaled PGI2 analogues 
can improve gas exchange and intrapulmonary shunt in cases 
of impaired ventilation/perfusion by redistributing pulmonary 
blood flow from nonventilated to ventilated, aerosol-accessible 
lung regions (283,284). In children with CHD and PAH, inhaled 
iloprost may be as effective in lowering PAP and PVR as inhaled 
NO, and thus may be useful in evaluation of acute vasoreactiv- 
ity (283). Inhaled iloprost has also been studied in combination 
with bosentan and sildenafil, among others (285-287). 

Beraprost is an orally active PGI2 analog with a half-life 
of 35 to 40 minutes. While beneficial effects have been noted 
in short-term trials, these may be attenuated with prolonged 
treatment (288,289). Data in children are scarce and beraprost 
is not available in the US or Europe but is used in Japan (288). 
Long-acting berapost has recently been approved for adult 
PAH in Japan (289). 


ENDOTHELIN 


Another target for treatment of PH is the vasoconstrictor pep- 
tide ET(290). The ETs are a family of isopeptides consisting 
of ET-1, ET-2, and ET-3. ET-1 is a potent vasoactive peptide 


produced primarily in the vascular endothelial cell, but also 
may be produced by smooth muscle cells. Two receptor sub- 
types, ET a and ET B , mediate the activity of ET-1. ET A and ET B 
receptors on vascular smooth muscle mediate vasoconstric- 
tion, whereas ET B receptors on endothelial cells cause release 
of NO and PGI2, and act as clearance receptors for circulating 
ET-1. ET-1 expression is increased in the pulmonary arteries 
of patients with PH (291-293) Bosentan, a dual ERA, lowers 
PAP and PVR, and improves exercise tolerance in adults with 
PAH (294). These results can also be extrapolated to children 
(8,47,264,295,296,297). In children with PAH related to CHD 
or IPAH, bosentan lowers PAP and PVR, and is well tolerated 
(295,298). Elevated hepatic aminotransferase levels occur in 
approximately 11% of adults and 3% of children treated with 
bosentan. In a 12-week study of children with IPAH or PAH 
related to CHD, bosentan was well tolerated and lowered PAP 
and PVR (295). A retrospective study of 86 children on bosen- 
tan for a median exposure of 14 months with and without 
concomitant therapy found that bosentan provided a sustained 
clinical and hemodynamic improvement and was overall well 
tolerated, with 2-year survival estimates of 91% (8). Follow- 
up of these patients at 4 years revealed that the Kaplan-Meier 
estimate of disease progression in patients while on bosentan 
was 54% with a survival estimate of 82%. At end of data col- 
lection, 25 patients (29%) remained on bosentan. (299). Nev- 
ertheless, in a study including both children and adults with 
PAH and systemic-to-pulmonary shunt, bosentan therapy was 
shown to produce short-term improvement in WHO func- 
tional class and 6MWT distance (167). There was a progres- 
sive decline in the beneficial effect of bosentan after 1 year, 
with a more pronounced decline in the children, who tended to 
have more severe disease at baseline (167). The safety of bosen- 
tan therapy in children with PAH has been recently reported by 
Beghetti et al. (6) Elevated transaminase levels were reported 
in 2.7% of children compared with 7.8% of patients aged 
>12 years, and the overall discontinuation rate from bosen- 
tan was 14% in children compared with 28% in patients aged 
>12 years. In a Japanese cohort, bosentan pharmacokinetics 
was not altered by sildenafil (300). Bosentan has been stud- 
ied in Eisenmenger syndrome in a placebo-controlled trial in 
patients (see Eisenmenger syndrome). Bosentan was well tol- 
erated and improved exercise capacity and hemodynamics 
without compromising peripheral oxygen saturation (164). A 
specific pediatric formulation has been recently approved in 
Europe (301). 

Selective ET A receptor blockade is also possible using 
ambrisentan or sitaxsentan, ERAs with high oral bioavail- 
ability and a long duration of action, and high specificity for 
the ET a receptor. Selective ET A receptor blockade may ben- 
efit patients with PAH by blocking the vasoconstrictor effects 
of ET a receptors while maintaining the vasodilator/clear- 
ance functions of ET B receptors. Sitaxsentan given orally for 
12 weeks improved exercise capacity and cardiopulmonary 
hemodynamics in patients with PAH that was idiopathic or 
related to CTD or CHD (302-304). However, sitaxsentan was 
removed from the market due to concerns of adverse effects 
on the liver. Ambrisentan, an ERA that is selective for the ET A 
receptor was approved by the FDA in June of 2007. Adults 
showed significant improvements in 6MWT distance and sig- 
nificant delay in clinical worsening on ambrisentan. The inci- 
dence of elevated hepatic aminotransferase levels was 2.8% 
and was similar to the placebo group (306). In a retrospec- 
tive study, 38 pediatric PAH patients treated with ambrisen- 
tan were evaluated (305). Fifteen of 38 patients were switched 
from bosentan to ambrisentan. The remaining 23 children 
were treated with ambrisentan as an add-on therapy due to 
disease progression. In both transition and add-on cases, mean 
pulmonary artery pressure significantly improved, and World 
Health Organization functional class improved in 31% of 
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patients during the follow-up period (median, range; 20, 4-44 
months). Although 5 patients (13%) discontinued ambrisen- 
tan due to severe headache, lack of clinical efficacy, or near 
syncope, no patients had aminotransferase abnormalities and 
there were no deaths after initiation of ambrisentan during 
follow-up (305). Recently, monthly liver function testing for 
ambrisentan was removed from the FDA label, but most cent- 
ers still perform routine monitoring. Studies in children are 
underway. A novel dual ERA, macitentan, is currently under 
study. 


PHOSPHODIESTERASE INHIBITORS 

Phosphodiesterase type 5 (PDE-5) inhibitors block the degra- 
dative action of PDE5 on cyclic GMP in the smooth muscle 
cells, (307,308), and specific PDE-5 inhibitors, such as silde- 
nafil, (309-314) or tadalafil promote an increase in cGMP 
levels and thus promote pulmonary vasodilation and remod- 
eling (Fig. 67.13). Sildenafil is as effective a pulmonary vaso- 
dilator as inhaled NO and may be preferred because it does 
not increase pulmonary capillary wedge pressure in patients 
with an increased wedge pressure at baseline. Sildenafil may 
also be useful in the setting of inhaled NO therapy withdrawal 
(315,316,317) in postoperative PH (318), or in the presence of 
PH related to chronic lung disease (286). Sildenafil was initially 
studied in 14 children with PAH. During sildenafil therapy, the 
mean 6MWT distance increased from 278 ± 114 to 443 ± 107 
m over 6 months ( p = 0.02), and at 12 months, the distance 
walked was 432 ± 156 m (p - 0.005). A plateau was reached 
between 6 and 12 months (p = 0.48). Mean PAP and PVR fell 
(3 19). In a small study of children with IPAH and PH associated 
with CHD, sildenafil improved oxyhemoglobin saturation and 
exercise capacity without significant side effects (313). In chil- 
dren with PAH associated with chronic lung disease, sildenafil 
has been shown to improve hemodynamics in 88% of patients, 
was well tolerated, and did not worsen oxyhemoglobin satura- 
tion (320). A study of sildenafil in Japanese children has also 
suggested safety and efficacy (321). In a 16- week, randomized, 
double-blind study (STARTS-1) the effects of oral sildenafil in 
pediatric PAH were studied (322). Children (n = 235) with PAH 
(aged 1 to 17 years; >8 kg) received low-, medium-, or high- 
dose sildenafil or placebo orally 3 times daily. The primary 
comparison was percent change in peak oxygen consumption 
(pV0 2 ) for the three sildenafil doses combined from baseline 
to week 16; exercise testing was performed only in children 


able to exercise reliably. Secondary endpoints, including mean 
PAP, PVR, and functional class, were assessed in all enrolled 
patients, including those unable to reliably exercise. The esti- 
mated mean ± standard error percentage change in pV0 2 for 
the low, medium and high doses combined versus placebo 
was 7.7% ± 4.0% (95% Cl, -0.2% to 15.6%; p = 0.056). 
Peak V0 2 , functional capacity, mean PAP, and PVR improved 
with the medium- and high-dose groups compared to placebo, 
whilst the low dose was ineffective (Fig. 67.18). Upper res- 
piratory tract infections, pyrexia, and vomiting occurred more 
often with sildenafil than placebo (322). A long-term extension 
study included children continued on sildenafil monotherapy. 
At three years, an increase in mortality was noted in the high- 
dose group and the data safety monitoring board requested to 
decrease the dose of any child receiving high dose. Deaths in 
the extension study were related to etiology and baseline dis- 
ease severity. The majority of deaths occurred in patients with 
IPAH/FPAH. Of patients who died, most had baseline values 
above median values for PVRI, mean pulmonary artery pres- 
sure, and right atrial pressure. Sildenafil is approved for use 
in children with PAH in Europe: 10 mg t.i.d. in patients up to 
20 kg, and 20 mg t.i.d. in heavier patients, but sildenafil is not 
approved for children with PAH in the U.S. 

Intravenous sildenafil has been shown to potentiate the 
increase in cGMP in response to NO in children with increased 
PVR related to CHD or in the postoperative state. Neverthe- 
less, sildenafil infusion has been associated with increased 
intrapulmonary shunting and augmentation of hypoxemia 
related to ventilation/perfusion mismatch in the postoperative 
CHD patient (323,324). However, a recent study of intrave- 
nous sildenafil has shown improvement in oxygenation index 
in PPHN in patients treated with or without inhaled NO (325). 

Other PDE-5 inhibitors, such as tadalalfil have been 
recently studied leading to FDA approval in 2009, but stud- 
ies in children are lacking. Tadalafil is also a selective PDE-5 
inhibitor with a longer duration of action than sildenafil. A 
recent study demonstrated clinical safety and efficacy of tada- 
lafil therapy in 33 pediatric patients with PAH (326). In this 
study, 29 of 33 patients were switched from sildenafil to tada- 
lafil. The average dose of sildenafil and tadalafil were 3.4+/-1.1 
mg/kg/day and 1.0+/-0.4 mg/kg/day, respectively. In 14 of 29 
children transitioned from sildenafil to tadalafil, repeat cardiac 
catheterization showed statistically significant improvements 
in mean pulmonary arterial pressure (53.2+/-18.3 mmHg 
versus 47.4+/-13.7 mmHg, p<0.05) and pulmonary vascu- 
lar resistance index (12.2+/-7.0 unitsxm2 versus 10.6+/-7.2 
unitsxm2, p<0.05) (326). In adults with severe PAH, tadalafil 


Figure 67.18. Placebo-adjusted 
percent change in V0 2 Peak by 
cardiopulmonary exercise after 
16 weeks of sildenafil or pla- 
cebo in a randomized, dou- 
ble-blind, placebo-controlled, 
dose-ranging study of oral silde- 
nafil citrate in treatment-naive 
children with PAH. (From Barst 
RJ, Ivy DD, Gaitan G, et al. A 
randomized, double-blind, pla- 
cebo-controlled, dose-ranging 
study of oral sildenafil citrate 
in treatment-naive children with 
pulmonary arterial hypertension. 
Circulation 2012;125:324-34, 
with permission.) 



change from baseline to Week 16) Comparison to Placebo 
(n=29) with 95% CIs 
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I n the United States, there are approximately 1 million adults 
with congenital heart disease (CHD), with 20,000 new pa- 
tients reaching adolescence each year (Fig. 68.1). With earlier 
pediatric and fetal diagnoses and improved medical, surgical 
and ICU care, it is now expected that 90% of patients born 
with CHD will survive to adulthood, and therefore, the num- 
ber of adult congenital heart disease (ACHD) patients will con- 
tinue to rise (Fig. 68.2). In fact, it is now estimated that there 
are more adults living with CHD than children (1) (Fig. 68.3). 

Marelli et al. (2) estimated the prevalence of CHD from 
1985 to 2000 for children and adults and also found a shift 
in the population living with CHD to those >18 years of age 
(Fig. 68.4). Therefore, with further improvements in diag- 
nostic and therapeutic options, the population of adults with 
CHD will only continue to increase. 

Many patients with simple lesions who have undergone 
total corrective surgery will have few if any hemodynamic 
residua requiring infrequent evaluation and treatment (e.g., 
atrial septal defects [ASD], ventricular septal defects [VSDs], 
patent ductus arteriosus [PDA], and mild pulmonary stenosis). 

Patients with more complex lesions, or complications that 
stem from less complex lesions, such as residual shunts, valvu- 
lar disease, ventricular dysfunction, and arrhythmias require 
more frequent evaluation, medical treatment, and considera- 
tion for further surgical or catheter-based interventions. As 
we continue to learn about surgically altered CHDs, some 
“routine” patients will have previously unrecognized prob- 
lems. For other adults, surgical approaches of the past and 
their long-term complications (e.g., D-TGA s/p Mustard or 
Senning Atrial Repair) will eventually become obsolete and 
replaced by new complications of present day surgical repair. 

The success of pediatric cardiology and CHD surgery is 
tempered by the long-term complications in adult patients that 


may involve every subspecialty within the field of cardiology 
(Fig. 68.5). By far, the most concerning of these long-term 
complications is sudden cardiac death (SCD) (3) (Fig. 68.6). 

The cardiologist who deals with these patients must therefore 
be familiar with congenital heart lesions in their uncomplicated 
state and be aware of appropriate testing and follow-up. Most 
importantly, they must also provide expert care for both natural 
and unnatural (surgical) consequences and be qualified to evalu- 
ate and treat residual lesions, arrhythmias, and heart failure, 
and manage high-risk pregnancies in this growing population. 

Advanced diagnostic testing with cardiac MRI (CMR) has 
expanded our ability to evaluate complex CHD with greater 
clarity, allowing accurate assessment of systemic ventricular 
function and great vessel anatomy, evaluation of systemic or 
pulmonary venous baffles and valvular heart disease, and to 
look for myocardial scar burden with delayed gadolinium 
techniques. CMR has changed our approach to the ACHD 
patient shifting the indication for cardiac catheterization from 
diagnostic to therapeutic. The need for angiography to evalu- 
ate ventricular function, aortic arch stenosis or aneurysm, and 
branch pulmonary artery (PA) stenosis is now rarely neces- 
sary, and CMR provides the diagnostic platform for directed 
catheter-based intervention. 

Therefore, ACHD clinics are seeing more patients because 
of improved survival, are performing more noninvasive diag- 
nostic studies based on the presence of symptoms or using 
screening tools, and are ultimately treating more patients with 
catheter-based or surgical intervention. At The Adolescent and 
Adult Congenital Heart Disease Program at The Nationwide 
Children’s Hospital and The Ohio State University, we have 
experienced an exponential rise in all areas of clinical care 
attesting to the expanding population and the need for ongo- 
ing appropriate care for this population (Fig. 68.7). 
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Figure 68.1. Expanding population of adults with congenital 
heart disease (CHD) by year. 
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Figure 68.2. Factors leading to the expanding population of 
adults with congenital heart disease (CHD). 
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Figure 68.3. Estimated ratio of pediatric to adult patients with 
congenital heart disease (CHD). 


Ratio of Pediatric to Adult Patients with CHD 


Pediatric patients 
Adult patients 


1965 


1985 


2005 




CHAPTER 68 ■ The Adolescent and Adult with Congenital Heart Disease 1465 


2 - 


ro 1.5 - 

3 


O 

o 

o 


0.5- 


1 82 



1.07 


0.45 


Children, year 1985 
Children, year 2000 
Adults, year 1985 
Adults, year 2000 


0.52 


0.21 


0.10 


0.15 


Age 1-12 Age 13-17 Age 18-25 Age 26-40 Age41 + 

1.00 (0.93-1.07) 2.78 (2.44-3.17) 2.35 (2.10-2.64) 2.48 (2.19-2.80) 1.52 (1.30-1.79) 

Age (years) 

Prevalence Rafe 2GQQ vs 1985 (95% Cl) 


Figure 68.4. Change in prevalence 
of congenital heart disease (CHD) 
from 1985 to 2000 among patients 
of different age-groups. The highest 
increase in prevalence has occurred in 
the 13 to 17 year age group followed 
by the 18 to 40-year-old group. 



ACHD 


Arrhythmias 

Heart Failure 

• Sudden Death 

Adults with 
Congenital 

• Right Heart Failure 

• Left Heart Failure 

♦Systolic 

•Diastolic 


Heart 

• Pulmonary Hypertension 

Vascular 

Disease 

Residual 

Lesions 

Valvular 

Shunts 


Disease 



Figure 68.5. Long-term complications and residual cardiac 
abnormalities facing adult congenital heart disease (ACHD). 
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Figure 68.6. Risk of sudden cardiac death (SCD) versus years 
following operative repair for CHD. TOF, tetralogy of Fallot; 
COA, coarctation of the aorta; AS, aortic stenosis; d-TGA, 
D-transposition of the great arteries. 
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Figure 68.7. (A) ACHD clinic, (B) CMR/CT and 
(C) cardiac catheterization volume since 2000 
at The Columbus Ohio Adult Congenital Heart 
Disease (CO ACHD) Program at the Nationwide 
Children’s Hospital and The Ohio State 
University. 
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Successful ACHD programs employ a multidisciplinary 
team approach that includes a director having completed spe- 
cialized training in ACHD cardiology (both adult cardiovas- 
cular disease and pediatric cardiology), along with experts in 
CMR, interventional cardiology, heart failure/cardiac trans- 
plant, electrophysiology, cardiothoracic surgery, and midlevel 
practitioners (advanced practice nurses). There are only a few 
dedicated ACHD experts currently, due to the need for both 
CHD experience and adult medicine training. 

The following sections review the most common CHD 
lesions presenting in adulthood with or without prior repair, 
and the long-term complications, diagnostic workup, and 
therapeutic options that are deemed necessary. 


LEFT-SIDED LESIONS 


Bicuspid Aortic Valve 

The congenitally bicuspid aortic valve (BAV) is the most com- 
mon congenital malformation occurring in approximately 2% 
of the general population (4). It is the most common cause of 
isolated valvular aortic stenosis (AS) in adults, with a male to 
female ratio of 3:1 (5). The BAV may be functionally normal 
with no significant pressure gradient across the valve and with 
no more than trace valvular aortic regurgitation (AR). How- 
ever, thickening and focal calcification of the bicuspid valve 
can be detected as early as in the second decade of life (6). 
The most common presenting sign or symptom in a young 
adult is often the detection of a systolic ejection murmur and 
usually an ejection click. However, depending on the sever- 
ity of valvular disease, patients with AS or aortic insufficiency 
may present with exercise intolerance, dyspnea on exertion, 
or atypical chest pain with the peak incidence of symptoms 
(angina, syncope, or heart failure) developing with advancing 
years. 

Those without significant AS (usually defined as a gradi- 
ent <25 mm Hg) and less than mild aortic insufficiency only 
require regular follow-up. However, over time, the lesion often 
progresses due to fibrocalcific stenosis with almost 75% of 
patients requiring eventual surgery (7). The joint study on 
the Natural History of Congenital Heart Defects followed 
473 patients with aortic valve disease at a mean of 20 years 
(8). Only 20% of those with an initial peak to peak gradient 
<25 mm Hg at catheterization had a subsequent intervention. 
However, in those with a gradient >50 mm Hg, arrhythmias, 
sudden death, endocarditis, syncope, and angina occurred at a 
rate of 1.2% per year. 

The risk factors that lead to the development of AS in 
patients with BAVs are variable and have been poorly defined, 
often thought to be related to valvular characteristics. Beppu 
et al. (9) performed an echocardiographic study evaluating 75 
patients (15 to 76 years of age) with a BAV and found that 
aortic valve sclerosis began around the second decade of life 
and aortic calcification started in the fourth decade. Aortic 
valve pressure gradient increased approximately 18 mm Hg 
each decade, concomitant with valve sclerosis. Patients with 
anteroposterior (as opposed to right-left) and eccentric (vs. 
symmetric) valve leaflets had a faster rate of progression with 
an aortic valve pressure gradient increase averaging 27 mm Hg 
per decade. 

Treatment modalities include percutaneous balloon val- 
vuloplasty that should be considered in a select population 
with significant aortic stenosis — usually defined as a peak 
gradient >60 mm Hg or >50 mm Hg in a symptomatic patient 

(10) . In a large collaborative registry involving 606 patients, 
the peak to peak gradient was reduced by a mean of 60% 

(11) . However, this procedure should be considered palliative 


and these patients require serial follow-up (12). Pulmonary 
autograft aortic valve replacement (AVR) (Ross procedure) 
has a role and for some is the surgical procedure of choice, 
especially in the adolescent and young adult with significant 
aortic valve disease. With a successful operation, long-term 
anticoagulation is not indicated and therefore the patient 
may not need to be restricted from most activities. The long- 
term follow-up of this population is promising but particular 
attention must include assessment of the neoaortic valve, the 
neoaorta, and also the new pulmonary homograft, as it may 
progressively stenose (13,14). Mid- to long-term results of 
the Ross procedure have shown excellent results; however, 
with longer follow-up patients can develop neoaortic valvu- 
lar regurgitation and dilation of the neoaortic root (15,16). 
Patients with neoaortic regurgitation and/or neoaortic root 
dilation need routine follow-up with serial imaging using 
echocardiography, CMR, or computed tomography (CT). 
Whether a patient following the Ross procedure is safe to 
compete in contact or highly competitive sports is yet to be 
determined. 

BAVs can be associated with other cardiovascular anoma- 
lies, the most common of which is coarctation of the aorta 
(COA). Less common and often previously treated lesions 
include atrial or VSDs and PDA. Aortic root dilation may 
develop in some patients with a BAV. Interestingly, some 
studies provide support to the theory that the BAV is partly 
a single developmental anomaly affecting the aortic root that 
eventually leads to aortic root dilation. Two lines of evidence 
support this theory. First of all, autopsy studies have dem- 
onstrated a 5 to 10 times increase in the incidence of aortic 
dissection compared to patients with trileaflet aortic valves. 
This occurred without aortic stenosis, aortic coarctation, or 
hypertension (17,18). Second, Warren et al. (19) in children 
and Hahn et al. (20) in adults showed that the aortic root was 
enlarged in patients with a BAV without AS as compared to 
age- and sex-matched controls. These associations have led to 
the theory that congenital abnormalities of the aortic valve 
and the aorta may reflect a common developmental defect. It is 
also postulated that increased risk of aortic disease in patients 
with BAVs (including those that function normally) is medi- 
ated by coexisting defects in the aortic media by fragmentation 
of elastic fibers, loss of smooth muscle cells, and increase in 
collagen (21,22). 

Therefore, those with a BAV but without significant aortic 
valve stenosis or regurgitation require only routine assessment 
for aortic root enlargement. Echocardiography may be uti- 
lized to screen and follow the aortic root, but may not provide 
adequate imaging beyond the first few centimeters above the 
sinuses of Valsalva and therefore potentially miss significant 
enlargement in the distal ascending aorta. CMR as a screening 
tool is often necessary to evaluate the entire aortic root from 
the valve annulus to the take off of the great vessels (Fig. 68.8). 
According to current guidelines, serial evaluation of a patient 
with a BAV and dilated ascending aorta (>4 cm) with echo- 
cardiography, CMR, or CT is recommended on a yearly basis, 
and first-degree relatives of all patients with a BAV should be 
screened with echocardiography (23). Since 2007, the need for 
antibiotic prophylaxis for patients with BAVs prior to dental 
or surgical procedures is not considered necessary (24). 

Surgery is recommended to repair the aortic root or replace 
the ascending aorta in patients with BAVs if the diameter of the 
aortic root or ascending aorta is >5 cm, if the rate of increase 
in diameter is 0.5 cm per year or more, or if patients are under- 
going AVR due to severe AS or AR, when the diameter of the 
aortic root or ascending aorta exceeds 4.5 cm (23). Borger 
et al. (24) found that the 15-year freedom from aortic root 
complications (replacement, dissection) following AVR was 
86%, 81%, and 43% for aortic diameters of <40 mm, 41 to 
44 mm, and >45 mm, respectively at the time of AVR. 
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Figure 68.8. Cardiovascular magnetic resonance imaging (CMR). A: 26-year-old with BAV with no aortic steno- 
sis/aortic valve insufficiency, CMR demonstrates aortic root enlargement measuring 4.7 cm at the widest diam- 
eter mid ascending aorta. B: A 32-year-old with BAV, mild AS, and large ascending aortic aneurysm measuring 
5.2 cm with the widest diameter just proximal to the take off of the right innominate artery. Echocardiographic 
maximal diameter just above sinuses of valsalva was 4.0 cm, therefore underestimating the maximal diameter 
of the ascending aorta. 


Aortic Valve Regurgitation 

Aortic valve regurgitation is usually a manifestation of a con- 
genitally abnormal aortic valve, subaortic obstruction damag- 
ing the aortic valve, aortic cusp prolapse through a supulmonic 
VSD, or aortic root dilation from connective tissue disorder. 
For most, chronic aortic valve regurgitation is well tolerated 
for a number of years, with slow progression but can ulti- 
mately lead to left ventricular dilation and dysfunction. Such 
patients are often asymptomatic for decades, until they have 
symptoms suggestive of left heart failure (dyspnea with exer- 
tion, angina, or syncope). The volume load that affects the left 
ventricle (LV) leads to a series of compensatory myocardial 
remodeling that lead to left ventricular dilation. Often, these 
changes can be reversed using appropriate pharmacologic 
therapy; however, ultimately patients with significant aortic 
valve regurgitation and dilated LVs may require AVR. Patients 
with severe AR can be treated with vasodilator therapies to 
alleviate the volume load on the LV (when AVR is not recom- 
mended) or to improve the hemodynamic profile and provide 
symptomatic relief for patients with severe heart failure and 
severe LV dysfunction (23). 

The appropriate timing of AVR for aortic valve regurgi- 
tation is partially based on the development of symptoms. 
Symptomatic adults (with angina, syncope, or dyspnea with 
exertion) with chronic severe AR should undergo AVR. 
Asymptomatic patients with chronic severe AR with LV sys- 
tolic dysfunction (ejection fraction [EF] <0.50) or with pro- 
gressive LV enlargement (end-diastolic dimension greater than 
four standard deviations above normal) should receive aortic 
valve repair or replacement (23). 

The presence of LV systolic dysfunction (left ventricular ejec- 
tion fraction < 0.5) indicates that the patient may be entering 
a decompensated stage. Such patients should not only undergo 
intense medical treatment including the use of vasodilators 
and diuretics to eliminate the congestive state but should also 
undergo a thorough evaluation and be considered for AVR. 


Subaortic Stenosis 

Subvalvar AS encompasses a variety of lesions that can occur 
alone or in combination. These include a thin membrane 
(the most common lesion), thick fibromuscular ridge, diffuse 
tunnel-like obstruction, abnormal mitral valve attachments, 
and occasionally, accessory endocardial cushion tissue. 

In the majority of patients, obstruction is caused by a dis- 
crete membrane or a thick fibromuscular ridge that is attached 
to the ventricular septum or completely encircles the left ven- 
tricular outflow tract. Diffuse, “tunnel-like” narrowing of the 
left ventricular outflow tract is rare and is characterized by 
marked myocardial hypertrophy and, often, aortic annular 
hypoplasia. 

Patients with mild to moderate obstruction often remain 
asymptomatic for several years and are often not identified 
until later in life. Significant subaortic obstruction is asso- 
ciated with left ventricular hypertrophy (LVH), and often 
with aortic valvular regurgitation leading to operative repair. 
In contrast to valvar AS, subvalvar AS does not respond to 
balloon dilation. Definitive therapy consists of surgical cor- 
rection using simple membrane removal, extensive ring resec- 
tion with or without myomectomy, or the Konno procedure. 
Patients with discrete membrane or fibromuscular ridge usu- 
ally would have undergone surgery by adulthood; however, 
these lesions have a tendency for regrowth and concomi- 
tant aortic valve disease (25). A large retrospective study of 
75 patients after surgical resection found a recurrence rate 
of 16% at 5 years and 30% at 10 years. A higher preop- 
erative gradient (>40 mm Hg), higher postoperative gradient 
(>10 mm Hg), and younger age at surgery were predictors f or 
recurrence (26). Additionally, the need for aortic valve repair 
and the progressive aortic insufficiency occurred less often in 
those with a lower preoperative gradient. This finding has led 
some to recommend early repair of fixed subaortic obstruc- 
tion prior to the development of high-gradient or aortic valve 
disease (26). 
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Lupinetti et al. was able to demonstrate a significantly 
lower recurrence of subaortic obstruction requiring reopera- 
tion when membrane excision was combined with myectomy 
as opposed to membrane excision alone (4% vs. 25% over a 
mean of 4.5 and 5.2 years, respectively). However, there was 
a slightly higher incidence of postoperative heart block in the 
myectomy group (27). 

With or without surgical intervention, AR may develop 
many years after the initial diagnosis. Therefore, patients with 
subaortic stenosis should have periodic evaluation. Unoper- 
ated adults with mild to moderate gradients without sig- 
nificant LVH and trace AR should be followed periodically. 
Surgery for prevention of AR in such patients is not indicated 
at this time; however, the presence of AR is frequently used as 
a surrogate marker for surgical intervention. 

Coarctation of the Aorta 

COA is usually a postoperative concern in adults. Previously 
undiagnosed adults with native coarctation are rare. Most 
adult patients are asymptomatic, unless they have severe 
hypertension leading to headaches, epistaxis, heart failure, 
and/or aortic dissection. 

Unfortunately, despite adequate childhood surgery, patients 
are at risk for several concern-causing long-term complications: 

1. Systemic hypertension 

2. Recoarctation 

3. Aortic aneurysm and dissection 

4. SCD 

A long-term follow-up study of patients repaired in child- 
hood or adolescence demonstrated a significantly reduced 
long-term survival — mean age of death being 38 years (28). 
Patients died from, in decreasing order, coronary artery dis- 
ease, congestive heart failure, sudden death, cerebral vascu- 
lar accidents, and ruptured aortic aneurysms. Silka et al. (3) 
found the risk of SCD following COA repair to be 25 times 
greater than expected 20 years from repair. 

Systemic Hypertension 

Systemic hypertension is one of the major long-term problems 
following repair of COA. Although the blood pressure (BP) 
typically falls after successful repair, persistent or recurrent 
hypertension and disproportionate systolic hypertension with 
exercise are not uncommon. 

Multiple studies have found a significant incidence of sys- 
temic hypertension either at rest or with exercise following 
repair (29-32). When combining resting BP, ambulatory BP 
monitoring, and exercise testing, systemic hypertension has 
been reported in as many as 70% of patients following coarc- 
tation repair (33). Hypertension may occur irrespective of the 
age at surgery or the presence of a residual gradient. Patients 
who had delayed initial repair often have residual hypertension 
despite surgical or transcatheter intervention. When hyper- 
tension is detected at rest, recoarctation must be excluded 
by physical exam (brachial/femoral pulse delay, arm/leg 
BP gradient), Doppler echocardiography, and/or CMR or 
Cardiac CT imaging. Recoarctation should be evaluated for 
transcatheter therapy (stent, angioplasty) — see ACHD inter- 
ventional therapy section. 

If there is no evidence of recoarctation, then medical man- 
agement for hypertension is indicated. Once resting BP is nor- 
mal, assessment of activity-related hypertension is performed 
with a 24-hour ambulatory BP monitor or in athletes, an exer- 
cise study should be done to determine peak systolic BP at 
maximal exercise. 



Figure 68.9. A 39-year-old with COA s/p end-to-end anasto- 
mosis presents with hypertension and found to have recoarcta- 
tion, (see arrow) subsequently relieved with transcatheter stent 
therapy. 

Recoarctation 

Recurrent recoarctation refers to restenosis after an initially 
successful intervention. Often the major findings that sug- 
gest that a patient has developed recoarctation are resting 
hypertension and headaches, though some patients can 
be asymptomatic. Recoarctation occur less often in older 
patients (34,35). Recoarctation can be based on anatomic 
narrowing, arm/leg BP gradient, evidence of hypertension, 
or a combination of these factors (Fig. 68.9). Most patients 
with recoarctation will undergo transcatheter therapy to 
relieve the aortic obstruction (see section ACHD interven- 
tional therapy). 

Discrete coarctation in older children and adults is treated 
with percutaneous balloon angioplasty, often with stent 
therapy (36). Indications for percutaneous interventions for 
recurrent discrete coarctation include a peak to peak gradient 
of at least 20 mm Hg (36). Eicken et al. (37) reported that 
despite successful stent therapy, the patient may still dem- 
onstrate systemic hypertension requiring medical therapy 
once again attesting to the intrinsic abnormality associated 
with COA. 

Aortic Aneurysm/Pseudoaneurysm 

An aortic aneurysm may develop following surgery or bal- 
loon dilation of native coarctation, typically at the site of prior 
repair. Development of aortic aneurysm and rupture may 
occur years after successful repair of COA (38-41). This find- 
ing can occur without recurrent coarctation and despite relief 
of systemic hypertension (Fig. 68.10). For the majority of 
patients, aneurysm repair requires surgical intervention with 
resection of the aneurysm and graft placement. Unfortunately, 
there are no criteria to guide the timing of aortic aneurysm 
repair in this population. 

Pseudoaneurysms at the COA repair site are an area of 
weakening with outpouching of the adventitial thin layer 
of the aorta usually along the suture line. Pseudoaneurysms 
are at a higher risk for rupture and should be considered 
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Figure 68.10. A: A 28-year-old asymptomatic 
patient s/p patch aortoplasty repair for COA 
presented for routine screening. Cardiac CT 
demonstrated a large aortic aneurysm at the 
repair site. B: A 35-year-old patient s/p end — 
end anastomosis for COA presented with 
hypertension and back pain. Cardiovascular 
magnetic resonance imaging revealed recoarc- 
tation with aneurysm at the site of repair. C: A 
38-year-old patient with end-to-end anastomo- 
sis COA repair presents for routine screening 
and found to have an aneurysm at repair site 
measuring 4.2 cm. 


for repair at the time of diagnosis. Either surgical repair or 
in select cases, excluding the aneurysm with a covered stent 
should be employed to remove the risk of pseudoaneurysm 
rupture (Fig. 68.11). 

Although risk factors for postrepair aneurysms have been 
identified, including a later age at initial repair and the use 
of patch angioplasty, there are no clear risk factors for the 
higher incidence of hypertension and aortic dissection follow- 
ing coarctation repair. However, a growing body of evidence 
demonstrates that there is an intrinsic abnormality of aortic 



function that persists despite adequate repair (42). Patients 
with repaired coarctation can rarely also develop aneurysms 
of the ascending aorta, which are often associated with BAVs 
(43-46). A stiff or less distensible aorta has been described with 
essential hypertension, coronary artery disease, and Marfan 
syndrome and may be the underlying mechanism contributing 
to the late abnormalities associated with repaired COA (43). 

Documenting the type of repair performed is important 
in the evaluation of this population. Most underwent patch 
aortoplasty, resection of the coarctation with end-to-end 
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Figure 68.11. Aortogram from a 26-year-old patient with 
COA s/p end-to-end anastomosis found upon routine screen- 
ing to have a small pseudoaneurysm and recoarctation at the 
repair site. The aneurysm was excluded and the obstruction 
relieved with a covered stent. 

anastomosis, or subclavian flap repair. However, a small per- 
cent may have undergone bypass tube grafting around the 
coarctation segment. A clear understanding of the type of 
repair will aid in the diagnosis of complications and help guide 
timing as to when follow-up studies are necessary (Fig. 68.12). 
Therrien et al. (47) demonstrated that the most cost-effective 



Figure 68.12. Cardiac CT in a 26-year-old patient with COA 
s/p ascending aorta to descending aorta tube graft. 


evaluation for adults with repaired COA includes a clinical 
visit (thorough history and physical examination) and CMR to 
rule out aortic aneurysm and recoarctation. 

Adult patients with previous coarctation repair should be 
followed serially for evidence of hypertension, both at rest and 
with ambulatory monitoring, and should be carefully assessed 
for recoarctation, aortic aneurysms, aortopathy, and progres- 
sive valvular disease especially in those with concomitant aor- 
tic or mitral valve abnormalities. 


LEFT-TO-RIGHT SHUNTING LESIONS 


Adults may present either with repaired or unrepaired hemo- 
dynamically significant shunt lesions including VSDs, atrio- 
ventricular septal defects (AVSDs), ASDs, PDA, in rare cases 
aorticopulmonary window, and arteriovenous (including coro- 
nary) fistulae. Those with shunt lesions repaired at a young age 
(VSD, AVSD, PDA < 1 year) are unlikely to develop pulmonary 
vascular disease. Large shunts either left unrepaired as a child 
or found incidentally as an adult will inevitably lead to elevated 
pulmonary vascular resistance and Eisenmenger syndrome (ES). 

Ventricular and Atrioventricular Septal Defects 

Adult patients with VSDs or AVSDs associated with high pul- 
monary resistance (especially if operated later than 1 year of 
age) can develop increasing pulmonary vascular obstructive 
disease (PVOD) (48-51). Associated concerns include resid- 
ual shunts, aortic valve regurgitation, arrhythmias, including 
complete heart block requiring a pacemaker, PA deformity 
or acquired pulmonary valve stenosis (PVS) from previously 
placed pulmonary arterial bands, and residual atrioventricular 
(AV) valve regurgitation in the AVSD group. The varied con- 
stellation of symptoms can often make their clinical presenta- 
tion, natural history, and treatment quite variable and make 
treatment options challenging. 

Many patients who have a VSD do not undergo repair 
because the VSD is anatomically small, closing, or hemody- 
namically insignificant. This applies particularly to perimem- 
branous defects where septal aneurysmal tissue can partially 
occlude the defect and to some smaller muscular defects. On 
the other hand, false security might exist when a subpulmonic 
defect seems to be getting smaller. In these patients, an aor- 
tic cusp can prolapse and partially or completely occlude the 
defect. In these patients, early operation is necessary to help 
protect the integrity of aortic valve coaptation. 

Though it is rare to find an adult patient who would ben- 
efit from isolated VSD closure, thorough clinical, echocar- 
diographic assessment and at times invasive hemodynamic 
evaluation are important in the evaluation of these patients to 
determine the most appropriate timing of surgical or percuta- 
neous VSD repair, to prevent the development of irreversible 
PVOD, preserve the integrity of the aortic valve, and protect LV 
size and function. In unrepaired adults, either the VSD is small 
and restrictive and therefore closure would not be indicated, or 
at the other extreme, the defect is large enough to have caused 
PVOD and closure would subsequently be considered harmful. 

Though surgical repair is first line for most VSDs, tran- 
scatheter device VSD closure is a treatment option for isolated 
uncomplicated muscular VSDs and for certain membranous 
VSDs, but only in very selected patients with suitable anatomy. 
The technical success rate of transcatheter closure of selected 
muscular and membranous VSDs is high and the mortality rate 
is low (52). Hijazi et al. reported 10-year results of percutane- 
ous closure in adult congenital and acquired (non-post-infarct) 
VSDs using different types of Amplatzer occluder devices. The 
patients ranged in age from 18 to 84 years with a median age of 
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34 years. Indications for closure included symptoms related to 
significant shunt (dyspnea on exertion), unexplained deteriora- 
tion of LV function and/or LV dilation, recurrent endocarditis, 
and concerns for pulmonary hypertension (PH). They showed 
that the procedure was both safe (two minor procedural com- 
plications) and very effective in eliminating intracardiac shunts, 
showing improvement in LV size after closure (53). 

Long-term survival is excellent for patients with small 
restrictive VSD, normal ventricular function, and normal PA 
pressures but is limited for those with Eisenmenger complex. 

Atrial Septal Defect 

ASDs are the most common congenital lesion in adults after 
BAV. Although the defect is often asymptomatic until adult- 
hood, potential complications of an undetected ASD include 
right ventricular failure, atrial arrhythmias, paradoxical 
embolization leading to a cerebrovascular accident or tran- 
sient ischemic attacks, cerebral abscess, and PH that can 
become irreversible and lead to right-to-left shunting (ES). 
Most smaller ASDs close spontaneously in infants; however, 
spontaneous closure is unusual in older children and adults. 
Patients with ASDs are often operated before adulthood. 
Rarely, patients will go undetected until a high school sports 
physical examination or following an incidental chest film 
that is interpreted as abnormal. Exercise intolerance, fatigue, 
dyspnea, overt heart failure, and paradoxical embolization are 
manifestations of symptomatic ASDs in adults that warrant 
defect closure. Most patients do well in the long term after 
successful surgical closure and remain symptom free, though 
rare atrial arrhythmias or sick sinus syndrome can occur (54). 

Murphy et al. (55) demonstrated that the age at opera- 
tion and the PA pressure influences survival after ASD repair. 
Patients repaired <25 years of age have similar long-term 
survival compared to controls. However, patients >25 years 
old and those with PA systolic pressure >40 mm Hg at repair 
have a lower long-term survival apparently due to late car- 
diac failure, stroke, and atrial fibrillation (Fig. 68.13). The 


postoperative ASD patients should be followed, albeit infre- 
quently, with periodic examinations, electrocardiography, and 
occasional 24-hour ambulatory monitoring. 

Percutaneous device closure is an alternative to surgical clo- 
sure in patients with ostium secundum ASDs that have appropri- 
ate anatomic characteristics. The United States Food and Drug 
Administration’s Center for Devices and Radiological Health has 
approved two devices for percutaneous ASD closure (56,57): the 
Amplatzer Septal Occluder and the CardioSEAL Septal Occlu- 
sion System. The indications for transcatheter device closure are 
the same as surgical closure (see interventional cardiac catheteri- 
zation, Chapter 13) except that device closure with Amplatzer 
atrial septal occluder (ASO) is only indicated for secundum 
ASDs up to a maximum device size of 38 mm. Patients with 
sinus venosus or primum ASDs and any patient with an anoma- 
lous pulmonary venous return should have surgical repair. 

Congenital Heart Disease, Pulmonary Hypertension, 
and Eisenmenger Syndrome 

Significant left-to-right shunts unrepaired or those repaired at 
a later age may develop PH. Defects or complexes lesions at 
risk to develop PH include 

1. L-R shunting defects — ASD, VSD, AVSD, PDA AP window 

2. Single ventricle complexes — double-outlet right ventricle, 
double-inlet left ventricle 

3. Transposition of the great arteries 

4. Truncus arteriosus 

In a large ACHD registry of over 5,000 patients from the 
Netherlands, the overall incidence of PH was 4.2%, 6% in 
those with only a septal defect, and 10% in those with a high- 
risk lesion for PH (categories above) (58,59) (Fig. 68.14). Of 
those with a septal defect and PH, 58% met the definition of 
ES. VSD was the most common diagnosis in the group with 
septal defects and PH; however, AVSD had the highest preva- 
lence at 41% (Fig. 68.15). 
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Figure 68.13. Survival curves for atrial septal defect (ASD) 
patients based upon age at surgical repair (< or >24 years of 
age) and pulmonary artery (PA) systolic pressure at the time 
of repair (< or >40 mm Hg). Survival was significantly dimin- 
ished only with a combination of age 24 years and PA systolic 
pressure >40 mm Hg (Eicken A, Pensl U, Sebening W, et al. 
The fate of systemic blood pressure in patients after effectively 
stented coarctation. Eur Heart J 2006;27:1100-1105). 
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Figure 68.14. Prevalence of pulmonary hypertension (PH) 
in the main diagnostic categories from the CONCOR proj- 
ect. ASD, atrial septal defect; VSD, ventricular septal defect; 
ASD I, Primum atrial septal defect; AVSD, atrioventricular 
septal defect; TOF, tetralogy of Fallot; COA, coarctation of 
the aorta; DORV, double-outlet right ventricle. (From Vander 
Velde ET, Vriend JW, Mannens MM, et al. CONCOR, an ini- 
tiative towards a national registry and DNA-bank of patients 
with congenital heart disease in the Netherlands: Rationale, 
design, and first results. Eur J Epidemiol 2005;20:549-557, 
with permission.) 
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Figure 68.15. Total number of patients from the CONCOR 
project with septal defects and those with PH. VSD is the most 
common septal defect with PH and AVSD has the highest prev- 
alence. VSD, ventricular septal defect; ASD II, secundum atrial 
septal defect; ASD I, primum atrial septal defect; AVSD, atrio- 
ventricular septal defect. (From Duffels MG, Engelfriet PM, 
Berger RM, et al. Pulmonary arterial hypertension in congeni- 
tal heart disease: an epidemiologic perspective from a Dutch 
registry. Int J Cardiol 2006;120:198-204, with permission.) 


Eisenmenger Syndrome 

ES consists of systemic-to-pulmonary cardiovascular com- 
munication, pulmonary arterial disease, and cyanosis. The 
development of pulmonary arterial disease is a consequence 
of increased pulmonary blood flow and pressure and requires 
exclusion of other causes of PH. The diagnosis requires the 
presence of underlying CHD, though in some cases the diag- 
nosis is not established until adulthood. With the advent and 
subsequent advancement of surgical management of CHD, the 
incidence of ES has declined, though it is not negligible. The 
overall incidence of ES is not known. 

In the Netherlands study, 1% of all of the patients regis- 
tered through their ACHD clinic and 58% of those with a 
septal defect and PH had ES (55). The development of ES is 
based upon the size and location of the left-to-right shunt. 
From the second natural history study of patients with VSD, 
3% of those with a small to moderate defect (<1.5 cm in diam- 
eter) will develop ES. However, with a large VSD (>1.5 cm), 
nearly 50% will develop ES (60). From the time of PH diag- 
nosis, ES survival is longer than those with the idiopathic PH 
and patients commonly survive into the third or fourth decade 
of life with ES. Patients with ES carry a survival rate of 80% 
at 10 years, 77% at 15 years, and 42% at 25 years. Poorer 
survival has been associated with syncope, elevated right 
heart filling pressures, and lower systemic saturations (<85%) 
(61-63). 

ES patients are at risk for multiple medical problems 
including polycythemia, coagulopathy, especially platelet 
consumption, brain abscess, cerebral microemboli, hemopty- 
sis, gout, and renal dysfunction (64). These patients should 
be routinely seen by centers with CHD-pulmonary artery 
hypertension (PAH) -trained physicians. The evaluation should 
include comprehensive assessment of their functional capacity, 
measurement of their hemoglobin, platelet count, iron stud- 
ies, creatinine, and uric acid. Digital oximetry, both with and 
without supplemental oxygen therapy and oxygen-responsive 
hypoxemia should be investigated and they warrant expedited 
evaluation and treatment of underlying arrhythmias (65). 

Other situations that are associated with a markedly 
increased risk in patients with ES include pregnancy, vol- 
ume depletion, isometric exercise, high altitude (including air 
travel), and endocardial pacing. Meticulous care of intravenous 


(IV) lines is required to avoid the risk of air emboli. Pregnancy 
in patients with ES is associated with significant morbidity and 
mortality and is contraindicated. The reported rate of maternal 
mortality in patients with ES is between 30% and 50%, with 
pregnancy continuing to be prohibitive in such patients despite 
the advances in medical therapies (6666). Gatzoulis et al. (67) 
reported that the overall maternal mortality was lower com- 
pared with data from a previous era (25% vs. 38%), with 17% 
mortality in patients with idiopathic PAH, 28% in those with 
CHD-PAH, and 33% in patients with other causes for PH. 

Symptomatic patients with PVOD may benefit from phle- 
botomy and non-red cell colloid replacement. Patients should 
be carefully monitored during the procedure. This procedure 
repeated periodically carries the risk of hypotension and even 
death, especially if fluid shifts during the phlebotomy pro- 
cedure are abrupt. Therefore, phlebotomy should only be 
approached as a therapy when there are significant symptoms 
felt to clearly be due to polycythemia and hyperviscosity rather 
than polycythemia alone. Symptoms include worsening dysp- 
nea and hemoptysis. In select patients, presurgical phlebotomy 
may be beneficial to reduce bleeding diathesis risk (64). 

Particular care must be taken not to deplete the iron stores 
in these patients. A patient with Eisenmenger complex who 
has several phlebotomies and has a hemoglobin of 18 g/dL, but 
who has microcytosis has iron deficiency polycythemia. These 
patients are at higher risk for cerebral vascular accidents. The 
Mayo clinic reviewed the course of 162 cyanotic CHD patients 
>18 years of age over an 8-year period and found that 29 cer- 
ebrovascular events had occurred in 22 patients (13.6%) (68). 
Risk factors for the development of a cerebrovascular event 
included hypertension, atrial fibrillation, a history of phle- 
botomy, and microcytosis. Microcytosis was the strongest pre- 
dictor for a cerebrovascular event. Judicious iron replacement 
with frequent monitoring of the hemoglobin level and mean 
corpuscular volume is necessary. 

In the last decade, medical therapy for ES has become an 
important consideration to improve exercise capacity and as 
a bridge to lung or heart/lung transplantation. Bosentan (a 
dual endothelin receptor antagonist), epoprostenol (a prosta- 
cyclin [PC]), and sildenafil (a phosphodiesterase-5 inhibitor) 
have been evaluated in limited numbers of patients with ES. 
In the only randomized controlled trial dedicated to end- 
stage PAH-CHD, bosentan significantly reduced pulmonary 
vascular resistance and significantly increased 6-minute walk 
distance without compromising peripheral oxygen saturation 
in patients with ES. These data suggest that targeted thera- 
pies are beneficial in the PAH-CHD population, and warrant 
further research (69). More recently, Zuckerman et al. (70) 
showed that in a small cohort of patients with ES, ambrisentan 
(endothelin receptor antagonist) was safe and was associated 
with increasing exercise capacity. 

In a short-term study, Fernandes et al. demonstrated sig- 
nificant improvement in exercise capacity and hemodynam- 
ics with IV PC use. ES patients (n = 8, mean age 37 years) 
underwent hemodynamic assessment and 6-minute walk test 
at baseline and at 3 months following initiation of IV PC. The 
median pulmonary valve replacement (PVR) for the group 
decreased from 41 to 21 U/m 2 , Qp:Qs ratio shifted more 
leftward from 0.55 to 0.75:1, systemic saturation improved 
from 69% to 85%, and the 6-minute walk distance improved 
from 68 to 375 yards (Fig. 68.16) (71). Galie et al. (72) ran- 
domized 54 ES patients to either placebo (n = 17) or to the 
endothelin receptor antagonist Bosentan (n - 37). After 
16 weeks, Bosentan patients demonstrated a significant reduc- 
tion in PVR and mean PA pressure and an improvement in 
exercise capacity compared to the placebo patients. Adriaens- 
sens and colleagues found a significant delay in need for trans- 
plant when patients were treated with advanced medical therapy 
(IV PC or endothelin receptor antagonist) compared to those 
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Figure 68.16. Eisenmenger patients who underwent baseline 
and 3-month follow-up 6-minute walk test after initiation of 
IV PC therapy. There was a significant improvement in exer- 
cise capacity by 6-minute walk test. 


without PH-specific medications, 7.8 ± 1.0 versus 3.4 ± 0.9 
years, respectively (Fig. 68.17) (73). 

Therefore, ES patients should be considered for PH-specific 
medications either to improve exercise tolerance or as a bridge 
to transplant. Whether survival is improved with PH-specific 
medication is more difficult to determine. 

Heart and lung transplantation or lung transplantation 
with intracardiac repair are treatment options in Eisenmenger 
patients. Transplantation should be reserved for severely 
symptomatic patients (74,75). The survival of ES patients who 
undergo lung or heart/lung transplantation in some studies 
was less than that of idiopathic PH, but in other studies the 
survival was similar to those with idiopathic PH or pulmonary 
fibrosis. In general, the 5-year survival is approximately 55%, 
10 year 35%, and 15 year 20% (76,77). 

Therefore, there are options for the ES patient that were 
not previously available or readily considered. General guide- 
lines include the following: 

1. Confirm the anatomy and determine that no surgical inter- 
vention is necessary, for example, anecdotal cases exist 
where an adult with tetralogy of Fallot (TOF) was misdiag- 
nosed as having ES should be completely repaired. 



Figure 68.17. Kaplan-Meier curves for waiting on transplant 
list or death versus time on either standard medical therapy or 
advanced therapy with PC or endothelin receptor antagonist. 
Log rank test p = 0.0062. 


2. Maintain adequate hydration. 

3. Provide oxygen therapy at night especially in case of docu- 
mented worsening noctural systemic saturations. 

4. Phelbotomy only in select cases where hyperviscosity is 
the etiology of the symptoms. Replace blood volume with 
adequate intravenous colloid solution in a monitored envi- 
ronment. 

5. Discuss and recommend permanent sterilization in women. 

6. Consider PH-specific medications (e.g., endothelin receptor 
antagonists, IV PC therapies), particularly for those with 
declining functional status. 

7. In select patients consider lung or heart/lung transplantation. 

Patent Ductus Arteriosus 

PDA is one of the few lesions that can be considered cured by 
operation, and unless rare complications of “recanalization” 
have occurred, these patients can be discharged from further 
cardiac reevaluation. 

PDA closure is recommended for patients with a signifi- 
cant left-to-right shunt who are symptomatic, have evidence 
of left-sided volume overload (i.e., left atrial or ventricular 
enlargement), or have reversible pulmonary arterial hyper- 
tension (PAH) (66,78). PDA closure is not recommended for 
patients with severe and/or irreversible PAH, since closure in 
such patients does not improve survival and often right-to- 
left shunting is needed to maintain adequate cardiac output, 
especially during episodes of increased pulmonary vascu- 
lar resistance (78). Most clinically relevant PDAs are closed 
(pharmacologically, surgically, or via precutaneous interven- 
tion) during either infancy or early childhood. The rare patient 
who is not diagnosed with a PDA until adulthood should have 
preoperative hemodynamic cardiac catheterization before 
being considered for closure. Some may have low-flow shunts 
due to PVOD, and this must be established before treatment. 

In the older patient, an additional consideration is the poten- 
tial for significant pulmonary vascular disease and PAH. How- 
ever, it is not always clear which patient with PAH will benefit 
from PDA occlusion. Careful consideration for PDA closure 
must be given to patients with PAH. Patients with documented 
patent ductus areteriosus with pulmonary vascular resistance >6 
Wood units/m 2 when breathing 100% oxygen are usually are not 
considered suitable candidates for correction of their shunt (78). 

The anatomy of PDA in the adult is remarkable for the pres- 
ence of calcification and general tissue friability in the area of the 
aortic isthmus and PA, which makes surgical manipulation in 
the adult more hazardous than in the child. Thus, surgery even 
for a small ductus in the adult, carries a serious risk because 
the calcified ductal wall can tear during ligation (66,79). Thus, 
these procedures should take place in a center where an expe- 
rienced surgeon and team can deal with such patients. Adults 
with PDA are better suited for percutaneous closure with either 
an occlusion device or coils because of high success and few 
complication, and is now considered to be the treatment of 
choice, especially in the patient with comorbidities (80). 


OTHER VALVE ABNORMALITIES 


Mitral Valve Prolapse 

Mitral valve prolapse (MVP) is the most common cause of pri- 
mary mitral regurgitation (MR) in developed countries. Since 
symptoms are nonspecific, the diagnosis of MVP is usually sus- 
pected on physical examination and confirmed by echocardiog- 
raphy MVP is often encountered for the first time in adolescence 
or early adulthood. Because it is a clinical diagnosis with Doppler 
echocardiographic corroboration (if necessary), careful dynamic 
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auscultation of the patient in various positions, especially when 
standing after squatting, is important. (see Chapter 5). 

MVP has had many names, including click/murmur syn- 
drome, myxomatous mitral valve disease, floppy valve syn- 
drome, and Barlow’s syndrome. It is classified as primary, 
secondary, or functional based upon the anatomic or physio- 
logic defects responsible for the abnormal leaflet motion. If the 
prolapse valve is not due to a floppy valve in association with 
a connective tissue disorder, then the degree of prolapse usually 
does not progress until the patient is older, with most patients 
remaining asymptomatic. MVP can be associated with chest 
pain, palpitations, dizziness, numbness, or tingling but these 
symptoms are usually benign and only require careful history, 
examination, electrocardiography, and occasionally 24-hour 
ambulatory monitoring (81). Reinforcement by inquiry may 
make the patient more symptomatic than is necessary. How- 
ever, even asymptomatic patients, especially young women, can 
suffer sudden death when no other pathologically proven cause 
can be found (82,83). The exact incidence of sudden death asso- 
ciated with MVP is unknown. Furthermore, since atrial and 
ventricular arrhythmias are common in the general population, 
it is not clearly established that the incidence of arrhythmias 
and SCD are in fact increased in patients with MVP. It has been 
postulated that the incidence of arrhythmias may be higher in 
patients with MVP who have at least moderate MR (84). 

It is important to always perform dynamic auscultation. 
The classic murmur of MVP is accentuated by standing and 
Valsalva maneuver (earlier systolic click and longer murmur) 
and diminished with squatting (later systolic click(s) and 
shorter murmur). 

The symptomatic relief of patients with MVP may require 
both general and pharmacologic measures. Reassurance about 
the benign nature of the disorder is often adequate to reduce 
the severity of symptoms in many patients. Many patients also 
appear to benefit from a change in lifestyle, including aero- 
bic exercise training, the avoidance of stimulants (caffeine), 
alcohol, undue fatigue, and a reduction in stress. Beta-blockers 
may be helpful in patients with MVP who present with hyper- 
adrenergic state including tachycardia, palpitations, or nerv- 
ousness but there have been no large-scale randomized trials 
to prove their benefit in this cohort of patients (85). 

Though most patients do not need surgical therapies, MVP 
associated with severe MR can be treated with repair or surgi- 
cal replacement of the mitral valve. Repair of the mitral valve 
is always preferable to replacement and should be performed 
by surgeons who are skilled in the procedure (22). 


Pulmonary Valve Stenosis 

Almost all cases of valvular pulmonic stenosis are congenital 
in origin, and most cases occur as an isolated lesion. Acquired 
cases are encountered less commonly but may be caused by the 
carcinoid syndrome, rheumatic fever (in which case pulmonic 
stenosis is always associated with other valve abnormalities), 
or stenosis of a bioprosthetic valve or valved conduit. Mild or 
moderate PVS is not a progressively obstructive lesion. Most 
patients who have had severe PVS would have had either bal- 
loon valvuloplasty or operation and should have little to no 
outflow obstruction by the time they reach adolescence. 

Earing and colleagues at the Mayo clinic reviewed the long- 
term outcome after surgical repair for PVS (86). Fifty -three 
patients (mean age at follow-up 43 ± 15 years) who under- 
went surgical treatment for PVS from 1951 to 1982 were 
reviewed 33 years (range 18 to 51 years) later. At follow-up, 
53% had reintervention with PVR for pulmonary insufficiency 
(PI) being the most common operation. Atrial and ventricular 
arrhythmias were common (38%). 

The rare undetected or untreated adolescent or adult 
patient with significant PVS may still require intervention. The 


initial diagnostic modality of choice remains a transthoracic 
echocardiogram in patients with isolated pulmonary valvar 
stenosis. The role of diagnostic cardiac catheterization is now 
only indicated in patients if the Doppler peak jet velocity is >3 
m/s (estimated peak gradient > 36 mm Hg), and balloon dila- 
tion can be performed if indicated (22). The high success and 
low complication rates, along with favorable long-term hemo- 
dynamic and clinical results, have resulted in pulmonary bal- 
loon valvotomy becoming the treatment of choice for patients 
with moderate to severe pulmonic stenosis. It is recommended 
in symptomatic patients with a right ventricle (RV)-to-PA 
gradient >30 mm Hg, or in asymptomatic patients with a RV- 
to-PA gradient greater than 40 mm Hg at catheterization (22). 
Pulmonary balloon valvuloplasty is effective with good mid- 
term results similar to surgical valvulotomy (see Chapters 13 
and 40). Whether treated or not, those with right ventricular 
outflow gradients (and normal cardiac output) <50 mm Hg 
can expect a normal lifespan and no symptoms (87,88). 


Cyanotic Congenital Defects 

Adults with CHD anatomy associated with cyanosis would 
nearly always have had some type of prior operation. These 
operations may have been palliative, such as systemic artery- 
PA shunts or systemic vein-PA shunts, or they might have 
undergone definitive procedures, such as closure of VSD and 
opening of the right ventricular outflow as in TOF. 

Although many patients who had systemic-to-PA anasto- 
moses have sufficient pulmonary blood flow to achieve rea- 
sonable systemic arterial oxygen saturation, some patients 
with palliative shunts have developed PVOD, possibly 
related to a high-flow-high-pressure stimulus. This particu- 
larly applies to those who had the now-seldom-used Potts or 
Waterston central shunts. The latter was frequently associ- 
ated with distortion and even obstruction of the right PA at 
the site of anastomosis (Fig. 68.18). These patients still have 
obligatory intracardiac right-to-left shunting, and air or clots 



Figure 68.18. Right PA angiogram in a 26-year-old patient 
with rTOF s/p palliative Waterston shunt. Angiogram dem- 
onstrates discrete right PA stenosis (arrow) and hypoplastic 
secondary and tertiary branch vessels. Patient underwent suc- 
cessful angioplasty and stent therapy. 
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from intravenously placed lines can embolize paradoxically, 
leading to brain, renal, or cardiac infarction. Additionally, the 
group of patients with cyanotic CHD and palliative systemic 
artery-PA shunts is at the highest risk for endocarditis (89). 

Tetralogy of Fallot 

The majority of young adults with TOF would have under- 
gone complete repair. It is important during the patient evalu- 
ation to obtain a detailed history of prior surgical procedures. 
Depending on the degree of pulmonary outflow obstruction, 
size of the pulmonary arteries, presence of branch pulmonary 
stenosis, and coronary anatomy, a variety of techniques might 
have been utilized to complete the repair. A prior systemic to PA 
shunt (i.e., Blalock-Thomas-Taussig, Waterston, Potts) has the 
potential to cause elevated pulmonary vascular resistance and 
distortion of the branch pulmonary arteries (Fig. 68.18). This 
appears especially true for the patients with a prior Waterston 
shunt or Potts operation. Murphy et al. (90) found a signifi- 
cant decrease in survival after complete repair for patients with 
a prior Waterston shunt or Potts operation compared to those 
with Blalock-Thomas-Taussig shunt. This occurred presum- 
ably from progressive PVOD as a consequence of high pulmo- 
nary blood flow from a larger size shunt. Improving surgical 
techniques have now made a single intracardiac repair the pro- 
cedure of choice in most centers rather than a staged approach. 

Patients with TOF and pulmonary valve atresia, or anoma- 
lous left anterior descending coronary artery from the right 
coronary artery would have had a prosthetic or homograft 
conduit, with or without a valve placed between the RV and 
the PA. These conduits can develop endothelial overgrowth 
and the valves can stiffen, both causing progressive obstruc- 
tion to the neo-right ventricular outflow area (91,92). These 
patients should be periodically reevaluated for development of 
obstruction that may be treated by balloon dilation transcath- 
eter valve replacement or by operative conduit replacement. 

The most typical adult with TOF would have undergone 
complete repair (rTOF), with VSD patch closure, pulmonary 
valvectomy, transannular patch, and possibly subpulmonic 
infundibulectomy. Long-term complications of surgically 
repaired patients with TOF include 


■ chronic pulmonary regurgitation leading to right ventricu- 
lar enlargement, 

■ residual right ventricular outflow tract (RVOT) obstruction, 

■ RV wall motion abnormalities with progressive RV dys- 
function, 

■ supraventricular and ventricular arrhythmias including 

ventricular tachycardia (VT) (usually monomorphic) and 

■ the risk for SCD 

Both atrial and ventricular tachyarrhythmias are common 
after repair of TOF. Several studies have demonstrated the 
prevalence of sustained episodes of tachyarrhythmias several 
years after intracardiac repair. In older rToF patients, 34% 
develop symptomatic atrial or supraventricular tachycardias 
(SVTs), 8.5 % develop high-grade VT, with an increasing num- 
ber of implantable defibrillators being used due to a sudden- 
death estimate of 2% per decade. Thus, an estimated 50,000 
adults with repaired ToF will require electrophysiology fol- 
low-up with 100 sudden deaths per year nationally (93). In 
a series of 242 patients, 29 (12%) developed sustained epi- 
sodes of atrial tachyarrhythmia at a mean of 16 years after 
repair, while in another series, 29 of 793 (4%) had sustained 
atrial flutter or atrial fibrillation at a mean of 21 years after 
repair (94). 

Therefore, life-threatening ventricular arrhythmias remain 
the greatest concern for the adult with rTOF. The incidence 
may be as high as 10%, and until the past decade, there were 
no consistently identifiable risk factors to consider which 
patients were at risk (95-99). 

Gatzoulis et al. in 1995 provided the first clues to a 
potential etiology for ventricular arrhythmias in rTOF. They 
reviewed the clinical data on 178 adult survivors with rTOF 
(mean follow-up 21.4 years). Nine patients were found to 
have sustained ventricular arrhythmias and four patients 
had postoperative SCD. Holter monitor data, electrocar- 
diograms (ECGs), chest x-rays (CXRs), and Doppler echo- 
cardiographic data were included in the analysis comparing 
those with versus without sustained ventricular arrhythmias/ 
SCD. They found that QRS duration >180 ms was 100% 
sensitive to predict sustained ventricular arrhythmias and 
SCD, and that QRS duration correlated with RV size (100) 
(Fig. 68.19). 


Figure 68.19. Plot of QRS duration in 
182 patients. Those with syncope and 
VT ( squares ) and sudden death (trian- 
gles). QRS duration >180 ms was 100% 
sensitive in predicting sustained VT and 
syncope. (From Gatzoulis MA, Till JA, 
Sommerville J, et al. Mechanoelectrical 
interaction in tetralogy of Fallot; QRS 
prolongation relates to right ventricular 
size and predicts malignant ventricular 
arrhythmias and sudden death. Circula- 
tion 1995;92:231-237, with permission.) 
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Figure 68.20. Actuarial probability of sudden cardiac death- 
free survival after surgical treatment of tetralogy of Fallot. 
(From Silka MJ, Hardy BG, Menashe VD, et al. A population 
based prospective evaluation of risk of sudden cardiac death 
after operation for common congenital heart defects. J Am 
Coll Cardiol 1998;32:245-251, with permission.) 

Over the next few years, there was an emergence of data sug- 
gesting that the SCD risk in rTOF was a time-related risk factor 
that accelerated after 20 to 25 years after surgical repair. Silka 
et al. demonstrated that the risk of developing SCD in rTOF 
was close to 100 times greater than the general population and 
the risk became apparent 20 years after repair (Fig. 68.20). 
Nollert et al. (101) found that the risk for SCD was 0.27% per 
year for the first 25 years post repair but accelerated to 0.94% 
per year after 25 years (p = 0.003) (Fig. 68.21). 

Long-term postoperative PI with progressive RV enlarge- 
ment and dysfunction were the anatomic and physiologic cor- 
relates that began to explain the time-related risk of SCD and 
the relationship between RV size and QRS duration. PI leads 
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Figure 68.21. Long-term survival after correction of tetral- 
ogy of Fallot. All patients who died within the 1st year after 
correction were excluded for calculation of long-term sur- 
vival. The curve shows two different phases that are distinct. 
The early, low-risk phase lasts 25 years; thereafter, the risk 
increases significantly. Mortality risk (r) per year, as a linear- 
ized number, is calculated for each phase. (From Nollert G, 
Fischlein T, Bouterwek S, et al. Long-term survival of patients 
with repair of tetralogy of Fallot: 36-year followup of 490 sur- 
vivors of the first year after surgical repair. ] Am Coll Cardiol 
1997;30:1374-1383, with permission.) 
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Figure 68.22. Proposed relationship between PI, RV size, and 
QRS duration over time following TOF repair. Risk of SCD 
related to duration of 180 ms. PI, Pulmonary insufficiency; 
RV, right ventricle; RBBB, right bundle branch block. 

to progressive RV enlargement and eventually RV systolic 
dysfunction. The QRS, although widened from a right bundle 
branch block pattern since repair, lengthens with time to even- 
tually reach the risk-related duration of 180 ms (Fig. 68.22). 

Ventricular tachyarrhythmias, including sustained mono- 
morphic VT and SCD, can occur early after surgery or years 
after intracardiac repair of TOF. The risk factors associated 
with ventricular tachyarrythmias and SCD appear multi- 
factorial in origin consisting of several clinical risk factors 
including older age at repair, male sex, severe heart failure 
as assessed by New York Heart Association (NYHA) clas- 
sification, and repair via a right ventriculotomy rather than 
atriotomy (102). 

With the recognition of PI as the culprit hemodynamic 
lesion in rTOF, many studies have evaluated the outcome fol- 
lowing PVR, investigating the change in functional class, RV 
size and function, and the risk for VT and SCD. Prior stud- 
ies have demonstrated that following PVR, NYHA functional 
class improves (103) (Fig. 68.23). 

Over the years, echocardiography has provided useful infor- 
mation in the diagnosis and long-term management of patients 


INYHA Functional Class Before and At Last FoSlow-up in Patients 
Undergoing PVR after TOF Repair 



Figure 68.23. Bar graph demonstrating New York Heart Asso- 
ciation (NYHA) functional class pre and post-pulmonary valve 
replacement for PI in repaired tetralogy of Fallot. Functional 
class of patients was improved significantly; preoperatively, 
76% of patients were in NYHA class III-IV, and after pul- 
monary valve replacement, 97% of surviving patients were in 
class I II (p = 0.0001). 
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with rTOF; however, advances in CMR have provided accurate 
and reproducible measurements of the RV size and function and 
can now be used to predict major adverse clinical outcomes late 
after TOF repair. CMR has already demonstrated that there is a 
threshold of right ventricular dilation beyond which restoration 
of normal right ventricular systolic function cannot be achieved 
with pulmonary valve replacement, leading to appropriate risk 
stratification and therapeutic interventions. Knauth et al. deter- 
mined independent predictors for major adverse clinical out- 
comes (death, sustained VT, and worsening NYHA functional 
class to III or IV) late after rTOF. They found that 20.5% adverse 
outcomes occurred over a median follow-up period of 4.7 years. 
Predictors for poor outcome included late repair (>6 years old), 
increased RV end-diastolic volume, reduced RV and LV ejec- 
tion fraction, and longer QRS duration. Additionally, there was 
100% sensitivity for adverse clinical outcome when the RV end 
systolic volume was >45 mL/m 2 , and 96% specificity when the 
right ventricular ejection fraction (RVEF) < 30% (104). 

RV volume decreases following PVR for severe PI. Vliegen et 
al. (105) demonstrated with CMR that the RV end-diastolic and 
systolic indexed volumes decreased following PVR. However, 
RVEF did not significantly change (Fig. 68.24). Therrien et al. 
also evaluated RV size and function following PVR for PI in 
rTOF. She and her colleagues demonstrated that when the RVEF 
was >40% pre-PVR, 50% maintained an RVEF >40% at fol- 
low-up, compared to those with preoperative EF < 40%, where 
only 13% were able to achieve an EF > 40% at follow-up (106). 

Therefore, the exact timing of when to perform PVR in 
adult patients with rTOF continues to evolve. Timing is a 
balance between removing the regurgitant volume and there- 
fore improving RV size and possibly improving or maintain- 
ing systolic function, and eventual valve failure and need for 
reintervention following PVR. Geva recommended PVR when 
regurgitant fraction >25% (moderate to severe insufficiency) 
and at least two of the following objective criteria in asympto- 
matic patients were observed: 

RV end-diastolic volume index >150 mL/m 2 or Z-score >4 

■ RV end-systolic volume index >80 mL/m 2 

■ RVEF <47% 

■ LV ejection fraction <55% 

■ Large RVOT aneurysm 


Ventricular Volume Before and After 
Pulmonary Valve Replacement in 26 Patients 
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Figure 68.24. Ventricular volumes before and after pulmonary 
valve replacement in 26 patients. Note the significant decrease 
of right ventricular volumes in contrast to the unchanged left 
ventricular volumes. (From Vliegen HW, Van Straten A, de 
Roos A, et al. Magnetic resonance imaging to assess the hemo- 
dynamic effects of pulmonary valve replacement in adults late 
after repair of tetralogy of Fallot. Circulation 2002;106;1703- 
1707, with permission.) 


■ QRS duration >140 ms 

■ Sustained tachyarrhythmia related to right heart volume 
load 

■ RVOT obstruction with RV systolic pressure > 2/3 systemic 

■ Severe branch PA stenosis not amenable to transcatheter 
therapy 

■ > Moderate tricuspid regurgitation (TR) 

■ Residual left-to-right shunts with pulmonary-to-systemic 
flow ratio >1.5 

■ Severe AR 

■ Severe aortic dilatation (diameter > 5 cm) 

PVR was indicated in symptomatic patients with rTOF ful- 
filling >1 of the quantitative criteria detailed above (107). 

Though surgical PVR had remained the procedure of choice 
for several years, the first successful human percutaneous pul- 
monary valve implant was performed by Bonhoeffer et al. (108) 
in a patient in 2000. Since there have been significant advances 
in transcatheter therapies directed toward PVR (see Chapter 13), 
with encouraging success rates. Initial studies have demonstrated 
marked improvements in right ventricular pressure, RVOT gra- 
dient, pulmonary regurgitation, and MRI-defined ventricular 
indices as well as pulmonary regurgitation, and improvement in 
both subjective and objective exercise capacity (109). 

Finally, does the risk for VT/SCD improve following PVR? 
Therrien et al. evaluated ECG changes and risk for VT and 
SCD following PVR for severe PI in rTOF. Seventy patients 
with a mean age of 28.2 years underwent PVR with follow-up 
at a mean of 4.7 years. They found that the QRS duration sta- 
bilized but did not decrease, and the incidence of monomor- 
phic VT decreased from 22% to 9%. Nine patients underwent 
intraoperative cryoablation for VT and at 5 years follow-up 
had 100% freedom from recurrent VT whereas the nonabla- 
tion group had only a 68% freedom from VT (110). 

Still, despite the advances in CMR to better define RV 
size and function along with the severity of PI, the data on 
QRS duration, and the success achieved with PVR, clinicians 
evaluating and treating those with rTOF continue to struggle 
with risk stratification for SCD of rTOF patients. Khairy et al. 
through a mulitcenter trial found that programmed ventricu- 
lar stimulation predicted those who subsequently developed 
VT and SCD. Both inducible monomorphic VT, relative risk 
of 5.0, and polymorphic VT, relative risk of 12.9, predicted 
future clinical VT and SCD (111) (Fig. 68.25). 

PI leading to RV enlargement and systolic dysfunction con- 
tinues to be the most common problem facing this popula- 
tion and evidence suggests that this leads to QRS prolongation 
and risk for SCD. Programmed stimulation may also help to 
differentiate those at risk and PVR along with VT mapping. 
Intraoperative cryoablation seems to provide the best risk 
reduction for SCD. As risk factors for SCD in rTOF become 
reproducible and agreed upon, the next era will evaluate those 
who would benefit from primary prevention with intracardiac 
cardioverter defribrillators. 

Although VT and SCD continue as the most worrisome of 
long-term issues for the rTOF patient, other problems may 
arise including 

1. Atrial arrhythmias; almost one third of those with rTOF 
develop atrial fibrillation, flutter, or SVT (112). 

2. Branch PA stenosis; there are no consensus guidelines on 
the indication to intervene upon branch PA stenosis in 
rTOF. Balloon angioplasty and/or stenting of a branch PA 
may be considered when the RV pressure is >50% of the 
systemic level or at lower pressure when there is RV dys- 
function. Transcatheter interventions may also be consid- 
ered when there is unbalanced pulmonary blood flow or 
otherwise unexplained dyspnea with severe vascular ste- 
nosis (66). Anatomic narrowings of the PAs are common 
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Kaplan-Meier Event-Free Survival Curves According to Results of 
Programmed Ventricular Stimulation 
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Figure 68.25. A: Kaplan-Meier curve of event-free survival 
according to results of programmed ventricular stimulation. 
B: EP indicates electrophysiologic; SMVT, sustained mono- 
morphic VT; and SPVT, sustained polymorphic VT. 


(Fig. 68.26) in this patient population; however, the indi- 
cation to proceed with transcatheter or surgical repair is 
currently unknown. 

3. Aortic root dilation; more recently it has been found 
that adults with rTOF have significant aortic root dila- 
tion that appears to be related to abnormal aortic wall 
structure. Tan et al. found that the aortic root diameter 
was greater than expected and that intrinsic aortic wall 
abnormalities exist from infancy into adulthood. This 
therefore suggests a potential cause and effect relation- 
ship leading to aortic root dilation (113) (Fig. 68.27). 
Recently, case reports for the first time have described 
aortic root dissection in patients with rTOF and severe 
aortic root enlargement (114). 

In summary, the pathophysiology of rTOF is complex 
and the patient carries several cardiovascular concerns into 
adulthood that are unique to their anatomy and often their 
surgical repair. Over time, the risks of ventricular dila- 
tion and dysfunction, exercise intolerance, heart failure, 
arrhythmias, and risk for sudden death increase, though 
overall the long-term outcome of patients after TOF repair 
is excellent, with estimated 20-year survival rates of over 
90%. Patients should be followed on a routine basis with 
CMR for RV size and function, degree of PI, branch PA 
stenosis, and aortic root size. Routine ambulatory moni- 
toring and ECGs should also be performed. Eventually, 
with improvements in both diagnostic and percutaneous 
intervention capabilities, patients requiring PVR with even 
differing RVOT morphologies may become candidates for 
transcatheter PVR (115). 



Figure 68.26. CMR demonstrating severe proximal right and 
left PA stenosis (arrow). 


□-Transposition of the Great Arteries 

The hallmark of D-transposition of the great arteries (TGA) 
is ventriculoarterial discordance, in which the aorta arises 
from the RV and the PA arises from the LV. The atrial switch 
repair was first described by Senning in 1959 and later by 
Mustard in 1964 to route the systemic venous blood flow 
(“baffled”) to the mitral valve and the “pulmonary” LV, and 
the pulmonary venous blood flow is routed to the tricuspid 
valve (TV) and the “systemic” RV. A postoperative popula- 
tion of patients who have undergone atrial switch (Mustard, 
Senning) procedures for d-TGA has emerged over the years. 
The majority of such patients will do well for a number of 
years but with time, they are at risk for a number of concern- 
ing problems. 

1. Arrhythmias — atrial and ventricular tachyarrhythmias, 
heart block 

2. Baffle obstruction — systemic and pulmonary venous 
obstruction 

3. Systemic (right) ventricular failure 

4. Systemic (tricuspid) A V valve regurgitation, 

5. SCD. 

Arrhythmias 

Patients who have undergone an atrial switch operation 
(e.g., Mustard or Senning operations) are rarely exclusively 
in sinus rhythm a decade after repair, suffering from either 
atrial or ventricular arrhythmias. There is little doubt that 
these arrhythmias relate directly to the extensive suture lines 
created during atrial baffling, because the problem has largely 
disappeared in patients who were managed with the later 
arterial switch operation (ASO) (116). The overall incidence 
of arrhythmias in the population of d-TGA s/p atrial switch 
is not known but appears in most studies to be one of the 
highest-risk lesions/repairs leading to clinically significant 
arrhythmias. In a large Dutch registry of over 5,000 ACHD 
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Figure 68.27. (A,B) are from a normal 
child. (C,D) are from a case of TOF 
aged 20 months. (C) shows disruption 
of the elastic lamellae, and (D) shows 
increase in fibrous tissue (green). (A,C) 
are stained in elastic van Gieson and 
(B) and (D) in trichrome. E: cardio- 
vascular magnetic resonance imaging 
of a 26-year-old patient with repaired 
tetralogy of Fallot demonstrating gen- 
eralized enlargement of the ascending 
aorta measuring 5.5 cm. 



patients, D-TGA/a trial switch patients had a 35% prevalence 
of atrial arrhythmias (second only to single-ventricle patients) 
and 7% prevalence of ventricular arrhythmias (second only 
to TOF) (54). Gelatt et al. found a 14% incidence of atrial 
flutter and only 40% in sinus rhythm after 20 years, whereas 
Wilson et al. found a higher incidence of losing sinus rhythm 
over time with only 18% in sinus rhythm 15 years after repair 
(117-119) (Fig. 68.28). 

SCD is the most common cause of late mortality in patients 
with TGA and atrial switch (Mustard or Senning) with an actu- 
arial incidence approaching 10%, 20 years after surgery (3). 
Unfortunately, SCD remains the most concerning unpredictable 
event in the post-atrial switch d-TGA patient; however, identi- 
fying a high-risk group has been difficult. Main associated fea- 
tures are severe systemic ventricular dysfunction and history of 


atrial tachyarrhythmias. Importantly, supraventricular arrhyth- 
mias often precede or coexist with VT, suggesting that they are 
important triggers for fatal events (119-123). Multiple studies 
have demonstrated this higher than expected incidence of SCD 
with no consistent risk factors (3,117). Some studies suggest 
that atrial arrhythmias are the culprit arrhythmia leading to 
SCD (124). Silka et al. (3) found that the risk for SCD with 
D-TGA/atrial switch began shortly after repair as opposed to 
other CHD lesions, such as TOF, where the risk is not signifi- 
cantly realized until 15 to 20 years postrepair (Fig. 68.29). 

Ultimately, many patients will require pacemaker therapy 
as a result of sinus node dysfunction or symptomatic brady- 
cardia. However, a thorough anatomic assessment for residual 
baffle leaks and/or obstruction should be performed prior to 
pacemaker lead placement. Transvenous intracardiac lead 
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Progressive Loss of Sinus Rhythm 
Following Atrial Switch Operation 



0 1 3 6 9 12 15 18 21 

Years since surgery 


Figure 68.28. Cumulative actuarial curves showing loss of 
sinus rhythm. 


placement and obtaining adequate thresholds can be difficult 
in these patients and require knowledge of complex CHD 
anatomy (Fig. 68.30) (Chapter 13). 

Tachyarrhythmias can be treated with either radiofrequency 
ablation or antiarrythmic therapy. Because of the appar- 
ent sick sinus syndrome associated with this lesion, caution 
must be exercised when utilizing antiarrhythmic medications. 
Radiofrequency ablation in this population is challenging, sec- 
ondary to the complex anatomy, multiple areas of scar, and 
large amounts of patch material. The success of ablation for 
tachyarrhythmias is approximately 70%, therefore less than 
expected for those with normal anatomy (125). The indica- 
tion for implantable cardioverter defibrillator therapy remains 
secondary prevention. 


Actuarial Probability of SCD-Free Survival 
After Surgical Treatment 
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Figure 68.29. Actuarial probability of sudden cardiac death 
(SCD)-free survival after surgical treatment of tetralogy of Fal- 
lot (TOF) and D-transposition (d-TGA). Note the early accu- 
mulation of SCD following repair for d-TGA as compared to 
the risk with TOF occurring 20 to 25 years after repair. 


Baffle Obstruction and Leaks 

Baffle obstruction is an infrequent but serious complication fol- 
lowing the atrial switch repair. Systemic venous obstruction is 
much more common after the Mustard compared to the Senning 
operation. When encountered, it commonly involves the supe- 
rior vena cava (SVC) rather than the inferior vena cava (IVC), 
though both may be clinically silent and though significant ste- 
nosis in either can present with either SVC syndrome in the for- 
mer and hepatic congestion and/or cirrhosis with edema in the 
latter. Wilson et al. (119) discovered baffle obstruction requiring 



Figure 68.30. Pacemaker therapy for D-transposition/atrial switch. A: Atrial lead must travel from the superior 
vena cava through the systemic venous baffle to the remnant left atrium/atrial appendage. The ventricular 
lead continues across the mitral valve and is fixed within the left ventricle. B: Chest radiograph showing final 
positioning of the pacemaker leads. 
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Figure 68.31. Systemic venous baffle 
obstruction in D-transposition/atrial 
switch. A: Diagram demonstrating the 
typical location of systemic venous baffle 
obstruction. B: Moderate narrowing typ- 
ically seen in this population. C: Severe 
obstruction of the SVC as it enters the 
systemic venous baffle. 



reoperation in 6/113 (5%) patients. In an additional 5%, sudden 
death was related to baffle obstruction following the Mustard 
operation. In this long-term study spanning 28 years, there were 
19 deaths overall and 50% were related to baffle obstruction. 
Other studies have not found this association. Nevertheless, how 
to define baffle obstruction is open for debate. Most will have 
narrowing at the junction between the SVC and the systemic 
venous baffle as it bends anteriorly and leftward (Fig. 68.31). 

Doppler echocardiography, particularly transesophageal 
imaging, may detect obstruction; however, limitations still 
exist. CMR has become the gold standard for the evaluation 
of baffle obstruction (see Chapter 10). The indication for relief 
of obstruction is not clear. Whether intervention should to be 
based upon one or several factors is not known. 

1. Percent narrowing compared to normal SVC 

2. Pressure gradient 

3. Symptoms (extremely rare), or 

4. Planned intervention such as placing pacing wires across 
the narrowed segment. 

Clearly, placing pacing wires across the narrowed segment 
will increase the likelihood of causing complete obstruction 
(Fig. 68.32). Percutaneous delivery of balloon expandable 
stents have been deployed for systemic venous baffle obstruc- 
tion and found to be safe and effective in limited follow-up 


(126,127). General guidelines for SVC baffle obstruction 
include the following: 

■ Angiography of the SVC prior to placing pacing wires 
across the systemic venous baffle. If there is significant nar- 
rowing (>50% normal SVC, pressure gradient by cardiac 
catheterization, systemic venous collaterals secondary to 
obstruction), SVC stent therapy should be performed prior 
to placing pacing wires, (see Chapter 13) 

■ Patients with SVC syndrome (upper extremity/body edema) 
should undergo cardiac catheterization and stent therapy. 

■ Patients with mild narrowing without hemodynamic gradi- 
ent with no need for pacing wires can be observed. 

Pulmonary venous baffle obstruction may also occur but 
less frequently. It is rare after both the Senning and Mustard 
procedures, but is a serious complication that may lead to PH 
requiring prompt attention. Transesophageal Doppler echo- 
cardiography or CMR will confirm the diagnosis (Fig. 68.33). 
Although balloon angioplasty can be performed, long-term 
complete relief is achieved with surgical repair. 


Baffle Leaks 

Small leaks through the baffle are common but in our 
experience are rarely seen by transthoracic echocardiography 
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Figure 68.32. A 28-year-old patient with D-transposition/atrial 
switch s/p pacer placement now with essentially complete baf- 
fle obstruction (yellow arrow). Azygous runoff ( white arrow) 
and multiple venous collaterals are present. The leads have 
been extracted. The patient underwent successful stent place- 
ment and the pacemaker leads were replaced. 


(Fig. 68.34). Transesophageal echocardiography with bubble 
contrast will usually detect leaks from the SVC limb into the 
systemic venous baffle but may miss leaks around the infe- 
rior limb. These are more common than obstruction with an 
increased frequency in the Mustard population. They are usu- 
ally small and hemodynamically insignificant but can pose 
a risk of paradoxical embolus or a cerebrovascular accident 
in the setting of tachyarrhythmias or transvenous pacemaker 
leads. Angiography from the SVC and IVC is the most sensi- 
tive imaging modality to detect small baffle leaks. Small leaks 
are hemodynamically insignificant and only pose a throm- 
boembolic risk increased by pacing wires through the baffle, 
atrial arrhythmias, and atrial enlargement. In a multicenter 
study, Khairy et al. (128) found that transvenous pacing wires 
incur a greater than twofold increased risk of thromboembolic 
neurologic events with intracardiac shunts and that aspirin 
and coumadin did not provide protection. 

Percutaneous baffle leak device closure is preferable over open 
heart surgery and cardiopulmonary bypass (127) (Fig. 68.35) 
(Chapter 13). Percutaneous closure should be considered when 
there is/are 

■ a significant left-to-right shunt with hemodynamic compro- 
mise 

■ systemic desaturation either at rest or with exercise (not 
related to PH) 

■ transvenous pacing wires either already in place or to be 
placed in the future and 

■ tricuspid valve regurgitation 

Systemic A V valve (TV) regurgitation is present in most adult 
patients. On occasion, the TV maybe intrinsically abnormal, but 
more commonly the TR is secondary to annular dilation from 



Figure 68.33. A 34-year-old patient with D-transposition/atrial 
switch presents with dyspnea on exertion. CMR demonstrates 
pulmonary venous baffle (PVB) obstruction (yellow arrow). 
RV, right ventricle. 



Figure 68.34. D-transposition/atrial switch with a baffle leak. 
Ao, aorta; MPA, main pulmonary artery; SVC, superior vena 
cava; SVB, systemic venous baffle; IVC, inferior vena cava; PV, 
pulmonary veins; LV, left ventricle; RV, right ventricle. 
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Figure 68.35. Superior vena 
cava angiogram lateral projec- 
tion in a 32-year-old patient with 
D-transposition s/p Mustard oper- 
ation presents with cyanosis. A: 
demonstrates a large baffle leak 
(arrows) as contrast enters the pul- 
monary venous chamber. B: Now 
s/p NuMed Covered Cheatham 
Platinum stent to exclude the large 
baffle leak and relieve mild baffle 
stenosis. Pacemaker wires were 
extracted and then replaced fol- 
lowing stent placement. 



right ventricular enlargement. Mild to moderate TR is usually 
well tolerated. However, TV repair and/or replacement should 
be considered for those with severe TR to prevent worsening 
right ventricular function. In a single institutional study of 58 
patients at a mean of 14 years following the Mustard opera- 
tion, 60% had moderate and 2% had severe TR determined 
by Doppler echocardiography (129). Although the relationship 
between RV myocardial function and TR is not well defined, 
significant TR will exacerbate already impaired ventricular func- 
tion and may contribute to exercise-related symptoms. Valvular 
repair should be considered when other cardiac surgery is being 
performed or in cases of severe TR in the face of right ventricu- 
lar systolic dysfunction. Moons et al. (130) described the long- 
term outcome of patients who underwent Mustard or Senning 
repair for TGA in 339 patients in Belgium. TV regurgitation 
was shown to be positively correlated with worsening systemic 
ventricular function. Most patients had only trivial to mild TR 
(65.2%), 27.5% had moderate regurgitation, and 7.4% had 
severe regurgitation. Surgical TV replacement was performed in 
four patients and annuloplasty in one. Severe regurgitation was 
more prevalent in the Senning (9.2%) than the Mustard (3.2%) 
cohort (130). 

Systemic (Right) Ventricular Dysfunction 

Progressive right ventricular enlargement and worsening 
systolic function after atrial switch operations can develop, 
often resulting from the systemic workload placed on the 


morphologic RV. Right ventricular dysfunction will occur in 
approximately 15% of patients by the second to third decade 
of life (119,131). In contrast, clinical right ventricular failure 
is unusual occurring in only 2% of patients up to the third 
decade of life and rarely is the cause of death. Ross-Hesselink 
et al. performed a prospective study of young adults to evalu- 
ate systemic right ventricular function 25 years after repair. 
Initially, patients demonstrated good right ventricular func- 
tion. However, over half (61%) demonstrated moderate-to- 
severe dysfunction after 25 years of follow-up (132). Although 
applying heart failure pharmacologic regimens to those with a 
systemic RVs and systolic dysfunction seems reasonable and 
intuitive, there are no convincing data to support this prac- 
tice. Most patients are typically placed on ACE inhibitors for 
afterload reduction and it would seem that the possible benefit 
to risk ratio favors this practice. However, studies have not 
proven that ACE inhibitors do in fact provide benefit in exer- 
cise ability or right ventricular indices (133). Caution must 
be used with beta-blocker therapy in this population because 
of the risk for heart block in the face of conduction system 
disease. 

Echocardiography provides a qualitative assessment of 
RV function but lacks details of accurate volume assessment 
and EF to follow patients long term. Tissue Doppler evalua- 
tion may provide important information regarding RV dias- 
tolic function and contractility. CMR has now become the 
gold standard for the evaluation of right ventricular size and 
function (Fig. 68.36) (96,134). 


Figure 68.36. Cardiovascular 
magnetic resonance imaging 
(CMR) of a 32-year-old patient 
with D-transposition/Mustard. 
CMR has become the gold stan- 
dard to assess right ventricular 
size and function. Ao, aorta; LV, 
left ventricle; PA, pulmonary 
artery. 
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Figure 68.37. Intracoronary 
ultrasound image of a normal 
coronary artery segment (A) and 
anterior descending segment 
(B) with intimal proliferation 
comprising 180° of the vessel 
circumference (arrows indicate 
intimal thickening). 


Late-Stage Ventricular Failure 

In patients who develop late systemic ventricular failure after 
atrial switch, surgical intervention with either cardiac trans- 
plantation or anatomic correction (arterial switch) should be 
considered. To achieve successful ASO it requires “training” 
of the LV. PA banding is performed to train the LV and create 
LVH prior to arterial switch. With PA banding, the ventricu- 
lar septum may shift toward the RV and decrease the tricus- 
pid regurgitant volume by improving leaflet coaptation (135). 
Although this staged surgery has been successfully performed 
at a few centers (136,137), adult patients have significant 
problems progressing to the second stage after banding. Poir- 
ier et al. (138) found that in a series of 35 patients, 10 failed 
LV training and was common in those >12 years old. 

Arterial Switch for d-TGA 

ASO, originally performed in 1975, has become the standard 
corrective procedure for patients with d-TGA who do not have 
significant left ventricular outflow obstruction (139) Excellent 
long-term outcomes after ASO of >95% survival at 20 years 
following discharge have been reported from several centers 
(140,141). 

In the next decade, a number of adults who survived neo- 
natal arterial switch will reach adolescence and young adult- 
hood. Theoretically, patients should do well with successful 
surgery; however, the long-term effects of this operation are 
not known. The former pulmonary valve (the neoaortic valve) 
is not symmetrically formed in transposition (142), and its 
long-term competency will require ongoing assessment. The 
coronary arteries that were reimplanted in the infant may or 
may not be normal in the future. 

Exercise electrocardiography (with subsequent confirma- 
tion at cardiac catheterization) has identified obstructive coro- 
nary ostial disease in a small percent of patients (143). Patients 
with myocardial ischemia after the arterial switch may not 
experience typical angina due to denervation of the heart as 
the great arteries are transected (144). It is also not known 
how coronary disease in such patients may accelerate in the 
future and whether they should be treated with antiplatelet or 
lipid-lowering agents. Additionally, we still do not know the 
best imaging modality to follow these patients. These patients 
will more than likely require serial evaluations with stress 
imaging (echocardiography, nuclear or CMR) for coronary 
obstructive disease and ischemia. There have been reported 
cases of myocardial ischemia and even infarction status post 
the ASO (145). 

Hutter et al. (146) from the Netherlands reviewed the 
long-term outcome of children undergoing arterial switch for 
d-TGA. Outcomes of 151 patients demonstrated pulmonary 


stenosis as the most common cause for reintervention, and 
there were two late deaths (PH and coronary artery disease 
with ventricular fibrillation). Sixty-one patients underwent cor- 
onary angiography and four patients had significant coronary 
pathology: occluded left anterior descending coronary artery 
in two, occluded right coronary artery in one, and stenosis of 
the right coronary in one (146). Pedra et al. (147) reviewed 
20 asymptomatic arterial switch patients for coronary artery 
disease with intravascular ultrasound. Almost 90% of the ves- 
sels imaged had some degree of coronary atherosclerosis with 
30% being severe (147) (Fig. 68.37). 

In conclusion, despite close medical and cardiac supervi- 
sion, sudden death occurs in approximately 7% of patients 
(118,119) following atrial switch. To date, no specific risk 
factors have been identified that consistently predict a higher 
incidence of sudden death in this population. Specific atten- 
tion to arrhythmias, both supraventricular and ventricular, the 
need for pacemaker therapy, right ventricular function, TV 
regurgitation, and baffle obstruction is necessary for optimal 
follow-up. Therefore, the young adult with d-TGA status-post 
surgical repair requires careful and thorough evaluation with 
detailed knowledge of the past medical, surgical, and tran- 
scatheter therapies. Routine testing should include a detailed 
history and examination, ECG, ambulatory Holter monitor, 
cardiopulmonary exercise testing, and noninvasive imaging 
with CMR, CCT, or echocardiography (if CMR not available 
or is contraindicated). 

Congenitally Corrected Transposition of the Great Arteries 

The natural history of patients with congenitally corrected 
transposition of the great arteries (ccTGA) is largely dictated 
by the function of the systemic RV and by the presence or 
absence of associated abnormalities. Patients with ccTGA 
may not present for diagnosis until adolescence or adult- 
hood. However, the majority of patients will have associated 
abnormalities — VSD (70%), pulmonary and subpulmonary 
stenosis (40%), abnormalities of the systemic (tricuspid) valve 
(90%), and complete heart block (2% per year) — that may 
permit early diagnosis. 

In the largest single-institution study to date, Connelly et al. 
reported the clinical findings in 52 adult patients with ccTGA. 
Thirteen (25%) of the patients died at a mean age of 38 years. 
The most common causes of death were progressive heart fail- 
ure and sudden death accounting for 70% of the mortality in 
this series. Arrhythmias were common with almost 50% of 
the patients requiring pacemaker therapy for complete heart 
block, and 38% of patients demonstrated atrial arrhythmias 
(atrial fibrillation, atrial flutter, and SVT). Moderately severe 
and severe systemic (tricuspid) valve regurgitation developed 
in 26% of the survivors. Surgical intervention was necessary 
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in 70% of patients. Systemic (right) ventricular function was 
reduced compared to controls (43% vs. 58%) and did not 
augment with exercise (148). The combination of poor ven- 
tricular function and systemic AV valve regurgitation appears 
to be a marker of poor outcome. 

Patients with ccTGA have a 2% per annum risk of develop- 
ing complete heart block. There is also a risk of tachyarrhyth- 
mias, both reentry type arrhythmias related to the abnormal 
conducting system anatomy or to accessory pathways and 
atrial and VTs that may ail contribute to worsening systemic 
ventricular function. In the context of the systemic RV, chronic 
ventricular pacing may further negatively impact its long-term 
ventricular function (149). 

Systemic Ventricular Failure in Congenitally Corrected 
Transposition of the Great Arteries 

Many patients do very well with a systemic RV with uncom- 
plicated ccTGA into early adulthood; however, the rarity of 
this condition limits experience at a single center. A multi- 
center retrospective study by Graham et al. demonstrated 
that the time-related progressive decline in systemic ventricu- 
lar function risk factors for progression included associated 
defects and prior open heart surgeries. In this study, one-third 
of patients without associated lesions developed heart fail- 
ure by the fifth decade, and two-thirds of patients developed 
heart failure by 45 years of age when associated defects were 
present (150). 

Such patients, though often asymptomatic, need to have 
objective evaluation of their functional capacity. This was 
highlighted by Fredriksen et al. publishing their results of 
cardiopulmonary exercise testing in a group of 41 adult 
patients from Toronto. They showed a notably reduced 
maximal oxygen uptake of 22 mL/kg/min in the 19 to 29 
year age group and 21 mL/kg/min in the 30 to 39 year 
age group (both were approximately half that of normal 
controls). In the 40 to 55 year age group this significantly 
dropped to 11 mL/ kg/min. The reasons for this are multi- 
factorial, but important factors include impaired ventricu- 
lar function, limited chronotropic response to exercise, and 
abnormal lung function, particularly in patients who had 
previous surgery (151). 

Systemic AV valve regurgitation plays a significant role in 
worsening systemic ventricular function (152). Similar to the 
approach for MR and left ventricular systolic dysfunction, the 
TV should be considered for repair or replacement when ven- 
tricular function worsens in the face of moderate or severe 
regurgitation, rather than waiting for a decline in functional 
status. Late referrals for TV replacement may predict a poor 
surgical outcome. Beauchesne et al. demonstrated that preop- 
erative RVEF was the only marker for poor survival. There- 
fore, TV replacement must be considered early when there is 
severe regurgitation with either RV systolic dysfunction and/or 
heart failure symptoms (153). 

Systemic AV valve replacement is not without risk but can 
be performed with acceptable outcomes. At the Mayo clinic, 
40 patients underwent systemic AV valve replacement for 
severe regurgitation. The preoperative RVEF was 20% to 60% 
(mean 48%). In-house mortality was 10% and another eight 
patients died during follow-up. Overall survival was 78% at 
5 years and 61% at 10 years. Systemic ventricular failure was 
the cause of death for all patients in this series. Survivorship 
correlated with preoperative RVEF >44%, therefore empha- 
sizing the need for early systemic AV valve replacement in this 
population (154). 

The double switch operation remains an option for those 
who develop systemic ventricular failure as an alternative 
to cardiac transplant. The procedure restores the LV to 
the systemic position and therefore the physiology and the 



Figure 68.38. Congenitally corrected transposition of the great 
arteries and heart diagram following double switch procedure. 
Initial pulmonary artery banding is not shown. This is fol- 
lowed by atrial switch and arterial switch so that the physiol- 
ogy is correct and the systemic circulation is supported by the 
morphologic left ventricle. RV, right ventricle; LV, left ven- 
tricle; RV, right ventricle; Ao, aorta; PA, pulmonary artery. 


anatomy are corrected. The LV must be “trained” to handle 
the systemic circulation by banding the PA, raising LV pres- 
sure, and promoting hypertrophy. This would also be the 
appropriate surgical opportunity to repair or replace the sys- 
temic AV valve. Once the LV is prepared and functioning at 
systemic circulation, a combined atrial switch and an ASO is 
performed (Fig. 68.38). Therefore, the venous return through 
the baffle is directed to the anatomically and physiologically 
correct ventricle and the ventricular-arterial concordance is 
completed with the arterial switch. Langley et al. described 
the outcome in a cohort of 54 children and adults (mean age 
3.2 years) with ccTGA undergoing the double switch pro- 
cedure. The surgical mortality was 5.6% and there were 
two late deaths. Of those with preoperative advanced TR, 
two died early, two died late, and one underwent transplant 
(155). Despite these results, LV dysfunction is more common 
in older patients, and the incidence of atrial arrhythmias 
would statistically increase following atrial baffle. Overall 
comparison with long-term data of aggressive heart failure 
management, cardiac transplantation, and double switch 
operation is necessary to determine the best approach in the 
adult patient. 

In conclusion, patients with ccTGA represent a rare and 
complex group for whom outcomes have traditionally been 
largely dependent on function of the systemic RV. Although 
this lesion may seem fairly benign in the asymptomatic adult 
patient, clearly, survival is limited and multiple associated 
abnormalities may occur requiring close medical supervision. 
Adult patients should undergo routine exams, ECG, 24-hour 
ambulatory monitoring, and an assessment for valvular dis- 
ease. The evaluation of systemic ventricular function can be 
difficult due the geometry of the RV. Similar to d-TGA, echo- 
cardiography may provide qualitative assessment of RV size 
and function; however, accurate assessment of RV volumes 
and EF is best assessed with CMR (Fig. 68.39) (156). Those 
with pacemakers need radionuclide angiography (104) or 
cardiac CT (157). 
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Figure 68.39. Cardiovascular 
magnetic resonance imaging of a 
36-year-old patient with congen- 
itally corrected transposition of 
the great arteries. A: Four-cham- 
ber view, note the left atrium to 
the enlarged right ventricle (RV) 
supporting systemic circulation. 
B: Saggital two chamber view 
showing an enlarged systemic 
RV. 


SINGLE VENTRICLE 


Many complex cardiac malformations are characterized by the 
existence of only one functional ventricle, which has to main- 
tain both systemic and the pulmonary circulations. Single-ven- 
tricle anatomy and surgical options are detailed elsewhere (see 
Chapter 52). 

Unrepaired young adult patients with a univentricular heart 
have a poor prognosis. In a series of unoperated patients with 
various forms of univentricular anatomy, (n = 83), 70% died 
before 16 years of age with left ventricular anatomy, and 50% 
died 4 years after the diagnosis when the RV was the systemic 
ventricle. In this study, the most common causes of death 
were arrhythmogenic, heart failure, and SCD (158). Anatomic 
and physiologic factors that support extended survival in the 
unoperated univentricular heart include (159) 

■ Double inlet LV with transposed great vessels 

■ Pulmonary stenosis 

■ Normal LV systolic function and 

■ < mild AV valve regurgitation 

Cyanotic Adult 

Multiple medical problems occur as a result of chronic cya- 
nosis. These are both a factor of chronic hypoxia to vital 
organs and hyperviscosity. The hematologic manifestations 
include thrombocytopenia, erythrocytosis, thromboemboli, 
iron deficiency, and bleeding complications. It seems paradoxi- 
cal that cyanotic patients may suffer thromboembolic events 
but develop bleeding issues as well. Embolic events are from 
derangements in the coagulation pathway whereas bleeding 
diatheses are secondary to platelet dysfunction and throm- 
bocytopenia (68). Thus, there is no agreement as to whether 
cyanotic patients should receive antiplatelet agents or systemic 
anticoagulation. The decision to initiate aspirin or coumadin 
therapy is individually based and many times driven by a doc- 
umented thromboembolic event or discontinued after a clini- 
cally significant bleeding episode, for example, hemoptysis. 

Patients may develop hyperuricemia from decreased absorp- 
tion of uric acid and may lead to gout, urate nephropathy, and 
nephrolithiasis. Renal disease is also common from hypoperfu- 
sion and chronic hypoxia. Neurologic events include cerebral 
abscesses, hemorrhage, and thromboemboli from right-to-left 
intracardiac shunting. Therefore, air filters should always be 
placed on intravenous lines to prevent paradoxical air emboliza- 
tion. Hyperviscosity symptoms from polycythemia occur at vari- 
ous levels of hematocrit, with no level being an exact cut-off for 
symptoms. Symptoms may include headache, dizziness, fatigue, 
dyspnea, mental status changes, and paresthesias. Symptoms may 
be exacerbated at lower levels of hematocrit when iron deficiency 
is present. In this case, iron replacement is recommended (160). 


The Fontan Patient 

The Fontan operation places the systemic and pulmonary circu- 
lation in series, and is the treatment of choice for patients with 
a univentricular heart, resulting in near normalization of arte- 
rial saturation, and removal of the chronic volume overload. 
Patients who have undergone the Fontan procedure have now 
entered their fourth decade of life. In such patients, both the 
benefits and long-term sequelae associated with this palliation 
are often seen. Several late complications include arrhythmias, 
heart failure, exercise intolerance, ventricular dysfunction, 
thromboembolic complications, hepatic dysfunction, protein 
losing enteropathy (PLE), and worsening cyanosis (161). 

The Fontan circulation is dependent upon some degree of 
systemic venous hypertension at the expense of pulmonary 
hypoperfusion. This hemodynamic derangement, along with 
multiple prior surgeries, extensive suture lines and intracardiac 
scarring, chronic cyanosis for a period of time, all contribute to 
potential complications in the adult patient that are listed below. 

■ Arrhythmias 

■ Thromboemboli from enlarged hypocontractile right 
atrium in classic Fontan circuit (Fig. 68.40). Paradoxical 
emboli are possible with residual right-to-left shunts. 

■ Protein losing enteropathy 



Figure 68.40. Transesophageal echocardiogram of the right 
atrium (RA) in a 23-year-old patient with tricuspid atresia, s/p 
classic Fontan procedure. Image demonstrates an enlarged RA 
with a clot {arrow) attached to the wall of the RA. Note the 
heavy spontaneous contrast. The patient had persistent atrial 
arrhythmias and heart failure symptoms and subsequently 
underwent EC Fontan revision. 
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■ Hepatic dysfunction 

■ Pulmonary vein compression 

■ Cyanosis 

■ Systemic venous collaterals 

■ Pulmonary ateriovenous malformations (AVMs) 

Arrhythmias 

After Fontan completion, arrhythmias can result from mul- 
tiple etiologies including dysfunction of the sinus node, 
increased atrial pressure, and the presence of suture lines and 
scars with the incidence of atrial tachy- and bradyarrhythmias 
increasing with time. Data from the Netherlands found atrial 
arrhythmias in 50% of their adult Fontan patients (162). In 
this population, atrial arrhythmias were frequently resistant. 
The mechanism for most are in the form of a macro-reentry 
circuit, many of which are multiple and complex. Radiofre- 
quency ablative techniques are successful in >80%; however, 
recurrence is common and may be as high as 30% to 45% 
over the subsequent 6 to 12 months (163). 

When atrial arrhythmias are detected, a complete hemo- 
dynamic evaluation for obstruction within the Fontan circuit 
should be pursued. The classic Fontan patient with “failing 
Fontan” criteria will tend to have a severely enlarged right 
atrium contributing to the medically resistant atrial arrhyth- 
mias and is frequently the indication for Fontan revision. 

Previously, the incidence or presumed risk factors for SCD 
in patients with Fontan surgery has not been clearly defined. 
Khairy et al. (164) evaluated 261 Fontan patients to better 
define determinants of mortality in univentricular patients. 
Although the etiology appeared multifactorial, arrhythmias 
were likely responsible for the majority of sudden deaths 
(9.2%) when there was no other obvious cause. Other factors 
contributing to late deaths in this population included heart 
failure and thromboembolic complications. 

Finally, completion of the extracardiac Fontan procedure 
(e.g., total cavopulmonary connection) for single ventricles 
avoids extensive suture lines in the right atrium, thereby 
reducing scarring and higher pressures that lead to intra-atrial 
reentry tachycardia and sinus node dysfunction. Extracardiac 
(EC) conduits and lateral tunnel (LT) Fontans are preferred 
today, and the Fontan conversion procedure (converting prior 
atriopulmonary Fontans to the EC or LT type) can be per- 
formed to reduce arrhythmia and thromboembolic events (93). 

Thromboembolic Complications 

Thromboembolic complications are a common source of mor- 
bidity with multiple clotting abnormalities reported in such 
patients, including decreased levels of protein C, protein S, and 
antithrombin III. Recently, clinical predictors for thromboem- 
bolic death included a lack of antiplatelet therapy or anticoag- 
ulant therapy and clinically diagnosed intracardiac thrombus. 
Though it is still unclear if all univentricular patients with Fon- 
tan palliation should receive antiplatelet or anticoagulation 
therapies, it is now recommended to give warfarin for patients 
who have a documented atrial shunt, atrial thrombus, atrial 
arrhythmias, or a thromboembolic event (36). Most centers 
will provide either antiplatelet or anticoagulation therapy to 
patients whom they consider at increased risk (164). 


Protein-Losing Enteropathy 

The presence of generalized edema, ascites, chronic pleural 
effusions, and diarrhea in an adult Fontan patient is highly 
suggestive of the diagnosis of protein-losing enteropathy. PLE 


occurs in 3.7% of those with Fontan operation. The loss of 
a significant amount of protein via the gastrointestinal tract 
leads to symptoms of peripheral edema, fatigue, pleural and 
pericardial effusions, ascites, and chronic diarrhea (165). The 
etiology is not known but thought to be secondary to elevated 
systemic venous pressures. Other risk factors contributing to 
PLE include longer cardiopulmonary bypass times, heterotaxy 
syndrome, and ventricular anatomy other than a morphologic 
LV (166,167). Unfortunately, PLE bodes for a poor progno- 
sis, with a 5-year survival of only 50% (165). There is no gold 
standard therapy as multiple case reports and small studies 
have described varying degrees of success. Current treatment 
strategies have included a high protein diet, afterload reduction 
therapy, inotropic agents, heparin, albumin infusion, octreotide, 
prednisone, and creation of an atrial fenestration (165,167). 

Hepatic Complications Post-Fontan Surgery 

In addition to the cardiac and hemodynamic disadvantages of 
Fontan circulation, there is a growing body of literature that 
has demonstrated that hepatic abnormalities may occur after 
the Fontan operation. These include coagulation disorders, 
cholestasis, liver fibrosis, and hepatomegaly with or without 
ascites (168,169). Baek et al. performed a cross-sectional study 
of 139 Fontan patients who underwent cardiac CT scans out of 
a total of 204 patients who had undergone the Fontan procedure 
between 1986 and 2003. Mean age was 19.0 ± 6.3 years and 
mean elapsed time since the initial Fontan operation was 11.5 ± 
4.7 years. Fifty-seven patients had hepatic complications, includ- 
ing liver cirrhosis (25.9%), thrombocytopenia (7.2%), hyper- 
bilirubinemia (20.9%), and hepatic masses (2.9%). Hepatic 
complications were significantly associated with ventricular dys- 
function, absence of fenestration, thrombus in the Fontan tract, 
sinus node dysfunction, and tachyarrhythmia. Moreover, hepatic 
complications were correlated with the duration of Fontan circu- 
lation. Thus, the hepatic condition of patients who undergo the 
Fontan procedure should be regularly evaluated including non- 
invasive hepatic fibrosis markers and imaging modalities (170). 

Cyanosis 

Typically, systemic oxygen saturation in Fontan patient should 
exceed 94%. Etiologies for cyanosis include 

■ Residual surgically created fenestration 

■ Pulmonary arteriovenous malformations 

■ Systemic venous collaterals 

■ Baffle leaks — area where the Fontan circuit was sutured to 
native tissue 

When cyanosis is found, some residual fenestrations may 
be seen with transesophageal echocardiography especially with 
echo contrast studies. Pulmonary AVMs, systemic venous col- 
laterals, and most baffle leaks require angiography to make an 
accurate diagnosis. During catheterization direct agitated saline 
contrast to each PA along with transesophageal echocardiogra- 
phy can detect small vessel AVMs. Most causes of cyanosis can 
be treated with transcatheter device therapy (Fig. 68.41). In our 
practice, it is recommended that any patient who has Fontan 
circuit and cyanosis should undergo a diagnostic (often result- 
ing in a therapeutic) cardiac catheterization. Cyanosis should 
be evaluated not only at rest but also with exertion. 

Fontan Revision 

The Fontan revision should be considered in those with a 
failing Fontan. This would include those with congestive 
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Figure 68.41. Lateral tunnel 
(LT) angiogram of a 33-year- 
old patient with tricuspid atresia 
s/p LT Fontan with fenestration. 
Patient presented to clinic with 
systemic saturation of 83%. A: 
demonstrates large residual shunt 
through the fenestration. B: LT 
angiogram following closure 
with a 18 mm Amplatzer septal 
occluder. A second defect was 
closure by the IVC. Saturation 
improved to 93%. 


heart failure (dyspnea on exertion), recurrent and resistant 
atrial arrhythmias, persistent thromboemboli from low flow 
state, and poor kinetic energy through the Fontan circuit 
(Fig. 68.42). Surgery involves debulking of the enlarged right 
atrium, removal of any atrial thrombi, excision of right atrial 
scar tissue, epicardial pacemaker implantation, placement of 
an EC Gortex conduit from the IVC to the right PA SVC junc- 
tion (EC Fontan), modified right atrial Maze procedure, and 
if documented atrial fibrillation, then left atrial Maze as well. 
The purpose of this revision is to improve cardiac output, 
reduce atrial arrhythmias, and prevent thrombus formation 
(171) (Fig. 68.43). Reported perioperative mortality rates for 
Fontan revision range from 2.4% to 6.7% with short-term fol- 
low-up revealing recurrent atrial arrhythmias in 13% to 30% 
(171-173). If recurrent atrial arrhythmias occur, vascular 
access for radiofrequency ablation is now more complicated 
with an EC circuit and requires transbaffle puncture. 



Figure 68.42. Cardiovascular magnetic resonance imaging of 
a 23-year-old patient with a classic Fontan and symptoms of 
shortness of breath, and persistent atrial arrhythmias. The 
right atrium is enlarged with poor forward flow through the 
Fontan. The patient underwent Fontan revision. 


Managing a univentricular patient remains a challenge, 
from the rare unoperated patient to those with failing Fontan 
circuits. Ultimately, the Fontan operation is a palliative proce- 
dure with resultant unique single-ventricle physiology with a 
high incidence of long-term complications. Adult patients with 
univentricular hearts and the Fontan physiology require care- 
ful, close, and routine follow-up. 

Evaluation should be with specialized ACHD clinics includ- 
ing a detailed history and physical examination with particular 
emphasis on the type of prior surgical repairs, ECG, thorough 
noninvasive imaging (CMR, echocardiography, cardiac CT), 
and ambulatory Holter monitoring. 


UNIQUENESS OF AN ADOLESCENT AND YOUNG 
ADULT CARDIAC CLINIC 


When the adolescent or adult is evaluated, the office setting, 
staffing, ambience, and style of evaluation are different from 
the setting for newborns and toddlers. If treated in the same 
manner as used for young patients, this population will seek 
other resources. The clinic should be held separately from that 
for younger patients, and its setting should be geared toward 
the age of the patient population. 

Depending on the patient’s age and maturity, parents may 
or may not accompany the patient to the office visit. Some 
patients will come with their spouses and some will even 
bring their own children. Since many are young adults, unless 
the patient’s development level prohibits understanding, the 
practitioner should deal with the patient privately as well as 
with those who accompany the patient. The adolescent and 
adult should understand that the cardiologist is willing to 
discuss certain issues in privacy and that these discussions 
are confidential. By this age, these patients should share in 
or primarily decide their courses of therapy and behaviors. 
“Weaning” the young adult from parental decision making 
is one of the real challenges facing patients as they reach 
adulthood. 

Rather disturbing is the discovery that the same patient 
who was evaluated annually by a pediatric cardiologist saw 
a cardiologist only every 10 years after reaching the age of 
21 (174). This indicates that a better and more accessible sys- 
tem must be provided to these patients. Because of lack of 
training and interest, some pediatric cardiologists, who are 
the best trained to understand most of the defects encountered 
in this population, do not care to be involved in the care of 
this age-group. Some internal medicine cardiologists have had 
minimal exposure to CHD during their training or experience 
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Figure 68.43. A: Chest radio- 
graph of a 28-year-old patient 
with classic Fontan for tricuspid 
atresia with a severely enlarged 
cardiac silhouette mainly from 
the enlarged right atrium. B: 
Following Fontan revision 
the heart size is significantly 
decreased. Note epicardial pac- 
ing wires. 



and are now expected to manage even the most complex of 
these patients. In fact, internal medicine cardiology training 
only requires 6 hours of CHD lectures to be board eligible for 
internal medicine cardiovascular boards (175). 

The best present answer for adequate care of this popu- 
lation is a specialized ACHD clinic. Staffing adolescent and 
adult cardiac clinic varies from institution to institution. It 
usually includes a team of interested and experienced pedi- 
atric cardiologists, internal medicine cardiologists, cardiac 
surgeons experienced in dealing with congenital heart defects, 
nurse clinicians, and, occasionally, social workers. The milieu 
should include trainees from both pediatric and internal 
medicine disciplines so that a more coordinated effort can be 
secured for the future. The reality is that there are very few 
pediatric cardiologists compared with the number of inter- 
nal medicine cardiologists, and that the transition of many 
of these patients to adult cardiologists is inevitable. Those 
providing care must be trained and have the ability to care 
for this unique population. More recently, internal medicine/ 
pediatric-trained individuals are seeking specialized ACHD 
training and some have completed both internal medicine and 
pediatric cardiology training programs with the intent to care 
for this population. 

Consultative access to obstetricians and gynecologists, 
psychiatrists, endocrinologists, nephrologists, hematolo- 
gists, rheumatologists, pulmonologists, anesthesiologists, and 
pathologists, all with an understanding of CHDs and their 
impacts on this population, is most desirable (176). 

Sources of general health care for the adolescent and adult 
can include pediatricians, most of whom discontinue care 
when the patient is 21 years old, internists, family practition- 
ers, adolescent health specialists, athletic trainers, and student 
health center staff, including physicians and nurses. In many 
cases, the extent of their care may be no more than episodic 
emergency room visits. The physician trained in internal 
medicine-pediatrics residency may be the ideal primary care 
resource for these young people. When the patient has an iden- 
tified primary provider, that person should be informed about, 
and frequently augment, recommendations that the clinic team 
offers to the patient. 

In addition to assisting their parents through a sophisti- 
cated understanding of their heart problems, the practitioner 
in the ACHD clinic is expected to help the patient manage 
lifestyle issues. These include sexuality (including contra- 
ception, pregnancy, and evaluation of offspring), education 
and employability, insurability, and exercise and athletics 
(177,178). 


The ongoing management of this complex patient popula- 
tion can often be challenging in the subset of patients with 
ACHD who have multiple physical and/or mental disabilities. 
It is not uncommon for adults with CHD to be living with 
their parents or to have complex psychosocial needs. Continu- 
ity of care may also be compromised by noncompliance in the 
presence of minimal or no symptoms or with the denial phase, 
which is common during adolescence. Finally, patients may 
be lost to follow-up when they move for education or work- 
related reasons (177,178). 

The ACHD population is growing and for the forseeable 
future will continue to grow. The estimated number of adults 
living with CHD is now greater than the estimated popula- 
tion of children with CHD. However, our resources, training, 
specialized care, research, and clinical trials in this field do 
not approach other subspecialty areas in cardiology. Although 
the prognosis for patients with CHD is improving, significant 
cardiovascular problems persist and limitations to long-term 
survival still exist. Recurrent vascular lesions, residual shunts, 
ventricular dysfunction, heart failure, PH, cyanosis, valvular 
disease, and SCD are unfortunate but realistic problems for 
the ACHD population. New research, specialized training and 
care, and legislative help are all necessary to improve the lives 
of those adults living with CHD. 
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I n general, pregnancy is well tolerated in women with con- 
genital heart disease. However, misconceptions are com- 
mon. Discussions regarding contraception and pregnancy 
should begin once adolescent women reach an age when they 
may become sexually active. Optimal management includes a 
complete cardiac assessment prior to conception. This assess- 
ment should include a full review of the underlying cardiac 
lesion and prior surgical procedures, determination of the risk 
of pregnancy, and development of plans for cardiac interven- 
tions prior to pregnancy when indicated. Because the sever- 
ity of a low-risk condition may be misinterpreted or given 
undue importance, even women with low-risk cardiac lesions 
often benefit from preconceptual counseling. All women need 
to understand which types of contraception are appropriate 
and safe. Unfortunately, among women with congenital heart 
disease preconception counseling is often not provided and 
knowledge of risks of contraception and pregnancy is often 
suboptimal (1-3). 

Many issues need to be addressed in women with heart 
disease contemplating or undergoing pregnancy, including the 
risks for the mother and the baby, possible adverse effects of 
medication used during pregnancy, maternal long-term prog- 
nosis, and the risk of recurrence of cardiac disease in offspring 
(Table 69.1). The cardiologist plays a critical role by providing 
and/or ensuring informed education of the patient, her part- 
ner, and her caregivers. 


PHYSIOLOGIC CHANGES DURING PREGNANCY 

Maintenance of adequate oxygen delivery to maternal periph- 
eral tissues as well as to the fetus is achieved through changes 
in maternal circulating blood volume, red cell mass, periph- 
eral vascular compliance and resistance, heart rate, and car- 
diac output (Fig. 69.1) (4). These adaptive changes are usually 
well tolerated by women without heart disease; however, in 
some women with heart disease such changes result in cardiac 
decompensation. As well, preexisting heart disease may first 
be revealed during pregnancy when the heart is challenged by 
an increased hemodynamic burden. 

Blood volume increases during pregnancy; the increase 
begins as early as the sixth week of gestation and peaks at an 
average of 50% more than the prepregnant state by the end of 
the second trimester (5,6) though individual increases range 
between 20% and 100% above prepregnant blood volume 
(7). Blood volume plateaus in the third trimester (8). Red cell 
mass increases during pregnancy to as much as 40% above 
prepregnancy levels (6,9). A “physiologic anemia of preg- 
nancy” is seen because the increase in plasma volume is pro- 
portionately greater than the increase in red blood cell mass. 
In addition, there are increased levels of clotting factors and 
decreased fibrinolytic activity (10), both acting to promote the 


hypercoagulability that underlies the increased risk for throm- 
boembolism during pregnancy. 

Systemic (peripheral) vascular resistance decreases begin- 
ning in the fifth week of gestation. This mediates a decrease 
in systemic arterial pressure that begins in the first trimester 
and reaches its nadir in midpregnancy, after which blood 
pressure stabilizes (11,12). After the 32nd week of gestation, 
the systemic vascular resistance slowly increases until term, 
accompanied by recovery of systemic arterial pressure, which 
ultimately reaches or exceeds prepregnancy levels. Placental 
blood flow increases until about the 25th week of gestation 
and then remains unchanged. Renal blood flow also increases, 
accompanied by a 50% increase in glomerular filtration rate 
(13). Increased blood flow to the hands and feet, nasal pas- 
sages, and breasts results in warm erythematous extremities, 
nasal congestion, and breast engorgement, respectively. The 
impact of pregnancy on coronary blood flow has not been 
studied. 

Cardiac output increases during pregnancy as a result 
of increases in both heart rate and stroke volume. Most of 
the early increase in cardiac output is a result of progressive 
increase in stroke volume, whereas later in pregnancy the 
heart rate effect becomes more important because the stroke 
volume stabilizes while the heart rate continues to rise (11,14). 
The mean heart rate increases to approximately 10 to 20 beats 
above prepregnancy levels by term. Increase in cardiac out- 
put begins as early as the fifth week of gestation, reaches its 
zenith near the end of the second trimester, typically after the 
24th week of gestation and then plateaus till term at 30% to 
50% above prepregnancy levels (11,15-17). Pregnant women 
with underlying cardiac disease have been shown to have 
lower cardiac output than pregnant women with normal car- 
diac function (18). Cardiac output can fall acutely if the infe- 
rior vena cava is compressed by the gravid uterus in the supine 
position, a phenomenon that can be reversed by assuming the 
left lateral decubitus position. Although increases in left ven- 
tricular ejection fraction during pregnancy have been reported 
by some, (11,16) other studies have not demonstrated this 
finding (17,19,20). Ejection fraction is sensitive to loading 
conditions, so the differences may be related to uncontrolled 
variation in preload or afterload among studies. 

During labor and delivery pain, anxiety and uterine con- 
tractions result in tachycardia, hypertension, and further 
increases in cardiac output, sometimes provoking cardiac 
decompensation in women with heart disease. During labor, 
there is a 10% increase in cardiac output beyond the prelabor 
level, mediated by increases in heart rate and stroke volume, 
augmented by a further increase of 7% to 15% in response to 
each uterine contraction, with maximal augmentation noted 
during the second stage of labor (21). Immediately following 
delivery, cardiac output may transiently increase to as much 
as 80% above prelabor values due to relief of inferior vena 
cava compression and autotransfusion from the placenta, but 


1494 



Increase (%) 


CHAPTER 69 ■ Pregnancy in Young Women with Congenital Heart Disease 1495 


60 — 

50 - 

40 — 

30 — 

20 - 

10 — 

0 — 

-10 - 

-20 - 

-30 — 

—40 — 




TABLE 69.1 


Women of Childbearing Age with Cardiac Disease: Approach 
to Contraception and Pregnancy 


Contraception 

■ Patient education regarding contraception options 

Preconception 

■ Preconceptual counseling should begin in adolescence 


■ All women with heart disease should receive preconception counseling including women with 
simple cardiac lesions in whom reassurance about the safety of pregnancy is an appropriate 
aspect of counseling 

■ Maternal cardiac risk of pregnancy should be assessed 

■ Long-term prognosis of the mother should be considered 

■ Fetal and neonatal risks during pregnancy should be assessed 

■ The safety of medication use during pregnancy should be determined 

■ The risk of transmission of congenital heart disease to offspring (including a formal clinical genet- 
ics assessment when appropriate) should be determined 

Pregnancy 

■ For intermediate and high-risk patients, assessment by a multidisciplinary team including 
cardiologists and obstetricians knowledgeable in management of high-risk pregnancy should 
occur early in the pregnancy 

■ The patient should be advised of antepartum follow-up requirements 

■ Individualized antepartum management issues should be addressed 

■ Women with congenital heart disease or who are spouses of men with congenital heart 
disease should be offered fetal echocardiography 


■ Peripartum plans should be established and conveyed to all appropriate caregivers 

■ Intrapartum and postpartum management issues specific to each individual should be addressed 



Figure 69.1. Hemodynamic changes 
during pregnancy. Changes in car- 
diac output (CO), stroke volume 
(SV), total peripheral vascular resis- 
tance (TPVR), heart rate (HR), and 
hemoglobin concentration (Hb) dur- 
ing pregnancy. (From Karamermer 
Y, Roos-Hesselink JW. Pregnancy 
and adult congenital heart dis- 
ease. Expert Rev Cardiovasc Ther 
2007;5:859-869, with permission.) 


Pregnancy duration (weeks) 
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output returns to prelabor levels by approximately 1 hour 
postpartum. Thereafter, the hemodynamic changes that devel- 
oped during pregnancy return toward baseline values; most 
of the changes resolve early after delivery, although complete 
resolution of all measureable pregnancy-associated effects may 
take as long as 6 months (22). 


CARDIAC FINDINGS IN NORMAL PREGNANCY 

Fatigue, dyspnea, light-headedness, and palpitations are nor- 
mal symptoms associated with pregnancy but overlap with 
symptoms of cardiac decompensation. The hemodynamic 
changes of pregnancy are responsible for corresponding 
changes in the physical examination that can mimic cardiac 
disease. They include displacement of the apical impulse, 
prominence of the jugular venous pulsation, wide splitting 
of the first and second heart sounds, soft systolic flow mur- 
murs, and continuous murmurs. Sinus tachycardia and pre- 
mature atrial or ventricular ectopic beats may also increase 
in frequency during normal pregnancy and do not necessar- 
ily reflect cardiac decompensation or any cardiac disease. 
This overlap of signs and symptoms may make diagnosis 
of cardiac decompensation during pregnancy challenging; 
brain natriuretic peptide can be a useful test to adjudicate 
the basis for symptoms and signs when a benign basis is not 
certain (23). 

On the 12-lead electrocardiogram during normal pregnancy, 
there may be a leftward shift in the frontal axis, T-wave inver- 
sion in lead II, and ST-segment depression. Echocardiographic 
studies during normal pregnancy show that dimensions of all 
four cardiac chambers increase and there is an increase in left 
ventricular wall thickness and mass (16,22,24,25). Increases 
in transvalvular flow velocities are seen (26). Mitral, tricuspid, 
and pulmonic annular diameters increase and may result in 
increasing degrees of mitral, tricuspid, and pulmonic regurgi- 
tation, respectively (27). 


ASSESSMENT OF PREGNANCY RISK IN WOMEN 
WITH CONGENITAL HEART DISEASE: GENERAL 
CONCEPTS AND GLOBAL EVALUATION 

Women with cardiac disease are at increased risk of devel- 
oping adverse maternal cardiac events during pregnancy 
(28). Maternal cardiac risk can usually be predicted after a 
complete cardiovascular history and physical examination, a 
12-lead electrocardiogram, a transthoracic echocardiogram, 
and arterial oxygen saturation when indicated. Echocardiog- 
raphy is safe during pregnancy. Prepregnancy exercise testing, 
specifically focusing on measures of heart rate responsiveness 
to exercise, may aid risk stratification (29). 

Early studies showed that poor maternal functional class 
and cyanosis are associated with adverse maternal cardiac 
events (30,31). Subsequently, a prospective multicenter study 
addressed global risk assessment of pregnant women with 
congenital and acquired heart disease and identified poor func- 
tional status (NYHA > II) or cyanosis, systemic (subaortic, 
“left”) ventricular systolic dysfunction, left heart obstruction, 
and history of cardiac events prior to pregnancy (arrhythmia, 
stroke, or pulmonary edema) as independent predictors of 
maternal cardiac events during pregnancy. Based on these pre- 
dictors, women can be classified into low (0 predictor), interme- 
diate (1 predictor), or high (>1 predictor) risk categories. The 
study showed that women in low, intermediate, and high-risk 
categories have, respectively, a 5%, 25%, or >75% chance of 


developing an adverse cardiac event during pregnancy (Table 
69.2) (Fig. 69.2) (32). This risk score, sometimes referred to as 
the CARPREG score, has been validated by other groups (33). 
Additional risk predictors have also been suggested. A single- 
center retrospective study that validated the CARPREG index 
in a population limited to congenital heart disease reported 
also that subpulmonary ventricular dysfunction and/or severe 
pulmonic regurgitation were additional independent risk fac- 
tors for adverse maternal outcomes (33). The ZAHAR A inves- 
tigators carried out a large multicenter retrospective review of 
outcomes in pregnant women, also limited to congenital heart 
disease ( n = 1,302 pregnancies in 714 women) and derived a 
more complex weighted risk score that included additional fac- 
tors such as mechanical valve replacement and moderate or 
severe subaortic (systemic) or subpulmonary atrioventricular 
valve regurgitation (34). 

Any global risk index should be used in conjunction with 
lesion-specific risk estimates, since certain intermediate or 
high-risk lesions may not have been represented in the pop- 
ulation from which the global risk index was derived. For 
example, women with Marfan syndrome and dilated aortic 
roots, with Eisenmenger syndrome, or with a Fontan circula- 
tion were underrepresented in the derivation sets. Therefore, 
their known pregnancy-associated risks will not be reli- 
ably predicted by the global risk scores. Figure 69.3 shows 
pooled estimates of maternal and fetal and/or neonatal risks 
in women with congenital heart disease, stratified by lesion, 
derived primarily from retrospective single-center studies. 
Additional described factors that increase pregnancy risk 
include the presence of a prosthetic valve or conduit (espe- 
cially if associated with abnormal prosthetic valve function), 
occurrence of an obstetric complication such as preeclamp- 
sia, and use of anticoagulants or teratogenic drugs. Some of 
these matters are elaborated further in sections that follow. 
In comprehensive assessment of maternal risk, it is helpful 
to integrate a global risk index with contemporary lesion- 
specific and other markers of risk. When there is discordance 
between the global and the lesion-specific estimates of risk, 
the higher-risk estimate should drive the care plan to avoid 
false reassurance. 

In addition to increased risk of adverse maternal cardiac 
events, women with cardiac disease are at increased risk for 
adverse fetal and neonatal complications, which include fetal 
or neonatal death, premature birth and its associated compli- 
cations (respiratory distress syndrome, intraventricular hem- 
orrhage), or small-for-gestational-age birth weight neonates 
(28,35) (Fig. 69.4). Maternal cardiac risk factors for adverse 
fetal and neonatal outcomes have been identified (Table 69.2) 
(32). The risk of neonatal complications is further increased 
if there are concomitant maternal noncardiac (obstetrical and 
other) risk factors (Table 69.2) (Fig. 69.5). Finally, there is car- 
diac-lesion-specific variation in the risk for adverse obstetric 
outcomes during pregnancy (Fig. 69.3) (35). 

Women with an intermediate to high risk of adverse mater- 
nal cardiac events during pregnancy or those at increased risk 
for fetal and neonatal complications should be considered for 
enhanced multidisciplinary surveillance in specialized high- 
risk cardiac and obstetric programs where these are available. 
As well, the impact of maternal heart disease on the probabil- 
ity of adverse obstetric outcomes should be considered when 
evaluating the need for enhanced intensity of obstetric over- 
sight of pregnancy. 

Hemodynamic and hormonal changes of pregnancy may 
continue to impact maternal outcomes late after pregnancy 
(36-40). For example, adverse cardiac events late after preg- 
nancy occurred more often in women who had had adverse 
cardiac events during pregnancy (38) (Fig. 69.6). At this time, 
the full extent and mechanisms of the late effects of pregnancy 
on the heart are poorly understood. 


CHAPTER 69 ■ Pregnancy in Young Women with Congenital Heart Disease 1497 



Risk Factors for Adverse Maternal Cardiac and Fetal/Neonatal Events During 
Pregnancy in Women with Heart Disease 


Adverse Event Risk Factor 

Maternal cardiac adverse event 3 ■ Poor functional class (NYHA Class III or IV) or cyanosis 

■ Systemic ventricular ejection fraction <40% 

■ Left heart obstruction (mitral valve area <2 cm 2 , aortic valve area <1.5 cm 2 , or peak left 
ventricular outflow tract gradient >30 mm Hg) 

■ Cardiac event (sustained or symptomatic arrhythmias requiring treatment, stroke, 
pulmonary edema) prior to pregnancy 

■ Subpulmonic ventricular dysfunction 

■ Significant pulmonary regurgitation 

■ Mechanical heart valves 

■ Moderate or severe subaortic or subpulmonary atrioventricular valve regurgitation 

■ Known lesion-specific risk 

Fetal and/or neonatal adverse event* ■ Poor maternal functional class (NYHA Class III or IV) or cyanosis 

■ Maternal left heart obstruction (defined above) 

■ Maternal age <20 or >35 years 

■ Obstetric risk factors 3 

■ Multiple gestation 

■ Smoking during pregnancy 

■ Anticoagulant therapy 

■ Known lesion-specific risk 

The risk factors highlighted in red are components of the CARPREG risk index: the risk of a maternal cardiac adverse event with zero risk factors present is <5%, 
with one risk factor present is 25%, and with more than one risk factor present is 75% (32). 

Additional risk factors identified from subsequent studies on pregnancy risk (33,34). 

3 Maternal cardiac adverse events include pulmonary edema, arrhythmia, stroke, or death. 

6 Feta l/neonatal adverse events include premature birth, small-for-gestational age birth weight, respiratory distress syndrome, intraventricular hemorrhage, or fetal or 
neonatal death. 

‘History of premature delivery or rupture of membranes, incompetent cervix, or caesarean section; or intrauterine growth retardation, antepartum bleeding >12 weeks 
gestation, febrile illness, or uterine/placental abnormalities during present pregnancy. 


Cardiac Event Rate (% Pregnancies) 

to 

40 
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Figure 69.2. Frequency of adverse maternal cardiac events 
in pregnancy as predicted by the CARPREG risk index. Fre- 
quency of primary maternal cardiac events, as predicted by 
the CARPREG risk index (32), and observed in derivation 
and validation groups, expressed as a function of the number 
of predictors (x axis). (From Siu SC, Sermer M, Colman JM, 
et al. Prospective multicenter study of pregnancy outcomes in 
women with heart disease. Circulation 2001;104:515-521, 
with permission.) 



LESION-SPECIFIC RISKS AND OUTCOMES 

Pooled estimates of the frequency of adverse pregnancy out- 
comes (maternal cardiac, fetal, neonatal, and obstetric), 
stratified according to type of congenital heart disease, are 
presented in Figure 69.3 (35). Pregnancy outcomes strati- 
fied solely by diagnosis can be helpful, but in addition, it is 
important to consider the specific surgical history, the history 
of prior cardiac events, the functional status of the woman, 
and ventricular and valve function, since individual variation 
in these factors may influence risk over and above the risk 
imparted by diagnosis alone. 

Cardiac shunts. Women with uncorrected left-to-right 
shunts, including secundum atrial septal defect (ASD), ven- 
tricular septal defect (VSD), and patent ductus arteriosus 
(PDA) are at low risk for adverse maternal cardiac events dur- 
ing pregnancy, in part because the pregnancy-associated fall in 
peripheral vascular resistance mitigates the effect of volume 
overload on the ventricle (30,32,41-44). Potential complica- 
tions include atrial arrhythmias and heart failure, particularly 
if the shunt is large. In women with ASD or patent foramen 
ovale, there is a potential for paradoxical embolization if sys- 
temic vasodilation and/or elevation of pulmonary resistance 
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result in transient right-to-left shunting. Atrioventricular sep- 
tal defects (AVSDs) are more complex, and pregnancy may be 
less well tolerated. In one study of 62 pregnancies (29 women) 
in women with AVSD, cardiac complications including persis- 
tent NYHA functional class deterioration, arrhythmias, and 
heart failure were reported to be 23%, 19%, and 2%, respec- 
tively (45). If cardiac shunts are associated with pulmonary 
hypertension, risk is dominated by the impact of the elevated 
pulmonary vascular resistance, which is discussed elsewhere 
in this chapter. 


Right ventricular outflow tract obstruction. If pulmonic 
stenosis is mild or has been previously corrected surgically 
or by valvuloplasty, it is typically well tolerated during preg- 
nancy (32,41,46). In severe pulmonic stenosis, the increase in 
preload associated with pregnancy may not be tolerated and 
may result in atrial arrhythmias or right heart failure. Thus, 
correction of severe pulmonic stenosis prior to pregnancy 
should be considered. If decompensation develops during 
pregnancy, balloon valvuloplasty can be carried out if initial 
medical therapy proves insufficient (47). Although one group 




Figure 69.3. Estimates of maternal cardiac, fetal and neonatal, and obstetric outcomes during pregnancy in 
women with congenital heart disease. AOS, aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular 
septal defect; ccTGA, congenitally corrected transposition of the great arteries; CoA, aortic coarctation; Ebstein, 
Ebstein anomaly; Eisenmenger, Eisenmenger syndrome; Fontan, patients after Fontan repair; PAVSD, pulmonary 
atresia with ventricular septal defects; PS, pulmonary valve stenosis; TGA, complete transposition of the great 
arteries; TOF, tetralogy of Fallot; VSD, ventricular septal defect; TEC, thromboembolic complication; SGA, small 
for gestational age. (From Drenthen W, Pieper PG, Roos-Hesselink JW, et al. Outcome of pregnancy in women 
with congenital heart disease: a literature review. J Am Coll Cardiol 2007;49:2303-2311, with permission.) 
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Figure 69.3. (Continued.) 


has reported high rates of obstetric and fetal complications in 
women with pulmonary stenosis (48), this differs from experi- 
ence reported elsewhere (32,41,46). 

Tetralogy of Fallot. Most women with tetralogy of Fallot 
would have undergone surgical correction with closure of the 
VSD and relief of right ventricular outflow tract obstruction. 
After repair, women may be left with residual shunts, right ven- 
tricular outflow tract obstruction, pulmonary regurgitation, 
right ventricular dilation or dysfunction, and atrial or ventricu- 
lar arrhythmias. In general, pregnancy is well tolerated, but 
risk of complications is increased in presence of such residua 
and surgical sequelae. In one series, maternal complications 
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Figure 69.4. Rate of fetal and/or neonatal adverse events in 
302 consecutive women with heart disease and 572 controls. 
Event rates in heart disease (black bars) and controls (white 
bars) subdivided into specific type of neonatal complication. 
Prem birth indicated birth at <37 weeks gestation; SGA small- 
for-gestational-age birth weight; RDS or IVH respiratory dis- 
tress syndrome or intraventricular hemorrhage; and death, 
fetal, or neonatal death. (From Siu SC, Colman JM, Sorensen 
S, et al. Adverse neonatal and cardiac outcomes are more 
common in pregnant women with cardiac disease. Circulation 
2002;105:2179-2184, with permission.) 


including symptomatic right heart failure, arrhythmias, or both 
occurred in 12% of pregnancies (49), though other studies have 
reported lower adverse event rates (50-52). Adverse maternal 
cardiac events have been reported in association with maternal 
cardiac factors (left ventricular dysfunction, severe pulmonary 
hypertension, severe pulmonic regurgitation with right ventric- 
ular dysfunction, or right ventricular outflow tract obstruction) 
and obstetric risk factors (twin pregnancies) (50,51). 

Following biventricular repair for double outlet right ven- 
tricle a low risk for adverse maternal cardiac complications 
was reported in one series; however, the risk of fetal, neonatal, 
and obstetric complications was increased (53). 


Neonatal event rate (% pregnancies) 



Age 20-35 & Age <20 or >35 or 

No OB Risk Factor OB Risk Factors 

Figure 69.5. Frequency of fetal and/or neonatal complications 
according to presence and risk profile of cardiac lesion and 
the presence of maternal high-risk obstetric characteristics. 
High-risk obstetric characteristics include smoking, use of 
anticoagulation, multiple gestations, and maternal age. Con- 
trol group is represented by empty bars. Heart disease group 
with neither left heart obstruction nor poor functional class/ 
cyanosis is represented by grey bars. Heart disease group with 
left heart obstruction or poor functional class/cyanosis is rep- 
resented by black bars. (From Siu SC, Colman JM, Sorensen S, 
et al. Adverse neonatal and cardiac outcomes are more com- 
mon in pregnant women with cardiac disease. Circulation 
2002;105:2179-2184, with permission.) 
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Figure 69.6. Incidence of adverse cardiac events late after pregnancy according to the presence or absence of 
pregnancy-related adverse cardiac events. Time 0 = date of delivery. (From Balint OH, Siu SC, Mason J, et al. 
Cardiac outcomes after pregnancy in women with congenital heart disease. Heart 2010;96:1656-1661, with 
permission.) 


Left ventricular outflow tract obstruction. Significant left 
ventricular outflow tract obstruction most commonly occurs 
as a result of aortic stenosis due to bicuspid aortic valve disease 
and limits the ability of the heart to increase cardiac output. 
Abnormal elevation of left ventricular filling pressures may 
also occur. The hypertrophied, noncompliant ventricle is more 
sensitive to a fall in preload. During pregnancy, all of these 
factors contribute to an increased propensity to heart failure, 
ischemia, or hypotension. Bicuspid aortic disease is commonly 
associated with ascending aortopathy and sometimes with 
coarctation of the aorta, which confer additional risks during 
pregnancy. Maternal mortality is not as high as once described 
(54,35). However, women with significant aortic stenosis con- 
tinue to be at risk for heart failure, arrhythmias, and angina 
(46,54-56). We recently reported that assessment of ventricu- 
lar torsion, a novel echocardiographic parameter, may provide 
additional insights into why some women with aortic stenosis 
deteriorate during pregnancy and has the potential to be an 
additional risk stratifier (57). Women with symptomatic aortic 
stenosis should undergo correction prior to pregnancy (58). 
Asymptomatic women with mild to moderate aortic stenosis 
typically do well. Management of asymptomatic women with 
severe aortic stenosis is more controversial and careful risk 
stratification prior to pregnancy is required. In select women, 
aortic valvuloplasty may provide short-term palliation prior to 
a planned pregnancy. In general, we do not advocate prophy- 
lactic surgery in women with severe asymptomatic aortic ste- 
nosis who otherwise would not be candidates for valve surgery 
if pregnancy were not a consideration. Palliation by balloon 
valvuloplasty can be accomplished during pregnancy if neces- 
sary and when anatomy allows (59). Pregnancy may increase 
the risk of cardiac events late after pregnancy; for example, 
women with aortic stenosis who had had a pregnancy were 
more likely to require aortic valve replacement than a matched 
control group of women who had not been pregnant (40,55). 

Aortic dissection has been reported in women with bicus- 
pid aortic valve and aortopathy although overall risk is likely 
lower than in women with aortopathy associated with Mar- 
fan syndrome (60). The approach to the aortopathy associ- 
ated with bicuspid aortic valve at our center is to offer empiric 
beta-blockade and serial echocardiographic assessment during 
pregnancy. 

Coarctation of the aorta. In the current era, most women 
with coarctation of the aorta would have undergone repair 


prior to pregnancy. Even when there is no residual coarcta- 
tion, persistent or recurrent systemic hypertension may mani- 
fest after repair. Significant coarctation of the aorta impedes 
delivery of blood to the arterial tree distal to the coarctation 
site; during pregnancy this may impact on the placental cir- 
culation. Upper body hypertension and concomitant aortic 
valve disease pose additional risks. Maternal mortality has 
been reported, but this is rare in contemporary series (61,62). 
Women with Turner syndrome are at higher risk such that 
most experts advise against pregnancy in the presence of aor- 
topathy of any sort (63), and some recommend against preg- 
nancy even with a normal aorta, though it may be technically 
feasible with the assistance of reproductive technology, and 
occasionally spontaneously. Women with repaired coarctation 
are at increased risk for pregnancy-induced hypertension and 
preeclampsia (32,41,64). The risk of hypertension is highest 
in women with unrepaired coarctation in proportion to the 
degree of residual gradient (61,62). Miscarriages are common 
(62). Control of upper body hypertension during pregnancy 
may result in hypotension distal to the coarctation site with 
potential adverse impact on oxygen delivery to the fetus. Intra- 
uterine growth restriction and premature labor are more com- 
mon in women with unrepaired coarctation. 

Marfan syndrome. In Marfan syndrome, increased cardiac 
output, hypervolemia, and the hormonal milieu of pregnancy 
contribute to increased risk of aortic dilation and dissection. 
Women with smaller aortic root dimensions are at lower risk 
for aortic complications than those with dilated aortic roots 
(>40 mm) or prior aortic root surgery (65,66). Favorable preg- 
nancy outcomes were reported in a series of 33 women with 
aortic root size <45 mm prior to pregnancy (36). On the other 
hand, a European consensus document estimates that 1% of 
women with aortic diameters <40 mm and no significant aor- 
tic or mitral regurgitation will develop dissection or other seri- 
ous maternal cardiac complication and that 10% of women 
with an aortic diameter more than 40 mm will develop dissec- 
tion (67). Unfortunately, prophylactic root replacement prior 
to pregnancy or the presence of a normal-sized aortic root does 
not guarantee a safe pregnancy as it is possible for dissection to 
occur in an aorta that appears “normal” by imaging or in the 
segment distal to a prior repair (66). Patients with significant 
aortic root dilation should receive preconception counseling. 
If seen first only in early pregnancy they should be offered 
termination. For women with Marfan syndrome whose aortic 
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size is normal, counseling should incorporate discussion of the 
increasing risk with increasing maternal age, and explain that 
if pregnancy is contemplated it is best achieved at a younger 
age. Women with Marfan syndrome have a 50% chance of 
transmitting the syndrome to offspring. In addition, they are at 
increased risk for fetal, neonatal, and obstetric complications, 
the most common of which is preterm delivery due to pre- 
mature rupture of membranes and cervical incompetence (68). 
Fetal and neonatal mortality of 7% has been reported (68). 

Ebstein anomaly. There is substantial variability in the 
clinical phenotype of Ebstein anomaly, and the ability of the 
heart to tolerate a pregnancy varies according to the severity 
of the disease. Women with milder anatomic variations who 
are acyanotic can expect to have an uncomplicated pregnancy, 
whereas women with severe Ebstein anomaly may be unable 
to tolerate the increased preload and cardiac output of preg- 
nancy and as a consequence are at risk for functional deterio- 
ration, right heart failure, and arrhythmia (69). In the largest 
published pregnancy series, no serious maternal cardiac com- 
plications (maternal death, congestive heart failure, arrhyth- 
mias, stroke) were reported; however, there was an increased 
risk of fetal loss, prematurity, and congenital heart disease in 
the offspring (70). Women with interatrial shunts may dem- 
onstrate reversal to or increase in right-to-left shunting, hence 
increasing cyanosis during pregnancy, and are at high risk for 
complications as a consequence. 

Transposition of the great arteries. Women with complete 
transposition of the great arteries would have undergone an 
atrial switch operation (Mustard or Senning procedure), an 
arterial switch operation (Jatene procedure), or, less com- 
monly, a Rastelli repair. Late complications after atrial switch 
operations include sinus node dysfunction, atrial arrhythmias, 
systemic ventricular dysfunction, and systemic atrioventricu- 
lar valve regurgitation, all of which may contribute to com- 
plications during pregnancy, including, rarely, maternal death 
(32,71-73). Arrhythmias are the most common cardiac com- 
plication during pregnancy. In the largest published series 
they occurred in 22% of pregnancies (73), more commonly in 
women with a history of prior arrhythmias. The same series 
reported a high incidence of obstetric complications and mor- 
tality in the offspring (73). Other complications seen during 
pregnancy include heart failure and deterioration in cardiac 
function (71,72). Pregnancy has been associated with progres- 
sive subaortic right ventricular dilation (31%) and deteriora- 
tion in subaortic right ventricular function (25%) determined 
by qualitative echocardiographic assessment (37). 

Women treated with the Jatene operation are now reaching 
childbearing age, but reported experience during pregnancy is 
limited. Successful pregnancy outcomes have been described; 
however, complications including valve thrombosis in a 
woman with a mechanical valve and ventricular arrhythmia 
have been reported (74,75). 

Congenitally corrected transposition of the great arter- 
ies can be associated with systemic ventricular dysfunction 
and systemic atrioventricular valve regurgitation. Associated 
lesions are common, especially VSD, pulmonary stenosis, or 
complete heart block. Potential problems in pregnancy include 
heart failure as a result of a dysfunctional subaortic (systemic) 
right ventricle and/or increased subaortic (tricuspid) atrioven- 
tricular valve regurgitation, atrial arrhythmias, atrioventricu- 
lar block, and late sequelae from prior surgical interventions 
(e.g., dysfunction of a right ventricular to pulmonary artery 
conduit). In the two largest published series, no maternal mor- 
tality was reported; (76,77) however, approximately 25% of 
women developed adverse cardiac events during pregnancy 
including heart failure, endocarditis, stroke, or myocardial 
infarction (77). 

Fontan circulation. The Fontan operation for functionally 
single ventricle palliates the condition by directing right atrial 


or caval blood into the pulmonary artery, generally with no 
subpulmonary ventricle in the circuit. Although the opera- 
tion improves cyanosis and volume overload of the subaortic 
(systemic) ventricle, the ability of the heart to increased car- 
diac output is limited. In addition, scarring and remodeling of 
the atria contribute to atrial arrhythmias and atrial thrombi. 
The largest series of pregnancies in a selected group of high- 
functioning women after Fontan operation reported good 
maternal outcomes with no maternal mortality (78). Supraven- 
tricular tachycardia, atrial fibrillation, and deterioration of 
NYHA functional class did occur (78,79). The reasonably 
good reported maternal cardiac outcomes were likely the result 
of preconceptual counseling and careful patient selection, as 
most or all the patients reported had a favorable clinical pro- 
file. Fetal and neonatal adverse outcomes remain common 
with only 45% of pregnancies resulting in live births in one 
series (78). The incidence of first trimester miscarriage is high. 

Cyanotic heart disease. Women with cyanotic congenital 
heart disease are at substantial risk for pregnancy-associated 
adverse events, in proportion to the degree of maternal hypox- 
emia and cyanosis. In the largest series (n - 96 pregnancies) 
adverse maternal cardiac events occurred in 32% of pregnan- 
cies and included one death from endocarditis after delivery. 
Other adverse cardiac events included heart failure, arrhyth- 
mias, pulmonary artery thrombosis, and cerebral infarction. 
Prematurity was common, occurring in 37% of pregnancies. 
There was a low live birth rate, 43% overall; if the mater- 
nal oxygen saturation was <85%, the live birth rate was only 
12% (80). 

In women with Eisenmenger syndrome, pregnancy- 
associated decrease in afterload facilitates increase in right- 
to-left intracardiac shunting, leading to increasing hypoxemia 
and cyanosis There is a high maternal mortality (-30% per 
pregnancy) (81-83). Women with Eisenmenger syndrome 
are particularly sensitive to the volume depletion and hypo- 
tension that can occur during labor and delivery. Deaths are 
most likely to occur within the first few weeks postpartum. 
Preconceptual counseling should advise against pregnancy. 
Termination of pregnancy should be offered to such patients if 
counseled early in pregnancy. High maternal mortality during 
pregnancy is reported in women with pulmonary hypertension 
from other causes and recommendations regarding preconcep- 
tion counseling and pregnancy termination are similar to those 
for Eisenmenger syndrome. In the event that pregnancy con- 
tinues, the use of pulmonary vasodilators is being increasingly 
reported and may be beneficial in reducing pulmonary artery 
pressures (83,84). One series of 11 pregnancies in women with 
pulmonary hypertension managed by an experienced team 
and treated with pulmonary vasodilators reported no mater- 
nal deaths (84). Adverse fetal events are common. Perinatal 
mortality, most of which was associated with prematurity, has 
been reported at 28% (81). 

Prosthetic heart valves. Risks of complications during 
pregnancy in women with prosthetic valves are dependent on 
the type of valve and its position, the baseline function of the 
prosthesis, and the type of anticoagulant used. Women with 
normally functioning bioprosthetic valves often tolerate preg- 
nancy well. Although there had been concern that degeneration 
of bioprosthetic or homograft valves may be accelerated by 
pregnancy, this has not been confirmed in all studies (85-87). 
Women with pulmonary autograft aortic valve replacement 
(Ross procedure) are reported to do well during pregnancy 
(88,89). Although mechanical valves have excellent durabil- 
ity, women with mechanical valve prostheses are at increased 
risk for thromboembolic events, primarily valve thrombosis, 
which is seen in 4% to 9% of pregnancies depending on the 
study and the anticoagulant regime, and maternal bleeding 
secondary to anticoagulation, seen in 2.5% of pregnancies 
(58,90,91). Warfarin embryopathy has been reported to be 
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less frequent in pregnant women who can be therapeutically 
controlled on <5 mg of warfarin per day (92,93). 


TRANSMISSION OF CARDIAC DISEASE 
TO OFFSPRING 

The risk of recurrence of congenital heart disease in offspring 
should be discussed prior to pregnancy when opportunity 
exists. Estimating recurrence risk is complex and should fac- 
tor in the type of cardiac defect of the parent(s), other patient 
characteristics, and the presence of congenital heart disease 
in other family members (94). Formal clinical genetic coun- 
seling is often helpful and should be offered. In patients with 
congenital heart disease who do not have specific genetic syn- 
dromes, the recurrence risk of congenital heart disease to off- 
spring is approximately 3% to 5% (95,96). Some studies have 
suggested higher rates of transmission if the affected parent 
is the mother rather than the father (96,97), though others 
have found no such difference (98). Parental left heart obstruc- 
tive lesions are associated with higher rates of transmission 
(13% to 18%) (96). Autosomal dominant conditions such 
as Noonan syndrome (99), Williams syndrome (100), Holt- 
Oram syndrome (101), Marfan syndrome, or 22qll.2 dele- 
tion syndrome confer a 50% risk of recurrence in an offspring. 
The presence of congenital heart disease in a family member 
of the mother or father should raise the possibility of a famil- 
ial or autosomal dominant form of inheritance. Preconception 
use of multivitamins containing folic acid has been shown to 
decrease the incidence of congenital defects and should be 
encouraged (102). A fetal echocardiogram is indicated when 
a parent has congenital heart disease to assess the fetus for 
congenital cardiac anomalies. After delivery, pediatric cardiac 
assessment should be offered as it has incremental diagnostic 
utility for detection of congenital heart disease in the offspring 
of women with congenital heart disease (103). 


MANAGEMENT ISSUES DURING PREGNANCY 

Risk assessment and management of pregnant women with 
congenital cardiac disease is addressed to some extent in com- 
prehensive adult congenital heart disease guidelines from the 
American Heart Association/American College of Cardiology 
(104), the Canadian Cardiovascular Society (105-109), and 
the European Society of Cardiology (110). The European Soci- 
ety of Cardiology also published a specific expert consensus 
document on management of cardiovascular diseases during 
pregnancy in 2003 (67). 

Preconception Issues 

Preconceptual counseling should be offered to all women 
with cardiac disease contemplating pregnancy. Counseling 
should include assessment of the maternal risk of pregnancy 
and the effects of the maternal cardiac condition on fetal out- 
comes. The risks and benefits of drug therapy need to take 
into account the health and safety of the mother and of the 
fetus. Exposure to teratogens such as alcohol, hydantoin, 
lithium, retinoic acid, valproic acid, and warfarin is associ- 
ated with cardiovascular defects in offspring; therefore, use of 
such agents should be terminated prior to conception if pos- 
sible. Drug dosing and frequency of administration of contin- 
ued medication may need adjustment in pregnancy because of 
changes in volume of distribution, glomerular filtration rate, 
and hepatic metabolism. 


In circumstances where maternal life expectancy may be 
limited, the issue of long-term prognosis should be addressed 
to allow women and their families to make informed decisions 
regarding pregnancy. Such a discussion should also include 
consideration of possible effects of pregnancy on progression 
of maternal heart disease and of need for earlier cardiac inter- 
vention. However, uncertainties regarding the effect of preg- 
nancy on late maternal prognosis need to be acknowledged, as 
very little data are available in this regard (37,40). 

Antepartum Issues 

Women with heart disease who are at low risk for compli- 
cations can typically be managed in local obstetric units. 
Conversely, women who are at intermediate or high risk for 
complications should receive care in a high-risk obstetrics unit 
from a multidisciplinary team including obstetricians, cardi- 
ologists, anesthetists, pediatricians, and others as indicated. 
Regardless of the perceived risk level, all pregnant women 
with heart disease not previously evaluated should be offered 
a consultation with an experienced cardiologist and obste- 
trician, ideally in an interdisciplinary program where mater- 
nal cardiac, obstetrical, and fetal issues can be addressed by 
appropriate specialists. 

The optimal frequency of cardiac follow-up during preg- 
nancy in women with heart disease needs to be individual- 
ized. In general, an early assessment (first trimester) is useful 
to establish the baseline and to initiate planning. Peak cardiac 
output occurs near the end of the second trimester so assess- 
ment at this time allows for cardiac evaluation at a point at 
which maximal hemodynamic stress is evident. A third trimes- 
ter visit around the end of the eighth month ensures that the 
patient is stable prior to delivery. Women who are symptomatic 
and those at higher risk need to be seen more frequently. 

Echocardiography is the cardiac imaging modality of choice 
during pregnancy. We perform transthoracic echocardiogra- 
phy during the baseline antenatal visit as part of risk stratifica- 
tion. We will often repeat the echocardiographic examination 
at the time of the late second-trimester assessment particularly 
in patients who are at risk of deterioration as a result of the 
hemodynamic burden associated with advancing pregnancy. 
Cardiac magnetic resonance imaging (MRI) can be used dur- 
ing pregnancy when necessary. If possible, MRI should be per- 
formed after the first trimester because the effect of MRI on 
early fetal development has not been well studied. Gadolinium, 
the commonly used MRI contrast agent, crosses the placenta 
and is contraindicated during pregnancy. Potential fetal risks 
of MRI include the effects of heat, noise, and the magnetic field 
on the developing fetus (111). Ionizing radiation (computed 
tomography, cardiac catheterization, nuclear imaging) should 
be avoided during pregnancy unless there are no alternatives. 
However, when clearly indicated, x-ray procedures such as 
coronary arteriography should not be withheld. Modification 
of technique (e.g., radial artery approach for coronary arte- 
riography, abdominal shielding) can minimize fetal radiation 
exposure (112). 

Ambulatory ECG monitoring is often useful in women with 
symptomatic palpitations to diagnosis arrhythmia, determine 
arrhythmia burden and monitor the effect of therapy. Because 
benign palpitations are common, symptom-rhythm correla- 
tion provided by ambulatory monitoring may relieve unneces- 
sary concern and may avoid inappropriate therapy. 

Management of Heart Failure 

Women with limited cardiac reserve are at risk of develop- 
ing heart failure as a consequence of the increased hemody- 
namic burden of pregnancy. Other causes of deterioration of 
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cardiac status such as gestational hypertension, hyperthyroid- 
ism, and anemia should be considered as well. In women with 
symptomatic heart failure, activity limitation may be helpful. 
Acute heart failure should be treated with oxygen, diuretics, 
and afterload-reducing agents such as hydralazine. Nitroprus- 
side may be toxic to the fetus and should be avoided. For 
women with preexisting systemic ventricular dysfunction, 
beta-blockers can be used in pregnancy, but women need to be 
informed of potential fetal and neonatal risks. Digoxin is safe 
in pregnancy. Angiotensin-converting enzyme inhibitors and 
angiotensin receptor blockers are associated with birth defects 
and should be avoided (113,114). 

Management of Arrhythmias 

The hemodynamic and hormonal changes of pregnancy may 
provoke or exacerbate arrhythmias. Women with a history of 
arrhythmias are at increased risk for adverse maternal cardiac 
events during pregnancy, including arrhythmia recurrences 
(41). Recurrence of arrhythmias during pregnancy is asso- 
ciated with an increase in adverse fetal and neonatal events 
(115). However, pharmacologic therapies may have undesir- 
able effects on the developing fetus or neonate and so should 
be reserved for patients with significant symptoms or when 
sustained episodes result in hemodynamic compromise or 
intolerable symptomatology. Hemodynamically significant 
arrhythmias should be treated promptly, but teratogenic drugs 
should be avoided when possible. 

In women with paroxysmal supraventricular tachycardia, 
including atrioventricular nodal reentrant tachycardia and 
atrioventricular reentrant tachycardia, beta-blockers can be 
used for arrhythmia prophylaxis. The treatment of an acute 
exacerbation of tachycardia in the pregnant woman is gener- 
ally similar to that in the nonpregnant patient. Intravenous 
adenosine or beta-blockers can be used for acute management 
of supraventricular arrhythmias (116,117). Amiodarone is a 
FDA class D drug and is relatively contraindicated because it 
may impair neonatal thyroid function (118,119). Cardiover- 
sion is considered safe, although there is a theoretical risk of 
inducing fetal tachyarrhythmias (117). 

There are many causes of ventricular tachycardia. During 
pregnancy, prophylactic therapy for ventricular tachycardia 
should be tailored according to the underlying condition. For 
instance, women with catecholamine-sensitive ventricular 
tachycardia are best treated with beta-blockers. Women with 
ventricular tachycardia in the setting of congenital heart dis- 
ease will likely require antiarrhythmic therapy, but choice of 
medication needs to be individualized. Intravenous procaina- 
mide, sotalol, amiodarone, or beta-blocker can be used for 
acute management (120). 

Bradyarrhythmias are less common during pregnancy. 
Pacemakers and implantable cardioverter-defibrillators are 
safe during pregnancy (121). Management of arrhythmias 
during pregnancy and safety profiles of antiarrhythmic medi- 
cations can be found elsewhere (122). 

Management of Anticoagulation 

Pregnancy is associated with changes in clotting factors and 
fibrinolysis that increase the risk of thrombosis and thrombo- 
embolism. Consequently, optimized anticoagulation therapy 
is of utmost importance, especially for women with mechani- 
cal heart valves. The specific type of anticoagulant used during 
pregnancy must be carefully individualized. Options include 
warfarin, unfractionated heparin, low-molecular-weight hep- 
arin (LMWH), and adjunctive aspirin. Risks and benefits of 
various anticoagulant regimes should be discussed with the 
patient. High-risk women, such as those with early generation 


mechanical heart valves (e.g., Starr-Edwards and Bjork-Shiley 
valves), have a greater risk of thromboembolic events, and 
consequently, anticoagulant regimes need to be more aggres- 
sive (123,124). In a systematic review of studies examining 
anticoagulation regimens and pregnancy outcomes in women 
with prosthetic heart valves, the pooled maternal mortality 
was 2.9% (91). The use of oral vitamin K antagonists (e.g., 
warfarin) throughout pregnancy was associated with the low- 
est rate of thrombosis, 3.9%. The substitution of unfraction- 
ated heparin between week 6 and week 12 gestational age 
only was associated with a 9.2% risk of valve thrombosis, 
whereas the use of unfractionated heparin throughout preg- 
nancy carried a much higher 33.3% risk of valve thrombosis. 
The main concern regarding use of warfarin is its potential for 
embryopathy; however, there is evidence that a daily warfa- 
rin dose of <5 mg (assuming therapeutic anticoagulation can 
be achieved with such a dose) may not be teratogenic (92). 
When the mother takes warfarin, fetal intracranial bleeding 
is a risk throughout pregnancy and particularly during vagi- 
nal delivery. Thus warfarin should be replaced by heparin at 
least 2 weeks prior to labor (58). Adjusted-dose subcutaneous 
unfractionated heparin does not cross the placenta and has 
no teratogenic effects, but maintenance of therapeutic anti- 
coagulation is difficult. Use of heparin may result in mater- 
nal thrombocytopenia and osteoporosis. LMWH is easier 
to administer and appears to be a satisfactory, though not 
risk-free, alternative to adjusted-dose unfractionated heparin 
(125-128). 

Guidelines for the use of anticoagulants during pregnancy 
in women with mechanical valves have been offered by the 
American Heart Association/American College of Cardiology 
(129), the American College of Chest Physicians (124), and 
the European Society of Cardiology (130). Differences exist 
among the guidelines. For instance, the American College of 
Chest Physicians guideline includes as a treatment option the 
use of LMWH throughout pregnancy whereas the European 
Society of Cardiology guidelines do not recommend LMWH. 
Some experts suggest an alternative approach based on a 
modification of the guidelines to include further stratification 
based on risk of thrombosis (123). However, all current rec- 
ommendations are based on case series and expert opinion 
as there are no data is available from randomized trials. Our 
current approach includes offering women with mechani- 
cal valves LMWH as an alternative anticoagulation strategy 
to continued use of warfarin. For women at high thrombo- 
embolic risk (those with older style valves, more than one 
mechanical valve, prior thromboembolic events), we suggest 
adjunctive aspirin. Anticoagulation in pregnancy is often best 
managed in a specialized thrombosis clinic. At our center, all 
women are seen by a hematologist associated with the throm- 
bosis clinic, are counseled in regard to the advantages and 
risks associated with various regimens, and are asked to sign 
a written consent acknowledging that they are aware of the 
issues and agree to the treatment chosen. It is clear that no 
specific strategy can fully mitigate the risk of pregnancy for 
women who require anticoagulation, particularly those with 
mechanical valves. 


High-Risk Conditions 

Women with cyanotic cardiac lesions (30) or symptomatic 
obstructive lesions (58) should be referred for repair prior to 
conception when possible. If a woman with Eisenmenger syn- 
drome does not accept advice to terminate, or presents late in 
pregnancy, early hospitalization may be required along with 
supplemental oxygen and possibly empiric anticoagulation. 
Pulmonary vasodilators have been used in pregnant women 
with pulmonary hypertension including those with Eisenmenger 
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syndrome (83,84). However, some commonly used pulmonary 
vasodilators such as the endothelin receptor blockers cannot be 
used during pregnancy because of teratogenicity. 

The risk in Marfan syndrome increases in proportion to 
aortic root size and is very high when aorta is already enlarged 
prior to pregnancy. Surveillance during pregnancy should 
include echocardiograms approximately every 6 weeks up to 
6 months postpartum to monitor the size of the aortic root. 
Prophylactic beta-blockade is indicated in patients with Mar- 
fan syndrome. We recommend continuation of such therapy 
throughout pregnancy and thereafter. In patients not previ- 
ously so treated we do recommend at our initial encounter 
that beta-blocker be started and continued (131). 

Cardiac Surgery During Pregnancy 

Cardiovascular surgery during pregnancy is associated with 
significant maternal and fetal mortality of approximately 6 % 
and 14% to 30%, respectively, and should be avoided when 
possible (132,133). Fetal risk is increased in part by provoca- 
tion of uterine contractions in association with extracorporeal 
circulation. Maternal hypotension and consequent placental 
hypoperfusion contribute as well, these factors conspiring to 
promote fetal hypoperfusion, hypoxia, and bradycardia. Fetal 
mortality at maternal cardiac surgery has been reported to 
vary with factors such as maternal age >35 years, maternal 
functional class, reoperation, emergency surgery, the type of 
myocardial protection, and anoxic time (134). To minimize 
fetal risks, tailored anesthetic and bypass techniques can be 
used during cardiac surgery (135). In some circumstances, car- 
diac surgery can be combined with elective caesarean delivery 
immediately before bypass. 


MANAGEMENT ISSUES DURING LABOR 
AND DELIVERY 

In our center, caesarean delivery is favored only in women 
who have aortic dissection or Marfan syndrome with dilated 
aortic root or if there has been a failure to switch from war- 
farin to heparin at least 2 weeks prior to labor. In essen- 
tially all other circumstances, vaginal delivery is preferred 
in the absence of obstetric contraindication. At our institu- 
tions, rates of caesarean deliveries in women with heart dis- 
ease are the same as those in women without heart disease 
(136). Preterm induction of labor is rarely indicated. There 
is an association between antepartum adverse cardiac events 
and premature labor and delivery (41). Induction of labor 
is generally safe in women with heart disease (137). Subcu- 
taneous administration of unfractionated heparin should be 
discontinued at least 12 hours prior to induction of labor 
or reversed with protamine if spontaneous labor develops. 
LMWH cannot be reversed with protamine and needs to 
be discontinued earlier or switched to unfractionated hepa- 
rin for the last stage of pregnancy. Epidural anesthesia with 
adequate volume preloading is the anesthetic technique of 
choice. Epidural fentanyl, which does not lower peripheral 
vascular resistance, is particularly advantageous in cyanotic 
patients with shunt lesions or in patients with significant aor- 
tic stenosis. Air and particulate filters should be placed in all 
intravenous lines in women with intracardiac shunts. The use 
of invasive hemodynamic monitoring during labor and deliv- 
ery must be individualized. For instance, intra-arterial moni- 
toring and central venous pressure monitoring may be used 
in cases where there are concerns about the interpretation 
and deleterious effects of a sudden drop in systemic blood 
pressure (e.g., patients with severe aortic stenosis, pulmonary 


hypertension, severe systemic ventricular systolic dysfunc- 
tion, or preload-dependent physiology such as seen after a 
Fontan operation). Pulmonary artery catheters are utilized 
only in the extremely rare situations where the information 
sought is not available otherwise and warrant the risk of the 
procedure. At our institution, there has been a major decline 
in the use of arterial lines and use of pulmonary artery cath- 
eter for labor and delivery (136). Labor can be conducted in 
the left lateral decubitus position to attenuate hemodynamic 
fluctuations associated with uterine contractions in the supine 
position. Forceps or vacuum extraction will reduce need for 
maternal expulsive efforts during the latter part of the sec- 
ond stage of labor. The 2007 American Heart Association 
Prevention of Infective Endocarditis guideline do not suggest 
endocarditis prophylaxis for uncomplicated vaginal deliveries 
(138). The 2008 American Heart Association/American Col- 
lege of Cardiology Guideline for the Management of Adults 
With Congenital Heart Disease states that there is no consen- 
sus on endocarditis prophylaxis at the time of delivery and 
suggests that it may be used in the same high-risk groups for 
which antibiotic prophylaxis should be administered prior to 
dental procedures (139). 

The hemodynamic changes of labor and delivery often 
do not return to baseline levels for many days after delivery; 
therefore, high-risk women may require additional monitor- 
ing postpartum. The mortality risk persists for at least a week 
in women with Eisenmenger syndrome who therefore require 
extended postpartum observation. 


CONTRACEPTION 


Contraception planning is important and age-appropriate 
counseling should begin in early adolescence. Choice of con- 
traceptive method needs to be individualized and should take 
into account patient safety specifically regarding thromboem- 
bolic risk, patient preference, efficacy, and the consequences 
of contraceptive failure (140,141). Studies pertaining to risk 
in women with congenital heart disease are not available so 
contraceptive safety is extrapolated from safety profiles deter- 
mined in women without heart disease. Recommendations for 
the use of estrogen-containing contraceptives in women with 
heart disease are shown in Table 69.3 (140). Low-estrogen 
oral contraceptives are highly effective, but should be used 
only in women with a low to moderate thrombotic risk. 
Estrogen-containing contraceptive therapy is also contraindi- 
cated in women with thromboembolic disease, undiagnosed 
abnormal genital bleeding, acute liver disease, liver tumors, 
or known or suspected breast carcinoma. For patients with 
higher thromboembolic risk, progestin-only contraceptive 
pills (“mini-pill”) or other progesterone-containing contracep- 
tives such as long-acting medroxyprogesterone acetate injec- 
tion (Depo-Provera™) or levonorgestrel implant (Norplant™) 
may be suitable options. Barrier methods have few compli- 
cations, but are associated with high failure rates compared 
to other forms of contraception, hence unsuitable as the sole 
method if pregnancy is to be avoided. Intrauterine devices, 
such as Mirena™ levonorgestrel-releasing intrauterine device, 
are best suited for women in monogamous relationships after 
childbearing years because of the risk of pelvic inflammatory 
disease. Sterilization may be considered in select cases when 
the risk of pregnancy is prohibitive or childbearing has been 
completed. In the absence of systematic data examining con- 
traception in women with congenital heart disease, the above 
recommendations and Table 69.3 represent a starting point for 
discussion. If a woman is not in a low-risk group, consultation 
with a gynecologist with expertise in caring for women with 
heart disease is advised. 
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TABLE 69.3 


Risk Classification for the Use of Combined Hormonal Contraceptive in Women with 
Congenital Heart Disease 


WHO 1 

Always useable 

Condition with no 
restriction for the use of 
the contraceptive method 


WHO 2 

Broadly useable 

Condition where the 
advantages of the 
method generally 
outweigh the theoretical 
or proven risks 


WHO 3 

Caution in use 

Condition where 
the theoretical or 
proven risks usually 
outweigh the 
advantages of using 
the method 


WHO 4 
Do not use 

Condition that represents an 
unacceptable health risk if the 
contraceptive method is used 


■ Mitral valve prolapse with 
trivial mitral regurgitation 

■ Bicuspid aortic valve with 
normal function 

■ Mild pulmonary stenosis 

■ Repaired coarctation 
with no hypertension or 
aneurysm 

■ Simple congenital lesions 
successfully repaired in 
childhood and with no 
sequelae (atrial orventricu- 
lar septal defect PDA or 
total anomalous pulmonary 
venous drainage) 


■ Most arrhythmias other than 
atrial fibrillation or flutter 

■ Uncomplicated mild native 
mitral and aortic valve 
disease 

■ Tissue prosthetic valve 
lacking any of the features 
noted in WHO 3 or 4 columns 

■ Surgically corrected 
congenital heart disease 
lacking any of the features 
noted in WHO 3 or 4 columns 

■ Small left-to-right shunts not 
reversible with physiologic 
maneuvers (i.e., small VSD, 
small PDA 

■ Hypertrophic 
cardiomyopathy lacking any 
WHO III or IV features 

■ Past cardiomyopathy, 
fully recovered, including 
peripartum cardiomyopathy 

■ Uncomplicated Marfan 


■ Atrial fibrillation ■ 

or flutter even on 
warfarin ■ 

■ Bileaflet mechanical 

valve even on warfarin ■ 

■ ASD with left-to-right 

shunt that may reverse ■ 

with physiologic 

stress (i.e., Valsalva 
maneuver) ■ 

■ Repaired coarctation 
with aneurysm and/or 
hypertension 

■ Previous ■ 

thromboembolism 


Atrial fibrillation or flutter, if not 

anticoagulated 

Bjork Shiley or Starr Edwards 

valve even if taking warfarin 

Fontan circulation even if on 

warfarin 

Cyanotic heart disease 
Pulmonary arteriovenous 
malformation 

Prior left ventricular dysfunction 
from any cause (i.e., dilated 
cardiomyopathy) (LVEF <30%) 
Coronary artery disease 
Coronary arteritis (i.e., Kawasaki 
disease with coronary 
involvement) 


WHO — World Health Organization contraception classification. 

Modified from Thorne S, MacGregor A, Nelson-Piercy C. Risks of contraception and pregnancy in heart disease. Heart 2006;92:1520-1 525, with permission. 
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C hest pain is a common presenting symptom in children and 
adolescents. In prospective studies, it has been shown to 
occur at a rate of 0.25% to 0.6% of visits both in the outpa- 
tient setting and the emergency department (1-3). Chest pain 
accounts for 650,000 physician visits per year in patients 10 
to 21 years of age (4). Awareness of both cardiovascular dis- 
ease and the risk of sudden cardiac death has increased both 
in media and in national education programs. In fact, >50% 
of adolescents with a history of chest pain report significant 
fear of cardiac pathology (5). Fortunately, chest pain in chil- 
dren and adolescents is rarely cardiac in nature; cardiac causes 
typically account for fewer than 5% of chest pain cases in 
published studies (Table 70.1) (1-3). The mean age of children 
and adolescents who complain of chest pain is 11 to 14 years, 
but chest pain can occur in children as young as 4 years of 
age (1,6). Chest pain is equally common in males and females, 
although certain etiologies may have a sex-specific predilection. 

The relative frequencies of types of chest pain have been 
reported by several investigators and are summarized in 
Table 70.2, and are described below. The most common source 
of chest pain in children and adolescents is the musculoskeletal 
structures of the chest wall (1,2, 4-9). 

MUSCULOSKELETAL/CHEST-WALL PAIN 
Costochondritis 

Costochondritis is a common cause of musculoskeletal chest- 
wall pain, particularly in adolescent patients (10). The onset 
of the pain may be preceded by a respiratory illness, although 
the exact etiology is unknown. The pain typically involves two 
to four contiguous costochondral or costosternal junctions, 
between the second and fifth costal cartilages (1,10). The 
joints are not inflamed, and there is no swelling of the joints. 
The pain is most commonly unilateral and may affect the left 
side more frequently than the right. The patient will complain 
of a sharp pain lasting from several seconds to several minutes, 
which is exacerbated by deep breathing. Direct palpation of 


the affected joint(s) will reproduce the pain. The patient may 
describe a “burning” sensation for a few minutes after deep 
palpation. It is important to apply sufficient pressure during 
this palpation, as light touch may not reproduce the pain. Cos- 
tochondritis is typically self-limited (11). Treatment consists 
of reassurance and rest from athletic or strenuous activities, 
and occasionally may require the use of nonsteroidal anti- 
inflammatory medications, at least in the acute phase. 

Tietze Syndrome 

Tietze syndrome involves the inflammation of a single costo- 
chondral junction (12). While this syndrome has been reported 
in children and even infants, it remains relatively uncommon 
in childhood (12). The affected joint will be swollen and ten- 
der to palpation, and may be warm to the touch. Its etiology is 
unknown. The pain is typically self-limited, lasting anywhere 
from a few weeks to a few months. When necessary, nonsteroi- 
dal anti-inflammatory medications can be used. 

Idiopathic Chest-Wail Pain 

Nonspecific (idiopathic) chest- wall pain is the most common type 
of chest pain in children and adolescents (Table 70.2). The pain 
is described as sharp, lasting several seconds to several minutes. 
The pain often is exacerbated by deep breathing, and may occur 
during exercise or while at rest. It is most often located in the 
center of the chest or just below the breast. Sometimes, squeezing 
the chest cage or gently pressing on the sternum can reproduce 
the pain. More frequently, the pain cannot be reproduced by 
palpating and pushing on various chest structures, but the cos- 
tochondral and costosternal joints are not tender. There are no 
associated symptoms, but patients may feel anxious while experi- 
encing the pain (13). Most patients are able to continue activities 
despite the pain. Children with idiopathic chest pain tend to have 
longer courses than children with other etiologies and may have 
intermittent chest pain for many months (16,14). A thoughtful 
explanation of the cause and benign nature of the pain frequently 
is enough to reassure the patient with idiopathic chest-wall pain. 
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Differential Diagnosis of 

Cardiac 

Anomalous coronary artery 

Kawasaki disease 

Coronary vasospasm/compression) 

Cocaine abuse 

Supraventricular tachycardia 

Ventriculartachycardia 

Pericarditis 

Myocarditis 

Hypertrophic cardiomyopathy 
Aortic or Pulmonary stenosis 
Aortic dissection 

Pulmonary 

Asthma/Reactive airway disease 

Pneumonia 

Pneumothorax 

Pneumomediastinum 

Pulmonary embolism 

Chronic cough 

Psychogenic 

Hyperventilation 

Anxiety 


Precordial Catch Syndrome 

Precordial catch syndrome is a brief (several seconds), sharp, 
stabbing pain occurring in healthy children, most commonly 
in patients between 6 and 12 years of age (15). The pain 
typically is located below the left breast or at the lower left 
sternal border (15,16). It frequently is pleuritic in nature, 
worsening with deep inspiration. It also may worsen when 
the patient bends forward. The pain can be so sharp that 
the patient will breathe shallowly for several seconds. It can 
occur at rest or with exercise. When it occurs during exercise, 
the patient may have to stop and breathe shallowly until the 
pain subsides. The patient is able to resume activities imme- 
diately after pain resolution. The physical examination typi- 
cally is unremarkable. The etiology is unknown. Treatment 
typically is unnecessary and ineffective, due to the random 
nature of the pain (15). 

Slipping-Rib Syndrome 

Slipping-rib syndrome involves the 8th, 9th, and 10th ribs, 
which do not attach directly to the sternum (17,18). Instead, 
they attach to each other via dense fibrous tissue. In many 
cases, there is a history of trauma to the area, which results 
in disruption of these intercostal connections. This can result 
in rib laxity, pressure on intercostal nerves, and a “popping” 
sensation (19). Subsequently, any form of activity that causes 
these tissues to move (coughing, athletics, stretching) will pro- 
duce or worsen the characteristic intense aching pain (17). 
The characteristic exam finding in slipping-rib syndrome is 
the “hooking maneuver.” This is performed by the examiner 
putting his or her fingers under the inferior rib margin and 
pulling anteriorly. This action will reproduce the pain and 
may produce a clicking or popping sound (17). Treatment 
options for slipping rib syndrome primarily include rest and 


Chest Pain in Children and Adolescents 


Gastrointestinal 
Gastroesophageal reflux 
Esophagitis 
Gastritis 

Foreign body ingestion 

Musculoskeletal 
Chest-wall trauma 
Rib fracture 
Muscle strain 
Costochondritis 
Precordial catch syndrome 
Slipping rib syndrome 
Hypersensitive xiphoid syndrome 
Tietze syndrome 

Other 

Herpes zoster 

Sickle cell disease 

Pleurodynia 

Pleural effusion 

Thoracic malignancy/masses 

Breast tenderness 

Idiopathic chest-wall pain 


nonsteroidal anti-inflammatory medications. In difficult cases, 
local anesthetic blocks can be performed. Surgical resection of 
the specific cartilages can be performed but should be reserved 
only for severe cases (17,18). 

Hypersensitive Xiphoid Syndrome 

Hypersensitive xiphoid syndrome is a rare form of chest pain 
in children (20). Patients may present with sternal pain that 
can radiate to the shoulders, back, arms, or precordium. In 
these patients, gentle digital pressure on the xiphoid process 
will reproduce the pain. Treatment is typically unnecessary. 

Trauma and Muscle Strain 

Chest pain often can be caused by traumatic injury to the chest 
wall, particularly in athletes. The history of prior trauma is 
suggestive, and typically the pain is reproducible with pal- 
pation of the affected area of the chest. The pain often is 
worsened with positioning or activities involving the specific 
muscle and bony tissues (13). For simple muscle strains, non- 
steroidal anti-inflammatory medications are typically effec- 
tive. The examiner must be aware that significant trauma can 
produce a myocardial contusion and possibly a hemopericar- 
dium (see Chapter 23), both of which can cause chest pain. 
Significant trauma requires full evaluation for potential bony 
and visceral injuries. 


OTHER NONCARDIAC CAUSES OF CHEST PAIN 

Although musculoskeletal chest-wall pain is the most common 
cause of chest pain in children and adolescents, there are many 
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Percentage Distribution of Causes of Chest Pain in Children 
and Adolescents 


Reference No. 


Cause of pain 

(D 

(2) 

(3) 

(5) 

(6) 

(8) 

( 9 ) 

( 21 ) 

Idiopathic 


28 

12 

46 

21 

55 

13 


Musculoskeletal 

45 

15 

28 

13 

15 


16 


Costochondritis 

23 

10 


16 

9 

2 

9 


Asthma 


4 



7 

3 

12 

64 

Psychogenic 



5 


9 


9 


Trauma 


4 

15 

3 

9 


7 


Respiratory 

12.5 

6 

19 


10 


11 


Pneumonia 


2 



4 


6 


Hyperventilation 




23 





Cardiac disease 



1 


4 

6 

4 


Mitral prolapse 




1 





Arrhythmia 


3 







Gastrointestinal 


7 


3 

4 

2 

3 


Sickle cell disease 





2 


3 


Breast-related 




6 





Functional 


17 







Miscellaneous 

10 

4 

20 

2 

9 

31 

6 



other, less common, causes of chest pain. These include the 
following. 


Pulmonary 

Asthma and exercise-induced asthma are well-known causes 
of chest pain in children and adolescents. Laboratory evidence 
of asthma has been detected in up to 73% of children evalu- 
ated for chest pain, although this is likely an overrepresen- 
tation (21). Nonetheless, reactive airway disease should be 
considered in patients with chest pain, particularly if there 
is a history of asthma, eczema, allergies, shortness of breath 
with exercise, exercise-associated chest pain, exertional 
cough, wheezing, or a family history of asthma. Chest pain in 
patients with asthma most likely is secondary to cough, chest- 
wall muscle strain, or dyspnea/hyperinflation (19). Exertional 
asthma can be treated with inhaled bronchodilators prior to 
initiation of activities. 

Pneumonia can be a cause of chest pain, particularly if there 
is pleural or diaphragmatic irritation (19). Additionally, pleu- 
ral effusions or localized empyemas may produce localized 
chest pain. In addition to pneumonia/pneumonitis, infection 
of the large airways may cause chest pain, including bronchitis 
and tracheitis. These patients often present with other concur- 
rent typical symptoms to help clarify the diagnosis. Finally, the 
physician should ask of any possible ingestion history, as the 
presence of a foreign body in the airway may produce dyspnea 
and chest pain. 

Pulmonary embolism is extremely rare in children (22). 
However, it requires consideration in patients presenting with 
chest pain who have a history of clotting disorders, venous 
thromboembolism, Klippel-Trenaunay syndrome, concurrent 


malignancy, recent surgery, or who are taking oral contracep- 
tive medications. 

Herpes Zoster 

Herpes zoster can produce intense localized sharp chest pain. 
The pain is caused by an intercostal neuralgia and may pre- 
sent before the appearance of the characteristic skin eruption. 
Worsening of the pain may occur with movement and deep 
breathing. The pain typically resolves with healing of the skin 
lesions; however, postherpetic neuralgia may persist and be 
quite painful. In these cases, neuromodulating pain medica- 
tions like gabapentin may be helpful. Local anesthetic blocks 
can be performed in severe cases. 

Sickle Cell Disease 

Patients with sickle cell disease can develop a vaso-occlusive 
crisis that includes chest pain (“acute chest syndrome”) and 
an infiltrate on chest radiography. The pain can be secondary 
to several processes, including infarction of bony structures, 
intercostal muscles, and lung tissue from microvascular occlu- 
sion. A patient suspected to have acute chest syndrome should 
be evaluated emergently (23). 

Pericarditis 

Pericarditis, whether due to an infectious etiology or a nonin- 
fectious inflammatory cause, is associated with chest pain. The 
pain associated with pericarditis is generally more severe than 
that of benign forms of chest-wall pain. Children may describe 
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the pain as squeezing, sharp, or dull. It may be intensified by 
lying down. Patients often will sit with a forward lean, which 
alleviates the pain. The pain is worse with inspiration, cough- 
ing, and movement (24). 

The pathognomonic physical finding is a friction rub: a 
high-frequency, scratching/sandpaper-like sound caused by 
friction between the inflamed pericardial surfaces. It is best 
heard at the left sternal border or apex and is loudest when 
the heart is closest to the chest wall (when the patient leans 
forward, kneels, and inspires). Muffled heart sounds suggest 
the presence of a large pericardial effusion (24). Pericarditis is 
associated with typical electrocardiographic findings of gener- 
alized ST-segment elevation. Echocardiography may be helpful 
in diagnosis (see Chapter 62). 

Gastrointestinal 

Gastrointestinal disorders are a common cause of chest pain, 
particularly in adolescents and adults. The most common 
causes are esophagitis (reflux, pill related, and eosinophilic) 
and gastritis. Symptoms often are difficult to discern from car- 
diac or chest-wall pain. Pain associated with food ingestion 
or associated with dysphagia may indicate a gastrointestinal 
cause (19). 

Pneumothorax/Pneumomediastinum 

Among patients with chest pain, pneumothorax or pneu- 
momediastinum are uncommon; however, these conditions 
are always associated with chest pain (25). Small air collec- 
tions may be difficult to detect by clinical examination. The 
abrupt onset of severe chest pain should alert the clinician 
to this potential diagnosis. Particular consideration for a 
pneumothorax should be given to patients with Marfan syn- 
drome who develop sudden-onset chest pain or dyspnea. Chest 
radiography is diagnostic. 

Psychogenic 

Chest pain secondary to psychogenic etiologies is a diagno- 
sis of exclusion, requiring a full evaluation for potential life- 
threatening causes. It has a higher incidence in teenagers, 
particularly in females. There often is a trigger for the onset 
of the pain, including recent psychologic and emotional stress, 
or recent diagnosis of another organic disease. Psychogenic 
chest pain is more common in patients with a family history 
of cardiac disease (26). The physical examination is normal. 
Treatment is difficult, and includes extensive reassurance and 
treatment/counseling for their underlying psychiatric concerns. 

Anxiety-related hyperventilation also can cause chest pain. 
Physiologically, this occurs secondary to respiratory alkalosis 
and subsequent coronary artery vasoconstriction (27). Treat- 
ment involves referral to a physiotherapist, who can help the 
patient learn specific breathing techniques to prevent the dys- 
functional breathing patterns. 


CARDIAC CAUSES OF CHEST PAIN 


In a population of children and adolescents with chest pain, 
the proportion with a cardiac origin for the chest pain is 
extremely low. Some cardiac conditions, however, are associ- 
ated with chest pain. These include obstructive hypertrophic 
cardiomyopathy, aortic stenosis, pericarditis, arrhythmias, 
coronary insufficiency, dissecting aortic aneurysm (especially 
in patients with Marfan syndrome), and mitral valve prolapse. 


Causes of coronary insufficiency in children include Kawasaki 
disease, Williams syndrome, anomalous origin of the coronary 
arteries, and coronary arteriovenous and coronary cameral 
fistulae. These conditions are reviewed in other chapters of 
this textbook. Additionally, it is critical to ask about recent 
medication and drug intake, particularly substances that may 
induce coronary vasospasm. 

Even in a population with these conditions, chest pain is 
an uncommon presenting symptom. It is important to iden- 
tify patients who are at high risk for these conditions through 
historical information and characteristics of the pain so that 
appropriate diagnostic and therapeutic steps can be taken. A 
recent study reported the experience at the busy outpatient 
clinics at Children’s Hospital Boston of patients aged 7 to 
21 years. In a 10-year period, only 41 patients with an ini- 
tial presentation of chest pain were ultimately determined to 
have a cardiac cause (28). Only 32 of these were considered 
to have serious cardiac pathology. Patients with coronary 
anomalies and chest pain are far more likely to present to an 
outpatient clinic, while patients with chest pain secondary to 
myocarditis, pericarditis, or pulmonary embolism are more 
likely to present to an emergency department or inpatient set- 
ting (28). 


MEDICAL EVALUATION 


The evaluation of chest pain requires a thorough history and 
careful physical examination (1,13). The family history should 
be explored for premature forms of heart or lung disease and 
instances of premature death. Particular inquiry should be 
made as to a family history of unexplained drownings, car 
accidents, syncope, and sudden infant death syndrome (SIDS). 
In addition, it may be helpful to know whether other fam- 
ily members have chest pain, such as a parent or grandparent 
who experiences angina. 

In the majority of cases, the cause of the pain will be appar- 
ent after the history and physical examination. Most patients 
will not have a serious underlying medical problem, but the 
patient and the patient’s family may think they do (5). A thor- 
ough and thoughtful history and physical examination are 
important in reassuring the patient and family that there is no 
serious problem. The examination should include a full heart, 
lung, extremity, and abdominal exam. It is important to pal- 
pate the costochondral joints and other areas of the chest to 
try to elicit localized tenderness. 

Few patients truly have angina. If, however, a history of 
angina is elicited, appropriate testing will be needed. A history 
of chest pain associated with presyncope, syncope, sweating, 
nausea, palpitations, cyanosis, or dyspnea should make raise 
suspicion of a potentially serious underlying cause of the chest 
pain. Additionally, a history of chest pain with exercise should 
be evaluated further. A strong family history of sudden death, 
aortic dissection, or cardiomyopathy also may prompt further 
evaluation despite an equivocal personal history. 

In the vast majority of cases of chest pain in children, only 
a history and physical examination are necessary and addi- 
tional tests are not particularly helpful (1,2,28). In the unusual 
circumstance where cardiac disease is strongly suspected, sev- 
eral investigations may be performed. An electrocardiogram 
may be performed to assess for heritable arrhythmia disorders 
including preexcitation. Chest radiography can assess for heart 
size, effusions, and pulmonary processes. An echocardiogram 
can be performed to assess for structural heart disease, car- 
diomyopathy, and coronary anomalies. Exercise stress testing 
can assess for exercise-induced ST-segment changes, exercise- 
induced arrhythmias or ectopy, and overall cardiovascular 
conditioning. 
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TREATMENT 

The specific treatment of chest pain depends on the underly- 
ing cause. For most patients with musculoskeletal causes of 
chest pain, an explanation of the cause of the pain and its 
benign nature frequently is enough to reassure the patient and 
their family. The goal in these discussions is to reduce the anxi- 
ety associated with the pain, allowing the patient to tolerate 
the pain better with less fear. Children with noncardiac chest 
pain have been reported to have more symptoms of anxiety as 
compared to children with cardiac causes of chest pain (29). 
The use of medication is usually unnecessary for the majority 
of causes of chest-wall pain. If necessary, mild doses of non- 
steroidal anti-inflammatory medications are often sufficient. 
If history and physical examination suggest a cardiac cause, 
appropriate consultation and evaluation should be sought. 


OUTCOME 

The long-term outcome of chest pain in children is generally 
very good. Driscoll et al. (1) found resolution of chest pain in 
58% of patients when questioned 4 weeks to 2 years after ini- 
tial evaluation of their chest pain. Lam et al. (30) reported that 
almost half (49%) of patients had recurrence of their chest 
pain. However, 12 of 26 patients with recurrent chest pain had 
pain only occasionally on follow-up. Selbst et al. (9) reported 
6-month follow-up on 149 patients who had presented with 
chest pain. They noted that the initial diagnosis was changed 
in 34% of the patients on follow-up, typically indicating a 
nonorganic cause of the chest pain. A new organic cause was 
found in only 12/149 (8%) patients. Only one child was found 
to have evidence of cardiac pathology, mitral valve prolapse. 
The pain resolved in 57% of patients. Pain lasting longer than 
6 months is more likely due to an idiopathic or psychogenic 
etiology (1,2). 
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ATHEROSCLEROSIS 


Coronary artery disease and stroke are the most common 
causes of morbidity and mortality in developed countries. The 
breakdown of the prevalence of different cardiovascular dis- 
eases in the United States is presented in Figure 71.1. It can 
be seen that coronary heart disease and stroke constitute 68% 
of cardiovascular diseases in the United States with coronary 
heart disease accounting for 51% alone. 

Clearly, this is an important public health problem. In the 
past, atherosclerosis has been viewed as a problem of adults 
and not a focus in the pediatric age range. This is because 
the clinical manifestations of atherosclerosis are often not 
observed until middle age. However, there is increasing evi- 
dence that the process of atherosclerosis begins in childhood 
and is progressive throughout life. 

Atherosclerosis results from deposits of lipid and choles- 
terol in the intima of the arterial wall. The earliest abnormality 
is thought to be the fatty streak (Fig. 71.2). This is an accumu- 
lation of lipid-filled macrophages within the intima (1). These 
lesions are flat and do not obstruct the arterial lumen. The 
natural history of these lesions is that some progress to raised 
plaques. This is a result of continued lipid accumulation and a 
proliferation of macrophages and smooth muscle cells (2). In 
this lesion, smooth muscle-type cells form a fibrous cap over 
a deposition of necrotic debris, cholesterol crystals, and ulti- 
mately calcification within the arterial wall. It is these raised 
lesions that result in a myocardial infarction because of either 
their increasing size and obstruction of the arterial lumen or 
their rupture, which results in the release of thrombogenic 
substances from the necrotic core. It has been noted that the 
fibrous plaques tend to develop at the anatomic site where 
fatty streaks are formed in children (3). Plaques generally tend 
to develop in the coronary arteries prior to their appearance in 
the cerebral arteries. 

The early stages of the atherosclerotic process are asympto- 
matic. The best understanding of this process has come from a 
series of pathology studies. The earliest pathology studies were 
performed during the Korean War and the war in Vietnam 
(4,5). The results of these studies were somewhat surprising in 
that young and healthy males were found to have both fatty 
streaks and raised lesions. Although these early pathology 
studies documented the presence of atherosclerosis, they did 
not establish the risk factors for the early stages of this pro- 
cess. This information would come from subsequent studies. 

There has been substantial epidemiologic research on the 
risk factors for cardiovascular disease development in adults. 
Longitudinal studies such as the Framingham study have 
measured potential risk factors and followed subjects to the 
development of cardiovascular disease. In fact, investigators 
have proposed >200 potential risk factors for the development 
of coronary artery disease. Most of these proposed risk fac- 
tors have come from cross-sectional correlation studies. How- 
ever, establishing a causal relationship is substantially more 


difficult. This requires multiple studies including some with a 
longitudinal design with follow-up to the cardiovascular end 
point. It has also been difficult to establish the independence of 
a particular risk factor because often associations exist among 
risk factors. After decades of research, a group of risk factors, 
often referred to as the traditional risk factors, has been estab- 
lished. These risk factors are presented in Table 71.1. As can 
be seen, some of the risk factors are potentially modifiable and 
others are not. Table 71.2 lists novel factors that have strong 
consideration but are not yet considered established as inde- 
pendent risk factors. 

The risk factors for the early aspects of the process of ather- 
osclerosis have been determined by the more recent pathology 
studies including the Bogalusa study and the Pathobiological 
Determinants of Atherosclerosis in Youth (PDAY) study. The 
PDAY study was a multicenter investigation of individuals 
aged 15 to 34 years who died of accidental causes and sui- 
cide unrelated to the known presence of cardiovascular disease 
(6,7). The investigators performed autopsies to evaluate the 
extent of atherosclerosis in the aorta and coronary arteries. 
They used various indicators of risk factor status obtainable 
at the time of autopsy to define risk. They found that the tra- 
ditional risk factors, including dyshpidemia, blood pressure 
elevation, and obesity, were associated with the presence of 
fatty streaks and of fibrous plaques. 

The Bogalusa study investigators were able to obtain 
autopsies in individuals who had been participants in a school- 
based risk factor study, were followed longitudinally, and died 
of accidental causes (8,9). The investigators in the Bogalusa 
study found that the percent of the surface of the arteries 
covered with fatty streaks and fibrous plaques increased with 
increasing age at the time of death. They also found that the 
extent of coverage of the arteries (aorta and coronary arteries) 
was associated with elevation of total cholesterol, low-density 
lipoprotein cholesterol (LDL-C), triglycerides, blood pressure, 
and body mass index (BMI) during the school-age surveys. 
A low high-density lipoprotein cholesterol (HDL-C) was also 
associated with a greater extent of coverage of the arterial 
surface with fatty streaks and fibrous plaques. An additional 
important finding was that the prevalence of atherosclerosis 
increased with an increasing number of risk factors present. 
This was particularly true for fibrous plaques in the coro- 
nary arteries where the presence of three or four risk factors 
was associated with 7% coverage and the presence of one or 
two risk factors was associated with 1% and 2% coverage, 
respectively (9). 

Imaging 

One factor that has made the study of atherosclerosis difficult 
is the lack of noninvasive tools to image the early atheroscle- 
rotic lesions. In adults, computed tomography (CT) scanning 
has been used to detect the presence of calcium in the coronary 
arteries. The presence of calcium deposits has been associated 
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■ Coronary Heart Disease 

□ Stroke 

■ HP 

□ High Blood Pressure 

□ Diseases of the Arteries 

■ Other 


*Heart Failure - Not a true underlying cause. 


Figure 71.1. Prevalence of cardiovascular disease in the United States. (From Lloyd-Jones D, Adams RJ, Brown 
TM, et al. Heart Disease and Stroke Statistics— 2010 Update: A Report From the American Heart Association. 
Circulation 2010;121:e46-e215, with permission.) 



Figure 71.2. A: Gross anatomic specimen of the abdominal aorta. Fatty streaks, the earliest evidence for ath- 
erosclerosis, are seen as white strands through the tissue. B: Photomicrograph (original magnification xO) of 
fatty streak using Sudan black stain. The vacuolization is caused by the fat globules of the lesion. C: Gross 
anatomic specimen of the origin of the left coronary artery. A complex lesion (plaque) of calcium, fibrous 
tissue, and fat fills the vessel. D: Photomicrograph (original magnification, xlOO) of coronary artery plaque 
using hematoxylin and eosin stain. This complex raised lesion shows erosion of the endothelium, clot, and 
cholesterol clefts. (Photographs courtesy of Margaret Grimes, M.D., Medical College of Virginia/Virginia 
Commonwealth University.) 
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TABLE 


71.1 


Established Risk Factors for 
Coronary Artery Disease 


Nonmodifiable 


Age 

Sex male > female 


Family history 


Modifiable 

Dyslipidemia 

Blood pressure elevation 

Diabetes mellitus 

Cigarette smoking 

Obesity/metabolic syndrome 

Coagulation factors 


with increased risk for adverse cardiovascular disease out- 
comes (10). Fewer studies have evaluated this issue in young 
subjects. Investigators from the Muscatine Study used electron 
beam CT to evaluate young adults who had participated in a 
longitudinal epidemiologic study of cardiovascular risk factors 
as children (11). The subjects were younger than 35 years of 
age. The prevalence of coronary artery calcium was 31% in 
men and 10% in women. 

The investigators also evaluated the extent to which risk 
factors were associated with the presence of coronary artery 
calcium. They found that the risk factors measured most 
recently were the strongest predictors including systolic blood 
pressure, BMI, LDL-C, and HDL-C. However, weight in child- 
hood and BMI, diastolic blood pressure, and cholesterol in 
young adulthood were also associated with increased risk of 
calcium in the coronary arteries (11). 

Gidding et al. (12) studied a group of adolescents and 
young adults aged 11 to 23 years with heterozygous familial 
hypercholesterolemia. They found that 7 of 29 subjects had 
coronary artery calcium. Calcium was more likely to be pre- 
sent when obesity and cholesterol elevation were both present. 

Magnetic resonance imaging (MRI) may also be used to 
evaluate the atherosclerotic process. It has been used to evalu- 
ate the presence of atherosclerotic plaques and supravalvar 
aortic stenosis in young patients with homozygous familial 
hypercholesterolemia (13). Studies in adults have also dem- 
onstrated that high-resolution multicontrast MRI can be used 
to evaluate whether arterial plaque is unstable and subject to 



Inflammation 


Possible Risk Factors for 
Atherosclerosis and Coronary 
Artery Disease 


Elevated CRP 
Socioeconomic status 
Ethnicity 

Physical activity/physical fitness 
Diet 


rupture (14). This is important as other noninvasive methods 
have been unable to characterize this progression of athero- 
sclerosis. This method allows the fibrous cap to be distin- 
guished from the lipid core. It is not currently known if MRI 
will be useful in following the evolution of fatty streaks to 
fibrous plaques. 

Ultrasound methodology has also been used to evaluate the 
presence of atherosclerosis. In adults, the measurement of the 
carotid artery intima-media thickness (IMT) has gained accept- 
ance as a useful method in epidemiologic studies to evaluate 
atherosclerosis. In adults, it has been shown that increased 
carotid IMT is associated with cardiovascular risk factors (15) 
and with incident myocardial infarction (16) and stroke (17). 
However, in a meta-analysis of 41 randomized clinical trials, 
Costanzo et al. (18) found that regression or slowed progres- 
sion of carotid IMT induced by cardiovascular drug therapies 
in adults does not reflect reduction of cardiovascular events. 
Fewer studies have used ultrasound to evaluate carotid IMT in 
children and adolescents. Davis et al. (19) studied the young 
adult Muscatine population aged 33 to 42. These were indi- 
viduals who had participated in the school surveys when they 
were younger. In males, childhood total cholesterol and tri- 
glycerides were higher in those with elevated carotid IMT. In 
females, childhood weight, BMI, total cholesterol, and triglyc- 
erides were higher in those with high carotid IMT. The Young 
Finns study had a similar design (20). In multivariable models 
adjusting for age and sex, they found that childhood LDL- 
C, systolic blood pressure, BMI, and cigarette smoking were 
associated with increased carotid IMT in young adulthood. 
Sanchez et al. (21) performed a study of high school students. 
They found relationships between LDL-C, HDL-C, systolic 
blood pressure, diastolic blood pressure, and BMI with carotid 
artery IMT. Other studies have also found that children with 
elevated cholesterol levels have significantly elevated carotid 
artery IMT compared with controls (22). Sorof et al. (23) eval- 
uated 32 children with hypertension. They found a significant 
association between carotid artery IMT and left ventricular 
mass after adjustment for age, sex, and BMI. In those patients 
with hypertension and increased carotid artery IMT, the preva- 
lence of left ventricular hypertrophy was 89% compared with 
25% in those with normal carotid artery IMT. Jarvisalo et al. 
(24) reported a significant association between C-reactive pro- 
tein (CRP), which is a marker of inflammation, and carotid 
artery IMT. They also found an association between elevated 
CRP and impaired brachial artery flow-mediated dilation, 
which is a measure of endothelial function. 

Juonala et al. (25) studied the relationship of cardiovascular 
risk factors measured in childhood with carotid IMT in adult- 
hood in four large cohort studies: the Cardiovascular Risk in 
Young Finns Study, the Childhood Determinants of Adult Health 
Study, the Bogalusa Heart Study, and the Muscatine Study. They 
found significant relationships between childhood risk factors 
and adult carotid IMT that were dependent on the age at which 
childhood risk factors were measured. These data demonstrated 
that risk factor measurements obtained at age 9 years or older 
are predictive of subclinical atherosclerosis in adulthood. 

Thus, it does appear that evaluation of the carotid arteries 
using ultrasound is a useful marker of preclinical atherosclero- 
sis in children and adolescents (26). This method is currently 
used only in the research setting, but as it is studied in more 
detail, it may also ultimately be useful as a clinical test. In 
the meantime, other modalities are being investigated and may 
prove useful in the future. 


Risk Factors for Atherosclerosis 

Several risk factors have been established as being impor- 
tant in the development of atherosclerosis and ultimately in 



CHAPTER 71 ■ Coronary Risk Factors in Children 1517 


the occurrence of myocardial infarction and cerebrovascular 
disease. Dyslipidemia and hypertension are reviewed in detail 
in Sections “Lipids and Lipoproteins” and “Hypertension”. 
Other risk factors are discussed here briefly. 

Diabetes 

Diabetes is well established as a major risk factor for cardi- 
ovascular disease in adults (27). In the past, most pediatric 
patients with diabetes had type 1 diabetes mellitus. This was 
different from the experience with adults in whom the preva- 
lence of type 2 diabetes mellitus was much higher. However, 
with the increasing prevalence and severity of obesity in the 
pediatric population, the prevalence of type 2 diabetes has 
increased dramatically (28). This is of critical importance 
from the standpoint of cardiovascular disease development. In 
adults, type 2 diabetes is responsible for more cases of renal 
failure and peripheral vascular disease than any other disease 
process (29). The risk of cardiovascular disease in patients 
with diabetes is increased by as much as fivefold compared 
with individuals without diabetes (30). It has been estimated 
that 70% of adult patients with type 2 diabetes die of car- 
diovascular disease (31), and the 10-year mortality rate for 
patients with type 2 diabetes is approximately 10 times higher 
than in a nondiabetic comparison group, with most deaths 
occurring as a result of coronary artery disease (32). 

The predisposition to cardiovascular disease in patients 
with diabetes cannot be overemphasized. This is underscored 
by the recommendations of the American Diabetes Association 

(33) and the National Cholesterol Education Program (NCEP) 

(34) , which consider the presence of diabetes to be a coronary 
artery disease risk equivalent. This means that patients with 
diabetes should be treated with the same aggressive approach 
to risk factor management that would be recommended in a 
patient who already has established coronary artery disease or 
who has had a myocardial infarction. 

The risk status for cardiovascular disease in adolescents 
with type 2 diabetes is not well understood. However, if the 
progression of atherosclerosis is similar to that seen in adults, 
it can be anticipated that these patients may develop clinically 
apparent cardiovascular disease as early as their late thirties 
and early forties. Unfortunately, because so little is known 
about the progression of cardiovascular disease in young 
patients with type 2 diabetes, it is difficult to make evidence- 
based decisions regarding the optimum clinical strategies to 
prevent cardiovascular disease. 

Some results regarding the relationship of diabetes and car- 
diovascular abnormalities have begun to emerge. Shah et al. 

(35) evaluated cardiac structure and function in adolescents 
with type 2 diabetes and those with obesity alone. They found 
that adolescents with obesity and with obesity-related type 
2 diabetes had changes in cardiac geometry consistent with 
cardiac remodeling. Both groups also had decreased diastolic 
function when compared to lean controls with the greatest 
decrease in those with type 2 diabetes. 

Urbina et al. (36) reported increased arterial stiffness, a 
marker for the development of atherosclerosis, in both adoles- 
cents with obesity and those with type 2 diabetes mellitus after 
controlling for other risk factors. Wadwa et al. (37) studied ado- 
lescents with type 1 and type 2 diabetes mellitus. They found 
that youth with type 2 diabetes had increased arterial stiffness 
compared to those with type 1 diabetes. In their study, increased 
central adiposity and blood pressure were associated with 
increased arterial stiffness independent of the type of diabetes. 
Urbina et al. (38) studied carotid IMT and stiffness in relation 
to obesity and type 2 diabetes and found that abnormalities in 
carotid thickness and stiffness are only partially explained by 
traditional cardiovascular risk factors. This suggests that more 


research is needed to understand additional factors that may 
be related to this process. Shah et al. (39) reported that longer 
duration of diabetes and poorer glycemic control both have an 
independent association with carotid IMT in adolescents with 
type 2 diabetes. These results emphasize the need for improved 
blood glucose control to prevent the progression of cardiovas- 
cular disease in patients with type 2 diabetes. 

Additional research will be needed to better define the opti- 
mum clinical approaches to young patients with type 2 diabe- 
tes. Nevertheless, it is important to manage the diabetes with 
appropriate weight management and blood glucose control 
methods. It is also important to evaluate cardiovascular risk 
factors in patients with diabetes and treat those risk factors 
when present. 

Cigarette Smoking 

Cigarette smoking is a major independent risk factor for cardi- 
ovascular disease (40). Although prevention of cigarette smok- 
ing is of the greatest importance, it has also been shown that 
cessation of smoking can provide a benefit by reducing risk of 
cardiovascular and lung disease. Investigators from the Multi- 
ple Risk Factor Intervention Trial (MRFIT) have reported that 
cessation of smoking will reduce the risk of the development 
of cardiovascular disease (41). This reduction of risk begins in 
the first year after cessation and continues to further reduction 
as long as 3 years after cessation. 

In adolescents, atherosclerotic lesions have been seen 
with increased prevalence in cigarette smokers as young as 
15 years of age. In addition, LDL-C is increased and HDL-C 
is decreased in adolescent smokers compared with their non- 
smoking counterparts (42). Chronic cigarette smoking may 
lead to injury of the endothelium, which serves as the nidus 
for the development of atherosclerosis. It has been estimated 
that of smoking-related deaths, cardiovascular disease is 
involved in over one-third, and this process often begins early 
in life (43). 

Most individuals who become regular smokers initiate ciga- 
rette smoking in childhood and adolescence. Overall, approxi- 
mately one of five high school students becomes a regular 
smoker. Many adolescents, while experimenting with smoking, 
believe that they can control their use of cigarettes. Unfortu- 
nately, this is not the case as many cannot quit smoking and con- 
tinue to smoke on a regular basis. During the period from 1997 
to 2003, overall smoking prevalence declined in high school stu- 
dents from >27% to 22% (44). Unfortunately, the prevalence of 
smoking in girls has increased over time, so now the prevalence 
is closer to equal for boys and girls (45). In 2009, the prevalence 
of cigarette smoking in adolescent high school students was 
17.2% overall, 19.6% for adolescents boys, and 14.8% for girls 
(46). The major influences on initiation of smoking appear to be 
parents and peers smoking regularly (47,48). It has been shown 
that parent discussion of smoking, rules against smoking, and 
punishment for use of cigarettes all have a beneficial effect on 
decreasing adolescent smoking (48,49). Of greatest importance 
is that adolescents are significantly less likely to initiate smoking 
when parents quit smoking (50). Studies have also demonstrated 
an inverse association between physical activity and smoking, 
suggesting that an increased level of physical activity may pro- 
tect against smoking initiation (51). These epidemiologic study 
results suggest important approaches to the prevention of the 
onset of cigarette smoking. Efforts of prevention should begin 
in elementary and middle school students because many chil- 
dren are already experimenting with cigarette smoking by age 
10 years (52). 

Exposure to environmental tobacco smoke may also 
be associated with increased risk of cardiovascular dis- 
ease. Moskowitz et al. (53) reported lower HDL-C in boys 
exposed to environmental tobacco smoke compared with 
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those who were not exposed. Weitzman et al. (54) reported a 
dose-response relationship between exposure to tobacco 
smoke measured by serum cotinine and presence of the 
metabolic syndrome in 12- to 19-year-olds in the National 
Health and Nutrition Examination Survey III (NHANES III). 
In this population-based cohort, the prevalence of metabolic 
syndrome was 1.2% for nonexposed, 5.4% for those exposed 
to environmental tobacco smoke, and 8.7% for active 
smokers (54). The prevalence of metabolic syndrome for 
overweight adolescents was 19.6 for those exposed to envi- 
ronmental tobacco smoke and 23.6 for active smokers. These 
results emphasize that elimination of cigarette smoking in the 
household may have a dual benefit by directly reducing car- 
diovascular risk and by decreasing the risk for initiating active 
smoking. One of the most striking public health results comes 
from studies that show that banning smoking in public places, 
such as restaurants and bars, resulted in a dramatic decline 
in cardiovascular disease mortality (55,56). These results sug- 
gest that exposure to environmental tobacco smoke has a 
substantial deleterious effect. 

Obesity/Metabolic Syndrome 

The prevalence of overweight in children has more than tri- 
pled from 1980 to 2006. The prevalence nationally is approxi- 
mately 17% for both children and adolescents (57). This 
increase in prevalence of overweight or obesity appears to be 
occurring worldwide. 

The Muscatine and Bogalusa studies have shown that obe- 
sity in childhood and adolescence is associated with several 
risk factors for cardiovascular disease including atherogenic 
dyslipidemia (elevated triglycerides and low HDL-C), hyper- 
tension, left ventricular hypertrophy, atherosclerosis, and 
obstructive sleep apnea (9,58,59). When a child or adoles- 
cent is evaluated for overweight, it is important that assess- 
ment of cardiovascular risk factors be included as part of the 
evaluation. 

Children and adolescents should be evaluated for over- 
weight by calculating the BMI. This should then be compared 
with age- and sex-specific percentiles. Obesity is defined as a 
BMI >95th percentile. BMI between the 85th and 95th percen- 
tiles is considered overweight (60). Treatment of overweight 
is difficult but can be accomplished by behavioral, pharma- 
cologic, and surgical approaches (61-64). The U.S. Preven- 
tive Services Task Force has performed a systematic review of 
pediatric weight management programs (65). They concluded 
that the available research supports at least short-term benefits 
of comprehensive medium- to high-intensity behavioral inter- 
ventions in obese children and adolescents. They also found 
no adverse impact of comprehensive weight management 
programs. 

Barlow et al. (66) have presented recommendations for 
prevention, assessment, and treatment of obesity in children 
and adolescents. These recommendations include a graded 
approach to weight management depending on the level of 
BMI and the presence of comorbid conditions, such as diabe- 
tes, hypertension, dyslipidemia, obstructive sleep apnea, and 
nonalcoholic fatty liver disease. 

An important consideration with obesity is the metabolic 
syndrome. This is a clustering of risk factors for diabetes and 
cardiovascular disease that is frequently observed in patients 
who are overweight, particularly with an increased central 
distribution of fat (67). Factors that are often included in the 
metabolic syndrome are listed in Table 71.3. Many definitions 
of the metabolic syndrome have been proposed for clinical 
use in adults. There have also been proposed definitions for 
children and adolescents. Most investigators have chosen to 
adopt a schema similar to that used in adults but have used 
age- and sex-specific percentiles to define clinical cutpoints 


Factors Considered Part of 
the Metabolic Syndrome 


Obesity (particularly central obesity) 

Atherogenic dyslipidemia 

i Triglycerides 

T HDL-C 

Hypertension 

Hyperinsulinemia 

Impaired glucose metabolism 

Inflammation 

Prothrombotic factors 


(68-70). However, investigators have chosen a wide range of 
cutpoints. This often results in a discontinuity between the 
child/adolescent definition and the adult definition. As might 
be expected, the choice of different risk factors and different 
cutpoints results in very different estimates of the prevalence 
of metabolic syndrome. One approach has been to use the 
variables in the metabolic syndrome complex as continuous 
variables rather than defining cutpoints (71). A particular con- 
cern about the metabolic syndrome is that it appears not to 
be a stable diagnosis throughout adolescence with some indi- 
viduals gaining the diagnosis and others losing it over time 
(72). Further research is necessary to determine the optimum 
definition of the metabolic syndrome (73). Nevertheless, clini- 
cians should be well aware of the clustering of cardiovascular 
risk factors that occurs with obesity. These factors should be 
evaluated in the child with obesity, and the risk factors should 
be treated when abnormalities are found. 

Physical Activity 

Strong et al. (74) have evaluated the effects of physical activ- 
ity on health in school-aged youth. They identified a number 
of cardiovascular health issues that are related to diminished 
physical activity. Cardiovascular fitness has been identified 
as a risk factor for cardiovascular disease in adults (75). 
Physical fitness probably has both genetic and environmental 
influences. Strong et al. (74) identified several correlational 
studies indicating an association between low levels of vig- 
orous physical activity and low levels of cardiovascular fit- 
ness. Experimental studies showed that exercise training can 
improve cardiovascular fitness in children 8 years of age and 
older. Generally, the successful programs included continuous 
vigorous exercise for >30 minutes per session at a minimum 
of 3 days per week. 

Epidemiologic studies in children have generally shown a 
weak association between the level of physical activity and 
lipids and lipoproteins. The strongest associations are usually 
seen with HDL-C (74). The results of studies evaluating the 
relationship of cardiovascular fitness to lipids and lipoproteins 
mostly do not show a significant correlation. Intervention stud- 
ies show a weak but beneficial effect primarily in improvement 
of triglyceride and HDL-C concentrations, usually in the con- 
text of improvement of BMI. One of the reasons for inconsist- 
ent results is the fact that different studies used different levels 
of intensity of physical activity with different frequencies of 
exercise episodes and different durations of treatment. From 
the available data, it appears that a minimum of 40 minutes 
of activity per day 5 days per week for 4 months is required to 
result in lower triglyceride and increased HDL-C levels (74). 
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Isometric or resistance exercise may also have a benefit in 
raising HDL-C levels. Goldberg et al. (76) found decreased 
LDL-C and increased HDL-C in adolescent boys who underwent 
a 9- week resistance exercise training program. These improve- 
ments were not related to changes in weight or adiposity. 

There is no clear association between exercise and lower 
blood pressure in children with normal blood pressure (74). On 
the other hand, in adolescents with hypertension, aerobic activity 
programs of 12 to 32 weeks’ duration have been shown to have 
a blood pressure-lowering effect. Strength training appears to 
have little effect on blood pressure in children with hypertension. 

These results suggest that children and adolescents with 
essential hypertension should be encouraged to engage in aer- 
obic activity on a regular basis. It is necessary to continue the 
physical activity to maintain the beneficial effect. An important 
aspect of the impact of physical activity is that it is also useful 
in management of overweight. Because many cardiovascular 
risk factors cluster with overweight, improvement in BMI is an 
important mechanism of action for increased physical activity. 
It has been shown that programs of moderate intensity lasting 
30 to 60 minutes per episode with three to seven episodes per 
week can lead to a reduction in both total body and visceral 
adiposity in children and adolescents (74). Thus, it is clear that 
there are numerous beneficial effects to increasing the level of 
physical activity in children. This may also establish better 
exercise habits that will last into adulthood. 

Summary 

There has been increasing interest in the improvement of car- 
diovascular health (77). There is evidence that individuals who 
are able to maintain low-risk status with optimum levels of 
cardiovascular disease risk factors through childhood, adoles- 
cence, and adulthood to age 50 have a very low lifetime risk of 
cardiovascular disease (78). This puts the focus on primordial 
prevention, which is the prevention of development of risk fac- 
tors in the first place. Unfortunately, currently the prevalence 
of ideal cardiovascular health is quite low. Bambs et al. (79) 
evaluated cardiovascular health in a cohort of 1,933 individu- 
als (mean age 59 years, 44% African American, 66 % women). 
They found that only 0.1 % met the criteria of seven risk factor 


and behavioral components. Less than 10% met >5 of these 
components. Thus, the prevalence of ideal cardiovascular 
health is currently quite low in a community-based sample of 
middle-aged adults. While there are genetic factors involved, 
there are clearly behavioral and lifestyle factors that are quite 
important. It is increasingly clear that pediatricians, family 
physicians, and pediatric cardiologists must play a critical role 
in developing and maintaining cardiovascular health. It is also 
clear that achievement of this will pay great dividends. 

Atherosclerosis is a slow but progressive process that begins 
in childhood and progresses throughout adolescence and into 
adulthood. There are numerous risk factors for atherosclerosis 
in children, which generally parallel the risk factors in adults. 
Pediatricians and pediatric cardiologists should take an inte- 
grated approach to the prevention of cardiovascular disease 
and atherosclerosis (80,81). This type of approach will be nec- 
essary for reducing death and disability from cardiovascular 
disease, which is the major cause of death in the United States. 


LIPIDS AND LIPOPROTEINS 


Lipids are organic compounds that are not soluble in water but 
are soluble in organic solvents. Plasma lipids are transported by 
lipoproteins. This combination of lipids (including cholesterol 
triglycerides and phospholipids) and protein (called apolipo- 
proteins) allows the lipid component to become soluble in water 
and blood. Lipids are important components of cell membranes 
and also serve as building blocks for some hormones. 

The principal apolipoproteins are A-l, A-II, B-100, and 
C-II. Apolipoproteins have several functions. First, they bind 
with specific receptor sites in cells. They also are cofactors for 
enzymes involved in lipid metabolism such as lecithin choles- 
terol acyltransferase and lipoprotein lipase. Third, they func- 
tion as structural protein for the biosynthesis and secretion of 
plasma lipoproteins. For example, Apo A-l has been proposed 
as an important structural protein for the biosynthesis of HDL. 

There are four major classes of lipoproteins including chy- 
lomicrons, very low density lipoproteins (VLDLs), low-density 
lipoproteins (LDLs), and high-density lipoproteins (HDLs) 
(Table 71.4). 


TABLE 71.4 

Lipids, Lipoproteins, and Apolipoproteins 


Lipoprotein 

Apolipoprotein 

Source 

Lipid Constituents 

Factors that Influence Levels 

Chylomicrons 

Apo B-48 

Apo A-1 

Apo II 

Apo IV 

Intestine 

Exogenous 

triglycerides 

Genetic 

Estrogen use, diabetes, alcohol, 
hypertriglyceridemia 

VLDL 

Apo B-100 

Apo C-1 

Apo C-II 

Apo C-II 1 

Liver 

Endogenous 

triglycerides, 

phospholipids 

Genetic 

Excess carbohydrate, alcohol, or calories 

LDL 

Apo B-100 

Breakdown of 
VLDL 

Esterified cholesterol, 
triglycerides 

Genetic 

Male sex, diabetes, LDL-receptor defects, intake of 
saturated fat and cholesterol 

HDL 

Apo A-1 

Liver and 

Cholesterol, 

Genetic 


Apo A-II 

Apo C-II 

Apo E 

intestine 
breakdown of 
VLDL 

phospholipids 

Low levels: male sex, diabetes, obesity, uremia, use 
of androgens or progestins, smoking; high levels: 
physical activity, alcohol intake 


VLDL, very low density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein. 
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Chylomicrons are triglyceride-rich particles produced by 
the intestine. They are the largest lipoprotein. Their primary 
function is to transport cholesterol and triglycerides from the 
diet to sites for metabolism or storage (82). Chylomicrons are 
usually not present during fasting and normally are rapidly 
cleared after a meal. The clearance occurs as a result of lipo- 
protein lipase, which creates remnants of chylomicrons. These 
remnants are thought to be atherogenic and are cleared by the 
liver. 

VLDL particles are also relatively large particles. VLDL 
is produced by the liver. VLDL transports triglycerides 
and cholesterol, which is endogenously synthesized, to the 
periphery (83). 

LDL is the major carrier of cholesterol to peripheral tissues. 
LDL is made up of 45% cholesterol. LDL particles are found 
in atherosclerotic plaque and are associated with increased 
risk of cardiovascular disease (84). In particular, small dense 
LDL particles are considered especially atherogenic. LDL 
particles are recognized by specific receptors on the cell wall. 
When LDL particles bind to the receptor on the cell wall, they 
are then internalized into the cell. It has been estimated that 
approximately 75% of LDL particles are removed by binding 
with receptors, whereas the remaining particles are removed 
by macrophages (Fig. 71.3). 

HDLs can be produced in several ways. They can be pro- 
duced by the liver and the gastrointestinal tract. HDL particles 
are also produced by catabolism of chylomicrons and VLDL 
particles. HDL particles are also thought to be heterogeneous. 
HDL 2 is the subfraction that is thought to be most protective 
against atherosclerosis (85). 

Normal Levels of Lipids and Lipoproteins 

Normal values and distribution for plasma lipids and lipopro- 
teins in American children have been published (86). These 
values have generally been used in subsequent guidelines to 
characterize children from a clinical perspective. These values 
are presented in Table 71.5. 

Overall, total and LDL-C are lower in males than in 
females for most age groups. In children 5 to 10 years of 
age, HDL-C is lower in girls than in boys. It can be seen that 
HDL levels then gradually increase in girls and decrease in 
boys. The changes in concentration of lipids and lipoproteins 
during puberty can be important from a clinical perspective 
(87). LDL-C often declines during this period by as much as 
10% to 20%. This means that some adolescents may experi- 
ence a decline from an abnormal value to normal for a period 
of time. However, in the latter part of puberty, the LDL-C 
begins to rise and often continues to rise through adulthood. 


The decline in HDL-C for males during puberty has been 
shown to extend into the adult ages. In young adults, HDL-C 
levels are approximately 10 mg/dL higher in women com- 
pared with men (88). 

Epidemiology 

Longitudinal studies such as the Framingham study and 
the MRFIT study have shown that the level of cholesterol 
in the blood is an important and independent predictor of 
coronary heart disease (89,90). It has been estimated that 
for each 1% increase in cholesterol, there is an approxi- 
mately 3% increase in risk of cardiovascular disease (91). 
Studies have also consistently shown that higher levels of 
HDL-C are associated with a lower risk of cardiovascular 
disease (92). 

There are international differences in levels of plasma cho- 
lesterol. In general, there are genetic and environmental influ- 
ences on plasma cholesterol levels. The nutritional component 
most related to these differences appears to be the intake of 
saturated fat. In countries where intake of saturated fat in the 
diet is low, the blood total cholesterol levels are also low and 
the incidence of coronary heart disease is low (93). 

Lipids and lipoproteins have been demonstrated to track 
over time. Tracking is an epidemiologic concept in which an 
individual retains their ranking with respect to their peers over 
time. For cholesterol, this means that, if tracking is present, a 
child with an elevated LDL-C will be more likely to become 
an adult with elevated LDL-C. Conversely, children with low 
levels relative to their peers will remain low over time. Epide- 
miologic studies of children and adolescents have shown that 
cholesterol levels do track, but that rank order is not main- 
tained as consistently as it is for height and weight (94,95). 
In a separate analysis of the data from the Muscatine Study, 
Lauer et al. (96) evaluated factors that affect the relationship 
between cholesterol levels in childhood and adulthood. They 
found that cholesterol levels during childhood were impor- 
tant, but that obesity development, cigarette smoking, and the 
use of oral contraceptives in women had deleterious effects on 
cholesterol levels in adulthood. 

Magnussen et al. (97) evaluated longitudinal data from 
the Childhood Determinants of Adult Health Study in which 
children in Australia were followed from 1985 until follow- 
up as young adults in 2004. They found that lifestyle changes 
that occur between youth and adulthood influence whether an 
individual maintains, loses, or develops high-risk blood lipid 
and lipoprotein levels in adulthood. The factors that are most 
important are excess weight gain, physical inactivity, and ciga- 
rette smoking. 


Figure 71.3. Sequential steps in the LDL pathway 
in cultured mammalian cells. Vertical arrows 
suggest regulatory effects. HMG-CoA, /Lhydroxy- 
/Lmethylglutaryl-coenzyme A; ACAT, acyl-CoA: 
cholesterol acetyltransferase. (From Brown MS, 
Goldstein JL. Receptor-mediated endocytosis: 
insights from the lipoprotein receptor system. Proc 
Natl Acad Sci USA 1979;76:3330-3337, with 
permission.) 
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TABLE 71.5 


Lipid and Lipoprotein Distributions in Children Aged 5 to 19 Years 


Males Females 


Total Cholesterol (percentiles) Total Cholesterol (percentiles) 



5 

10 

25 

50 

75 

90 

95 

5 

10 

25 

50 

75 

90 

95 

5-9 

125 

131 

141 

153 

168 

183 

189 

131 

135 

150 

164 

177 

189 

197 

10-14 

124 

132 

144 

161 

173 

191 

204 

125 

131 

142 

159 

171 

191 

205 

15-19 

118 

123 

135 

152 

168 

183 

191 

119 

126 

140 

157 

176 

198 

208 





Triglyceride 






Triglyceride 



5-9 

28 

34 

39 

48 

58 

70 

85 

32 

37 

45 

57 

74 

103 

120 

10-14 

33 

37 

46 

58 

74 

94 

111 

39 

44 

53 

68 

85 

104 

120 

15-19 

38 

43 

53 

68 

88 

125 

143 

36 

40 

52 

64 

85 

112 

126 




LDL Cholesterol 





LDL Cholesterol 



5-9 

63 

69 

80 

90 

103 

117 

129 

68 

73 

88 

98 

115 

125 

140 

10-14 

64 

73 

82 

94 

109 

123 

133 

68 

73 

81 

94 

110 

126 

136 

15-19 

62 

68 

80 

93 

109 

123 

130 

59 

73 

78 

93 

110 

129 

137 




HDL Cholesterol 





HDL Cholesterol 



5-9 

38 

43 

49 

55 

64 

70 

75 

36 

38 

48 

52 

60 

67 

73 

10-14 

37 

40 

46 

55 

61 

71 

74 

37 

40 

45 

52 

58 

64 

70 

15-19 

30 

34 

39 

46 

52 

59 

63 

35 

38 

43 

51 

61 

68 

74 


LDL, low-density lipoprotein; HDL, high-density lipoprotein. 

Adapted from Tamir I, Heiss G, Glueck CJ, et al. Lipid and lipoprotein distributions in white children ages 6-19 yr. The Lipid Research Clinics Program Prevalence Study. 
J Chronic Dis 1981;34:27-39, with permission from Elsevier 


Factors Causing Dyslipidemia 
Genetic 

Lipid synthesis and metabolism is quite complex. Because 
there are numerous steps in the processes, they are vulnerable 
to genetic abnormalities that lead to dyslipidemia. 

The most important and well-understood genetic abnor- 
mality is familial hypercholesterolemia. Brown and Goldstein 
(98) have described the LDL-C receptors that are associated 
with familial hypercholesterolemia. They have now described 
numerous mutations of the genes for the LDL receptor, which 
is a membrane glycoprotein. The most common LDL-C recep- 
tor gene mutations often result in a situation where the LDL 
receptor protein is produced only in small amounts. Other 
mutations result in the synthesis of precursors of the recep- 
tor that are not converted to the complex endoglycosidase 
H-resistant form. In these mutations, the receptors remain in 
the endoplasmic reticulum and are not available on the cell 
surface. A third type of mutation results in receptors that are 
expressed on the cell surface, but are unable to bind effectively 
with LDL-C. A fourth kind of mutation results in receptors 
that are on the cell surface and can bind with LDL-C but are 
unable to undergo receptor-mediated endocytosis (99). There 
is also a less common gain of function mutation in PCSK 9 
that results in the rapid disposal of receptors, making them 
less accessible to bind with LDL-C (100). These mutations ail 
result in the phenotype of elevation of plasma LDL-C. 

Genetic abnormalities causing dyslipidemia are important 
to understand because they increase understanding of underly- 
ing mechanisms, and the prevalence for these disorders is rela- 
tively high. The prevalence of the homozygous form of familial 
hypercholesterolemia is 1 in 1,000,000. The prevalence of the 
heterozygous form of familial hypercholesterolemia is 1 in 
500 (101). In some populations, the heterozygous form is as 


common as 1 in 300. The heterozygous state is generally fully 
expressed in the pediatric age range, and it is characterized 
by total and LDL cholesterol levels of approximately 300 and 
240 mg/dL, respectively. These levels may fall somewhat dur- 
ing pubertal maturation. Children and adolescents with the 
homozygous form of familial hypercholesterolemia have total 
and LDL cholesterol in the range of 600 to 1,000 mg/dL and 
450 to 850 mg/dL, respectively. Homozygous patients develop 
planar xanthomas (orange-colored skin lesions found on 
extensor surfaces) by the age of 5 years and develop coronary 
artery disease between the ages of 10 and 20 years. Patients 
with homozygous familial hypercholesterolemia often also 
develop aortic stenosis (102). Patients with the heterozygous 
form rarely have xanthomas in adolescence. However, they 
are at risk for coronary artery disease between ages 30 and 
50 years. Among individuals who have had a myocardial 
infarction prior to age 60 years, approximately 5 % have the 
heterozygous form of familial hypercholesterolemia (103). 

There are also genetic abnormalities that lead to low 
HDL-C. These may be due to a primary abnormality in the 
metabolism of HDL and its major apolipoprotein Apo A-l. 
This is a heterogeneous group of abnormalities that result in 
low HDL-C but may or may not lead to premature coronary 
artery disease (104). 

There are also genetic abnormalities that lead to elevation 
of triglycerides. Familial hypertriglyceridemia is an autoso- 
mal dominant disorder but is often not expressed until adult- 
hood (105). The development of obesity, however, can speed 
its expression. Lipoprotein lipase deficiency is a rare disorder 
that results in hypertriglyceridemia and can be a cause of pan- 
creatitis and neurologic symptoms (106). The most important 
aspect of treatment of elevation of triglycerides is very aggres- 
sive restriction of dietary fat (107). This is because the level 
of chylomicrons is very dependent on the intake of total fat 
in the diet. 
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Familial combined hyperlipidemia includes the phenotype 
of elevated plasma LDL-C and triglyceride levels. It has a dom- 
inant genetic pattern. It is found in 1% of the adult popula- 
tion and in 10% of survivors of premature coronary artery 
disease. Children with parents who have familial combined 
hyperlipidemia may have elevated triglycerides and LDL-C 

(108) . However, the levels of LDL-C are usually lower than in 
children with heterozygous familial hypercholesterolemia. The 
specific genetic abnormalities for familial combined hyperlipi- 
demia have not been determined, but it is currently thought to 
result from multiple genes. 

Lipoprotein (a) is a protein that is homologous to plasmino- 
gen. It consists of an LDL molecule with its Apo B-100 linked 
with a disulfide bridge to Apo (a). Higher levels of Lp (a) are 
associated with increased risk of cardiovascular disease in adults 

(109) . Plasma levels of Lp (a) are inversely associated with the 
molecular weight of the Apo (a) component (110). Isoforms of 
Lp (a) are genetically determined. This means that levels of Lp 
(a) in the plasma are also largely inherited. Generally, levels of 
Lp (a) >30 mg/dL are associated with increased risk of coronary 
artery disease and stroke. Because of the homology between 
Lp (a) and plasminogen, there has been a question of whether 
increased levels of Lp (a) may also be associated with increased 
thrombosis. A study in children showed increased risk of throm- 
bosis associated with increased Lp (a) (111). High levels of Lp 
(a) can be expressed in childhood and adolescence (112). 

From a clinical perspective, it is quite difficult to lower LP 
(a). The only effective pharmacologic treatment is with nicotinic 
acid, which is difficult for most children and adolescents to tol- 
erate. However, because of the increased risk of atherosclerotic 
cardiovascular disease associated with increased concentrations 
of LP (a), it is appropriate to use a more aggressive approach to 
lower LDL-C, when LP (a) concentrations are elevated. 

Diet 

Another major factor that influences plasma cholesterol is 
diet. This has been studied more extensively in adults than 
in children but seems to have similar effects across ages. The 
major dietary components that affect plasma cholesterol levels 
are fat and cholesterol. In particular, it is the amount of satu- 
rated fat in the diet that is associated with the level of plasma 
cholesterol. Saturated fat and cholesterol come primarily from 
animal-based foods. In addition, there are some plant-based 
oils that are high in saturated fat, such as palm oil. 

It is these relationships that ultimately form the basis for 
nonpharmacologic treatment of cholesterol elevation. In 
animal models, those fed with increased levels of saturated 
fat and cholesterol had increased levels of plasma choles- 
terol and increased risk of atherosclerosis development (113). 


Furthermore, reduction of dietary fat and cholesterol has been 
shown to result in lower plasma cholesterol concentrations 
and resolution of atherosclerotic plaque (114). 

Secondary Causes of Cholesterol Elevation 

There are several secondary causes of dyslipidemia. Selected 
causes and their underlying mechanisms are presented in 
Table 71.6. In addition to those listed, liver disease and 
obstructive jaundice, infection, and obesity are important 
secondary causes of abnormal cholesterol levels. 

Abnormalities of lipids and lipoproteins are seen in both 
type 1 and type 2 diabetes. When control of diabetes is poor, 
triglycerides and LDL-C are often increased and HDL-C is 
decreased. Improved control of diabetes with intensive man- 
agement of blood glucose can result in improved plasma lipids 
and lipoproteins (115-117). 

Hypothyroidism is associated with increased triglycerides 
and LDL-C. HDL-C may also be decreased with hypothyroid- 
ism. Although it is usually possible to diagnose hypothyroid- 
ism by clinical signs and symptoms, occasionally the diagnosis 
is made because an abnormal fasting lipid profile is found. 
Appropriate treatment of hypothyroidism results in improve- 
ment of abnormal lipids and lipoproteins. 

The nephrotic syndrome is a common secondary cause of 
dyslipidemia in children. Nephrotic syndrome is character- 
ized by proteinuria, hypoalbuminemia, edema, and hypercho- 
lesterolemia. Generally, LDL-C is elevated. There may also be 
hypertriglyceridemia. In this condition, the liver responds to 
low albumin in the blood by increasing protein synthesis. This 
includes increased synthesis of the apolipoproteins. This increase 
in hepatic cholesterol synthesis leads to a down-regulation of 
LDL receptors in the liver, which in turn leads to a reduced rate 
of removal of LDL-C from the circulation (118). Usually, the 
length of exposure to increased LDL-C is short because nephrotic 
syndrome is easily recognized, is treated, and resolves. This may 
mean that the impact on the risk of atherosclerosis is low; how- 
ever, the LDL-C level may be quite high prior to treatment (119). 

Patients with chronic renal insufficiency are at high risk 
for cardiovascular disease (120). The dyslipidemia most com- 
monly seen with chronic renal failure is elevation of triglycer- 
ides and a low HDL-C. This may be as prevalent as 30% (121). 
These abnormalities may contribute to the increased risk of 
cardiovascular disease seen in patients with chronic renal 
insufficiency. The hypertriglyceridemia of uremia results from 
deficiency of lipoprotein lipase or hepatic lipase. Treatment of 
patients with chronic renal insufficiency should include dietary 
changes to lower intake of saturated fat, cholesterol, and sim- 
ple sugars. Increased physical activity may also be helpful in 
increasing HDL-C. 


Selected Secondary Causes of Dyslipoproteinemia 

Disease 

Elevated Lipoprotein 

Mechanism 

Type 1 diabetes mellitus 

Triglycerides 

Defective lipolysis of VLDL owing to inhibition of 
lipoprotein lipase and hepatic lipase 

Type 2 diabetes mellitus 

Triglycerides 

Overproduction and defective lipolysis of VLDL 
triglycerides 

Hypothyroidism 

LDL, triglycerides 

Suppression of LDL-receptor activity, 
overproduction of VLDL 

Nephrotic syndrome 

LDL, triglycerides 

Overproduction of VLDL 


VLDL, very tow density lipoprotein; LDL, tow-density lipoprotein. 
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Secondary dyslipidemia can result from taking certain 
medications. For example, estrogen- and progestin-containing 
contraceptives can result in elevation of triglycerides. Retinoic 
acid results in elevation of triglycerides in some patients. Ana- 
bolic steroids can cause increased LDL-C and lower HDL-C 
( 122 ). 

Acute and chronic infections can result in dyslipidemia. The 
causative organism and the chronicity of infection determine 
which lipid or lipoprotein is altered and to what extent (123). 
Gidding et al. (124) reported that HDL-C and apolipoprotein 
A-l were significantly reduced after a recent viral infection in 
school-aged children. This means that a lipid profile should gen- 
erally not be measured within 2 weeks of an acute infections. 

Metabolic Syndrome 

Obesity has been associated with a cluster of risk factors 
for cardiovascular disease called the metabolic syndrome 
(73,125). The metabolic syndrome includes increased waist 
circumference and atherogenic dyslipidemia that consists of 
elevated triglycerides and low HDL-C. Patients with the meta- 
bolic syndrome often also have insulin resistance. This is char- 
acterized by high circulating levels of insulin while fasting. 
There are a number of definitions for use in the clinical setting 
for diagnosis of the metabolic syndrome in children as well as 
adults. The prevalence of metabolic syndrome appears to be 
increasing in children and adolescents as the prevalence and 
severity of obesity is increasing (126). 

The primary clinical approach to treating the metabolic 
syndrome is improvement in weight through changes in diet 
and physical activity. It has been shown that with weight man- 
agement, the components of the metabolic syndrome, includ- 
ing atherogenic dyslipidemia, improve (127). 

Clinical Recommendations 

Guidelines from the NCEP for Children and Adolescents were 
first published in 1992 (128). These have been updated since 
that time, as a substantial amount of research has been done in 
screening and treatment of dyslipidemia in children (81,129). 
However, the overall framework presented in the original guide- 
lines remains useful. These guidelines present both a popula- 
tion and an individual approach. The population approach 
addresses the diet and levels of physical activity that would result 


in a healthy lifestyle for all children. The individual approach 
addresses the recommended guidelines for the identification and 
treatment of children and adolescents who are at the highest 
level of risk. This approach provides a more aggressive strategy 
for changes in diet than the population approach. The individ- 
ual approach has been updated by the National Heart Lung and 
Blood Institute in a new set of evidence-based guidelines (81). 

Population Approach 

The overall goal of this approach is to improve the health of 
the pediatric population. If the recommended diet was adopted 
broadly, this would result in a lower prevalence of obesity and 
a lowering of the population mean for total and LDL choles- 
terol. It has been suggested by Rose (130) that a small shift 
in the population mean of a risk factor will result in substan- 
tially fewer individuals in the high-risk range. In addition, if 
lower levels of LDL-C are maintained from childhood into 
adolescence and adulthood, then it is likely that this would 
result in lower risk over time for this childhood population. 

Diet 

The United States Department Agriculture (USDA) guidelines 
provide diet recommendations for all children (131,132). 
The proposed diet for young children is somewhat different 
because infants and young children require a higher level of 
saturated fat and cholesterol in their diet to support develop- 
ment of the central nervous system. The first 2 years of life is 
a time when myelination of nerves is occurring. This process 
requires increased dietary fat intake. However, for children for 
whom there is a concern about obesity or an increased risk of 
cardiovascular disease, it is prudent to consider a lower satu- 
rated fat diet starting at 12 months of age. This may start with 
the introduction of lower fat milk at that time (130). This rec- 
ommendation is supported by the results of the Special Turku 
Coronary Risk Factors Intervention Project (133). In this ran- 
domized controlled clinical trial, children were randomized to 
either a lower saturated fat diet or a routine higher fat diet 
at 6 months of age or at weaning. The participants of this 
study have been followed into their teenage years. There were 
no adverse effects of the lower saturated fat diet while there 
were beneficial effects on blood cholesterol (134). For older 
children, the USDA recommends a diet low in saturated fat 
and cholesterol (Table 71.7). There is evidence that this type 


TABLE 71.7 


Population Dietary Recommendations for Children and Adolescents 


■ Adequate nutrition should be achieved by eating a wide variety of foods low in saturated fat and 
cholesterol. 


■ Total caloric intake should be sufficient to support normal growth and development and maintain a 
desirable body weight. 

■ Saturated fatty acids should provide <10% of total calories. 

■ Total fat should provide an average of no >30% and no <20% of total calories. 

■ Polyunsaturated fatty acids should provide <10% of total calories. 

■ Children should consume <300 mg of cholesterol per day. 

■ Children should consume >5 daily servings of fruits and vegetables. 

■ Children should consume 6 to 1 1 daily servings of whole-grain and other grain products. 

■ Children should consume adequate amounts of dietary fiber (child's age + 5 g/d). 


Based on the NCEP, USDA Dietary Guidelines, and The American Heart Recommendations. 

Daniels SR, et al. NHLBI guidelines for evaluation, prevention and treatment of atherosclerotic cardiovascular disease in children 
and adolescents. Pediatrics 20]] ,128:S213-S256. 
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of diet will lower cholesterol levels in children and adolescents 
without having an adverse effect on growth and development 
(135,136). 

The optimum percentages for dietary intake of macronu- 
trients to reduce LDL-C the most and support normal growth 
and development are not known. It should also be emphasized 
that the recommendation of 25% to 30% of calories from fat 
is not necessarily a daily recommendation but should be a rec- 
ommendation as an average over several days. This recognizes 
that daily intake may vary substantially for children based on 
whether they are in school and where and when they eat (129). 
Children and adolescents should generally not go below a level 
of fat intake that is 20% of calories. The purpose of this is to 
avoid over restriction of fat intake by parents, which could 
lead to failure to grow and thrive (137). 

The population-based diet can also be effective for children 
with borderline elevation of LDL-C. The population diet can 
result in a lowering of LDL-C by 3% to 10% (138). Usually, it 
is necessary for patients to be on the diet for 3 to 6 months to 
adequately assess its effect. 

To achieve the dietary recommendations, 5 to 6 oz/d of lean 
meats and 24 to 32 oz/d of low-fat dairy products are rec- 
ommended. Lean cuts of meat include ground or lean meats 
that have had fat trimmed. Skin should be removed from poul- 
try products. All types of fresh or frozen unbreaded fish are 
acceptable. Choices for dairy include low-fat or nonfat milk, 
yogurt, and cottage cheese. Cheeses that contain <6 g of fat / 
oz (<2 g/oz for the more-restrictive diet with <7% of calories 
from saturated fat) are acceptable. Eggs should be limited to 
<2 to 4 per week (131,132). 

The largest portion of the child’s diet should be made up 
of whole grains, cereals, fruits, and vegetables. Most of these 
food choices are high in fiber and low in saturated fat and 
cholesterol. 

One concern with cereals and fruit juices is the intake 
of increased amounts of simple sugars. This may result in 
increased levels of plasma triglycerides (139). Other obvi- 
ous sources of simple sugars are soft drinks and snack foods. 
Lower-fat and lower-sugar options for snacks include pretzels, 
graham crackers, and vanilla wafer cookies. Fruit should also 
be recommended as a healthful snack. 

Another issue for the diet of children is the food they eat 
at school. For those who participate in the school lunch pro- 
gram, it is estimated that nearly 60% of children in the United 
States eat 25% to 30% of their saturated fat and cholesterol 
intake at that meal (128). However, schools increasingly offer 
additional competitive food items as part of their school lunch 
program. These foods are often higher in fat, saturated fat, 
cholesterol, and sugar and may be more attractive to children, 
leading to their increased selection and decreased selection of 
more nutrient-dense foods. 

The population approach to cardiovascular health pro- 
motion also includes recommendations for physical activ- 
ity. Although the optimum level of intensity is not known, 
increasing the duration and frequency of physical activity and 
decreasing sedentary time will allow children more flexibility 
in their diet. For example, the USDA has established recom- 
mendations for discretionary calories for children. These are 
“extra” calories that might be included in the diet once a 
healthful diet has been consumed and still maintain accept- 
able energy balance (131,132). The number of discretionary 
calories increases with age and with the level of physical activ- 
ity. It is likely that many children are not getting the optimum 
amount of physical activity and are spending too much time 
on sedentary pursuits. The American Academy of Pediatrics 
has recommended no more than 2 h/d be spent on sedentary 
activities, including television viewing, computer time, and 
playing video games (140). This means that many children 
should have only 150 to 300 discretionary calories each day. 


One factor that must be considered in implementing the 
population approach for both diet and physical activity is the 
role of socioeconomic status (141). Low-income families may 
have more barriers to purchasing healthful foods. Supermar- 
kets in the inner city may be less convenient and may have 
lower availability of fresh fruits and vegetables. There are also 
concerns about neighborhood safety and the lack of opportu- 
nities for physical activity including organized sport or unsu- 
pervised free-time games. 

Implementation of the population-based approach to cho- 
lesterol lowering requires the input and cooperation of a num- 
ber of types of institutions. The government must be involved 
in improved food labeling and oversight of food assistance 
programs. Schools must be involved by creating an improved 
environment for both eating and physical activity. Health pro- 
fessionals should serve as resources for their communities and 
schools as they develop educational and other risk-reduction 
programs. In addition, the media can be helpful in the promo- 
tion of a healthful diet and increased levels of physical activity. 

Individual Approach 

The individual approach is directed at identifying children and 
adolescents who are at higher risk of future cardiovascular dis- 
ease and treating them to lower their risk. This approach is 
probably most important from the standpoint of the pediatri- 
cian and the pediatric cardiologist. It is this approach that is 
focused in the physician’s office. 

Identification 

To initiate the individual high-risk strategy, it is necessary to 
identify those children who are at higher risk of cardiovascular 
disease. This approach is directed at identifying children who 
are likely to have genetic dyslipidemias, who are at highest risk. 

In adults, the Framingham risk score has been used to 
stratify risk (125). The use of this score is dependent on all 
adults having their risk factors including cholesterol measured 
on a regular basis. These values can then be used in an equa- 
tion to estimate risk of a cardiovascular event over the next 
10 years. Unfortunately, the data are not available to use a 
similar approach for children and adolescents. To construct a 
similar risk score for children would require large-scale longitu- 
dinal studies with complete follow-up in which risk factor levels 
are measured in childhood and subjects are followed until the 
occurrence of cardiovascular end points in adulthood. In fact, 
it is unlikely that such data will be available. This means that a 
different strategy will be needed to identify children at high risk. 

The NCEP pediatric panel originally recommended a tar- 
geted approach to screening using the family history of cardio- 
vascular disease or cholesterol elevation as the indicator for 
evaluation (128). However, since publication of the original 
NCEP guidelines, several studies have been performed to eval- 
uate this approach (142-146). In general, these investigations 
have found that from 35% to 46% of adolescents would have 
cholesterol measurements based on their family history. These 
studies have also shown that many children with elevated cho- 
lesterol will be missed using a screening approach based on 
their family history. It is likely that this approach will miss 
30% to 60% of pediatric patients with elevated cholesterol 
(147-149). 

Difficulties with using the family history as a trigger for 
screening include that the family history may be incomplete 
or inaccurate. The family history would be more useful if all 
parents and grandparents knew their cholesterol levels, but, 
unfortunately, this is often not the case. In addition, parents 
(and sometimes grandparents) of younger children are often 
too young themselves to have reached the age when they are 
at greatest risk for a myocardial infarction or a stroke (149). 
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These problems with a targeted approach to screening have 
led to the recommendation of universal screening of all chil- 
dren at 9 to 11 years of age (81). In addition, children aged 
2 years or older should have a lipid profile if they have a family 
history of premature cardiovascular disease (prior to age 55 
in men or age 65 in women) or of dyslipidemia or with other 
cardiovascular disease risk factors, such as diabetes, hyperten- 
sion, or obesity (81). 

For universal screening, it is acceptable to use either a fasting 
lipid profile or a nonfasting non-HDL-C (total cholesterol — 
HDL-C). If the non-HDL-C is elevated, it should be confirmed 
with a fasting lipid profile. The focus of universal screening is 
to identify children with substantial elevation of LDL-C, usu- 
ally as a result of a genetic dyslipidemia. However, it may also 
be useful to identify children with elevated triglycerides or a 
low HDL-C. 

The recommended cutpoints for total, LDL, and non-HDL 
cholesterol are presented in Table 71.8. These cutpoints are 
used for children and adolescents aged 2 to 18 years. This use 
across a broad age range is recommended despite the fact that 
there is considerable variation of cholesterol with age during 
growth and development. This is especially true during the 
period of puberty (150-152). Total and LDL cholesterol tend 
to decline during puberty, meaning that some adolescents will 
appear normal when, in fact, they will have elevated levels 
after puberty. However, it has been shown that the proposed 
single cutpoints work well in practice (153). 

The NHLBI has recommended that triglycerides >150 mg/dL 
and HDL-C <40 mg/dL be considered abnormal for children 
and adolescents (81). 

Use of the Cutpoints 

The NHLBI recommends that children and adolescents whose 
total and LDL cholesterol levels are in the elevated range be 
considered for treatment (81). Initially, this treatment should 
focus on improved diet with lower saturated fat and choles- 
terol. For treatment with pharmacologic agents, they suggest 
that patients be 8 years of age or older and have even higher 
levels of LDL-C as would be seen in a genetic form of dys- 
lipidemia. The recommended levels for treatment with phar- 
macologic agents are presented in Table 71.9. The goal for 
treatment is to lower the LDL-C to <130 mg/dL, which would 
be lower than the 95th percentile for pediatric patients. 

Treatment 

The mainstay of all treatment for dyslipidemia is alteration of 
lifestyle including diet and the level of physical activity. The 
initial approach is to use the population-based diet, but to do 
so more aggressively and with the aid of a dietitian. Dietitians 


can be helpful both in providing education about the fat and 
cholesterol content of foods and in providing behavioral strat- 
egies that improve the likelihood that the recommended diet 
will be adopted by the family and the pediatric patient. Par- 
ents can promote improvement in diet by making healthful 
foods available in the home and restricting the availability of 
foods that are high in energy density, fat, saturated fat, cho- 
lesterol, and simple sugars (154). Research has supported the 
concept that children will choose to eat foods that are avail- 
able (155,156). It is important for children to try new foods 
multiple times to develop familiarity with and ultimately have 
a preference for these foods. Starting with these foods early 
in life is also helpful. A minimum of 8 to 10 exposures to 
new foods may be required before preference for these foods 
increases and is established (157,158). 

For children with greater elevation of LDL-C, a more 
aggressive approach to diet than the population approach is 
needed. For these children and adolescents, the NHLBI rec- 
ommends a diet with <7% of total calories from saturated fat 
and <200 mg/d of cholesterol. This more-restrictive diet often 
requires support from a dietitian to accomplish and can result 
in additional lowering of LDL-C by 4% to 14% (159,160). 

Studies have shown that diet therapy is both safe and effec- 
tive. The Dietary Intervention Study in Children (DISC) is 
probably the best study regarding this concept. In this inves- 
tigation, children aged 8 to 10 years with elevated LDL-C 
were randomly assigned to an intervention group or a usual 
care group. The intervention group received behavioral inter- 
vention focused on adherence to a Step 2 Diet. This involved 
sessions with the family from 4 to 12 times per year over a 
3-year period (161). LDL-C decreased by 15.4 mg/dL in the 
intervention group and 11.9 mg/dL in the control group. It is 
encouraging that a 7-year follow-up showed that the interven- 
tion effect was maintained and that growth and development 
continued to be normal in the intervention group (161). 

Other studies have supported the results from the DISC 
study in a clinic setting (162,163). This emphasizes the con- 
cept that these changes can be made in practice in a safe and 
effective manner. 

Increasing dietary fiber may also be useful in cholesterol 
lowering (164). Plant stanol and sterol esters have also been 
used. These compounds reduce cholesterol absorption from 
the gastrointestinal tract. Plasma cholesterol reduction of 7% 
to 15% has been reported using these compounds in a spread 
(165,166). 

Pharmacologic Treatment 

There are three main classes of medication used in the treat- 
ment of elevated LDL-C in children (167). These are listed in 
Table 71.10. 


TABLE 


71.8 


Cutpoints for Total and LDL Cholestrol Levels in Children 
and Adolescents 


Total Cholesterol 


Category 

Percentile 

(mg/dL) 

LDL-C (mg/dL) 

Non-HDL-C (mg/dL) 

Acceptable 

<75th 

<170 

<110 

<120 

Borderline 

75th— 95th 

170-199 

110-129 

120-144 

Elevated 

>95th 

>200 

>130 

>130 


Adapted from Daniels SR, et al. NHLBI guidelines for evaluation, prevention and treatment of atherosclerotic cardiovascular disease 
in children and adolescents. Pediatrics IQ]] ;128:S213-S256. 
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TABLE 71.9 


Recommended Values for Pharmacologic Treatment of Children 
and Adolescents Aged 10 and Older 


Patient Characteristics Recommended Outpoints 

1. No other risk factors for CVD LDL-C is persistently >190 mg/dL despite diet therapy 

2. Other risk factors present including obesity, LDL-C is persistently >160 despite diet therapy 

hypertension, diabetes, cigarette smoking, 

or positive family history of premature CVD 


CVD, cardiovascular disease; LDL-C, low-density lipoprotein cholesterol. 


Bile Acid Binding Agents. These medications are attractive 
because they have been available for a long time, are operative 
in the gastrointestinal tract, and are not absorbed systemically. 
In addition, their side effects are limited to gastrointestinal dis- 
comfort. These side effects can be minimized with increased 


intake of water and fiber. Unfortunately, adherence with these 
medications is often limited because they are difficult for chil- 
dren to take. The powder forms are gritty and must be mixed 
with juice or water. Even with this mixture, they are difficult to 
take. The tablet forms are more palatable, but the tablets are 


i Pharmacologic Intervention for Dyslipidemia in Children 

Class 

Dose 

Side Effects 

Bile acid sequestrant 

Colestipol 

Provided as granules or 
tablets 

1 packet or 1 level scoopful of flavored granules 
contains 5 g of colestipol hydrochloride. Also 
comes as tablets; 1-4 tablets/d. 

Limited to Gl symptoms: constipation, 
bloating, abdominal cramping. May bind 
with other medication 

Cholestyramine 

Provided as powder; 1 
package contains 4 g 

Dose is related not to the weight of the child but 
to levels of total and LDL cholesterol. Should 
be started on the lowest dose, 1 package (4 g) 
and then dosage may be increased overtime 
to daily, 4 packages/d for those most severely 
affected. 

Gl symptoms 

Colesevelam 

Doses of 375-mg capsules/d and 625-mg 
tablet/d. 

Gl symptoms 

Cholesterol absorption blocker 

Ezetimibe 

The long-term safety and 
effectiveness have not been 
established in children and 
adolescents 

10-mg tablets. The dose recommended is 

1 tablet/d. 

Gl symptoms, liver enzyme elevation, 
skeletal muscle effects, including myopathy 
and rhabdomyolysis 

HMG-CoA reductase inhibitors 

Atorvastatin 

Available in 10-, 20-, 40-, and 80-mg tablets. 


Simvastatin 

The long-term safety and 
efficacy have not been 
established in children. In 
adolescent males, it has 
been shown to be safe and 
effective. 

Available in 5-, 10-, 20-, 40-, and 80-mg tablets. 

Dosage is started low and increased as 
required to lower LDL-C. 

Patients on statins should be advised of 
the risk of myopathy. If muscle pains occur, 
measurement of CK should be obtained 

With increasing doses, liver dysfunction may 
occur. Measurement of liver function should 
be obtained prior to drug use and again 

6-12 wk after initial therapy or initiation of 
higher doses and periodically thereafter 
(e.g., q3mo). May be teratogenic; control 
advised for use in adolescentfemales. 


Gl, gastrointestinal; LDL, low-density lipoprotein; CK, creatine kinase. 
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large and difficult for some children to swallow (168-170). If 
used appropriately, bile acid binding agents can lower LDL-C 
from 13% to 20% (168-170). The reduction is seen in addi- 
tion to the cholesterol-lowering effect of diet. 

Colesevelam is another medication in the bile acid binding 
class of medications. The safety and efficacy of colesevelam 
has been evaluated in a clinical trial of pediatric patients with 
heterozygous familial hypercholesterolemia (171). They found 
that colesevelam lowered LDL-C by 6.3% to 12.5% com- 
pared to placebo. There were no important adverse effects, 
and adherence to the medication regimen was good. 

Inhibitors of Cholesterol Absorption. Ezetimibe works by 
blocking cholesterol absorption in the gastrointestinal tract. 
It is FDA approved for adults, but has not been extensively 
studied in pediatric patients. Ezetimibe has been shown to 
reduce LDL-C levels by approximately 20% in adults (172). In 
adults, ezetimibe is used primarily in combination with statins 
to achieve additional cholesterol lowering. Because it comes in 
a single-dose level and because it has so few side effects and is 
easier to take than bile acid binding agents, it may be attractive 
as an initial agent for cholesterol lowering in pediatric patients. 
HMG-CoA Reductase Inhibitors. HMG-CoA (/3-hydroxy- 
/3-methylglutaryl-co enzyme A) medications are usually 
referred to as statins. These medications competitively inhibit 
mevalonate synthesis by HMG-CoA reductase. This process is 
essential for biosynthesis of cholesterol in the liver. In studies 
of adults, these medications have been shown to be effective in 
both lowering plasma LDL-C and prevention of cardiovascular 
end points. This appears to be true of both primary prevention 
(prevention of an initial myocardial infarction) and secondary 
prevention (prevention of subsequent myocardial infarctions) 
(173-175). 

A Cochrane review of the use of statins in primary preven- 
tion of cardiovascular disease has been published (176). They 
evaluated 14 randomized controlled clinical trials including 
more than 34,000 participants. All-cause mortality was reduced 
by the use of statins, as was combined fatal and nonfatal CVD 
endpoints, including revascularization. There was no evidence 
of important adverse events. However, there was some concern 
about selective reporting of outcomes. There is also some con- 
cern about the cost-effectiveness of statins for primary preven- 
tion of cardiovascular disease. This may be improved by the 
availability of cheaper generic forms of statin medication. 

Several studies have been performed to evaluate the safety 
and efficacy of statins in children and adolescents (167,177- 
183). These studies, although not long-term investigations, 
have shown effective lowering of LDL-C with minimal side 
effects and no adverse effect on growth and development. 

There have also been studies of stains that have evaluated 
vascular structure and function as endpoints. De Jongh et al. 
(181) studied simvastatin and found that after 28 weeks, flow- 
mediated dilation assessed by vascular ultrasound of the bra- 
chial artery was improved to normal levels in patients treated 
with 40 mg simvastatin compared to no improvement in the 
placebo group. Wiegman et al. (183) assessed carotid IMT in 
a clinical trial of pravastatin in children with familial hyper- 
cholesterolemia. Participants in the placebo group showed 
progression of carotid-intima media thickness over 2 years, 
suggesting progression of atherosclerosis. Those treated with 
pravastatin demonstrated regression of carotid IMT. 

Children and adolescents who are treated with medication 
for hypercholesterolemia should be started on a low dose of 
medication with upward titration based on the LDL-C concen- 
trations. Increasing the dose can further lower cholesterol but 
may also be associated with an increased risk of side effects. 

The side effects of statin agents are an increase in hepatic 
transaminases and elevation of creatine kinase. Statins have 
also been associated with myositis, which can progress to 
rhabdomyolysis. If symptoms of abnormal muscle aches or 


cramps are present, then creatine kinase should be measured 
and the medication should be discontinued. 

Another concern regarding the use of statins in adolescent 
females is the potential for these medications to be terato- 
genic. Women taking statins should use reliable contraception 
if they are sexually active. Pregnancies should be planned and 
the medication discontinued prior to pregnancy and through 
delivery and the duration of breast-feeding. These agents 
should be used with caution in adolescent females. 

A recent meta-analysis of adult patients taking statins has 
demonstrated a small but measurable increase in risk of type 2 
diabetes mellitus in those taking statins, particularly at higher 
doses (184). While there are potential side effects of statins, 
they are relatively rare and, on balance, it is clear that the 
benefits of substantial LDL-C reduction, reduction of inflam- 
mation (185), and lowering the risk of adverse cardiovascular 
disease endpoints outweigh the risks. 

Summary 

It is clear that cholesterol elevation can contribute to the 
development of cardiovascular disease owing to atherosclero- 
sis. This means that it is important to identify children and 
adolescents who are at high risk because of elevated LDL-C. 
Once such pediatric patients are identified, appropriate dietary 
treatment should be implemented. When dietary treatment is 
insufficient, then pharmacologic therapy should be considered 
in those patients who continue to have substantial elevation 
of their LDL-C. 


HYPERTENSION 


Epidemiology 

Blood pressure elevation is established as an important risk 
factor for the development of cardiovascular disease in adults. 
In the Framingham study, elevated blood pressure is associated 
with increased incidence of myocardial infarction, cerebro- 
vascular disease, left ventricular hypertrophy, and congestive 
heart failure (186). A 10-mm Hg increase in systolic blood 
pressure is associated with a 20% increase in risk of cardiovas- 
cular events in adults aged 35 to 64 years (187). 

There are numerous potential causes of blood pressure ele- 
vation. The most common cause of hypertension in both chil- 
dren and adults is primary hypertension. The mechanism of 
primary hypertension is not known. It clusters in families, so 
presumably it has a genetic cause. Primary hypertension may 
have a heterogeneous cause as some individuals with hyper- 
tension have increased sensitivity to salt in the diet, whereas 
others may have increased activity of the renin-angiotensin- 
aldosterone system, and still others have increased activity of 
the sympathetic nervous system. Secondary hypertension is 
also heterogeneous and may occur as a result of renal paren- 
chymal disease, coarctation of the aorta, renal artery stenosis, 
and other underlying disease entities. 

In adults, it is estimated that 92% to 95% of cases of 
hypertension are due to essential hypertension (188). Essential 
hypertension is also the most common form of hypertension 
in children and adolescents with as many of 90% to 95% of 
cases without an identifiable cause in primary care clinic-based 
and population-based studies (189,190). 

High blood pressure in children and adolescents is based on 
percentile values as opposed to a single cutpoint, which is used 
for adults. For pediatric patients, the 95th percentile based 
on previous large epidemiologic studies is used to define high 
blood pressure. For hypertension, the blood pressure must be 
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elevated persistently over time. The prevalence of hypertension 
has been previously estimated to be 1% to 3% for children 
and adolescents (191). More recent estimates have placed the 
prevalence at approximately 5% (192-194). It appears that 
average blood pressure may be increasing across the pediatric 
population over time. Muntner et al. (195) have shown that 
average blood pressures are higher in more recent national 
surveys compared with previous surveys. In a multivariable 
analysis, they also showed that this increase was at least in 
part owing to population increases in BMI. 

Body weight or BMI is the strongest determinant of blood 
pressure in children. Rosner et al. (196) found that the odds of 
elevated blood pressure were significantly higher for children 
in the upper decile compared with the lower decile of BMI. 
Paradis et al. (197) found that the mean BMI for subjects with 
elevated systolic blood pressure was 4 to 6 kg/m 2 higher than in 
subjects with systolic blood pressure <25th percentile. Sorof et 
al. (192) found that the strongest determinant of hypertension 
in a study of school-aged children was BMI. They found that 
the prevalence of elevated blood pressure after three sequen- 
tial measurements was 11% for children with BMI > 95th 
percentile compared with 2% in those with BMI < 5th percentile. 
These results emphasize that abnormal weight gain and obesity 
are pivotal factors in blood pressure elevation in children and 
adolescents (198). 

Birth Weight and Blood Pressure 

Barker (199) has proposed that birth weight is an impor- 
tant determinant of blood pressure elevation later in life. He 
hypothesized that infants born with low birth weight owing 
to fetal undernutrition would have decreased renal mass and 
changes in vascular structure and function and that these 
abnormalities would predispose to future hypertension. 

Law et al. (200) evaluated this relationship in young adults. 
They found that lower birth weight and greater weight gain 
between age 1 and 5 years were correlated with higher blood 
pressure at age 22. However, not all studies have found this 
association. Matthes et al. (201) did not find a difference in 
systolic blood pressure of adolescents with low birth weight 
compared with those with normal birth weight. 

Tracking 

In general, there is a continuous rise in blood pressure from 
infancy through adolescence. However, at any age, there is a 
wide distribution of blood pressure for both systolic and diastolic 
blood pressure. The concept of tracking refers to the tendency 
for individuals to maintain their rank order compared with their 
peers over time. This means that those with higher blood pres- 
sures at one age would also tend to be higher later in life. This 
would also indicate that those individuals would be at higher risk 
for cardiovascular disease morbidity and mortality later in life. 

Longitudinal studies have shown that blood pressures do 
tend to track over time for children and adolescents (202,203). 
Although tracking of blood pressure is reasonably good from 
an epidemiologic standpoint, there is also substantial vari- 
ability of blood pressure over time. The prediction of blood 
pressure at a later age is not as accurate as is the prediction of 
height from measurements at a younger age (204). However, 
Cook et al. (205) have shown that the ability to predict future 
blood pressure level is improved when multiple measurements 
are taken over several years during childhood. 

It has been shown that much of the variability in blood 
pressure results from variability in weight and BMI, as well as 
growth (206). In the Muscatine Study, in addition to the current 
level of blood pressure, changes in weight and adiposity were 
the most important predictors of future blood pressure (203). 

As with cholesterol, the fact that tracking exists for blood 
pressure over time does not ensure that children who are 


destined to have hypertension in adulthood can be readily 
identified. Results from the Bogalusa study show that of the 
adults with hypertension, >40% had been in the top 20% in 
the distribution of blood pressure during childhood (202). 
Children who maintain a relatively high level of blood pres- 
sure over time are, on average, taller, have greater adiposity, 
and have greater bone age and more advanced pubertal devel- 
opment than their peers (206,207). Data from the Muscatine 
Study show that of young adults with high systolic blood pres- 
sure, 45% had at least one systolic blood pressure measure- 
ment in childhood that was >90th percentile and that of adults 
with elevated diastolic blood pressure, 40% had a diastolic 
blood pressure elevated during childhood (203). 

This raises some question regarding the utility of blood 
pressure screening in children and adolescents. Wang et al. (208 ) 
evaluated the long-term effectiveness and cost-effectiveness 
of three approaches to managing elevated blood pressure in 
adolescents. The approaches were (a) no intervention, (b) 
screen and treat, and (c) population-wide strategies to lower 
the entire blood pressure distribution. They found that rou- 
tine screening is moderately effective, but population-based 
strategies could also be cost-effective for early cardiovascular 
disease prevention. They recommended that both strategies be 
implemented in parallel. 


Target Organ Effects 

Hypertension is associated with increased risk for cardiovas- 
cular disease in adults, and treatment of hypertension results 
in decreased risk over time (209). Elevated blood pressure is 
also a component of the metabolic syndrome, which is asso- 
ciated with increased risk of cardiovascular disease in adults 
(73,210). It has been less clear whether hypertension in child- 
hood is related to the development of cardiovascular disease. 
It has been well known that severe blood pressure elevation, 
often owing to a secondary cause of hypertension, can result in 
cerebrovascular disease, hypertensive encephalopathy, conges- 
tive heart failure, and even death (195-199). It has been less 
clear whether milder forms of hypertension including primary 
hypertension are associated with cardiovascular disease. 

The Bogalusa Study and PDAY study have shown that 
blood pressure elevation is related to the presence of fatty 
streaks and fibrous plaques in the aorta and coronary arteries 
(216,217). This means that systemic blood pressure elevation 
plays an important role in the early stages of the development 
of atherosclerosis. 

Blood pressure elevation has also been associated with 
increased left ventricular mass in children and adolescents 
(218-220). This is important because left ventricular hyper- 
trophy has been established as an independent risk factor for 
cardiovascular disease in adults (221,222). Daniels et al. (218) 
reported that 55% of pediatric patients with essential hyperten- 
sion had left ventricular mass index >90th percentile for normal 
children and 8% had left ventricular mass above the cutpoint 
of 5 1 g/m 2 - 7 that has been associated with a fourfold increase in 
adverse cardiovascular events in adults with primary hyperten- 
sion (222). Studies have used ultrasound to evaluate the carotid 
artery IMT as a noninvasive surrogate marker of atherosclero- 
sis. Some studies have found an association between blood pres- 
sure elevation and increased carotid IMT (223), whereas others 
have not (224). This is an area that will require further study. 

Data are now emerging on the effects of treatment of 
hypertension on left ventricular mass and other target organ 
abnormalities. Litwin et al. assessed the effects of 12 months of 
nonpharmacologic and pharmacologic intervention on left ven- 
tricular mass index, left ventricular hypertrophy, and carotid 
IMT (225). They found that average left ventricular mass index 
decreased (38.5 ± 10.7 vs. 35.2 ± 7.5 g/m 2 - 7 ), the prevalence of 
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left ventricular hypertrophy decreased (46.5% vs. 31.4%), and 
there was a decrease in carotid IMT (0.44 ± 0.05 vs. 0.42 ± 
0.04 mm). All of the results were statistically significant 
(p < 0.001). These are encouraging results that suggest that 
standard management of hypertension can lead to regression 
of target organ abnormalities in children with hypertension. 

In adults, hypertension is associated with decreased per- 
formance on objective physical and cognitive function, even 
in the absence of subjective symptoms (226). The underlying 
mechanisms of those relationships have not been clear. Hajjar 
et al. investigated the association between hypertension and 
impairment of mobility, cognition, and mood. They also per- 
formed brain MRI to evaluate potential abnormalities (227). 
They found that hypertension increases the risk of concurrent 
impairments in mobility, cognition, and mood, which were 
associated with increased disability and mortality. These asso- 
ciations were partly mediated by microvascular injury (white 
matter hyperintensities) of the brain. 

There have also been studies of the potential association 
between blood pressure elevation and neurocognitive abnormal- 
ities in pediatric patients. Lande et al. (228) found that there was 
an association between elevated blood pressure and decreased 
cognitive function in school-aged children and adolescents, using 
data from the NHANES III. Children with elevated systolic blood 
pressure had lower average scores for digit span, block design, and 
mathematics compared to children with normal blood pressure. 
Adams et al. (229) reported that the prevalence of learning disabil- 


ities was higher in children with primary hypertension compared 
to those without hypertension. Lande et al. (230) reported that 
parental ratings of their child’s executive function improved after 
12 months of antihypertensive treatment. Taken together, these 
results emphasize the broad range of target organ abnormalities 
that can be associated with hypertension in children and ado- 
lescents. They also emphasize that treatment of elevated blood 
pressure can result in improvements in neurocognitive and car- 
diovascular function. 

For most children, blood pressure elevation is not associ- 
ated with any adverse symptoms. Therefore, most children and 
their families cannot recognize that blood pressure is elevated. 
This is why accurately obtained blood pressure measurements 
are recommended in the clinical setting as part of well child 
care. This is also why additional testing such as echocardiog- 
raphy is recommended in pediatric patients who are identified 
with blood pressure elevation, to determine if the blood pres- 
sure elevation is having an adverse effect on target organs. 

Normal Blood Pressure 

Tables for normal blood pressure have been developed 
from combining data from large epidemiologic studies of 
blood pressure in children. These values are presented in 
Tables 71.11 and 71.12. These blood pressures represent 
values measured in the sitting position using auscultation. It 


TABLE 71.11 


Blood Pressure Levels for Girls by Age and Height Percentile 


Systolic BP (mm Hg) 


Diastolic BP (mm Hg) 


BP Percentile of Height Percentile of Height 


Age Percentile 


(v) 

i 

5th 

10th 

25th 

50th 

75th 

90th 

95th 

5th 

10th 

25th 

50th 

75th 

90th 

95th 

1 

50th 

80 

81 

83 

85 

87 

88 

89 

34 

35 

36 

37 

38 

39 

39 


90th 

94 

95 

97 

99 

100 

102 

103 

49 

50 

51 

52 

53 

53 

54 


95th 

98 

99 

101 

103 

104 

106 

106 

54 

54 

55 

56 

57 

58 

58 


99th 

105 

106 

108 

110 

112 

113 

114 

61 

62 

63 

64 

65 

66 

66 

2 

50th 

84 

85 

87 

88 

90 

92 

92 

39 

40 

41 

42 

43 

44 

44 


90th 

97 

99 

100 

102 

104 

105 

106 

54 

55 

56 

57 

58 

58 

59 


95th 

101 

102 

104 

106 

108 

109 

110 

59 

59 

60 

61 

62 

63 

63 


99th 

109 

110 

111 

113 

115 

117 

117 

66 

67 

68 

69 

70 

71 

71 

3 

50th 

86 

87 

89 

91 

93 

94 

95 

44 

44 

45 

46 

47 

48 

48 


90th 

100 

101 

103 

105 

107 

108 

109 

59 

59 

60 

61 

62 

63 

68 


95th 

104 

105 

107 

109 

110 

112 

113 

63 

63 

64 

65 

66 

67 

67 


99th 

111 

112 

114 

116 

118 

119 

120 

71 

71 

72 

73 

74 

75 

75 

4 

50th 

88 

89 

91 

93 

95 

96 

97 

47 

48 

49 

50 

51 

51 

52 


90th 

102 

103 

105 

107 

109 

110 

111 

62 

63 

64 

65 

66 

66 

67 


95th 

106 

107 

109 

111 

112 

114 

115 

66 

67 

68 

69 

70 

71 

71 


99th 

113 

114 

116 

118 

120 

121 

122 

74 

75 

76 

77 

78 

78 

79 

5 

50th 

90 

91 

93 

95 

96 

98 

98 

50 

51 

52 

53 

54 

55 

55 


90th 

104 

105 

106 

108 

110 

111 

112 

65 

66 

67 

68 

69 

69 

70 


95th 

108 

109 

110 

112 

114 

115 

116 

69 

70 

71 

72 

73 

74 

74 


99th 

115 

116 

118 

120 

121 

123 

123 

77 

78 

79 

80 

81 

81 

82 

6 

50th 

91 

92 

94 

96 

98 

99 

100 

53 

53 

54 

55 

56 

57 

57 


90th 

105 

106 

108 

110 

111 

113 

113 

68 

68 

69 

70 

71 

72 

72 


95th 

109 

110 

112 

114 

115 

117 

117 

72 

72 

73 

74 

75 

76 

76 


99th 

116 

117 

119 

121 

123 

124 

125 

80 

80 

81 

82 

83 

84 

84 


(continued) 



-530 SECTION X ■ Other Special Problems and Issues 



TABLE 

71.11 | 

Blood Pressure Levels for Girls by Age and Height Percentile ( Continued ) 




Age 

(y) 

BP 

Percentile 

i 



Systolic BP (mm Hg) 





Diastolic BP (mm Hg) 




Percentile of Height 





Percentile of Height 


5th 

10th 

25th 

50th 

75th 

90th 

95th 

5th 

10th 

25th 

50th 

75th 

90th 

95th 

7 

50th 

92 

94 

95 

97 

99 

100 

101 

55 

55 

56 

57 

58 

59 

59 


90th 

106 

107 

109 

111 

113 

114 

115 

70 

70 

71 

72 

73 

74 

74 


95th 

110 

111 

113 

115 

117 

118 

119 

74 

74 

75 

76 

77 

78 

78 


99th 

117 

118 

120 

122 

124 

125 

126 

82 

82 

83 

84 

85 

86 

86 

8 

50th 

94 

95 

97 

99 

100 

102 

102 

56 

57 

58 

59 

60 

60 

61 


90th 

107 

109 

110 

112 

114 

115 

116 

71 

72 

72 

73 

74 

75 

76 


95th 

111 

112 

114 

116 

118 

119 

120 

75 

76 

77 

78 

79 

79 

80 


99th 

119 

120 

122 

123 

125 

127 

127 

83 

84 

85 

86 

87 

87 

88 

9 

50th 

95 

96 

98 

100 

102 

103 

104 

57 

58 

59 

60 

61 

61 

62 


90th 

109 

110 

112 

114 

115 

117 

118 

72 

73 

74 

75 

76 

76 

77 


95th 

113 

114 

116 

118 

119 

121 

121 

76 

77 

78 

79 

80 

81 

81 


99th 

120 

121 

123 

125 

127 

128 

129 

84 

85 

86 

87 

88 

88 

89 

10 

50th 

97 

98 

100 

102 

103 

105 

106 

58 

59 

60 

61 

61 

62 

63 


90th 

111 

112 

114 

115 

117 

119 

119 

73 

73 

74 

75 

76 

77 

78 


95th 

115 

116 

117 

119 

121 

122 

123 

77 

78 

79 

80 

81 

81 

82 


99th 

122 

123 

125 

127 

128 

130 

130 

85 

86 

86 

88 

88 

89 

90 

11 

50th 

99 

100 

102 

104 

105 

107 

107 

59 

59 

60 

61 

62 

63 

63 


90th 

113 

114 

115 

117 

119 

120 

121 

74 

74 

75 

76 

77 

78 

78 


95th 

117 

118 

119 

121 

123 

124 

125 

78 

78 

79 

80 

81 

82 

82 


99th 

124 

125 

127 

129 

130 

132 

132 

86 

86 

87 

88 

89 

90 

90 

12 

50th 

101 

102 

104 

106 

108 

109 

110 

59 

60 

61 

62 

63 

63 

64 


90th 

115 

116 

118 

120 

121 

123 

123 

74 

75 

75 

76 

77 

78 

79 


95th 

119 

120 

122 

123 

125 

127 

127 

78 

79 

80 

81 

82 

82 

83 


99th 

126 

127 

129 

131 

133 

134 

135 

86 

87 

88 

89 

90 

90 

91 

13 

50th 

104 

105 

106 

108 

110 

111 

112 

60 

60 

61 

62 

63 

64 

64 


90th 

117 

118 

120 

122 

124 

125 

126 

75 

75 

76 

77 

78 

79 

79 


95th 

121 

122 

124 

126 

128 

129 

130 

79 

79 

80 

81 

82 

83 

83 


99th 

128 

130 

131 

133 

135 

136 

137 

87 

87 

88 

89 

90 

91 

91 

14 

50th 

106 

107 

109 

111 

113 

114 

115 

60 

61 

62 

63 

64 

65 

65 


90th 

120 

121 

123 

125 

126 

128 

128 

75 

76 

77 

78 

79 

79 

80 


95th 

124 

125 

127 

128 

130 

132 

132 

80 

80 

81 

82 

83 

84 

84 


99th 

131 

132 

134 

136 

138 

139 

140 

87 

88 

89 

90 

91 

92 

92 

15 

50th 

109 

110 

112 

113 

115 

117 

117 

61 

62 

63 

64 

65 

66 

66 


90th 

122 

124 

125 

127 

129 

130 

131 

76 

77 

78 

79 

80 

80 

81 


95th 

126 

127 

129 

131 

133 

134 

135 

81 

81 

82 

83 

84 

85 

85 


99th 

134 

135 

136 

138 

140 

142 

142 

88 

89 

90 

91 

92 

93 

93 

16 

50th 

111 

112 

114 

116 

118 

119 

120 

63 

63 

64 

65 

66 

67 

67 


90th 

125 

126 

128 

130 

131 

133 

134 

78 

78 

79 

80 

81 

82 

82 


95th 

129 

130 

132 

134 

135 

137 

137 

82 

83 

83 

84 

85 

86 

87 


99th 

136 

137 

139 

141 

143 

144 

145 

90 

90 

91 

92 

93 

94 

94 

17 

50th 

114 

115 

116 

118 

120 

121 

122 

65 

66 

66 

67 

68 

69 

70 


90th 

127 

128 

130 

132 

134 

135 

136 

80 

80 

81 

82 

83 

84 

84 


95th 

131 

132 

134 

136 

138 

139 

140 

84 

85 

86 

87 

87 

88 

89 


99th 

139 

140 

141 

143 

145 

146 

147 

92 

93 

93 

94 

95 

96 

97 


BP, blood pressure. 

Reproduced with permission from Falkner B, Daniels SR, Flynn JT, et al. The fourth report on the diagnosis, evaluation and treatment of high blood pressure in children and 
adolescents. Pediatrics 2004;114:555-576, Copyright © 2004 by the AAP. 
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TABLE 71.12 


Blood Pressure Levels for Boys by Age and Height Percentile 


Systolic BP (mm Hg) 


Diastolic BP (mm Hg) 


BP Percentile of Height Percentile of Height 


Age Percentile 


(y) 

i 

5th 

10th 

25th 

50th 

75th 

90th 

95th 

5th 

10th 

25th 

50th 

75th 

90th 

95th 

1 

50th 

80 

81 

83 

85 

87 

88 

89 

34 

35 

36 

37 

38 

39 

39 


90th 

94 

95 

97 

99 

100 

102 

103 

49 

50 

51 

52 

53 

53 

54 


95th 

98 

99 

101 

103 

104 

106 

106 

54 

54 

55 

56 

57 

58 

58 


99th 

105 

106 

108 

110 

112 

113 

114 

61 

62 

63 

64 

65 

66 

66 

2 

50th 

84 

85 

87 

88 

90 

92 

92 

39 

40 

41 

42 

43 

44 

44 


90th 

97 

99 

100 

102 

104 

105 

106 

54 

55 

56 

57 

58 

58 

59 


95th 

101 

102 

104 

106 

108 

109 

110 

59 

59 

60 

61 

62 

63 

63 


99th 

109 

110 

111 

113 

115 

117 

117 

66 

67 

68 

69 

70 

71 

71 

3 

50th 

86 

87 

89 

91 

93 

94 

95 

44 

44 

45 

46 

47 

48 

48 


90th 

100 

101 

103 

105 

107 

108 

109 

59 

59 

60 

61 

62 

63 

63 


95th 

104 

105 

107 

109 

110 

112 

113 

63 

63 

64 

65 

66 

67 

67 


99th 

111 

112 

114 

116 

118 

119 

120 

71 

71 

72 

73 

74 

75 

75 

4 

50th 

88 

89 

91 

93 

95 

96 

97 

47 

48 

49 

50 

51 

51 

52 


90th 

102 

103 

105 

107 

109 

110 

111 

62 

63 

64 

65 

66 

66 

67 


95th 

106 

107 

109 

111 

112 

114 

115 

66 

67 

68 

69 

70 

71 

71 


99th 

113 

114 

116 

118 

120 

121 

122 

74 

75 

76 

77 

78 

78 

79 

5 

50th 

90 

91 

93 

95 

96 

98 

98 

50 

51 

52 

53 

54 

55 

55 


90th 

104 

105 

106 

108 

110 

111 

112 

65 

66 

67 

68 

69 

69 

70 


95th 

108 

109 

110 

112 

114 

115 

116 

69 

70 

71 

72 

73 

74 

74 


99th 

115 

116 

118 

120 

121 

123 

123 

77 

78 

79 

80 

81 

81 

82 

6 

50th 

91 

92 

94 

96 

98 

99 

100 

53 

53 

54 

55 

56 

57 

57 


90th 

105 

106 

108 

110 

111 

113 

113 

68 

68 

69 

70 

71 

72 

72 


95th 

109 

110 

112 

114 

115 

117 

117 

72 

72 

73 

74 

75 

76 

76 


99th 

116 

117 

119 

121 

123 

124 

125 

80 

80 

81 

82 

83 

84 

84 

7 

50th 

92 

94 

95 

97 

99 

100 

101 

55 

55 

56 

57 

58 

59 

59 


90th 

106 

107 

109 

111 

113 

114 

115 

70 

70 

71 

72 

73 

74 

74 


95th 

110 

111 

113 

115 

117 

118 

119 

74 

74 

75 

76 

77 

78 

78 


99th 

117 

118 

120 

122 

124 

125 

126 

82 

82 

83 

84 

85 

86 

86 

8 

50th 

94 

95 

97 

99 

100 

102 

102 

56 

57 

58 

59 

60 

60 

61 


90th 

107 

109 

110 

112 

114 

115 

116 

71 

72 

72 

73 

74 

75 

76 


95th 

111 

112 

114 

116 

118 

119 

120 

75 

76 

77 

78 

79 

79 

80 


99th 

119 

120 

122 

123 

125 

127 

127 

83 

84 

85 

86 

87 

87 

88 

9 

50th 

95 

96 

98 

100 

102 

103 

104 

57 

58 

59 

60 

61 

61 

62 


90th 

109 

110 

112 

114 

115 

117 

118 

72 

73 

74 

75 

76 

76 

77 


95th 

113 

114 

116 

118 

119 

121 

121 

76 

77 

78 

79 

80 

81 

81 


99th 

120 

121 

123 

125 

127 

128 

129 

84 

85 

86 

87 

88 

88 

89 

10 

50th 

97 

98 

100 

102 

103 

105 

106 

58 

59 

60 

61 

61 

62 

63 


90th 

111 

112 

114 

115 

117 

119 

119 

73 

73 

74 

75 

76 

77 

78 


95th 

115 

116 

117 

119 

121 

122 

123 

77 

78 

79 

80 

81 

81 

82 


99th 

122 

123 

125 

127 

128 

130 

130 

85 

86 

86 

88 

88 

89 

90 

11 

50th 

99 

100 

102 

104 

105 

107 

107 

59 

59 

60 

61 

62 

63 

63 


90th 

113 

114 

115 

117 

119 

120 

121 

74 

74 

75 

76 

77 

78 

78 


95th 

117 

118 

119 

121 

123 

124 

125 

78 

78 

79 

80 

81 

82 

82 


99th 

124 

125 

127 

129 

130 

132 

132 

86 

86 

87 

88 

89 

90 

90 

12 

50th 

101 

102 

104 

106 

108 

109 

110 

59 

60 

61 

62 

63 

63 

64 


90th 

115 

116 

118 

120 

121 

123 

123 

74 

75 

75 

76 

77 

78 

79 


95th 

119 

120 

122 

123 

125 

127 

127 

78 

79 

80 

81 

82 

82 

83 


99th 

126 

127 

129 

131 

133 

134 

135 

86 

87 

88 

89 

90 

90 

91 


(continued) 
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TABLE 

71.12 | 

Blood Pressure Levels for Boys by Age and Height Percentile ( Continued ) 




Age 

(v) 

BP 

Percentile 

l 



Systolic BP (mm Hg) 





Diastolic BP ( 

mm Hg) 




Percentile of Height 





Percentile of Height 


5th 

10th 

25th 

50th 

75th 

90th 

95th 

5th 

10th 

25th 

50th 

75th 

90th 

95th 

13 

50th 

104 

105 

106 

108 

110 

111 

112 

60 

60 

61 

62 

63 

64 

64 


90th 

117 

118 

120 

122 

124 

125 

126 

75 

75 

76 

77 

78 

79 

79 


95th 

121 

122 

124 

126 

128 

129 

130 

79 

79 

80 

81 

82 

83 

83 


99th 

128 

130 

131 

133 

135 

136 

137 

87 

87 

88 

89 

90 

91 

91 

14 

50th 

106 

107 

109 

111 

113 

114 

115 

60 

61 

62 

63 

64 

65 

65 


90th 

120 

121 

123 

125 

126 

128 

128 

75 

76 

77 

78 

79 

79 

80 


95th 

124 

125 

127 

128 

130 

132 

132 

80 

80 

81 

82 

83 

84 

84 


99th 

131 

132 

134 

136 

138 

139 

140 

87 

88 

89 

90 

91 

92 

92 

15 

50th 

109 

110 

112 

113 

115 

117 

117 

61 

62 

63 

64 

65 

66 

66 


90th 

122 

124 

125 

127 

129 

130 

131 

76 

77 

78 

79 

80 

80 

81 


95th 

126 

127 

129 

131 

133 

134 

135 

81 

81 

82 

83 

84 

85 

85 


99th 

134 

135 

136 

138 

140 

142 

142 

88 

89 

90 

91 

92 

93 

93 

16 

50th 

111 

112 

114 

116 

118 

119 

120 

63 

63 

64 

65 

66 

67 

67 


90th 

125 

126 

128 

130 

131 

133 

134 

78 

78 

79 

80 

81 

82 

82 


95th 

129 

130 

132 

134 

135 

137 

137 

82 

83 

83 

84 

85 

86 

87 


99th 

136 

137 

139 

141 

143 

144 

145 

90 

90 

91 

92 

93 

94 

94 

17 

50th 

114 

115 

116 

118 

120 

121 

122 

65 

66 

66 

67 

68 

69 

70 


90th 

127 

128 

130 

132 

134 

135 

136 

80 

80 

81 

82 

83 

84 

84 


95th 

131 

132 

134 

136 

138 

139 

140 

84 

85 

86 

87 

87 

88 

89 


99th 

139 

140 

141 

143 

145 

146 

147 

92 

93 

93 

94 

95 

96 

97 


The 90th percentile is 1.28 SD,the 95th percentile is 1.645 SD, and the 99th percentile is 2.326 SD over the mean. 

Reproduced with permission from National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents. The fourth report on 
the diagnosis, evaluation and treatment of high blood pressure in children and adolescents. Pediatrics 2004;114:555-576, Copyright© 2004 by the AAP. 


can be seen from these tables that blood pressure generally 
increases with age. Blood pressure also increases with height, 
which is why height percentiles are included in the tables as 
a way of classifying blood pressure elevation. There is also a 
strong correlation between BMI and blood pressure. How- 
ever, this is believed to be a pathologic relationship, so weight 
or BMI are not considered in determining normal blood pres- 
sure, and it is not considered normal for children who are 
overweight to have higher blood pressure. Separate tables are 
presented for males and females as blood pressure in males 
is somewhat higher than for females. This difference by sex 
increases with age. It has been shown that after accounting 
for the correlates of blood pressure such as body size, ethnic 
differences in blood pressure are minimal in childhood and 
adolescence. 

Normal values for blood pressure during the first year of life 
are presented in Figure 71.4. These values are for the supine 
position and measured with an oscillometric type of device. 

Ambulatory Blood Pressure 

Blood pressure has traditionally been measured with the 
patient resting quietly in a sitting position. This approach to 
measurement has been very useful both in the research and 
clinical setting for both children and adults. Nevertheless, it 
is clear that this does not reflect the variability of blood pres- 
sure seen normally during the day and night. Blood pressures 
measured in the clinic setting may also be subject to the white 
coat effect. This is a well-recognized circumstance in which 


some individuals experience an elevation in blood pressure, 
not seen in other environments, when they are in the doctor’s 
office. 

Ambulatory blood pressure monitoring is a procedure in 
which a patient wears a portable blood pressure measuring 
device over a 24-hour period (231,232). This method has 
been increasingly used in adults and pediatric patients to 
provide a better characterization of blood pressure. It allows 
for calculation of mean day and mean night time blood 
pressure and also the frequency with which blood pressure 
exceeds the upper limit of normal. Normal standards for 
ambulatory blood pressures have been published and are 
available for clinical use (233,234). Ambulatory blood pres- 
sure measurements have been shown to be associated with 
the presence of target organ abnormalities and may be more 
sensitive than casual blood pressure measurements in indi- 
cating risk (231). 

Ambulatory blood pressure monitoring is also useful in the 
evaluation of white coat hypertension. In this case, blood pres- 
sure measurements in the clinic setting are persistently elevated, 
whereas 24-hour ambulatory blood pressure measurements are 
normal. When white coat hypertension is present, the use of 
ambulatory monitoring may spare the patient from more inten- 
sive treatment. Children with white coat hypertension should 
not be considered completely normal; however, blood pres- 
sure reactivity to stressful stimuli may be a marker for future 
hypertension (225). 

Another aspect of 24-hour ambulatory blood pressure 
monitoring that may be useful is the normal decline in blood 



Age-specific percentiles of blood pressure 
measurements in boys birth to 12 months 


Age-specific percentiles of blood pressure 
measurements in girls birth to 12 months 




90th Percentile 


Systolic BP 

87 

101 

106 

106 

106 

105 

105 

105 

105 

105 

105 

105 

105 

Diastolic BP 

68 

65 

63 

63 

63 

65 

66 

67 

68 

68 

69 

69 

69 

Height CM 

51 

59 

63 

66 

68 

70 

72 

73 

74 

76 

77 

78 

80 

Weight KG 

4 

4 

5 

5 

6 

7 

8 

9 

9 

10 

10 

11 

11 


75 



01 23456789 10 11 12 

B Months 


90th Percentile 


Systolic BP 

76 

98 

101 

104 

105 

106 

106 

106 

106 

106 

106 

105 

105 

Diastolic BP 

68 

65 

64 

64 

65 

65 

66 

66 

66 

67 

67 

67 

67 

Height CM 

54 

55 

56 

58 

61 

63 

66 

68 

70 

72 

74 

75 

77 

Weight KG 

4 

4 

4 

5 

5 

6 

7 

8 

9 

9 

10 

10 

11 


Figure 71.4. Age-specific percentiles for blood pressure in boys (A) and girls (B) from birth to 12 months of 
age. BP, blood pressure. (Reproduced with permission from Task Force on Blood Pressure Control in Children. 
National Heart, Lung, and Blood Institute, Bethesda, Maryland. Report of the Second Task Force on Blood Pres- 
sure Control in Children — 1987. Pediatrics 1987;79:1-2 5, Copyright © 1987 by the AAP.) 
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pressure observed at night during sleep. This is often referred 
to as “ dipping” of blood pressure. The normal nocturnal 
decline in blood pressure is approximately 10%. Nondip- 
ping has been associated with higher future blood pressure, 
increased risk of target organ disease, and some secondary 
forms of hypertension (236,237). 

For pediatric patients with hypertension, 24-hour ambula- 
tory blood pressure monitoring may be useful (232). How- 
ever, its use requires specialized equipment and trained staff 
for appropriate application and interpretation of the results. 

Definition of Hypertension 

In adults, a single set of values is used to define hyperten- 
sion at any age (209). In children, this would be problematic 
because blood pressure increases with age as children grow 
normally. This has led to the definition of hypertension based 
on percentiles that has been proposed by the National High 
Blood Pressure Education Program (238). These definitions 
are presented in Table 71.13. For the diagnosis of hyperten- 
sion to be established, it is necessary for blood pressure to be 
elevated (>95th percentile) on a persistent basis over three 
separate occasions. The level of blood pressure on the first 
measurement dictates when the patient should return for 
repeat blood pressure measurements. Confirming an elevated 
blood pressure measurement is important because higher 
blood pressure tends to fall on subsequent visits and may 
not be persistently elevated. On the other hand, severe blood 
pressure elevation requires more acute, diagnostic, and thera- 
peutic action. 

Measurement of Blood Pressure 

For appropriate interpretation of blood pressure, it is impor- 
tant that it be measured appropriately. Unfortunately, in many 
clinical settings, blood pressure measurements may not be 
taken at all, and when they are taken, the techniques used may 
not be appropriate. Even when blood pressure is measured 
appropriately, it is often not interpreted correctly. Hansen 
et al. (239) evaluated the frequency of undiagnosed prehyper- 
tension and hypertension in a large academic urban medical 
system with an electronic medical record. They found that 
prehypertension and hypertension were frequently undiag- 
nosed. This was especially true for younger children without 
obesity or other cardiovascular risk factors. A greater number 


of elevated blood pressures and blood pressure readings in the 
range of stage 2 hypertension were associated with increased 
recognition and diagnosis. Training in blood pressure meas- 
urement and interpretation for nurses and physicians is often 
minimal. 

Neonates 

The optimum method for measurement of blood pressure is the 
indwelling arterial catheter. In ill neonates, an umbilical artery 
or radial artery catheter is often in place (240). An alternative 
method is the oscillometric monitor. These devices have been 
shown to correlate reasonably well with intra-arterial measure- 
ments under controlled circumstances such as during anesthesia 
(241). However, in the clinical setting, such devices have been 
shown to vary significantly from auscultation (242). In addi- 
tion, oscillometric devices may differ from each other (243). 

Blood pressures obtained using oscillometric devices 
are useful when blood pressure is monitored over time and the 
trend in blood pressure is of particular interest. Blood pres- 
sure should be measured in the arm because blood pressure in 
the leg may be higher than that in the arm (244). Normal 
standards are not available for blood pressure measured in the 
leg. Routine blood pressure measurement is not recommended 
for normal neonates or infants. Blood pressure should be 
measured in the presence of other medical conditions where 
hypertension might be expected, such as renal disease or con- 
genital heart disease (Table 71.14). 

Older Children and Adolescents 

Children aged 3 years and older should have their blood pres- 
sure measured in the clinical setting at least annually. It is rec- 
ommended that blood pressures be obtained with auscultation. 
The right arm is preferred for blood pressure measurement 
with the patient seated quietly and the arm at heart level (238). 
Blood pressure should be measured at all well child and ill 
visits for children older than age 3 years through adolescence. 

The size of the blood pressure cuff bladder is quite impor- 
tant for accurate blood pressure measurement. The use of a 
blood pressure cuff that is too small will result in a falsely ele- 
vated blood pressure recording. The width of the cuff should 
be at least 40% of the arm circumference at the point midway 
between the olecranon and the acromion. The length of the 
bladder should be between 80% and 100% of the circum- 
ference of the arm so that it encircles the arm appropriately 
(245). Therefore, the bladder width-to-length ratio should be 


TABLE 71.13 


Classification of Hypertension in Children and Adolescents 



SBP or DBP Percentile 3 

Frequency of BP Measurement 

Normal 

<90th 

Recheck at next scheduled physical examination. 

Prehypertension 

90th to <95th or if BP exceeds 120/80 mm Hg even 
if below 90th percentile up to <95th percentile 6 

Recheck in 6 mo. 

Stage 1 hypertension 

95th percentile to the 99th percentile plus 5 mm Hg 

Recheck in 1-2 wk or sooner if the patient is 
symptomatic; if persistently elevated on two 
additional occasions, evaluate or referto source 
of care within 1 mo. 

Stage 2 hypertension 

>99th percentile plus 5 mm Hg 

Evaluate or refer to source of care within 1 wk or 


immediately if the patient is symptomatic. 


"For sex, age, and height measured on at least three separate occasions; if systolic and diastolic categories are different, categorize by the higher value. 
b This occurs typically at 12 years of age for SBP and for DBP. 

SBP, systolic blood pressure; DSP, dystolic blood pressure. 
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Conditions for Which Neonates 
and Infants Should Have 
Measurement of Blood Pressure 

■ Prematurity neonatal complications 

■ Congenital heart disease 

■ Renal disease or urologic malformation 

■ Evidence of elevated intracranial pressure 

■ Treatment with drugs that raise blood pressure 

at least 1:2. In clinical practice, if a cuff is too small, then the 
next largest should be chosen until the cuff that is the most 
appropriate size is identified. 

The Korotkoff phases are auscultated and used to determine 
systolic and diastolic blood pressure. The onset of tapping 
sounds (phase 1) is the point used for systolic blood pressure 
and the disappearance of sound (phase 5) is used for the dias- 
tolic blood pressure. When sounds can be heard to 0 mm Hg, 
then the onset of the phase 4, or muffing of sound, should be 
used to determine the diastolic blood pressure. 

The mercury sphygmomanometer is the optimum device for 
measurement of blood pressure. However, because of environ- 
mental concerns about mercury, many hospitals have removed 
mercury manometers from the clinical setting. An appropriate 
alternative is the aneroid device, which is a mechanical device 
that is calibrated against the mercury column. In general, auto- 
mated oscillometric devices are not recommended for routine 
measurement of blood pressure in children and adolescents. If 
an automated oscillometric device is used and elevated blood 
pressure is identified, this should be confirmed using a mercury 
manometer or aneroid device (238). 

Etiology of Hypertension 

There is a number of potential causes of hypertension. The 
likelihood of finding a secondary form of hypertension varies 
with the age of the child, the degree of blood pressure eleva- 
tion, and the presence of hypertension in family members. 
This means that for a younger child, with greater elevation of 
blood pressure and little or no family history of hypertension, 
consideration should be given to possible secondary causes. 
For the adolescent with mild elevation of blood pressure, over- 


weight, and a strong family history of hypertension, primary 
or essential hypertension is most likely. 

Neonatal Hypertension 

In neonates with blood pressure elevation, an evaluation for 
secondary causes should usually be performed. The causes of 
hypertension in the neonate include renal parenchymal disease 
and renovascular, cardiovascular, endocrine, pharmacologic, 
and neoplastic disorders. Other causes include bronchopulmo- 
nary dysplasia and increased intracranial pressure (246-248). 

The evaluation of potential secondary causes in this age group 
includes measurement of blood pressure in all four extremities 
to rule out coarctation of the aorta. The history of umbilical 
artery catheterization may suggest vascular trauma and renal 
artery stenosis. Usually, a careful history and physical examina- 
tion will provide clues to the possible cause of hypertension. 

For most patients, few laboratory tests are needed. It is 
important to assess renal function with a blood urea nitro- 
gen (BUN) and creatinine and to evaluate a urine specimen to 
investigate the presence of renal parenchymal disease. 

A chest radiograph and echocardiogram may be useful if 
signs and symptoms of congestive heart failure are present. 
Ultrasound of the genitourinary tract is important when renal 
or urologic abnormalities are suspected. For infants with very 
high blood pressure for which no cause can be readily identified, 
an evaluation of possible renal artery stenosis may be indicated. 

Children and Adolescents 

For older children, the likelihood of secondary hypertension is 
diminished, but it still may be present. In general, the history 
and physical examination are most useful in the identification 
of possible secondary causes. The standard evaluation for chil- 
dren with persistent elevation of blood pressure is presented 
in Table 71.15. Findings on history that may suggest other 
causes of hypertension are presented in Table 71.16. Physi- 
cal examination findings that may suggest secondary forms of 
blood pressure elevation are presented in Table 71.17. Based 
on history and physical findings, additional laboratory tests 
may be performed to evaluate the possibility of an underlying 
cause for the blood pressure elevation. 

Evaluation of Target Organ Abnormalities 

Echocardiography is recommended as the main tool for clini- 
cal evaluation of target organ abnormalities. Left ventricu- 
lar mass can be calculated from standard echocardiographic 


TABLE 71.14 


| Standard Clinical Evaluation of Children and Adolescents with Hypertension 


Study or Procedure 

Purpose 

Evaluation for identifiable causes 

History, including sleep history, family history, risk factors, 
diet, and habits such as smoking and drinking alcohol; physical 
examination 

History and physical examination help focus subsequent 
evaluation 

BUN, creatinine, electrolytes, urinalysis, and urine culture 

Rule out renal disease and chronic pyelonephritis 

CBC 

Rule out anemia, consistent with chronic renal disease 

Renal ultrasound 

Rule out scar, congenital anomaly, or disparate renal size 


BUN, blood urea nitrogen; CBC, complete blood count. 

Reproduced with permission from Falkner B, Daniels SR, Flynn JT, et al. The fourth report on the diagnosis, evaluation and treatment of high blood pressure in children and 
adolescents. Pediatrics 2004;1 14:555-576, Copyright © 2004 by the AAR 
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H 


TABLE 71.16 


Information 


Historical Information that May Suggest Primary or Secondary Hypertension 

Relevance 


Family history of hypertension, preeclampsia, toxemia, renal 
disease, tumors 

Neonatal history 

Headaches, dizziness, epistaxis, visual problems 
Abdominal pain, dysuria, frequency, nocturia, enuresis 
Joint pains/swelling, facial or peripheral edema 

Weight loss, failure to gain weight with good appetite, sweating, 
flushing, fevers, palpitations 

Muscle cramps, weakness, constipation 
Age of onset of menarche, sexual development 

Ingestion of prescription and over-the-counter drugs, 
contraceptives, illicit drugs 

Reproduced with permission from Falkner B, Daniels SR, Flynn JT, et al. The fourth i 
adolescents. Pediatrics 2004;1 14:555-576, Copyright © 2004 by the AAP. 


Important in essential hypertension, inherited renal disease, and 
some endocrine diseases (e.g., familial pheochromocytoma with 
multiple endocrine adenopathy II) 

Use of umbilical artery catheter suggests need to evaluate renal 
vasculature and kidneys 

Nonspecific symptomatology, usually not etiologically helpful 
May suggest underlying renal disease 

Suggest connective tissue disease and/or other forms of 
nephritis 

In combination, symptoms suggest pheochromocytoma 

May suggest hypokalemia and hyperaldosteronism 
May be helpful in suggesting endocrine causes 
Drug-induced hypertension 

on the diagnosis, evaluation and treatment of high blood pressure in children and 


measurements including the left ventricular end-diastolic 
dimension (LVED), the intraventricular septal thickness (IVS), 
and the thickness of the left ventricular posterior wall (LVPW). 
From these measurements, the method of Devereux et al. (249) 
can be used to calculate left ventricular mass: 


evaluate the possibility of obstructive sleep apnea. In the older 
child and adolescent, a history of alcohol or drug abuse may 
suggest the utility of a drug screen. 

Treatment of Hypertension 


LV mass (g) = 0.80 


1.04 (IVS + LVED + LVPW) 3 - (LVED) 3 


+ 0.6 


The size of the left ventricle is very dependent on body size and in 
particular lean body mass (250). This means that the determina- 
tion of left ventricular mass should be indexed or standardized 
to allow for comparisons with normal standards. The recom- 
mended approach to indexing is to use the height to the power 
of 2.7. This method comes close to accounting for the patient’s 
lean body mass and excludes any effect that obesity may have on 
blood pressure. Obesity may have a pathologic effect resulting 
in elevation of left ventricular mass (251). A conservative cut- 
point for determining elevation of left ventricular mass index is 
51 g/m 2 - 7 . This is >99th percentile for normal children and ado- 
lescents and is a level that is associated with increased cardiovas- 
cular morbidity and mortality in adults with hypertension (222). 

Other methods for evaluation of target organ effects such 
as ultrasound evaluation of the carotid arteries or evaluation 
or the urine for microalbuminuria are not currently recom- 
mended in children and adolescents. Ophthalmologic exami- 
nation of the retinal vessels may be useful in identifying 
children and adolescents with retinal vascular changes, which 
may reflect abnormal changes in other vascular beds. 

It is often useful to evaluate children for comorbid condi- 
tions that may increase the risk of cardiovascular disease and 
may be associated with hypertension. This includes a fasting 
lipid profile and glucose to identify potential metabolic abnor- 
malities that may be part of the metabolic syndrome. In chil- 
dren with a history of snoring, irregular breathing during sleep, 
and daytime sleepiness, a polysomnogram may be indicated to 


An overall approach to the evaluation and treatment of 
hypertension in children and adolescents recommended by 
the National Heart Lung and Blood Institute is presented in 
Figure 71. 5A and B. 

In general, the initial approach to treatment includes ther- 
apeutic changes to lifestyle. If patients are overweight, this 
should include aggressive weight management. It is when life- 
style changes have been shown to be insufficient and blood 
pressure remains elevated that more aggressive treatment with 
pharmacologic agents is instituted. 

Lifestyle Modification 

There is good evidence in adults that modification of lifestyle 
focused on changing diet and physical activity can have a ben- 
eficial effect on blood pressure. There is increasing evidence 
that this is true for children as well. 

Diet. From the standpoint of diet, overweight, excess 
intake of salt and alcohol, and low intake of potassium have 
all been associated with blood pressure elevation (252). How- 
ever, whether these dietary factors also make good targets for 
treatment is less clear. 

Numerous clinical trials have been conducted to evaluate 
the relationship of weight loss to blood pressure. Almost all 
have shown that weight loss or improvement in BMI is related 
to lower blood pressure in adults. In a meta-analysis, the mean 
reduction in blood pressure for a weight loss of 5.1 kg was 
4.4 mm Hg for systolic blood pressure and 3.6 mm Hg for 
diastolic blood pressure (253). 

In children and adolescents, much of the observed primary 
hypertension is at least in part related to overweight. With the 
increasing prevalence and severity of childhood obesity, weight 
management is an increasing aspect of the nonpharmacologic 
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TABLE 71.17 


Examples of Physical Examination Findings Suggestive of Secondary Hypertension 


Finding 


Possible Cause 


Vital signs Tachycardia 

Decreased lower- extremity pulses; drop 
in BP from upper to lower extremities 

Eyes Retinal changes 

Ear, nose, and throat (ENT) Adenotonsillar hypertrophy 

Height/weight Growth retardation 

Obesity (high BMI) 

Truncal obesity 

Head and neck Moon facies 

Elfin facies 
Webbed neck 
Thyromegaly 

Skin Episodic pallor, flushing, diaphoresis 

Acne, hirsutism, striae 
Cafe au lait spots 
Adenoma sebaceum 
Malar rash 
Acanthosis nigricans 

Chest Widely spaced nipples 

Systolic heart murmur 
Friction rub 


Abdomen 


Genitalia 

Extremities 


Apical heave 
Mass 

Epigastric/flank bruit 
Palpable kidneys 

Ambiguous/virilization 
Joint swelling 

Muscle weakness 


Hyperthyroidism, pheochromocytoma, neuroblastoma, 
primary hypertension 

Coarctation of the aorta 

Severe hypertension, more likely to be associated with 
secondary hypertension 

Suggests association with sleep-disordered breathing 
(sleep apnea), snoring 

Chronic renal failure 
Primary hypertension 

Cushing syndrome, insulin resistance syndrome 
Cushing syndrome 
Williams syndrome 

Turner syndrome (coarctation of the aorta) 

Hyperthyroidism 

Pheochromocytoma 

Cushing syndrome, anabolic steroid abuse 

Neurofibromatosis 

Tuberous sclerosis 

Systemic lupus erythematosus 

Type 2 diabetes 

Turner syndrome 

Coarctation of the aorta 

Systemic lupus erythematosus (pericarditis), 
collagen-vascular disease, end-stage renal disease 
with uremia 

Left ventricular hypertrophy/chronic hypertension 

Wilms tumor, neuroblastoma, pheochromocytoma 
Renal artery stenosis 

Polycystic kidney disease, hydronephrosis, 
multicystic-dysplastic kidney 

Adrenal hyperplasia 

Systemic lupus erythematosus, collagen vascular 
disease 

Hyperaldosteronism, Liddle syndrome 


BP, blood pressure; BMI, body mass index. 

Reproduced with permission from Falkner B, Daniels SR, Flynn JT, et al. The fourth report on the diagnosis, evaluation and treatment of high blood pressure in children and 
adolescents. Pediatrics 2004; 1 14:555-576, Copyright © 2004 by the AAP. 


management of hypertension (254). Intervention studies 
involving weight loss in children with blood pressure elevation 
have demonstrated beneficial results (255-257). This is also 
true for clinic-based studies of weight reduction (258). In addi- 
tion, lipid profiles and insulin sensitivity improve after weight 
loss (257,258). This means that there is improvement in the 
main components of the metabolic syndrome. In pediatric stud- 
ies where an 8% to 10% reduction in BMI is obtained, reduc- 
tion in blood pressure ranges from 8 to 16 mm Hg (255-258). 
An important question is whether these benefits are main- 
tained with stabilization of weight. This is an important area 


for future research. Because treatment of obesity and mainte- 
nance of weight loss are difficult, it is important to focus on 
prevention of abnormal weight gain in pediatric patients. It is 
clear that additional increases in BMI through the pediatric age 
range will have a deleterious effect on future blood pressure no 
matter what the baseline blood pressure had been (203). 

The intake of dietary salt has also been a concern, and 
reduction of salt intake has been proposed as an important 
therapeutic modality. Many randomized controlled clinical 
trials have been performed in adults. In a meta-analysis, a 
median reduction of urinary sodium of approximately 1.8 g/d 




*DASH = Institute DASH Pattern Diet 

A 


Determine BP category from average of replicate readings 
at multiple visits (see measurement algorithm) 


Assess other 
CV risk factors 


Normotensive 


Pre- Hypertensive 


Stage 1 Hypertension 


Stage 2 Hypertension 


DASH*/ Activity 
education 



Assess other CV 
risk factors** 

Basic Work-Up: Medical/Family/Sleep Hx, Pex, 
CBC. renal panel U/A Renal/Cardiac U/S, lipids, glucose 

Basic Work-Up: &/or refer to 
ped HTN expert for extended work-up 


t; 
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DASH*, activity education 
&/or weight management 


DASH*, activity education 
&/or weight management 



Anti-HTN Drug 

+/- Rx for 2° cause + 
Weight management &/or 
DASH, activity education 


X 
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90 th ile 
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BP category 
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Re-evaluate 
BP category 


Monitor Q 3-6 Months 


Monitor Q 1-3 Months 




Consider basic W/U** 
+ cardiac U/S for TOD 


Anti-HTN Drug 
If no improvement 


Consider re-evaluation of BP category if BP well 
controlled, BMI or s/p Rx for 2° cause 


Re-evaluate 
at next visit 


Monitor 

Q 6 mo 


Continue moderate follow-up 


Continue close 
follow-up 


GOAL BP: <95 th %ile for age/sex/ht, <90 th %ile if CKD, DM, Target Organ Damage 


*DASH = Institute DASH Pattern Diet 

**Work up for target organ damage (TOD)/LVH if obese of (+) for other CV risk factors 

B 

Figure 71.5. A: Blood pressure measurement and categorization. B: Blood pressure management by category. Evalua- 
tion and management of children and adolescents with hypertension. BMI, body mass index; BP, blood pressure; Rx, 
prescription; Q, every. (Adapted from Daniels et al. National Heart Lung and Blood Institute Guidelines for Integrated 
Cardiovascular Risk Reduction in Children and Adolescents. Pediatrics 2011 [in press]). 
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lowered systolic blood pressure by 5.0 mm Hg and diastolic 
blood pressure by 2.7 mm Hg on average in individuals with 
hypertension (259). Sodium restriction has also been demon- 
strated to lower blood pressure when used as an adjunct to 
antihypertensive medication (260). In addition, sodium restric- 
tion can prevent the development of hypertension over time 
(261). Bibbins-Domingo et al. (262) used the Coronary Heart 
Disease Policy Model to quantify the potential benefits of pop- 
ulation-wide reductions of dietary salt of up to 3 g (1,200 mg 
of sodium) per day. They found that modest reductions of die- 
tary salt would result in saving 194,000 to 392,000 quality- 
adjusted life-years and $10 to $24 billion in health care costs 
annually. These reductions are similar to the benefits of reduc- 
tion in tobacco use, obesity, and cholesterol levels. 

One issue that complicates the relationship between dietary 
salt intake and blood pressure is that the relationship is het- 
erogeneous across individuals. Some individuals appear to be 
more sensitive to salt in the diet and have a greater increase in 
blood pressure when exposed to it than others (263). How- 
ever, this does not appear to be a dichotomous response; 
instead, it is probably a graded one with varying degrees of 
sensitivity to salt in the diet (264). In general, the effects of 
sodium reduction appear to be more pronounced in African 
American patients (265). Unfortunately, a simple approach to 
assessment of the degree of sensitivity to sodium is not avail- 
able for use in the clinical setting. 

Infancy may be an important period in relation to dietary 
sodium. Hofman et al. (266) conducted a randomized trial of 
sodium reduction in infants. They found a small but statisti- 
cally significant reduction in blood pressure at 6 months of 
age. This difference was diminished at 1 year of age after the 
intervention had ceased. However, a follow-up study was done 
when the subjects reached age 15. The low-sodium group had 
significantly lower blood pressure than the normal-sodium 
group, despite the fact that the intervention had not been con- 
tinued through childhood (267). 

There have been few studies of restriction of dietary sodium 
in pediatric patients with hypertension (268-271). These stud- 
ies have yielded conflicting results, with some showing an 
effect and others showing no effect (267). This may be in part 
due to the heterogeneity of response to dietary sodium and the 
inability to identify individuals who are more salt sensitive. It 
may also be due to difficulty in adherence to a low-salt diet. 

Other micronutrients such as potassium and calcium have 
been studied in children. However, the results of these studies 
have not demonstrated a strong and consistent enough effect 
for them to be recommended as targets for therapeutic inter- 
vention. Studies have documented a dose-dependent effect of 
alcohol intake on blood pressure (272). A meta-analysis of 
studies on adults shows that a median reduction of alcohol 
consumption of 76% resulted in a reduction in systolic blood 
pressure by 3.3 mm Hg and diastolic blood pressure by 2.0 mm 
Hg (273). Although alcohol intake has not been studied exten- 
sively in adolescents, it is a potential cause of hypertension. In 
patients who are identified with alcohol abuse, cessation of 
intake may provide important improvement in blood pressure. 

More recently, studies in adults have focused on dietary pat- 
terns rather than specific micronutrients. The best studied diet 
in adults is the DASH (dietary approaches to stop hyperten- 
sion) diet. This diet includes increased intake of fruits and veg- 
etables, low-fat dairy products, whole grains, poultry, fish, and 
nuts. The diet reduces intake of red meat, sweets, and sugar- 
containing beverages. This diet has been shown to significantly 
reduce blood pressure in men, women, whites, and African 
Americans with hypertension (274-277). Of interest is that it 
has also been shown to reduce blood pressure in adults with- 
out hypertension (277). In individuals with hypertension, the 
diet resulted in a decrease of 11.6 mm Hg for systolic blood 
pressure and 5.3 mm Hg for diastolic blood pressure. 


In adults, the DASH diet has been shown to be safe, effec- 
tive, and broadly applicable across populations. There have 
been some studies of the DASH diet in children and adoles- 
cents with hypertension. Couch et al. (278) found that the 
DASH diet resulted in a greater decrease in systolic blood pres- 
sure z-scores from baseline to a posttreatment assessment at 
3 months compared to hypertensive adolescents who received 
standard diet restrictions. There was also a trend for a greater 
reduction in diastolic blood pressure z-scores for the hyper- 
tensive adolescents randomly assigned to the DASH diet. The 
National High Blood Pressure Education Program and the 
National Heart Lung and Blood Institute(s) have proposed 
that the use of a DASH eating plan would be appropriate for 
patients with hypertension in this age range (238). 

Physical Activity. Regular physical activity may also be a 
useful component of therapeutic lifestyle changes to treat 
hypertension in children. There are many beneficial effects of 
physical activity including its utility for weight management 

(278) . Whether physical activity has an independent effect on 
blood pressure is less clear. A meta-analysis of 12 randomized 
trials in children and adolescents demonstrated that increased 
physical activity leads to a small reduction in blood pressure 

(279) . However, this decrease in blood pressure was not statis- 
tically significant. Nevertheless, it appears that the benefits of 
increased physical activity and decreased sedentary time out- 
weigh any risks. The National High Blood Pressure Education 
Program has recommended increased and regular physical 
activity (30 to 60 min/d of moderate physical activity on most 
days) as part of the therapeutic lifestyle approach to treatment 
in children and adolescents (238). 

A clinical issue that may arise is the competitive athlete 
who has hypertension. In general, athletes with mild-to-mod- 
erate elevation of blood pressure (prehypertension and stage 1 
hypertension) who have no evidence of target organ abnor- 
malities should be allowed to continue in competition (280). It 
is important for these patients to have ongoing monitoring of 
their blood pressure (every 1 to 3 months). Athletes with stage 2 
hypertension or with evidence or target organ abnormalities 
should be evaluated more extensively. In these patients, it is 
prudent to discontinue competitive sports until better control 
of blood pressure has been achieved. 

The role of exercise testing in the evaluation of athletes who 
have hypertension is controversial. Blood pressures recorded 
during testing may differ from blood pressures during actual 
competition (281). In addition, different sports require dif- 
ferent amounts of aerobic and isometric activity. In general, 
resistance exercises such as weight lifting are associated with 
a higher acute rise in blood pressure during the event. When 
hypertension and other cardiovascular diseases are present 
concomitantly, the eligibility for competitive sports will depend 
on the type and severity of heart disease as well as the level 
of blood pressure. Careful assessment of the types of activity 
involved in both conditioning/practice and in competition will 
allow a more rational decision regarding the level of restriction. 

Pharmacologic Treatment of Hypertension 

It is well established that treatment of hypertension in adults 
is associated with a reduction in cardiovascular disease mor- 
bidity and mortality (282,283). The evidence base to support 
pharmacologic treatment of hypertension in children and ado- 
lescents is less well developed. However, there have been an 
increasing number of clinical trials in pediatric patients. These 
have been primarily short-term studies and have focused on 
the ability of pharmacologic agents to lower blood pressure as 
well as the evaluation of safety. 

The indications for use of antihypertensive agents are pre- 
sented in Table 71.18. The decision to use antihypertensive 
medication is best made on a patient-by-patient basis taking a 
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Indications for Treatment with 
Antihypertensive Medications 


■ Symptomatic hypertension 

■ Secondary hypertension 

■ Stage 2 hypertension 


■ Hypertension (stage 1 or 2) with established target organ damage 

■ Hypertension (stage 1 or 2) with the presence of other risk 
factors for cardiovascular disease 


■ Persistent hypertension (stage 1 or 2) despite implementation 
of therapeutic lifestyle changes 


number of factors into account including clinical features and 
the acceptance of antihypertensive medication by the family. 
However, the more severe the blood pressure elevation, the 
more urgent the use of blood pressure lowering with medica- 
tion will be. 

The therapeutic goal for children and adolescents with 
hypertension is to lower the blood pressure below the 95th 
percentile for age and height percentile. However, for some 
children, such as those with diabetes or chronic renal disease, 
a more aggressive goal is appropriate. These patients should 
have blood pressure lowered below the 90th percentile for age, 
sex, and height as they are thought to be at highest risk for 
cardiovascular disease over time. 

The available medications for routine treatment of hyper- 
tension in pediatric patients are listed in Table 71.19. As can 




TABLE 71.19 


Antihypertensive Drugs for Outpatient Management of Hypertension in Children 1-17 Years Old 3 4 


Class Drug Dose* 


Dosing 

Interval Comments 0 


Angiotensin- 

Benazepril 

Initial: 0.2 mg/kg/d up to 

qd 

1 . 

All ACE inhibitors are contraindicated in preg- 

converting 


10 mg/d 



nancy; females of childbearing age should use reli- 

enzyme (ACE) 


Maximum: 0.6 mg/kg/d up 



able contraception. 

inhibitor 


to 40 mg/d 





Captopril 

Initial: 0.3-0.5 mg/kg/dose 

tid 

2. 

Check serum potassium, creatinine periodically to 



Maximum: 6 mg/kg/d 



monitor for hyperkalemia and azotemia 


Enalapril 

Initial: 0.08 mg/kg/d up to 

qd-bid 

3. 

Cough and angioedema are reportedly less com- 



5 mg/d 



mon with newer members of this class than with 



Maximum: 0.6 mg/kg/d up 
to 40 mg/d 



captopril. 


Fosinopril 

Children >50 kg 

Initial: 5-10 mg/d 

Maximum: 40 mg/d 

qd 

4. 

Benazepril, enalapril, and lisinopril labels contain 
information on the preparation of a suspension; cap- 
topril may also be compounded into a suspension. 


Lisinopril 

Initial: 0.07 mg/kg/d up to 

qd 

5. 

FDA approval for ACE inhibitors with pediatric la- 



5 mg/d 



beling is limited to children >6 y if age and to chil- 



Maximum: 0.6 mg/kg/d up 
to 40 mg/d 



dren with creatinine clearance >30 mL/min/1.73 m 2 . 


Quinapril 

Initial: 5-10 mg/d 

Maximum: 80 mg/d 

qd 



Angiotensin- 

Irbesartan 

6-1 2 y: 75-1 50 mg/d >13 y: 

qd 

1 . 

All ARBs are contraindicated in pregnancy; fe- 

receptor 


150-300 mg/d 



males of childbearing age should use reliable 

blocker 

Losartan 

Initial: 0.7 mg/kg/d up to 

qd 


contraception. 



50 mg/d 


2. 

Check serum potassium, creatinine periodically to 



Maximum: 1.4 mg/kg/d up 



monitor for hyperkalemia and azotemia. 



to 100 mg/d 


3. 

Losartan label contains information on the prepa- 
ration if a suspension. 





4. 

FDA approval for ARBs is limited to children with 
creatinine clearance >30 mL/min/1.73 m 2 . 

a- and p- 

Labetalol 

Initial: 1-3 mg/kg/d 

bid 

1 . 

Asthma and overt heart failure are contraindica- 

blocker 


Maximum:10-12 mg/kg/d 



tions. 



up to 1,200 mg/d 


2. 

Heart rate is dose limiting. 


3. May impair athletic performance. 

4. Should not be used in insulin-dependent diabetics. 
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TABLE 71.19 



Antihypertensive Drugs for Outpatient Management of Hypertension in Children 
1-17 Years Old a (Continued) 


Class 

Drug 

Dose 6 

Dosing 

Interval 

Comments' 

/3-blocker 

Atenolol 

Initial: 0.5-1 mg/kg/d 

qd-bid 

1 . 

Noncardioselective agents (propranolol) are 



Maximum: 2 mg/kg/d up 
to 100 mg/d 



contraindicated in asthma and heart failure. 


Bisoprolol/ 

Initial: 2.5/6.25 mg/d 

qd 

2. 

Heart rate is dose limiting. 


HCTZ 

Maximum: 10/6.25 mg/d 





Metoprolol 

Initial: 1-2 mg/kg/d 

bid 

3. 

May impair athletic performance. 



Maximum: 6 mg/kg/d up 
to 200 mg/d 





Propranolol 

Initial: 1-2 mg/kg/d 

bid-tid 

4. 

Should not be used in insulin-dependent diabetics. 



Maximum: 4 mg/kg/d up 


5 

A sustained-release formulation of propranolol is 



to 640 mg/d 



available that is dosed once daily. 

Calcium 

Amlodipine 

Children 6-17 y: 2.5-5 mg 

qd 

1 . 

Amlodipine can be compounded into a stable 

channel blocker 


once daily 


2. 

extemporaneous suspension. 

May cause tachycardia. 

Central 

Clonidine 

Children >12 y: 

bid 

1 . 

May cause dry mouth and/or sedation. 

a-agonist 


Initial: 0.2 mg/d 


2. 

Transdermal preparation also available. 



Maximum: 2.4 mg/d 


3. 

Sudden cessation of therapy can lead to severe 
rebound hypertension. 

Diuretic 

HCTZ 

Initial: 1 mg/kg/d 

qd 

1 . 

All patients treated with diuretics should have 



Maximum: 3 mg/kg/d up 
to 50 mg/d 



electrolytes monitored shortly after initiating 
therapy and periodically thereafter. 


Chlorthalidone 

Initial: 0.3 mg/kg/d 

Maximum: 2 mg/kg/d up 
to 50 mg/d 

qd 

2. 

Useful as add-on therapy in patients being treated with 
drugs from other drug classes. 


Furosemide 

Spironolac- 

tone 

Triamterene 

Amiloride 

Initial: 0. 5-2.0 mg/kg/dose 
Maximum: 6 mg/kg/d 

Initial: 1 mg/kg/d 

Maximum: 3.3 mg/kg/d up 
to 100 mg/d 

Initial: 1-2 mg/kg/d 

Maximum: 3-4 mg/kg/d up 
to 300 mg/d 

Initial: 0.4-0.625 mg/kg/d 
Maximum: 20 mg/d 

qd-bid 

qd-bid 

Bid 

qd 

3. 

4. 

5. 

Potassium-sparing diuretics (spironolactone, tri- 
amterene, amiloride) may cause severe hyperkale- 
mia, especially if given with ACE inhibitor or ARB. 
Furosemide is labeled only for treatment of edema 
but may be useful as add-on therapy in children 
with resistance hypertension, particularly in chil- 
dren with renal disease. 

Chlorthalidone may precipitate azotemia in pa- 
tients with renal diseases and should be used with 
caution in those with severe renal impairment. 

Vasodilator 

Hydralazine 

Initial: 0.75 mg/kg/d 

qid 

1 . 

Tachycardia and fluid retention can occur. 



Maximum: 0.75 mg/kg/d 


2. 

Hydralazine can cause a lupus-like syndrome in 


Minoxidil 

Children <12 y: 

qd-tid 


slow acetylators. 



Initial: 0.2 mg/kg/d 


3. 

Prolonged use of minoxidil can cause hypertricho- 



Maximum: 50 mg/kg/d 
Children >12 y: 

Initial: 5 mg/d 

Maximum: 100 mg/d 


4. 

sis. 

Minoxidil is usually reserved for patients with hy- 
pertension resistant to multiple drugs. 


includes drugs with prior pediatric experience or recently completed clinical trials. 

6 The maximum recommended adult dose should not be exceeded in routine clinical practice. 
c Comments apply to all members of each drug class except where otherwise stated. 

ACE, angiotensin-converting enzyme; qd, once daily; bid, twice daily; FDA, Federal Drug Administration; ARB, angiotensin-receptor blocker; HCTZ, hydrochlorothiazide; tid, 
three times daily; qid, four times daily. 
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be seen, several classes of antihypertensive medications are 
available for use. In adults, the Antihypertensive and Lipid 
Lowering Heart Attack Trial (ALLHAT) study compared 
different classes of antihypertensive medications (285). The 
results of that study support the preferential use of diuretics 
and /3-adrenergic blockers as first-line agents in the treatment 
of hypertension. However, subsequent research has called 
those results into question. Pediatric trials have not focused 
on comparing different classes of agents in the treatment of 
hypertension. This means there is little or no evidence base 
to drive the decision regarding an initial agent in children. 
However, the choice of certain classes of medication is appro- 
priate for some subsets of patients. For example, angiotensin- 
converting enzyme (ACE) inhibitors or angiotensin-receptor 
blockers are recommended for patients with diabetes or pro- 
teinuric renal disease. There is one study that found that these 
medications can be teratogenic when used in the first trimes- 
ter of pregnancy (286). A more recent analysis using a large 
population-based case-control study found that women who 
reported the use of any antihypertensive medication during 
pregnancy were at increased risk of having certain cardiovas- 
cular malformations. Because the association was not specific 
for ACE inhibitors or for the first trimester of pregnancy, 
this suggests the possibility that hypertension itself may be 
an important factor for congenital abnormalities of the car- 
diovascular system. In any case, exposure to ACE inhibitors 
during the second and third trimester is well known to be 
associated with fetopathy (287). So, the use of these medica- 
tions in adolescent females should be approached with cau- 
tion regarding potential pregnancy. Beta-adrenergic blocking 
agents may be helpful in patients with comorbid migraine 
headaches. 

The approach to treatment in children and adolescents 
includes starting a low dose of the initial medication. Blood 
pressure should be monitored and the dose increased until 
the goal blood pressure is achieved, or intolerable side 
effects occur. If the first choice of medication is not as effec- 
tive as desired, a medication from another class may be sub- 
stituted. Again, the recommended approach is to start with 


a low dose and titrate upward until appropriate blood pres- 
sure control is achieved. Sometimes it is necessary to add 
a second agent from another class to the first medication 
to achieve desired blood pressure lowering. It is useful to 
consider combining drugs from classes with complementary 
mechanisms of action (238). In adults, the use of multiple 
antihypertensive medications to achieve goal blood pressure 
is increasingly recommended, sometimes even as first-line 
therapy (288). 

In addition to longitudinal follow-up of blood pressure in 
the clinic, it is important to follow patients for side effects 
associated with the class of medication being used. It is also 
important to monitor for target organ changes over time. 

Treatment of Severe Hypertension 

Severe hypertension may occur in children and adolescents. 
These patients will have stage 2 hypertension and some may 
have blood pressure substantially >99th percentile for age, 
sex, and height percentile. These children frequently have a 
secondary underlying cause of their hypertension. This is a 
situation that requires prompt evaluation and treatment. The 
pharmacologic agents that are useful in the treatment of severe 
hypertension are presented in Table 71.20. Pediatric patients 
may also present with hypertensive emergencies. In this situ- 
ation, the hypertension is often accompanied by hyperten- 
sive encephalopathy and possibly seizures. Such emergencies 
should be treated with an intravenous infusion that can pro- 
duce a controlled reduction in blood pressure. It is recom- 
mended that the blood pressure be lowered by <25% in the 
first 8 hours with normalization over a 24- to 48 -hour period 
(289,290). 

Hypertensive urgencies occur with less elevation of blood 
pressure and less serious symptoms, which may include severe 
headache and vomiting. Children with a hypertensive urgency 
can be treated with either oral or intravenous antihypertensive 
agents depending on the level of blood pressure and symptoms 
present. 


1 | TABLE 71.20 

Antihypertensive Drugs for Management of Severe Hypertension in Children 



Most Useful 


Drug 

Class 

Recommended Dose 

Route 

Comments 

Esmolol 

/3-Blocker 

100-500 /ig/kg/min 

IV infusion 

Very short acting; constant infusion preferred. 

May cause profound bradycardia. Produced 
modest reductions in BP in a pediatric clinical 
trial. 

Hydralazine 

Vasodilator 

0.2-0.6 mg/kg/dose 

IV, IM 

Should be given q4h when given IV bolus. 
Recommended dose is lowerthan FDA label. 

Labetalol 

a- and /3- 
blocker 

Bolus: 0.2-1 .0 mg/kg/ 
dose up to 40 

IV bolus or 
infusion 

Asthma and overt heart failure are relative 
contraindications. 

Nicardipine 

Calcium 

channel 

blocker 

1-3 ^g/kg/m in 

IV infusion 

May cause reflex tachycardia. 

Sodium 

nitroprusside 

Vasodilator 

0.53-10 /tg/kg/min 

IV infusion 

Monitor cyanide levels with prolonged (>72 h) use 
or in renal failure; or coadminister with sodium 
thiosulfate. 


IV, intravenous; BP, blood pressure; IM, intramuscular. 
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Summary 

Hypertension is an important clinical entity in children and 
adolescents that may be associated with early atherosclerosis 
and other target organ disease. Recognition of hypertension 
usually requires blood pressure measurements on a regu- 
lar basis during well and ill visits. Blood pressure elevation 
is often accompanied by obesity and other risk factors for 
cardiovascular disease. Treatment of hypertension requires 
a stepwise approach, usually starting with therapeutic life- 
style changes and progressing to pharmacologic treatment as 
needed. For most patients, the goal should be to lower blood 
pressure below the 95th percentile for age, sex, and height 
percentile. 
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HISTORY OF CARDIAC TUMORS 


Columbus, a noted pathologist, recorded the first description 
of a cardiac tumor in 1562 (1). Subsequently, the first report 
of a cardiac tumor diagnosed in a living patient occurred in 
1934, when the presence of myocardial involvement was 
inferred in a patient with metastatic disease and an abnor- 
mal electrocardiogram (ECG) (2). In 1942, surgical resection 
of two cardiac tumors was reported; both operations culmi- 
nated in perioperative deaths (3,4). The first successful exci- 
sion of a cardiac tumor, an atrial myxoma, was performed in 
1955 (5). 

Despite this rather long history, primary cardiac tumors 
were, and continue to be, quite rare, especially in the pediat- 
ric age group. Their atypical clinical presentation had often 
prevented timely diagnosis, with discovery at autopsy (6-8). 
Recent advances in noninvasive diagnosis and surgical man- 
agement have resulted in marked improvement in recognition, 
survival, and long-term prognosis. 

Most primary cardiac tumors in the pediatric age group 
are benign. These benign primary cardiac tumors maintain the 
potential for serious illness related to their conspicuous loca- 
tion. Furthermore, certain primary cardiac tumors can be asso- 
ciated with generalized systemic illness or peripheral emboli. 
Fewer than 10% of these primary tumors are malignant (6-8). 
Secondary tumors are also infrequent (7,8). Secondary tumor 
involvement continues to be quite rare in the pediatric age 
group although it is encountered more commonly than pri- 
mary tumors in adults. Secondary tumors usually involve both 
the myocardium and pericardium. Primary pericardial tumors 
are also uncommon but again are important because early 
diagnosis and surgical intervention may be lifesaving. 


INCIDENCE 

The incidence of cardiac tumors has been difficult to ascertain. 
Prior data have been limited to autopsy series, case reports, 
and reviews from large pediatric centers. Based on general 
autopsy series from patients of all ages, cardiac tumors had 
a reported incidence from 0.002% to 0.03% (8,9). Autopsy 
studies in children reported an incidence from 0.027% to 
0.08% (6). The earliest reports, with the advent of echocardi- 
ography, reported an incidence of primary cardiac tumors of 
0.0017% to 0.003%, using the number of hospital admissions 
as the common denominator (10,11). Using a similar data- 
base in a more recent era, 1980 to 1995, the reported inci- 
dence of primary cardiac tumors in fetuses to patients 1 8 years 
of age evaluated for heart disease at a large pediatric center 
had increased to 0.2% (12). The incidence of primary cardiac 
tumors, using the number of echocardiograms at a single pedi- 
atric institution from 1981 to 1997 as the denominator, had 
an incidence of 0.08% (13). In a seven-center collaborative 


study of 14,000 fetal echocardiograms, the incidence of pri- 
mary cardiac tumors was 0.05% (14). 

In an attempt to evaluate the incidence of primary cardiac 
tumors in pediatric patients, a retrospective review was per- 
formed between 1980 and 1998 using a computerized cardi- 
ology database at Boston Children’s Hospital. The incidence 
was based on a review of all first-time echocardiographic diag- 
noses of primary cardiac tumors in pediatric patients, which 
included fetal studies, newborns, infants, children, and ado- 
lescents. The denominator of the incidence was all first-time 
echocardiograms performed during the same time period. The 
rationale for choosing an echocardiography database implied 
that most, if not all, pediatric patients with significant mur- 
murs, hemodynamic compromise, dysrhythmias, and associ- 
ated systemic emboli or unexplained systemic illness seen at 
Boston Children’s Hospital would have undergone echocar- 
diographic evaluation. The computerized pathology regis- 
try databases recorded during the same time interval were 
searched to determine whether any patients had had surgery 
or whether there had been a sudden death or incidental find- 
ings of a primary cardiac tumor that were not included in the 
echocardiography database. Only one additional patient was 
found. Hence, using the echocardiography database, 67 pri- 
mary cardiac tumors were found in review of 38,952 studies, 
for an incidence of 0.17%. This is similar to the incidence of 
0.2% reported in a similar manner during a concurrent time 
period at the Hospital for Sick Children, Toronto, Ontario 
(12). The incidence of 0.17% was also similar to 0.14% (14) 
reported in a multicenter review of fetal echocardiograms. 
Despite some of the inherent difficulties with these computa- 
tions, this incidence does present interesting and important 
new information. The incidence of primary cardiac tumors 
in the pediatric age group appears to have increased nearly 
10-fold. Moreover, this increased incidence is based on echo- 
cardiographic recognition of tumors in living patients, not on 
autopsy findings. This new incidence suggests that one or two 
new primary cardiac tumors will be detected for every 1,000 
first-time pediatric echocardiograms. 

Previous autopsy reports have reported that the most com- 
mon primary cardiac tumors were rhabdomyomas (45%), 
fibromas (25%), myxomas (10%), intrapericardial teratomas 
(10%), and hemangiomas (5%) (7,8). The most common 
tumors in newborns and infants were rhabdomyomas, fibro- 
mas, and intrapericardial teratomas. In older children and 
adolescents, myxomas, rhabdomyomas, and fibromas pre- 
dominated. Using the recent computerized databases of echo- 
cardiography, surgery, pathology, catheterization, magnetic 
resonance imaging (MRI), and computerized axial tomogra- 
phy, the frequencies of primary cardiac tumors were evaluated 
at Boston Children’s Hospital from 1980 to 2005 (Table 72.1). 
A total of 129 tumors were found with frequencies as fol- 
lows: rhabdomyomas (60.5%), myxomas (13.9%), fibro- 
mas (7.8%), pericardial teratomas (1.6%), others (7.0%), 
nonspecified (5.4%), and metastatic dissemination (3.9%) 
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TABLE 72.1 

Frequencies of Cardiac Tumors at Boston Children's Hospital 
from 1980 to 2005 



Age at Diagnosis 


Tumor 

<1 Mo 

<1 Yr 

>1 Yr 

Total 

Rhabdomyoma 

32 

17 

29 

78 (60.5%) 

Myxoma 

2 

1 

15 

18(13.9%) 

Fibroma 

1 

4 

5 

10(7.8%) 

PT 

2 

0 

0 

2(1.6%) 

Other 

2 

1 

6 

9 (7.0%) 

NS 

1 

1 

5 

7 (5.4%) 

Mets 

0 

0 

5 

5 (3.9%) 

Total 

40 a 

24 

65 

129 

PT, pericardial teratoma; NS, not specified; Mets, metastatic cardiac tumor. 

"Diagnosed in utero. 

From Steven Colan, M.D., Department of Cardiology, Children's Hospital, Harvard Medical School, unpublished data, with permission. 


(Table 72.1). “Others” included three hemangiomas, a mass 
related to excessive eustachian valve tissue, cardiac calcifi- 
cation, blood cyst of the tricuspid valve, neurofibroma in a 
patient with neurofibromatosis, hypereosinophilia in a patient 
with Loeffler syndrome, and one Purkinje cell tumor. Five 
patients had metastatic tumor dissemination to the heart. 
Their primary diagnoses included rhabdomyosarcoma, hepa- 
toblastoma, Ewing sarcoma, testicular carcinoma, and malig- 
nant melanoma. Three of the five presented with symptoms 
related to tumor pulmonary emboli. The increased relative 
incidence of rhabdomyomas seems related to the increased 
diagnosis of tuberous sclerosis and surveillance echocardiog- 
raphy in patients with known or suspected tuberous sclerosis 
at a specialized tertiary medical center. 

In this Boston Children’s hospital experience, in patients 
diagnosed younger than 1 month of age, (including fetal 
studies), rhabdomyomas were most often diagnosed (80%), 
followed by myxomas (5%), pericardial teratomas (5.0%), 
fibromas (2.5%), others (5.0%), and nonspecified (2.5%) 
(Table 72.1). All seven of the tumors diagnosed in utero were 
rhabdomyomas, and six of these patients were subsequently 
diagnosed with tuberous sclerosis. In a seven-center retro- 
spective review of 14,000 fetal echocardiograms, 19 patients 
had tumors for a fetal incidence of 0.14% (14). Seventeen of 
the 19 (89%) were rhabdomyomas and 10 (54%) had tuber- 
ous sclerosis. The other tumors included a fibroma and atrial 
hemangioma. In a similar multicenter retrospective review of 
patients diagnosed either in utero or at younger than 1 month 
of age, 84 of 94 patients with cardiac tumors had rhabdomyo- 
mas (89%); 80% of these patients had tuberous sclerosis (15). 

In patients older than 1 year of age diagnosed at Boston 
Children’s Hospital, rhabdomyomas were diagnosed in 45%, 
myxomas 23%, fibromas 8%, other 9%, nonspecified 7%, 
and metastatic dissemination 7% (Table 72.1). The ages of 
those patients diagnosed with metastatic tumor involvement 
ranged from 6 to 15 years of age. The median age of presenta- 
tion for all myxomas was 7 years. The relative increased inci- 
dence of myxomas in recent years seems in part attributable 
to earlier referral and subsequent echocardiographic diagno- 
sis. The increased detection of secondary tumor involvement 
in the pediatric age group most probably relates to increased 
awareness and early referral for echocardiographic evaluation. 


DIAGNOSTIC PROCEDURES 


Electrocardiogram and Chest Roentgenogram 

Early studies reported abnormalities on chest roentgenograms 
in 80% of patients with cardiac tumors (16). Findings includ- 
ing cardiomegaly, abnormal cardiac silhouette, and calcifi- 
cation are nonspecific. Only 47% of patients with primary 
cardiac tumors have abnormal ECGs. However, in patients 
with known tumor involvement, the ECG can show S-T seg- 
ment abnormalities or strain, and ventricular hypertrophy. 
Additionally, dysrhythmias may be the presenting mode of 
presentation of cardiac tumors in pediatric patients of all ages. 
Some have ECG evidence of pre-excitation. 

Echocardiography 

More than two decades of collective experience have estab- 
lished 2-D Doppler echocardiography as the primary diag- 
nostic procedure for the evaluation of cardiac tumors in 
pediatric patients (10-43). Two-dimensional Doppler echo- 
cardiography is expedient, noninvasive, and accurate. The 
anatomic and hemodynamic abnormalities can be deter- 
mined quickly, and critically ill patients can be sent for sur- 
gical intervention. More stable patients can be monitored 
serially by using this noninvasive technique. Echocardiogra- 
phy is also useful for the follow-up of patients after surgical 
removal of the tumor (44). Two-dimensional echocardiog- 
raphy may aid in tumor differentiation (45,46). Strain and 
strain rate Doppler tissue imaging has been applied to dif- 
ferentiate tumors based on inherent properties of tissue 
deformation (47). Transesophageal echocardiography (TEE) 
provides precise delineation of cardiac tumors and can be 
used intraoperatively to guide surgical management (48-54). 
In adults, TEE has been reported to provide improved deter- 
mination of tumor attachment sites as well as the extent of 
myocardial/pericardial involvement (54). 

Recent developments in matrix array 3-D echocardiogra- 
phy allow timely analysis of tumor volume (Fig. 72.1A-C). 
The spatial relationship of tumors to other cardiac structures, 
including atrioventricular and semilunar valves, and inflow 
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and outflow tracts can readily be appreciated with 3-D echo- 
cardiography (55,56). 

Magnetic Resonance Imaging 

MRI also shows the location, number, and size of cardiac tumors 
in the pediatric age group (28,57-72). MRI is also important 
in the clinical management of secondary tissues because it can 
visualize mediastinal and other intrathoracic sites (64). Spin- 
echo MR images provide high-resolution images to enhance 
delineation of the specific pathology of intracavitary, valvar, 
myocardial, pericardial, and juxtacardiac masses (Fig. 72.2A). 
Cine MR provides dynamic imaging techniques to provide addi- 
tional hemodynamic information (65). MRI can be particularly 
helpful in visualization of spatial relation of the tumor mass to 
the coronary arteries, which has been helpful in guiding sur- 
gical management. Recent technologic advances in MRI use a 
combination of sequences that allow differentiation of tumor 
from myocardium (67) and differentiation of the type of tumor 
(Fig. 72.2B) (68-72). This MRI technology has been applied to 
differentiate vascular tumors such as cardiac hemangiomas from 
rhabdomyomas and fibromas. This differentiation is important 
in that certain vascular hemangiomas may resolve with either 
steroid or interferon administration (68,71). In comparative 
studies, 2-D echocardiography appears to have greater sensitiv- 
ity than MRI for the detection of intramural (28) and intracavi- 
tary cardiac tumors (59); however, MRI has been superior in 


FIGURE 72.1. Three-dimensional echocardiograms using a 
matrix array transducer. A: Large right and left ventricular 
rhabdomyomas (R) in a newborn. B: Round, multilobulated 
left atrial myxoma (M) in a 2-year-old child. C: Large left ven- 
tricular fibroma (F) in a 4-year-old boy. LA, left atrium; LV, 
left ventricle; RA, right atrium; RV, right ventricle. 


detection of apical tumors (59). In a recent multicenter experi- 
ence of several pediatric centers, 97% of the tumor cases were 
correctly diagnosed by comprehensive MRI exams (73). 

Angiography 

Invasive angiography also has been used to diagnose car- 
diac tumors. This modality provides indirect and nonspecific 
findings of intracavitary filling defects or cavity obliteration 
by large intramural tumors. Pressure measurements can be 
obtained with catheterization, with the inherent risk of placing 
a catheter near or across a friable tumor. Tissue diagnosis can 
be attempted by biopsy technique, with the risk of embolizing 
tumor fragments (43). 


RHABDOMYOMAS 

Rhabdomyomas constitute 45% to 80% of all primary car- 
diac tumors in the pediatric age group (7-13) (Table 72.1). 
They are considered the most common primary cardiac tumor 
in this age group (7-13). These tumors can be diagnosed in the 
prenatal period but are most frequently diagnosed in the new- 
born infant (73-79). Occurrences of sudden death in pediatric 
patients of all ages, including stillbirths, have been attributed 
to cardiac rhabdomyomas (74-81). 
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FIGURE 72.2. A: Spin-echo MRI from a child with a large right ventricular fibroma (F). B: Gadolinium-enhanced 
MRI, from same child, demonstrating uptake within tumor mass. This uptake indicates fibrous tissue, consistent 
with a cardiac fibroma. LV, left ventricle; RV, right ventricle. (Courtesy of Tal Geva, M.D., Department of Car- 
diology, Children’s Hospital, Harvard Medical School, Boston, MA.) 


In general, rhabdomyomas are multiple, well-circumscribed, 
noncapsulated, white or gray-white intramural or intracavi- 
tary nodules that can occur anywhere within the heart 
(8,20,21,24,74,77-80), most commonly involving the ventri- 
cles (82). Although intramural, these large tumors can encroach 
on the intracavitary space. Other tumors occur as intracavi- 
tary pedunculated masses, or attached by a broad base to the 
endocardial surface (80-83). Cardiac rhabdomyomas occur as 
single intramural or intracavitary masses in 10% of patients 
(8,80,84). Histologically, rhabdomyomas contain large vacu- 
olated cells filled with glycogen (Fig. 72.3). Typical spider cells 
are seen with eccentric nuclei, granular cytoplasm, and thin 



FIGURE 72.3. Rhabdomyoma. Photomicrograph showing cells 
with clear cytoplasm, vacuolization, and an occasional spider 
cell (center). (Hematoxylin and eosin stain.) (Courtesy of Peter 
Faul, MB, BCh, Department of Pathology, Children’s Hospi- 
tal, Harvard Medical School, Boston, MA.) 


cytoplasmic extensions projecting toward the cell membrane 
(80). Rhabdomyomas often are classified as hamartomas, with 
an inability of cells to undergo mitotic division (80,85). 

A rare form of cardiomyopathy, rhabdomyositis, has been 
described. Tumor nodules are not grossly apparent; micro- 
scopically, however, the cardiac muscle fibers and conduction 
system are diffusely involved with rhabdomyomatous histo- 
logic changes (86,87). Recurrent atrial tachycardia and sud- 
den death from intractable ventricular tachycardia have been 
attributed to rhabdomyositis (86,87). 

The clinical findings of cardiac rhabdomyomas are related 
to the number, position, and size of the tumors. Large intra- 
mural or intracavitary rhabdomyomas may obstruct the 
intracavitary space or the orifice of the atrioventricular or 
semilunar valves (21,73-77). Extensive cardiac involve- 
ment has been associated with diminished myocardial func- 
tion (18,41,73,77,80). Direct compression of the conduction 
system can result in serious dysrhythmias (27,37,64,73-84). 
Rhabdomyomas have been diagnosed by 2-D echocardiog- 
raphy in the fetus (27,75,88-94) (Fig. 72.4). Such prenatal 
detection has been made while screening fetal dysrhythmias, 
nonimmune hydrops, decreased fetal growth, and familial 
tuberous sclerosis (27,75-79,88-94). Postnatally, patients 
may present without obvious clinical findings, despite exten- 
sive cardiac involvement (6,7,40,73,84). Others may have 
only a murmur of valvular obstructive disease (41,74,77). 

Newborns and infants with large rhabdomyomas are often 
critically ill and present with respiratory distress, congestive 
heart failure, and low cardiac output ( 1 8,73-8 1 ) . Rhabdomyo- 
mas may simulate hypoplastic left heart syndrome when tumors 
obliterate the left ventricular cavity and severely obstruct 
blood flow across the mitral or aortic valves (73,95-97). 
Cardiomyopathy has been diagnosed in newborns and infants 
with extensive myocardial infiltration (18,41,77). Single 
pedunculated tumors have been associated with subaortic ste- 
nosis (39,41,96-98). 

Right atrial or right ventricular rhabdomyomas can cause 
low cardiac output and signs and symptoms of right-sided 
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FIGURE 72,4. Two-dimensional fetal echocardiogram at 
22 weeks’ gestation, demonstrating right and left ventricular 
rhabdomyomas (R). In utero, a brain MRI scan showed intra- 
cranial masses, and at birth the baby was diagnosed as having 
tuberous sclerosis. LA, left atrium; LV, left ventricle; RA, right 
atrium; RV, right ventricle. 


heart failure (74). Extreme cyanosis can occur when tumors 
obstruct the tricuspid valve or right ventricular outflow tract, 
resulting in right- to-left atrial shunting (20,39,41,74,77). Sin- 
gle obstructive pedunculated rhabdomyomas may simulate tri- 
cuspid atresia, tetralogy of Fallot, or critical valvar pulmonic 
stenosis of the newborn (83). The clinical presentation may be 
even more confusing when rhabdomyomas coexist with sig- 
nificant congenital heart defects (99,100). 

Abnormal ECG findings include left-axis deviation, atrial 
enlargement, ventricular hypertrophy, and ST-T wave abnor- 
malities consistent with ischemia and/or strain (18,73-74,77). 
These abnormal ECG findings are also indicative of extensive 
intramural infiltration. Involvement of the conduction sys- 
tem can be inferred from baseline ECGs that manifest bundle 
branch block (73,74,77), pre-excitation (25,37,39,73,77), or 
first- through third-degree atrioventricular block (6, 22,27,73- 
75,77,81). Sudden death has been attributed to arrhythmias in 
pediatric patients of all ages (18,19,27,74-81). These arrhyth- 
mias may be a result of either severe hemodynamic compro- 
mise or contiguous location of tumors to the conduction 


system. All major rhythm disturbances have been reported, 
including sinus bradycardia, atrial and ventricular tachycar- 
dias, and first- through third-degree atrioventricular block. 
In a more recent large review of 106 patients with rhabdo- 
myomas, 17 (16%) had significant arrhythmias (101). Six 
percent had ventricular tachycardia and 10% had manifest 
pre-excitation. In most cases, the rhythm disturbances seemed 
to resolve with natural tumor regression. When necessary, sur- 
gical excision and/or radiofrequency catheter ablation therapy 
was effective (101). 

The chest radiograph may appear normal in older patients 
with cardiac rhabdomyomas. Occasionally, the only abnormal 
finding may be distortion of the cardiac silhouette, especially 
when the rhabdomyomas extend to the epicardium. The chest 
radiograph, however, often shows cardiomegaly and pulmonary 
edema in the critically ill neonate and infant (7,18,39,73-77). 

The 2-D and 3-D echocardiographic characteristics of 
cardiac rhabdomyomas are highly echogenic, multiple, well- 
circumscribed intramural or intracavitary nodules occur- 
ring anywhere within the heart (Figs. 72.1 A and 72.5) 
(21,37,40,46,84,87-90,101,102). Rhabdomyomas also may 
be visualized as either single pedunculated intracavitary or 
intramural masses (39,40,41,76,84,95,101-103). Rhabdo- 
myomas have a homogeneous, echo-bright, finely speckled 
pattern (101). In contrast, intracardiac thrombi, myxomas, 
and hemangiomas have circumscribed echolucent areas as a 
result of hemorrhage formation. Moreover, rhabdomyomas 
do not have interspersed, distinct, echogenic regions consist- 
ent with calcification or fibrosis. Rhabdomyomas rarely have 
an associated pericardial effusion (20). Fetal rhabdomyomas 
are readily diagnosed in utero (Fig. 72.4), and in recent mul- 
ticenter studies, the in utero incidence of rhabdomyomas was 
as high as 88% (14) and 89% (15), respectively. Multiple 
tumors are highly indicative of rhabdomyomas both in the 
fetus and neonate (14,15,78,79). Fetal rhabdomyomas have 
been reported to grow in utero <32 weeks’ gestation and then 
regress in size (79). 

Cardiac rhabdomyomas are closely associated with the 
syndrome of tuberous sclerosis. Tuberous sclerosis is a com- 
plex disorder that is transmitted as an autosomal dominant 
trait of variable expression (104-113). The incidence of 
tuberous sclerosis has been reported to be 1 in 6,000; two- 
thirds of cases are sporadic resulting from mutation (79). In 
an autopsy series, 31% of patients with tuberous sclerosis 
were reported to have had rhabdomyomas (80). Fifty percent 



FIGURE 72.5. Two-dimensional echocardiogram in a newborn infant demonstrating very large right and left ven- 
tricular rhabdomyomas (R). The patient was diagnosed with tuberous sclerosis. Despite the large tumors, surgery 
was not undertaken, and the tumors regressed by 2 years of age. A: Four-chamber view showing extensive right 
and left ventricular tumors. B: Orthogonal short-axis views demonstrating the extensive tumor mass. Ao, aorta; 
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 
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of patients with tuberous sclerosis had echocardiographic 
evidence of tumor involvement (14,84). More recent studies 
indicate a higher incidence of patients with rhabdomyomas 
having tuberous sclerosis. Fetal studies indicate that 52% to 
79% of all fetuses with cardiac tumors have tuberous sclerosis 
(14,15,78). The incidence of tuberous sclerosis is as high as 
59% to 80% in patients with confirmed fetal rhabdomyomas. 
Although not invariably, multiple rhabdomyomas are more 
consistent with the diagnosis of tuberous sclerosis than a sin- 
gular tumor, with one report indicating that in the fetus or 
newborn with multiple ventricular tumors, 95% had tuberous 
sclerosis (15). However, in the latter report, 23% of fetuses or 
neonates with a singular tumor had tuberous sclerosis as well. 
In the fetus and neonate, MRI imaging can demonstrate the 
association of cerebral nodules, establishing the diagnosis of 
tuberous sclerosis in these patients. The clinical importance 
of the association between tuberous sclerosis and cardiac 
rhabdomyomas is evident in a report indicating that 1 in 
40 patients with tuberous sclerosis may die as a direct result 
of cardiac rhabdomyomas (106). 

In addition to cardiac involvement, tuberous sclerosis 
can affect almost all organ systems, including the brain, kid- 
ney, pancreas, retina, and skin (104,105,107-109). There- 
fore, clinical manifestations of tuberous sclerosis may not be 
clinically apparent in mildly affected patients (107,108,112). 
Even in severely affected patients, clinical manifestations 
such as Shagreen patches, adenoma sebaceum, seizures, and 
mental retardation may not become evident until later in 
life (105,107-112). Despite the variability in clinical pres- 
entation, a family history of tuberous sclerosis or evidence 
of other organ system involvement may aid in establishing 
the diagnosis. This is especially germane to the neonate who 
presents with an intracardiac mass. Neonates with tuberous 
sclerosis, however, may have no manifestations of this syn- 
drome other than cardiac tumors (77,88,92,93,108). Fur- 
thermore, a negative family history does not preclude the 
diagnosis since <50% of cases of tuberous sclerosis may be 
spontaneous mutations. Recent advances in genetic testing 
may elucidate more fully the inheritance of tuberous scle- 
rosis. To date, two loci associated with tuberous sclerosis 
have been identified on chromosome 9q34 (TSCl-hamartin 
gene) and 16pl3.3 (TSC2-tuberin gene) (111,112). These 
loci code for proteins, hamartin and tuberin, that have a 
tumor-suppressor function (113). 

Prostaglandin E x (PGEj), by maintaining patency of the 
ductus arteriosus, may help stabilize critically ill newborns in 
whom cardiac rhabdomyomas cause severe right or left ven- 
tricular obstruction. Prompt surgical excision is indicated for 
life-threatening hemodynamic compromise or arrhythmias 
(37,38,74,77) and is required in <23% of patient series (95). 
Partial excision may provide significant relief of inflow or out- 
flow tract obstruction when attempts at complete resection 
would severely damage the remaining myocardium (18,20,41). 
The Ross procedure has been proposed when the aortic valve 
is severely compromised (114). Surgical intervention may be 
highly successful, without compromising either myocardial or 
valvular function, in patients with single intracavitary rhab- 
domyomas (39,83,97,98). Medical treatment has been suc- 
cessful for the treatment of severe dysrhythmias, especially as 
the tumor resolves. Others have reported successful radiofre- 
quency ablation therapy in select patients with rhabdomyo- 
mas and supraventricular tachycardia (115). However, even 
very large rhabdomyomas may significantly regress in size or 
disappear completely without intervention (21,37,38,88,98). 
Unoperated patients may have minimal cardiac signs or 
symptoms several years later (88). Therefore, the presence of 
rhabdomyomas alone, without life-threatening hemodynamic 
instability or arrhythmias, should not be an absolute indica- 
tion for surgery (17,18,37,38,88 ,98). 


FIBROMAS 


Fibromas are generally reported as the second most common 
primary cardiac tumor in the pediatric age group (1,7,8,12). 
However, in a more recent review of the Boston Children’s 
Hospital database from 1980 to 2005, fibromas were the third 
most common tumor (8%) (Table 72.1). Although fibromas 
have recently been reported in utero (13,14) and in patients 
younger than 1 month of age (33-36,116-119), they are found 
much less commonly than rhabdomyomas in this age group. 
In the recent review at Boston Children’s Hospital, fibromas 
were the second most common tumors (17%) in patients diag- 
nosed between 1 month and 1 year of age (Table 72.1). These 
primary tumors are rarely seen in older children, adolescents, 
or young adults. Sudden death has been attributed to cardiac 
fibromas in pediatric patients of all ages (30,119,120). To 
date, no distinct genetic inheritance or familial predisposition 
has been associated with cardiac fibromas. These tumors have 
been associated with Gorlin syndrome, which includes multi- 
ple nevoid basal cell carcinomas, cysts of the jaw, and diffuse 
skeletal abnormalities (121). 

Cardiac fibromas are predominantly single, white, firm, 
nonencapsulated, intramural tumors that involve the left 
ventricular free wall or interventricular septum (31,36,116- 

120.122) . These tumors often are located at the left ven- 
tricular apex. Less frequently, fibromas can be multiple and 
invade the right ventricular free wall, atrial septum, or atrial 
free wall (31,34-36,118,119). Extensive intramural fibro- 
mas can encroach and obliterate the intracavitary space (34— 

36.118.119.122) . Although rare, intracavitary fibromas have 
been reported (34-36,118,119,122), occurring either as a sin- 
gle pedunculated mass (36) or attached by a broad base to the 
endocardium (33). Both the mitral and tricuspid valve leaflets 
can be entangled within the tumor mass, causing significant 
valvar regurgitation (33,34). Similar to rhabdomyomas, fibro- 
mas also can be associated with congenital heart defects (89). 
Cardiac fibromas have been reported to increase in size both 
prenatally and postnatally (12,13). Histologically, cardiac 
fibromas consist of fibroblasts, collagen fibers, and minimal 
elastic tissue (31,32,34,116,119,122) (Fig. 72.6). Occasion- 
ally, calcium can be interspersed within the tumor (32,113). 

Clinical manifestations of cardiac fibromas are dependent 
also on the size and location of the tumor. Extremely large 
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FIGURE 72.6. Fibroma. Photomicrograph showing spindle- 
shaped fibroblasts and deposition of wavy collagen. (Hema- 
toxylin and eosin stain.) (Courtesy of Peter Faul, MB, BCh, 
Department of Pathology, Children’s Hospital, Harvard Medi- 
cal School, Boston, MA.) 
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intramural tumors can encroach the intracavitary space, caus- 
ing subaortic and subpulmonic obstruction (122). Peduncu- 
lated fibromas have been reported to mimic subaortic stenosis 
(119). Newborns and infants can present with severe con- 
gestive heart failure and low cardiac output (33,34,12,123), 
simulating hypoplastic left heart syndrome (31). Neonates 
with right-sided fibromas can present with cyanosis and right- 
sided heart failure, similar to critical pulmonary stenosis or 
pulmonary atresia (36). Older pediatric patients can have 
a nonspecific murmur without clinically apparent disease 
(31,32,76,118,124-126). In this older age group, cardiac 
fibromas are diagnosed during the evaluation of an incidental 
abnormality on chest roentgenogram. 

As in rhabdomyomas, the ECG is important in the eval- 
uation of pediatric patients with cardiac fibromas. Base- 
line studies show abnormalities consistent with extensive 
intramural involvement, including partial to complete bun- 
dle branch block and delayed progression of the terminal 
R wave (118,120,122). The ECG may show QRS axis devia- 
tion, atrial enlargement, or ventricular hypertrophy (31— 
34,116,120,122). Similar to rhabdomyomas, cardiac fibromas 
invariably have ST-T wave abnormalities consistent with 
strain or ischemia (31-35,120,122-125,127). These changes 
have been reported to revert to normal after successful sur- 
gery (31,35). Life-threatening arrhythmias can be the primary 
mode of presentation (31,32,119,123). These arrhythmias 
include complete atrioventricular block, ventricular tachycar- 
dia, and, rarely, supraventricular tachycardia. The diagnosis of 
a cardiac fibroma often is not established until autopsy, with 
arrhythmia the presumed cause of death (120). In a recent sin- 
gle institution review of 25 patients with fibromas, 16 (64%) 
had ventricular tachycardia; two presented with ventricular 
fibrillation and cardiac arrest (101). Thirteen of sixteen had 
complete or partial tumor resection and ventricular tachycar- 
dia was eliminated in all cases (101). 

The chest radiograph may show slight (32,34) or severe 
cardiomegaly and pulmonary edema (33-36,120-122). Older 
asymptomatic patients can have nonspecific findings such as 
an irregular protuberance of the heart border or calcifications 
within the cardiac silhouette (31,32,35,116,120,125,127). 

On 2-D and 3-D echocardiography (Figs. 72. 1C and 
72.7A,B), cardiac fibromas are seen as a single, bright, intra- 
mural, echogenic mass within the interventricular septum or 
the left ventricular free wall (18,31-33,127). Right ventricular 
fibromas also have been visualized by this technique (35,36). 
Multiple fibromas (32,34,119) and calcification within the 
tumor mass (32,119) have also been reported on pathologic 


specimens. Similar to rhabdomyomas, fibromas are rarely 
associated with significant pericardial effusions. Fibromas 
may be differentiated from rhabdomyomas by the presence of 
calcification and cystic degeneration. These tumors may also 
be differentiated from rhabdomyomas by echocardiographic 
strain imaging, with fibromas not being compressed during 
the cardiac cycle (47). These two tumors may also be differ- 
entiated by multiple-sequence MRI (68,69) (Fig. 72.2A,B). 
Fibromas have an inhomogeneous hypointense signal on spin- 
echo sequences. With gadolinium delayed contrast magnetic 
resonance angiography, the central signal is again hypointense, 
with a strong hyperin tense shell region (68,69). MRI has also 
aided in surgical planning to delineate the relationship of the 
tumor mass to coronary artery anatomy. Fibromas and certain 
rhabdomyomas may have similar appearances. When surgery 
is not imminent, complete evaluation for tuberous sclerosis is 
warranted. Rhabdomyomas may decrease significantly in size 
or disappear, whereas cardiac fibromas have not been reported 
to become smaller. 

To stabilize the newborn with severe right or left ven- 
tricular obstruction, T > GE 1 may be used (36). Prompt surgi- 
cal excision should be undertaken in patients with significant 
hemodynamic compromise or life-threatening dysrhythmias. 
Successful removal of large intramural (31,35,36,116,120, 
127,124,126-129) and intracavitary pedunculated tumors 
(117) has been reported in pediatric patients of all ages, with 
absence of disease reported up to several years later (126-129). 
In patients with severe tumor involvement, subtotal excision 
has shown good long tumor survival (128). However, patients 
with very extensive tumor involvement have undergone car- 
diac transplantation (129). 


MYXOMAS 


Myxomas constitute about 50% of primary cardiac tumors in 
patients of all ages (8,85,130,131). Most often, these tumors 
are diagnosed in the third to sixth decades of life. Prior autopsy 
studies in pediatric patients had reported that myxomas con- 
stituted 6% of primary cardiac tumors (2). In a more recent 
echocardiographic-based survey from a single institution from 
1981 to 1997, 1 of 22 primary cardiac tumors (4.5%) was a 
myxoma (17). From 1980 to 1995, 27,640 patients from the 
fetus to 18 years of age were evaluated at a single center for 
cardiac disease. Fifty-six patients had a primary tumor; none 
had a cardiac myxoma (12). This is quite different than the 



FIGURE 72.7. Two-dimensional echocardiogram in a 2-year-old child with a large left ventricular fibroma (F). 
A: Long-axis plane showing homogenous encapsulated intramural mass extending from the left ventricular 
posterior wall into the cavity. B: Corresponding orthogonal short-axis plane in same patient. Ao, aorta; LV, left 
ventricle; RV, right ventricle. 
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review of the computer database at Boston Children’s Hospi- 
tal, in which 18 of 129 (14%) primary cardiac tumors were 
myxomas (Table 72.1). In patients older than 1 year, 15 of 65 
(23%) primary cardiac tumors were myxomas. 

When these tumors occur in neonates and young infants, 
they often mimic congenital heart disease (132-135). In older 
children and adolescents, myxomas have manifestations that 
can lead to severe morbidity and unexpected mortality. Their 
presentation is often enigmatic because of vague constitutional 
findings (130,131,136,137). Early diagnosis and prompt sur- 
gical intervention can avoid profound illness and death in 
these patients. 

Cardiac myxomas are single left atrial tumors in about 
75% and single right atrial tumors in about 25% of patients 
(124,131,136). Myxomas are generally friable, peduncu- 
lated, gelatinous, yellowish brown to red lobular tumors 
(130,131). These tumors may be calcified (130,131,136,138), 
with a higher incidence of calcification in right-sided tumors 
(130,132,133,136,138). The tumor pedicle usually is attached 
to the fossa ovalis. Rarely, the tumor pedicle is attached to 
other segments of the atrial septum, atrial free wall, or mitral 
valve leaflets (131,134,137,139,140). Myxomas can occur as 
biatrial tumors attached to the fossa ovalis (138,141,142) or 
as left atrial tumors protruding through the foramen ovale and 
filling the right atrium (143). These tumors can occur as single 
right or left ventricular myxomas (130,131,135,144,145) or, 
infrequently, as multiple myxomas occupying different areas 
of the same heart (130,136,145). 

Histologically, these benign tumors are composed of cords 
and strands of cells in a pale, paucicellular myxoid background 
(Fig. 72.8). Multiple small blood vessels, lymphocytes, and his- 
tiocytes are seen (130,131). Malignant myxomas are rare and 
are differentiated by increased mitotic activity and pleomor- 
phism (139,146-148). However, the malignant potential may 
not be determined by histologic findings alone, (146,147,149). 
Other characteristics of malignant predisposition include local 
invasion at the primary site, regrowth of the tumor at the orig- 
inal site or different location, and development of peripheral 
aneurysms (139,146,147). In <40% of patients who experi- 
ence recurrence, the tumor exhibits an abnormal DNA ploidy 
pattern (150); however, some pathologists doubt the existence 
of malignant cardiac myxomas (2), suggesting they instead 
represent misinterpretation of sarcomas (151-154). 



FIGURE 72.8. Atrial myxoma. Photomicrograph showing cords 
and strands of cells in a pale paucicellular myxoid background. 
(Hematoxylin and eosin stain.) (Courtesy of Peter Faul, MB, 
BCh, Department of Pathology, Children’s Hospital, Harvard 
Medical School, Boston, MA.) 


Myxomas present with a classic triad of symptoms, 
including cardiac obstruction, emboli, and systemic illness 
(130,131,136,137,142). Patients are rarely asymptomatic 
(155,156). The vague and unusual signs and symptoms of car- 
diac myxomas often have led to delayed diagnosis or misdiag- 
nosis in children and adolescents (137). 

About 80% of pediatric patients present with symptoms of 
valvular obstruction (137). Atrial tumors create mitral or tri- 
cuspid valve stenosis by a to-and-fro motion through the valves 
(130,131). Typically, these large pedunculated tumors advance 
through and obstruct the atrioventricular valve during diastole 
and are expelled retrogradely into the atrium during systole. 
Large left atrial myxomas obstruct pulmonary venous inflow 
and flow across the mitral valve, resulting in signs and symp- 
toms of pulmonary edema, pulmonary arterial hypertension, 
and low cardiac output (130,131,155). Ventricular ischemia 
and dysfunction may develop when cardiac output is signifi- 
cantly impeded (137). Right-sided heart failure and low cardiac 
output occur when right atrial tumors impede systemic venous 
inflow and obstruct flow across the tricuspid valve (130-134). 
Myxomas may mimic neonatal cyanotic heart disease when 
obstructive right-sided tumors cause right-to-left shunting at 
the atrial level (132-135). Sudden death has been reported 
when large tumors completely obstruct either the mitral or tri- 
cuspid valve (132,133). Atrial tumors also can cause atrioven- 
tricular valve insufficiency (155). Large calcified tumors have 
been associated with complete valve destruction (136). 

Semilunar valve obstruction can occur when large myxo- 
mas are inferiorly positioned within the atrium and are 
attached to a long tumor pedicle (156). This allows atrial 
tumors to prolapse through the atrioventricular valve and 
ventricular outflow tract, resulting in diastolic semilunar valve 
stenosis. Pedunculated ventricular myxomas (157) also can 
cause systolic aortic or pulmonary outflow tract obstruction 
(28,135,136,156,158). 

Auscultatory findings of left atrial myxomas are consist- 
ent with atrioventricular valve stenosis and insufficiency (130, 
131,136). A middiastolic murmur and low-pitched tumor plop 
are characteristic findings (130,131,159); however, absence of 
the murmur may occur with severe obstruction (119). Right 
atrial tumors have nonspecific systolic and diastolic murmurs 
mimicking the Ebstein anomaly or tricuspid valve stenosis and 
regurgitation (130-134). Symptoms and physical findings are 
often positional (130,131,136,137). When atrial myxomas 
obstruct the atrioventricular valves, the patient may experi- 
ence dyspnea, dizziness, or syncope when sitting or standing, 
with alleviation of symptoms on lying down. In the neonate, 
positional symptoms consist of feeding difficulty and irritabil- 
ity while sitting (134). When tumors obstruct the semilunar 
valves, patients experienced symptoms while bending forward 
or lying down, with relief of symptoms when standing (157). 

Peripheral emboli occur in >70% of pediatric patients with 
myxomas (137), including newborns in whom embolization 
has been reported to have occurred in utero (132). Emboli are 
related to fragmentation of tumor substance or embolization 
of thrombi adherent to the tumor external surface (131,160). 
As expected, left-sided tumors are associated with systemic 
(161) and right-sided tumors with pulmonary arterial emboli- 
zation (132,134). Bilateral atrial myxomas have been reported 
to cause both pulmonary and systemic arterial emboli (142), 
and right-sided tumors have been associated with paradoxi- 
cal emboli in patients with atrial septal communications 
(132,134). Systemic embolization can occlude coronary, pan- 
creatic, thyroid, adrenal, renal, splenic, cerebral, and extrem- 
ity arteries, resulting in infarction of corresponding tissue 
(85,142,155,160). 

Symptoms related to peripheral emboli may not become 
apparent until months to years after removal of the primary 
myxoma (139,142,146,160). This temporal delay has been 
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attributed to recurrence of nonmalignant myxomas at the 
same or other cardiac sites (139). The potential for recur- 
rence appears to be associated with inadequate resection 
(162-165) or totipotent multicentricity (166). Peripheral arte- 
rial aneurysms also have been diagnosed years after initial 
embolic events. Small embolic myxoma fragments may con- 
tinue to grow, undergo malignant transformation, and invade 
and replace the medial arterial wall, resulting in aneurysm 
formation (130,142,146,160). 

Constitutional symptoms, the third major component of 
the clinical triad, occur in <65% of pediatric patients with 
myxomas (137). Persistent fever, malaise, weight loss, arthral- 
gias, and myalgias may be present months before tumor diag- 
nosis (130,131,136,137,140,161,167). Laboratory studies 
show anemia, thrombocytopenia, elevated sedimentation rate, 
and elevated gamma globulins. Patients have been diagnosed 
as having acute rheumatic fever, chronic rheumatic carditis, 
subacute bacterial endocarditis, septicemia, myocarditis, and 
other collagen vascular disorders (134-140,159,161,167- 
169). These constitutional findings have been attributed to 
a diffuse immunologic response to the primary tumor or to 
tumor emboli (130,134). Recent reports suggested that these 
systemic abnormalities are secondary to secretion of interleu- 
kin-6 and frequently resolve with tumor resection (169-171). 
Interleukin-6 is associated with the synthesis of several pro- 
teins that contribute to the acute-phase response and corre- 
sponding constitutional signs and symptoms (172). 

Depending on the size and site of the cardiac myxoma, the 
ECG can demonstrate atrial enlargement or ventricular hyper- 
trophy (130,131,136,137). Right ventricular hypertrophy may 
be due to pulmonary valvar obstruction, pulmonary arterial 
hypertension secondary to pulmonary emboli, or pulmonary 
venous hypertension from left atrial tumors (131). Ischemic 
ECG changes can occur with tumor embolization to the coro- 
nary arteries (160) or with severe obstruction and diminished 
cardiac output (137,159,160). Bundle branch block, repo- 
larization abnormalities, or severe conduction abnormalities, 
commonly seen with intramural rhabdomyomas and fibro- 
mas, are rarely seen with myxomas. 

The chest radiograph may be normal (134,144) or may 
demonstrate cardiomegaly with pulmonary edema (130,131, 
134,136). Right-sided myxomas show right atrial and right ven- 
tricular enlargement (144,156). Tumor calcification also can be 
seen (130,131,136). Unlike with rhabdomyomas or fibromas, 
irregular contour of the heart border is rarely visualized. 

The mainstay in the diagnosis of cardiac myxomas 
is 2-D Doppler echocardiography (130,138,144,156, 
158,161,173,174). In a retrospective review, myxomas were 
diagnosed in 37% of patients before, and in 90% of patients 
after, the advent of echocardiography (175). The virtual 
pathognomonic finding of an atrial myxoma is that of a large 
pedunculated tumor mass traversing through the atrioven- 
tricular valve in a to-and-fro motion (Figs. 72. IB and 72.9). 
In some patients, however, the tumor may not appear to pro- 
lapse into the ventricle either as a result of a short pedicle or 
because of its large size (158,173). Single ventricular (158), 
biatrial (138), and simultaneous atrial and ventricular myxo- 
mas (144) have been diagnosed accurately by this technique. 
Semilunar valve obstruction (135,158) has been corroborated 
by Doppler technique. Similar to rhabdomyomas and fibro- 
mas, pericardial effusions have not been reported with atrial 
myxomas. 

Cardiac myxomas should be removed on diagnosis. Sur- 
gical results have been excellent (130,131,136,137), with 
resolution of associated symptoms (130,136,176). Surgery 
includes wide resection at the point of attachment of the pedi- 
cle to the heart. Since attachment most commonly occurs at 
the fossa ovalis, removal of large segments of the atrial sep- 
tum is often done. Careful examination of the entire heart is 
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FIGURE 72.9. Two-dimensional echocardiogram in a 2-year- 
old child with a left atrial myxoma (M). LA, left atrium; LV, 
left ventricle; RV, right ventricle. 


necessary to remove concurrent sites of myxomatous tissue. 
The use of echocardiography to facilitate a surgical approach 
has been proposed (177) by preoperatively defining tumor 
size, location, point of attachment, and presence of concur- 
rent site involvement. Patients require continual reevaluation 
for recurrence of disease and for later development of periph- 
eral arterial aneurysms (130,136,139,142,146,160,175). The 
approximate incidence of recurrence is 4% to 7% in most 
large series (162,164,178,179). 

Familial occurrence of cardiac myxomas is well estab- 
lished (130,131,136,137,180,181) and accounts for 7% of 
all myxomas. Cardiac myxomas often are seen in children 
and adolescents with multiple lentigines syndromes (157) and 
may be associated with nonneoplastic endocrine abnormali- 
ties (Fig. 72.10). Acronyms have been proposed, including 
LAMB (lentigines, atrial myxoma, mucocutaneous myxoma, 
and blue nevi) and NAME (nevi, atrial myxoma, myxoid neu- 
rofibroma, and ephelides) syndromes. Recent nosology aggre- 
gates these conditions under the broader category of Carney 
complex, which consists of (a) myxomas in other locations 
(breast or skin), (b) spotty pigmentation (lentigines, pig- 
mented nevi, or both), and (c) endocrine overactivity (pitui- 
tary adenoma, primary pigmented nodular adrenocortical 
disease, or testicular tumors). The precise gene defects remain 
unknown (182); however, certain investigators have mapped 
these syndromes to two loci, on chromosome 2p (183) and 
chromosome 17q (184). 



FIGURE 72.10. Facial picture of patient with multiple lentigines. 
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INTRAPERICARDIAL TERATOMAS 

Despite their rare occurrence, mtrapericardial teratomas con- 
stitute another major subgroup of primary pediatric cardiac 
tumors (14,73,183) (Table 72.1). These tumors are diagnosed 
in the fetus or newborn infant. These rare tumors previously 
were associated with a high mortality rate (185-189). More 
recently, increased survival is emerging as a result of earlier 
diagnosis and improvements in surgical care (129,185). Intra- 
pericardial tumors are seldom malignant or recurrent; there- 
fore, surgery is considered curative for such life-threatening 
illness. 

Intrapericardial teratomas are single, encapsulated, gray- 
ish tan, bosselated tumors attached to the base of the heart 
(189-191). These tumors contain multiple cysts within a yel- 
low mucoid stroma (192). Often a broad-based stalk or nar- 
row pedicle firmly attaches the tumor to the root of the aorta 
or pulmonary artery (185,188,189). The tumor capsule itself 
can be firmly attached to the aorta (186-200) or to pulmonary 
artery adventitia (187,189,191,197,200). The tumor has been 
reported to adjoin the superior vena cava (191), right atrium 
(187,189,191), right ventricle, left atrium, and left ventricle 

(189) . The tumor blood supply usually emanates as nutri- 
ent vessels from the aortic vasa vasorum (187,189,197,198). 
Single blood vessels from the vicinity of the coronary arteries 

(190) or multiple small blood vessels from the superior medi- 
astinum also may supply the tumor (191). 

Intrapericardial teratomas may be three to four times the 
size of the newborn or infant heart (186,189,199); however, 
the tumor may be relatively small in asymptomatic older 
children and adolescents. Critically ill newborns and babies 
almost always have a large pericardial effusion (188,189,197). 
Obstruction and compression of the heart develop due to 
an essentially solid tumor mass contained within a restric- 
tive fibrous pericardium (188,189,198). In newborns and 
infants, the tumor is most frequently right sided, attached to 
the ascending aorta, and wedged between the aorta and supe- 
rior vena cava (187,188,195-200). These right-sided tumors 
rotate the heart, on a vertical axis, to the left and posteriorly 
(189,192,198). They have a propensity to severely obstruct the 
superior vena cava, pulmonary artery, and ascending aorta. 
The tumors also may compress the right atrium and right ven- 
tricle (186-189,200-203). Less frequently, the tumor is left- 
sided, attached to the aorta, overlying the left atrium and left 
ventricle (189,192,198). Left-sided intrapericardial teratomas 
rotate the heart anteriorly and to the right (189,192,198). 
Rarely, the tumor is located posteriorly behind the aorta (192). 
Intrapericardial teratomas also can occur concomitantly with 
other congenital heart defects (189,190). 

Intracardiac teratomas occur even less frequently than 
intrapericardial teratomas (201). To date, they have been 
found predominantly on the right side of the heart. These 
intracardiac teratomas cause findings similar to those for the 
intramural and intracavitary tumors described above. Intra- 
cardiac teratomas are rarely malignant in young infants and 
children (201,202). 

Intrapericardial teratomas consist of tissue derived from 
all three embryonic germinal layers (Fig. 72.11) (185-199). 
Mesodermal tissue includes smooth and striated muscle, hya- 
line, and elastic cartilage. Endodermal tissue consists of res- 
piratory bronchial, pancreatic, intestinal, and salivary glands; 
ectodermal neuroepithelial structures include choroid plexus 
and eyes. Intrapericardial teratomas are rarely malignant, par- 
ticularly in infants and newborns (185,188,192,195). 

Intrapericardial bronchogenic cysts have the same gross 
appearance and clinical manifestations as intrapericardial 
teratomas (187,192,194,195,199). These two intrapericardial 
tumors can be differentiated only by histologic examination. 
Intrapericardial bronchogenic cysts consist predominantly of 



FIGURE 72.1 1 . Photomicrograph of pericardial teratoma show- 
ing primitive neural tissue including ependymal type rosette 
{left aspect of photograph) and immature glands and stroma, 
with foci of endodermal sinus tumor. (Hematoxylin and eosin 
stain.) (Courtesy of Harry Kozakewich, M.D., Department of 
Pathology, Children's Hospital, Harvard Medical School, Bos- 
ton, MA.) 


respiratory and gastrointestinal tissue. They do not have the 
neuronal tissue elements that can be found in intrapericardial 
teratomas (187,192,194). The true incidence of intraperi- 
cardial teratomas remains somewhat unclear because earlier 
reports may have included intrapericardial bronchogenic cysts 
(187,192). 

Half of all intrapericardial teratomas are diagnosed in 
newborns and infants younger than 1 month of age and two- 
thirds in infants younger than 1 year of age (192,198). In 
recent reviews from Boston Children' Hospital (Table 72.1) 
and other centers (13,14), all intrapericardial teratomas were 
diagnosed in infants younger than 1 year of age. Critically ill 
newborns and infants have a distinct clinical presentation con- 
sisting of respiratory distress, pericardial effusion, and direct 
cardiac compression by the tumor mass as well as cardiac tam- 
ponade (185-199). Nonimmune fetal hydrops has been attrib- 
uted to intrapericardial teratomas (186). Direct compression 
of pulmonary parenchyma may contribute to the extreme res- 
piratory distress in the newborn or infant (187,191,198,199). 
Sudden deaths occurred in two-thirds of pediatric patients 
who had mtrapericardial teratomas (188). These events were 
attributed to acute rupture of cysts into the pericardial space 
with sudden tamponade (203), severe encroachment by the 
tumor on the heart and great vessels (188,191), and infectious 
pericarditis (191). 

Signs and symptoms of severe disease may not be apparent 
in the rare situation in which an infant does not have an asso- 
ciated significant pericardial effusion (189,192,198). Patients 
older than 3 months of age are usually asymptomatic or have 
findings of a chronic pericardial effusion (189,192,198). Intra- 
pericardial teratomas can be diagnosed in the asymptomatic 
older child during evaluation of an abnormal chest radiograph 
or as an incidental finding at autopsy (189,192,198). 

Heart sounds are distant or muffled, murmurs are inaudi- 
ble, and the precordial impulse conspicuous for its absence 
in the newborn or infant who has impending tamponade 
(185,189,192,196,199). The patient may have marked hepa- 
tomegaly and diminished peripheral pulses (185,192,198). 
Stenotic murmurs may be heard when the tumor mass com- 
presses cardiac chambers or great vessels (195,198). The 
newborn may present with cyanosis from compression of the 
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FIGURE 72.12. Fetal echocardiogram showing massive het- 
erogenous intrapericardial mass attached to the right atrium 
and aorta. Histology confirmed this mass to be a pericardial 
teratoma (PT) (see Fig. 72.11). LV, left ventricle; RV, right 
ventricle; SP, spine. 


pulmonary parenchyma (185,199) or from right-to-left atrial 
shunting (195). 

Low-voltage QRS complexes are often seen (185,186, 
189,192,198). Arrhythmias, ST-T wave abnormalities, and 
intraventricular conduction delays are notably absent. In criti- 
cally ill patients, a markedly enlarged cardiac silhouette is seen 
on chest radiographs (185-199). Calcifications may also be 
visualized on radiographic studies (189,199,200). Irregularity 
of the cardiac silhouette may be the only abnormal finding in 
older asymptomatic patients (192). 

Pericardiocentesis is nondiagnostic except for the absence 
of a bloody effusion (189). A hemorrhagic effusion almost 
always is associated with a malignant cardiac or pericardial 
tumor (189). Recurrence of the pericardial effusion invariably 
occurs if the tumor is not removed (189,191). 

Intrapericardial teratomas have been visualized by 2-D 
echocardiography in the fetus, neonate, and infant (13,185- 
187,192,193,196-198,200) (Figs. 72.12 and 72.13). The 
tumor appears as a single, nonhomogeneous, lobular, intra- 
pericardial mass (Fig. 72.11) (185,187,191,196-198,200). 
Pericardial effusion is almost always present in the neonate 


and infant. Cystic formations appear as echolucent areas, 
calcifications as echogenic foci (185,187,196). Attachment 
of the pedicle to the aorta can be visualized, and compres- 
sion of the great vessels and intracardiac chambers may occur 
(187,193,196-200). Neonates and infants have been operated 
on the basis of echocardiography alone (185,187, 196,202). 
MRI has been applied to the differentiation of intrapericardial 
teratomas from bronchogenic cysts (201). 

Early noninvasive diagnosis, surgical removal of the intra- 
pericardial teratoma, and decompression of the pericardial 
effusion result in high survival rates, even in critically ill neo- 
nates and infants. In utero recognition allows prompt post- 
natal surgical intervention before significant cardiopulmonary 
distress develops (197). Surgery in older asymptomatic patients 
is indicated because of the propensity of these tumors to cause 
sudden death (185,187-189,191,195) or to undergo rare but 
known malignant degeneration (185,198). Careful dissection 
is necessary to remove a tumor that is adherent to the external 
surface of the heart or coronary arteries (187,189,191) and to 
remove the tumor pedicle from the aorta or pulmonary artery 
(187,191,192,198,199). Successful long-term results have 
been reported following surgery (129,185-187,192,198,199). 


OTHER PRIMARY BENIGN MYOCARDIAL 
TUMORS 


Cardiac hemangiomas are another more common benign 
tumor in this age group (7,204-206). In the review of 129 
primary cardiac tumors at Boston Children’s Hospital, three 
(2.3%) were hemangiomas. These tumors are almost always 
single and can occupy the epicardial, intramural, or intracavi- 
tary space (206). Hemangiomas are polypoid or sessile, often 
with central areas of necrosis and calcification (17,62,205). 
They often are associated with nonhemorrhagic pericardial 
effusions. These tumors consist of large blood vessels and 
small vascular channels interdigitating within the myocar- 
dium (17,205). On echocardiography, these vascular channels 
appear as large echolucent areas (17,204,205). Angiography 
has been used to demonstrate the highly vascular nature of 
these tumors (17,62,204). Recently, MRI has also been used 
to differentiate the highly vascular nature of cardiac vas- 
cular tumors (68,70,71), particularly with rapid enhance- 
ment on first-pass gadolinium scanning. The importance of 




FIGURE 72.13. Huge intrapericardial teratoma (P) in a newborn infant. A: Four-chamber view showing the 
heterogenous mass with multiple vacuoles at the region of the right atrium, within the pericardial space. 
B: Orthogonal short-axis views showing the large tumor mass in the pericardium. LA, left atrium; LV, left ven- 
tricle; PT, pericardial teratoma; RV, right ventricle. 
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tissue differentiation has been emphasized in that congenital 
hemangiomas may regress in size with interferon or steroid 
administration (71). The variability in clinical course may be 
related to the variability in histolology (71). Some patients 
have been reported as being well 4 years following diagnosis 
(204). Sudden death has also been reported (1,85,206). Sur- 
gical intervention has been successful in removal of singular 
intracavitary tumors (17,204,205). Cardiac transplantation 
has been considered in some patients who had severe invasion 
of the myocardium (17). 

Other examples of rare primary benign cardiac tumors 
include papillary tumors (207), accessory endocardial cushion 
tissue (208), cardiac lipomas (72,209-211), and fibroelasto- 
mas (212). These tumors have been associated with a myriad 
of cardiac signs and symptoms ranging from minimal disease 
to systemic embolization to near-death episodes. MRI has 
been able to differentiate cardiac lipomas from other tumor 
masses (68,72). 


PRIMARY MALIGNANT MYOCARDIAL TUMORS 

Malignant myocardial tumors constitute <10% of primary 
cardiac tumors in pediatric patients (7,8,63). These malignant 
tumors include fibrosarcoma, angiosarcoma, lymphosarcoma, 
giant cell sarcoma, fibromyxosarcoma, leiomyosarcoma, neu- 
rogenic sarcoma, rhabdomyosarcoma, and undifferentiated 
sarcoma (43). Some pathologists argue that the imprecise ter- 
minology applied to these tumors has been a general source 
of confusion (148). Moreover, the histologic differentiation of 
benign from malignant tumors may be subtle (146). 

Angiosarcoma is the most frequent primary malignant car- 
diac tumor (213-216). These tumors most often involve the 
right atrium and pericardium. Patients present with cardiac 
tamponade, right-sided heart failure, and superior vena caval 
obstruction. Pericardial effusions are hemorrhagic; metastatic 
involvement of the liver, lungs, and central nervous system 
is common. Despite early noninvasive diagnosis and surgi- 
cal and chemotherapeutic interventions, the outlook remains 
poor. 

Cardiac sarcomas are rare in patients of all ages. In a 
National Sarcoma Registry database, 0.4% were thoracic 
sarcomas, with only one case of cardiac sarcoma reported 
(217). Although rare in pediatrics, primary cardiac sarco- 
mas have been diagnosed in infants as young as 3 months of 
age (43). These tumors usually involve the right side of the 
heart (43,218-221) and often are located primarily in the 
pulmonary artery (219). Poorly differentiated sarcomas can 
infiltrate the right atrium and right ventricle, extend to the 
pericardium, and encroach on the atrial and ventricular cavi- 
ties (43). Surgical removal of these tumors has been attempted 
(43,219) with a low survival rate and with both local and dis- 
tant recurrence (43,219,222). Often, the tumor is so invasive 
that surgical removal is impossible. Metastases to the lung and 
mediastinum often occur, and prognosis is poor (43,218,219). 
Certain nonresectable sarcomas, without evidence of distant 
metastasis, have been approached by cardiac transplantation 
(222-230). The role of transplantation in the management of 
such patients is unclear. 


SECONDARY CARDIAC TUMORS 


Secondary cardiac tumors more frequently are observed than 
primary tumors. The most common secondary tumors in pedi- 
atric patients are non-Hodgkin lymphoma, leukemia, and neu- 
roblastoma (7,63). 


Non-Hodgkin lymphoma is becoming more prevalent, 
with occurrence seen in immunosuppressed patients who are 
infected with Epstein-Barr virus (231). Occurrence is 0.2% 
and 1.2% in the 1st year in renal and cardiac transplant recipi- 
ents, respectively, with rates of 0.04% and 0.30% per year, 
respectively, for kidney and cardiac transplant patients there- 
after (232). In the cardiac transplant patients who develop 
non-Hodgkin lymphoma, the incidence of direct cardiac 
involvement is 18% (233). Cardiac involvement from non- 
Hodgkin lymphoma can present with pericardial effusions, 
arrhythmias, and congestive heart failure (234,235). Marked 
ST-T wave abnormalities, low-voltage QRS complexes, and 
infarct patterns are seen (234,235). Two-dimensional echocar- 
diography shows significant ventricular wall thickening and 
dyskinesis (234). The myocardium has echo-bright areas alter- 
nating with echolucent areas. This is consistent with autopsy 
findings of large areas of necrosis and hemorrhage alternating 
with myocardium and solid tumor (234,235). 

Direct extension from the inferior vena cava to the right 
atrium can occur in patients with Wilms tumor, renal myosar- 
coma, leiomyoma, and leiomyosarcoma (236-239). Patients 
with Wilms tumor can have symptoms of right heart obstruc- 
tion or failure before presenting signs and symptoms of an 
abdominal mass or hematuria (238). Ultrasound can demon- 
strate a tumor extending proximal to the iliac arteries, con- 
tinuing up the inferior vena cava to the right atrium (237,238). 
Large atrial tumors can prolapse into the left atrium through 
an atrial septal communication (239). Atrial Wilms tumors 
can mimic atrial myxomas by their to-and-fro motion across 
atrioventricular valves (239). 

Malignant pericardial tumors are usually metastatic 
(8,85,157). Rarely, primary intrapericardial tumors do occur 
(235). Metastatic tumors directly invade the pericardium and 
often are associated with hemorrhagic effusions. These tumors 
can invade the myocardium but rarely invade the intracavitary 
space (235). 
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H eart failure in children is a very heterogeneous syndrome 
with multiple possible causes and treatments. This chapter 
reviews the causes of heart failure in children and discusses 
the management of chronic heart failure. Acute heart failure is 
addressed elsewhere in this book. 


ETIOLOGY OF CHRONIC HEART FAILURE 
IN CHILDREN 


Accurate determination of the cause of heart failure in children 
is critical to both prognosis and optimal treatment. In chil- 
dren, it is useful to consider the various causes of heart failure 
by age. Although not absolute, this classification provides a 
useful framework from which to approach children with sus- 
pected or known heart failure. In the following discussion, 
causes are considered in two broad age categories: (a) neonates 
and infants and (b) children and adolescents (Table 73.1). 
Most of the entities included in this section are discussed in 
greater detail elsewhere in this textbook. Causes of heart fail- 
ure in the fetus include structural heart disease, arrhythmias, 
and myocardial dysfunction, and are discussed in Chapter 27 
(Fetal Echocardiography and Fetal Cardiology). 


NEONATES AND INFANTS 


Heart failure in neonates and infants can occur due to a 
variety of causes including structural heart disease, myocar- 
dial dysfunction, arrhythmias, and metabolic abnormalities. 
Congenital structural anomalies can be broadly classified as 
volume overload lesions, pressure overload lesions, and com- 
plex lesions that often involve a combination of pressure and 
volume overload. 

Heart failure that presents at birth may be due to asphyxia- 
related myocardial dysfunction, hypoglycemia or hypocalce- 
mia, sepsis, anemia or polycythemia, myocarditis, arrhythmias 
(supraventricular tachycardia, congenital complete heart 
block), a sizable atrioventricular malformation, or severe tri- 
cuspid regurgitation (asphyxia-related papillary muscle dys- 
function, Ebstein anomaly, tricuspid valve dysplasia) (1). 

Pressure overload lesions presenting in neonates include 
left heart obstructive lesions such as critical aortic valve ste- 
nosis, coarctation of the aorta or interrupted aortic arch, and 
the spectrum of left heart hypoplasia. Neonates with these 
anomalies depend on the ductus arteriosus to provide systemic 
blood flow and typically present between 2 days and 2 weeks 
of age, coincident with ductal constriction and closure. The 
combination of compromised cardiac output and ventricular 
dysfunction results in tachypnea, poor pulses, poor perfusion, 


pallor, feeding difficulty, and sometimes circulatory collapse 
and shock. 

Many volume overload lesions present in infancy and 
include significant left-to-right shunts (ventricular septal 
defect, atrioventricular septal defect, patent ductus arteriosus, 
truncus arteriosus, aortopulmonary window, forms of single 
ventricle without obstruction to pulmonary flow, pulmonary 
atresia with ventricular septal defect and large aortopulmo- 
nary collaterals, and total anomalous pulmonary venous 
return without obstruction). In such cases, pulmonary flow 
increases as pulmonary vascular resistance drops, resulting 
in pulmonary overcirculation and, in some cases, decreased 
systemic blood flow (2). An additional factor contributing to 
the increasing left-to-right shunt in this age group is the physi- 
ologic fall in hemoglobin (3). 

Complex structural anomalies may combine pressure and 
volume overload, in some cases resulting in a combination of 
heart failure and cyanosis. Detailed descriptions of the ana- 
tomic subtypes with their physiologic and hemodynamic conse- 
quences are presented in other chapters. Broadly, this group of 
lesions includes variable combinations of ventricular hypoplasia 
(including functionally single left or right ventricles), atrioven- 
tricular valve dysfunction, critical obstruction to systemic flow, 
obstruction to pulmonary venous drainage or systemic ventric- 
ular inflow, and intracardiac shunting. As neonatal cardiac sur- 
gery has evolved, more neonates, infants, and young children 
who have undergone palliative or corrective cardiac surgery are 
at risk for heart failure owing to residual abnormalities includ- 
ing residual shunts, systemic outflow tract obstruction, myo- 
cardial dysfunction, significant semilunar or atrioventricular 
valve regurgitation, pulmonary venous or systemic ventricular 
inflow obstruction, and/or rhythm disturbances. 

Ventricular dysfunction in young children can occur due to 
a number of causes. A relatively uncommon form of congeni- 
tal heart disease that presents at 1 to 2 months of age is anom- 
alous origin of the left coronary artery from the pulmonary 
artery (4,5). As pulmonary vascular resistance drops, ante- 
grade perfusion of the left coronary artery from the pulmo- 
nary artery also drops, resulting in myocardial ischemia and 
dysfunction. Babies with this anomaly present with fussiness, 
irritability, poor feeding, including crying and pallor after eat- 
ing (angina), tachypnea, diaphoresis, and, in some cases, car- 
diovascular shock. Although uncommon, this diagnosis must 
be considered in any infant presenting with left ventricular 
dysfunction and heart failure (6,7). Ventricular dysfunction 
occurring in the setting of myocarditis or related to various 
forms of cardiomyopathy (CM) (dilated, hypertrophic, or 
restrictive) may present with heart failure in this time period 
(7-10). Sustained supraventricular tachycardia may result in 
acquired ventricular dysfunction and heart failure (11,12). 
Noncardiac causes such as renal failure or sepsis may also 
result in low cardiac output and heart failure (1). These enti- 
ties are described in detail in other chapters. 
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TABLE 73.1 


Etiology of Chronic Heart Failure 


Neonates and infants 

Structural heart disease 
Pressure overload 
Severe/critical aortic stenosis 
Aortic arch obstruction (coarctation or interruption) 
Volume overload 
Left-to -right shunt 
Ventricular septal defect 
Atrioventricular septal defect 
Patent ductus arteriosus 
Truncus arteriosus 
Aortopulmonary window 
Large aortopulmonary collaterals 
Valvular dysfunction 

Atrioventricular valve insufficiency (post-op atrioventricu- 
lar canal, Ebstein anomaly) 

Semilunar valve insufficiency 
Aortic insufficiency after valvotomy 
Truncal valve regurgitation 
Tetralogy with absent pulmonary valve 
Complex 

Single ventricle (obstruction to systemic ventricular 
outflow, obstruction to ventricular inflow or pulmonary 
venous return) 

Myocardial dysfunction 
Ischemia 

Anomalous left coronary artery from the pulmonary artery 
Asphyxia-related ventricular dysfunction 
Cardiomyopathy 
Myocarditis 
Primary 

Secondary (arrhythmia, renal, hypothyroid, hypoglycemia, 
sepsis, etc.) 

Postoperative ventricular dysfunction 
Children and adolescents 
Unoperated structural heart disease 


Left heart failure 
Increase in mitral regurgitation 
Increase in aortic regurgitation 
Progressive aortic outflow obstruction 
Right heart failure 
Ebstein anomaly 
Eisenmenger syndrome 
Rhythm disturbances 
Postoperative structural heart disease 
Left heart failure 

Myocardial dysfunction (ischemia, fibrosis, systemic 
single or right ventricle) 

Volume overload (residual shunt, valve regurgitation) 
Pressure overload (residual and/or progressive aortic 
outflow obstruction) 

Right heart failure 
Ventricular dysfunction 

Pressure overload (residual outflow obstruction, 
pulmonary hypertension) 

Volume overload (pulmonary ortricuspid insufficiency) 
Rhythm disturbances 
Structurally normal heart 
Cardiomyopathy (primary) 

Dilated 

Hypertrophic 

Restrictive 

Cardiomyopathy (secondary) 

Infectious or inflammatory (myocarditis, endocarditis) 
Ischemia (Kawasaki disease, other forms of coronary 
artery disease) 

Chronic volume overload (acquired valve dysfunction, 
rheumatic heart disease) 

Chronic arrhythmia 

Toxins (anthracyclines, radiation) 

Muscular dystrophy 
Metabolic 


CHILDHOOD OR ADOLESCENCE 

Unoperated Structural Heart Disease 

Although presentation with heart failure because of unoper- 
ated congenital heart disease is uncommon beyond the first 
few months of life in developed countries, it is more common 
in developing countries with poor access to health care. Thus, 
it is useful to subdivide heart failure in this age group into left 
versus right heart failure (Table 73.1). 

Left heart failure may occur in patients with structural 
heart disease and severe atrioventricular valve (i.e., atrio- 
ventricular septal defects or the tricuspid valve in congeni- 
tally corrected transposition) (13,14) or aortic insufficiency 
(i.e., ventricular septal defect-associated aortic valve pro- 
lapse) (15,16). Although progression of valve regurgitation 
may occur spontaneously over time, infective endocarditis 
is an important etiology of altered valvular function in this 
group of patients (17). Less commonly, patients with either 
progressive or undiagnosed severe left ventricular outflow 
obstruction may present with heart failure due to ventricular 
dysfunction (18). 


An important cause of right heart failure in this group of 
patients is Ebstein anomaly of the tricuspid valve with an 
increase in the degree of tricuspid regurgitation with or with- 
out associated arrhythmias (19,20). Severe elevation of pul- 
monary vascular resistance associated with an intracardiac or 
great vessel shunt (Eisenmenger syndrome) may be associated 
with right ventricular dysfunction, tricuspid and/or pulmo- 
nary regurgitation, and right heart failure (21). 


POSTOPERATIVE STRUCTURAL HEART DISEASE 

More common is the patient who has undergone previous 
intervention (transcatheter or surgical) for structural heart dis- 
ease. Such patients may develop left or right heart failure due 
to ventricular dysfunction, valve disease, residual shunts, and/ 
or rhythm abnormalities (13,22). 

Left heart failure may occur in the postoperative patient 
with ventricular dysfunction, a residual left-to-right shunt, 
outflow tract obstruction, or valve regurgitation (various com- 
binations of these may coexist in any given patient). Examples 
include (a) aortic stenosis and/or insufficiency after previous 
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valvotomy (23-25), (b) truncal valve stenosis and/or regur- 
gitation after repair (25,26), and (c) severe atrioventricular 
valve regurgitation after atrioventricular septal defect repair 
(27,28). Patients with a systemic morphologic right ventricle 
(D-transposition of great arteries after atrial baffle or congeni- 
tally corrected transposition of great arteries after repair) are 
at risk for ventricular dysfunction, tricuspid (systemic atrio- 
ventricular valve) regurgitation, and arrhythmias that may 
result in heart failure (29-36). 

Right ventricular hypertension owing to pulmonary hyper- 
tension (37) or residual pulmonary outflow obstruction (native 
or conduit) (38) may progress after initial intervention and 
result in right heart failure. Right heart failure may also occur 
after previous intervention owing to significant pulmonary 
insufficiency, such as may occur after surgery for tetralogy of 
Fallot (39-41). 

Patients who have undergone a Fontan procedure for sin- 
gle ventricle physiology represent another group at high risk 
for developing ventricular dysfunction, arrhythmias, and heart 
failure (33,42-46). 

As stated previously, patients after catheter or surgical 
intervention for structural heart disease may develop either 
acute or chronic rhythm disturbances that may result in 
heart failure (44,47-49). Ventricular dyssynchrony can cause 
ventricular dysfunction and heart failure, with resynchroni- 
zation therapy and optimization of atrioventricular delay 
emerging as an effective treatment modality in select patients 
(50-54). 


STRUCTURALLY NORMAL HEART AND ACQUIRED 
HEART DISEASE 


Acquired heart disease is a common cause of heart failure in 
this age group compared to younger children. Kawasaki dis- 
ease (55) (KD) is the most common cause of acquired heart 
disease in children in the United States (56). Children younger 
than 5 years are most commonly affected (median 2 years). 
KD is a panvasculitis, and most of the morbidity and mortal- 
ity in affected patients is due to coronary artery aneurysms 
and associated complications (57,58). Children may present 
with heart failure in the acute phase of KD due to myocarditis 
and myocardial dysfunction (59). Less commonly, pericarditis 
or valvulitis during the acute illness may contribute to clini- 
cal heart failure. Those who develop coronary sequelae may 
develop acute or chronic heart failure secondary to myocardial 
ischemia resulting in myocardial dysfunction with or without 
associated valve regurgitation (58). 

Worldwide, rheumatic fever with carditis leading to rheu- 
matic heart disease is the most common cause of acquired 
heart disease in children and young adults (60-62). Although 
classically described as pancarditis, the important abnormal- 
ity in acute rheumatic carditis is valve dysfunction (mitral 
and/or aortic regurgitation); myocardial dysfunction does 
not occur (63,64). In 15% to 47% of cases of acute cardi- 
tis, the valve regurgitation is severe enough to result in heart 
failure (65,66). The incidence of heart failure is even higher 
if recurrences are considered (67). Chronic rheumatic heart 
disease consists of variable combinations of mitral regurgita- 
tion/stenosis and aortic regurgitation/stenosis. The right heart 
is uncommonly involved. Heart failure may result from sig- 
nificant, progressive valve dysfunction (61,68,69). Less com- 
monly, left ventricular dysfunction may develop secondary to 
chronic severe volume overload if significant mitral and/or 
aortic regurgitation are present. Although rheumatic mitral 
stenosis severe enough to result in symptomatic heart failure 
may occur in the first two decades of life in developing coun- 
tries (70), chronic rheumatic heart disease with mitral stenosis 


in the United States typically presents in the fourth to fifth 
decade of life (61,71). 

Patients in this age group may also develop heart failure 
secondary to infective endocarditis. Such endocarditis usually 
occur in patients with underlying structural heart disease, but 
may occur in those with a normal heart especially with other 
risk factors (indwelling catheters, history of intravenous drug 
abuse, and staphylococcal bacteremia) (72,73). 

Myocardial dysfunction owing to a wide range of causes 
may result in clinical heart failure in children and adolescents. 
Several infectious agents have been reported to cause myo- 
carditis (most commonly enterovirus, adenovirus, and par- 
vovirus) (7,9,74,75). In other cases, myocarditis may occur 
as part of a generalized inflammatory process, such as occurs 
with KD or connective tissue disease (76-78). Dilated CM 
may be a primary disorder or may occur secondary to myo- 
carditis, coronary artery disease, or cancer treatment (anthra- 
cyclines and/or radiation) (79-85). A dilated cardiomyopathy 
may occur with a variety of storage diseases, mitochondrial 
disorders, or in association with myopathies (muscular dys- 
trophy) (9). An increasing number of cardiomyopathies are 
being recognized as familial (86,87). Although less com- 
mon than the dilated form, hypertrophic, restrictive, and left 
ventricular noncompaction cardiomyopathies may result in 
clinical heart failure, due to systolic and/or diastolic dysfunc- 
tion (88-90). Although less common than in the neonate and 
infant, tachyarrhythmia-related (supraventricular tachycardia 
or atrial flutter) heart failure in children and adolescents has 
also been reported (91). 

Other causes of heart failure in children and adolescents 
are worth noting. Patients with Marfan syndrome with mitral 
valve prolapse may develop heart failure if the mitral valve 
becomes progressively insufficient or aortic regurgitation 
progresses because of the progressive aortic root dilation 
(92). Sickle cell disease may be associated with myocardial 
ischemia or infarction (93). Renal dysfunction with systemic 
hypertension and fluid overload may result in left ventricu- 
lar dysfunction (94,95). Conversely, primary or secondary 
(chronic lung disease or obstructive airways disease) pulmo- 
nary hypertension may result in right heart failure (96-98). 


BIOMARKERS IN CHILDREN WITH HEART 
FAILURE 


Biomarkers have been found to be valuable for diagnosis, 
prognosis, and monitoring response to therapy in patients 
with heart failure (99). The most established heart failure 
biomarkers are the natriuretic peptides (NPs). Four different 
NPs have been identified: (a) atrial natriuretic peptide (ANP), 
primarily released from the atria; (b) B-type natriuretic pep- 
tide (BNP), primarily released from the ventricles, (c) C-type 
natriuretic peptide (CNP), released from and acts on the vas- 
cular endothelium; and (d) D-type natriuretic peptide (DNP), 
isolated from ventricular myocardium (99-101). BNP was 
originally called brain natriuretic peptide because it was iso- 
lated from porcine brain. Subsequent studies showed BNP to 
be primarily released from ventricular myocytes. Both ANP 
and BNP can be produced by either the atria or the ventri- 
cles under pathologic hemodynamic conditions. Increased 
wall stress related to increased preload, increased afterload, 
or impaired systolic or diastolic ventricular function results 
in the synthesis of pre-pro-B-type NP (pre-proBNP). This is 
subsequently cleaved to proBNP, and then is further cleaved 
to the biologically active 32-amino-acid polypeptide (BNP) 
and an inactive aminoterminal fragment, N-terminal pro- 
BNP (NT-proBNP). The NPs have actions aimed at protect- 
ing the cardiovascular system from volume overload. BNP 


1568 Section X ■ Other Special Problems and Issues 


results in smooth muscle relaxation with improved myocardial 
relaxation and vasodilation of the systemic, pulmonary, and 
coronary vascular beds. In addition, in the kidneys, the NPs 
result in diuresis and natriuresis. Further, the NPs inhibit the 
renin-angiotensin-aldosterone system, play a role in blunt- 
ing the sympathetic nervous system, and inhibit endothelin 
release (contributing to vasodilation, diuresis, and natriuresis 
(99,100,102). Despite the fact that BNP and NT-proBNP are 
secreted in equal amounts and have levels that move concord- 
antly in most clinical scenarios, it is important to note that 
the levels are not interchangeable. The half-lives are differ- 
ent, approximately 20 minutes for BNP and 1 and 2 hours for 
NT-proBNP in adults. The majority of young, healthy adults 
have BNP levels <25 pg/mL and NT-proBNP levels <70 pg/ 
mL (99,101). 

In adults, the serum levels of NPs (BNP and NT-proBNP) 
have been shown to be valuable in a number of clinical set- 
tings: (a) differentiating heart failure from pulmonary dis- 
ease as the etiology for acute dyspnea, (b) increasing with 
diastolic dysfunction, (c) increasing with heart failure 
exacerbations, (d) increasing and having prognostic value 
in coronary artery disease, (e) increasing in the setting of 
pulmonary embolism, pulmonary hypertension, and chronic 
obstructive pulmonary disease, (f) increasing in high-output 
states (sepsis, cirrhosis, and hyperthyroidism), and (g) pre- 
dicting subsequent events in patients with known heart fail- 
ure (99,101,102). 

From studies in adults, NP levels are known to vary with 
age, gender, obesity, renal disease, and other conditions. In 
pediatrics, it is important to note the striking variation of 
NP levels with age. BNP levels are higher at birth, peaking at 
1 to 2 days of age, and then decreasing during the following 
days of life (103). In addition, the method and type of assay 
used can influence NP plasma values. Studies have reported 
on normal ranges of NPs during infancy and childhood (104- 
108). Serum concentrations of BNP and NT-proBNP sugges- 
tive of cardiac disease in children are shown in Table 73.2. 
Other studies have evaluated NPs in children in a variety of 
clinical settings, and there are a number of excellent reviews 
available (100,109-111). Table 73.3 lists the types of clini- 
cal settings, and Table 73.4 attempts to list selected studies, 
including cutoffs for use in the evaluation and management 
of patients. 


TABLE 73.2 


Serum Concentrations of BNP 
and NT-proBNP Suggestive of 
Cardiac Disease in Children 


Age 

NT-proBNP* 

(pg/mL) 

Age 

BNP 6 

(pg/mL) 

0-2 d 

■ 12,000 

0-2 d 

■ 750 

3-11 d 

■ 6,000 

3-7 d 

■ 480 

1 mo-1 y 

■ 650 

2 wk-10 y 

■ 45 

1-2 y 

■ 400 



2-6 y 

■ 300 



6-18 y 

■ 160 




BNP, B-type (brain) natriuretic peptide; NT-proBNP, N-terminal pro-BNP 
*0n the basis of the 95th percentile in healthy infants and children (104). 

6 0n the basis of the 97.5 percentile in healthy infants and children (105) 

From Lenz AM. Natriuretic peptides in children: physiology and clinical utility. 
Curr Opin Pediatr 2011;23:452-459, with permission. 


Clinical Utility of Natriuretic 
Peptide Levels in Children 

Differentiating lung disease from heart disease 
Identifying heart disease in children 
Children with known heart failure 
Use in neonates 

Persistent pulmonary hypertension of the newborn 
Congenital diaphragmatic hernia 
Patent ductus arteriosus (prematures) 

Children with known congenital heart disease 
Postoperative congenital heart disease 
Anthracycline-treated children 
Children after heart transplant 
Children with pulmonary hypertension 

Other conditions; Kawasaki disease, hypertrophic 
cardiomyopathy, end-stage renal disease, sepsis, after severe 
neurologic injury 


Differentiating Lung Disease from Heart Disease 

Both BNP and NT-proBNP have been found to be valuable for 
distinguishing between cardiac and pulmonary causes of res- 
piratory distress in neonates and children. Significantly, higher 
BNP and NT-proBNP levels have been found in patients with 
heart failure than in those with lung disease (112-115). 


Identifying Heart Disease in Children 

Two studies have shown BNP to be valuable in children being 
evaluated for possible heart disease. In both studies, BNP was 
significantly higher in children with newly diagnosed signifi- 
cant heart disease than in children without significant heart 
disease (116,117). 


Children with Known Heart Failure 

From the data available, evaluation of BNP appears to be 
helpful for assessing prognosis and monitoring children 
with known heart failure. From two similar studies of chil- 
dren with chronic left ventricular dysfunction, BNP levels 
>~290 to 300 pg/mL predicted adverse events (death, hospital- 
ization, listing for transplant) (118,119). A post-hoc analysis 
of patients with symptomatic systolic ventricular dysfunction 
from the carvedilol trial found elevated BNP of value in iden- 
tifying patients at increased risk for HF event within 1 year 
(120). Studies of children with decompensated heart failure 
admitted to the intensive care unit found elevated BNP to be 
predictive of readmission or death (121) and serial BNP meas- 
urements to be of value in identifying patients who may need 
mechanical circulatory support (122). 


Use in Neonates 

Although levels are known to be higher in neonates, measure- 
ment of NPs may be of value in a few specific clinical sce- 
narios. BNP has been shown to be higher in neonates with 
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TABLE 73.4 

Natriuretic Peptides in the Evaluation and Management of Children 


Condition 

Age Range 

N 

NP 

Cutoffs 

Endpoints 

Change in Risk 

Reference 

Patients with 

1-36 mo 

48 

NT-proBNP 

2,940 pg/mL 

HF vs. lung disease 

100% accurate 

(113) 

respiratory 
difficulty: differ- 

Infants and 
children 

49 

BNP 

40 pg/mL 

HF vs. lung disease 

84% accurate, 91% 
sens, 77% spec 

(112) 

entiate HF and 
lung disease 

1 mo-17.5 y 

76 

NT-proBNP 

727 pg/mL 

HF vs. lung disease 

97% accurate, 100% 
sens, 94% spec 

(115) 

Patients with 
possible heart 
disease 

36 wk gesta- 
tional age- 
19 y 

100 

BNP 

170 pg/mL 
(neonates 
<7 d) 

41 pg/mL 

(older 

patients) 

Diagnosis of significant 
structural or functional 
heart disease 

Neonates: 94% 
sens, 73% spec, 

91% PPV 

Older. 87% sens, 

70% spec, 77% PPV 

(116) 


2 d— 17.5 y 

33 

BNP 

100 pg/mL 

Diagnosis of critical 
heart disease (requiring 
admission to ICU) 

100% sens, 98% 
spec 

(117) 

Outpatients with 
LV dysfunction 

2 mo-21 y 

53 

BNP 

300 pg/mL 

Adverse events (car- 
diac death, hospitaliza- 
tion for cardiac reason, 
listing for transplant) 

93% sens, 95% 
spec, 88% PPV, 97% 
NPV 

(118) 


3 wk-16.6y 

92 (48 
patients) 

BNP 

290 pg/mL 

Adverse outcome 
(death, listing for 
transplant) 

80% sens, 87% spec 

(119) 

Patients with HF 
admitted to ICU 

2 d— 21 y 

82 

BNP 

760 pg/mL 

Adverse outcome at 60 
d after discharge (read- 
mission or death) 

74% sens, 93% spec 

(121) 

Premature 

babies 

25-34 wk 

gestational 

age 

66 

BNP 

1,110 pg/mL 

Clinically significant 
and echocardiographi- 
cally large PDA 

100% sens, 95% 
spec 

(126) 


30 wk(mean 

gestational 

age) 

31 

BNP 

1,805 pg/mL 

Lack of response of 

PDA to indomethacin 

88% sens, 87% spec 

(128) 

Children with 
symptomatic HF 

Age <18 y 

138 

BNP 

140 pg/mL 

Adverse event (hospi- 
talization for worse HF, 
transplant, death) 

71% sens, 63% spec 

(120) 

Children with 
CHD 

1-37.5 y 

62 

BNP 

40 pg/mL 

Ventricular dysfunction 

85% sens, 81% 
spec, 92% PPV, 68% 
NPV 

(129) 

Postoperative 

CHD 

1 d-15.5 y 

51 

BNP (12 h 
postopera- 
tive) 

540 pg/mL 

815 pg/mL 

Mechanical ventilation 
>48 h 

Low cardiac output 
within 48 h 

89% sens, 83% spec 

88% sens, 90% spec 

(138) 

Children after 
heart transplant 

10.5 y 
(median) 

560 biopsies 
(86 patients) 

BNP 

100 pg/mL 

Acute rejection, ISHLT 
>3A (biopsy) 

For patients >1 y 
posttransplant, 96% 
sens, 99% NPV 

(147) 


2 mo-20 y 

53 

BNP 

700 pg/mL 

Acute rejection, ISHLT 
>3A (biopsy) 

100% sens, 92% 
spec, 100% NPV 

(148) 


14-15 y 
(mean) 

53 

BNP 

250 pg/mL 

Death or retransplant in 
ensuing 90 d 

Not given 

(149) 


BNP, B-type natriuretic peptide; CHD, congenital heart disease; HF, heart failure, NPV, negative predictive value; NT-proBNP, N-terminal B-type natriuretic peptide; PDA, 
patent ductus arteriosus; PPV, positive predictive value; sens, sensitivity; spec, specificity. 
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persistent pulmonary hypertension of the newborn (compared 
to babies with respiratory disease without elevated pulmonary 
pressures and babies without respiratory disease) (123). In 
neonates with congenital diaphragmatic hernia, elevated NT- 
proBNP correlated with pulmonary artery pressure and was 
associated with worse prognosis (124). In preterm neonates, 
elevated BNP is associated with a hemodynamically significant 
patent ductus arteriosus and may be valuable in predicting the 
need for medical or surgical intervention (125-128). 

Children with Congenital Heart Disease 

In the setting of congenital heart disease, BNP is increased in 
patients with ventricular dysfunction and may be predictive 
of subsequent events (129,130). In addition, BNP has been 
shown to correlate with the degree of shunting, right ven- 
tricular systolic pressure and pulmonary artery pressure, and 
pulmonary vascular resistance (131). Significant pulmonary 
insufficiency occurs after repair of some forms of congenital 
heart disease (most commonly tetralogy of Fallot), resulting in 
right heart volume overload and associated risk for right ven- 
tricular dysfunction, heart failure, and arrhythmias. In ado- 
lescents after repair of tetralogy of Fallot, NPs correlate with 
right ventricular hemodynamics and dilation (132,133). NPs 
have been reported to be of value for diagnosing heart failure 
in children with single ventricle physiology (134,135) and for 
identifying patients at risk for poor outcome (136), but a 
recent study suggests that routine measurement of NPs is not 
warranted in patients after the Fontan procedure (137). There 
is also suggestion that NPs may be useful in risk stratification 
of adults with CHD. 

Postoperative Congenital Heart Disease 

An elevated 12-hour postoperative BNP is associated with 
duration of mechanical ventilation and predictive of low car- 
diac output state (138). Another study found 24-hour post- 
operative BNP levels that are higher than preoperative levels 
to be associated with low cardiac output syndrome, more 
days of mechanical ventilation, and was predictive of poor 
postoperative outcome (139). Postoperative BNP has also 
been found to be associated with clinical heart failure scores 
in patients with single ventricle physiology (at various stages 
of palliation) (140), predictive of outcome in patients under- 
going bidirectional cavopulmonary or total cavopulmonary 
connection for single ventricle (135), and NT-proBNP cor- 
relates with clinical heart failure in patients after the Fontan 
procedure (141). In pediatric patients requiring extracorpor- 
eal support following cardiac surgery, NPs may be useful in 
weaning (142), and an increase in BNP during a trial off of 
support is predictive of outcome (need for unplanned opera- 
tion and survival) (143). 

Anthracycline-Treated Children 

Studies have shown BNP to be elevated in children with 
ventricular dysfunction late after treatment with anthracy- 
clines and may have a role in the follow-up of these patients 
(144-146). 

Children After Heart Transplant 

Elevated or rising BNP levels in children after heart transplan- 
tation have been found to be valuable as a screening test for 
rejection (147,148) and for identifying patients at increased 
risk of death or retransplant (149,150). 


Children with Pulmonary Hypertension 

In children with pulmonary hypertension, a rising BNP corre- 
lates with hemodynamic and echocardiographic changes, and 
an elevated BNP is associated with decreased survival (151). 
In a different study of children with pulmonary hypertension, 
NT-proBNP correlated with functional class and 6 -minute 
walking distance and was predictive of mortality (152). 

Other Conditions 

In addition to the scenarios described above, measurement 
of NPs may be valuable in other conditions. BNP and NT- 
proBNP were found to be a useful marker for the myocarditis 
of KD and may have value in differentiating KD from a viral 
illness (153). A recent study reported an association between 
BNP and development of coronary artery lesions (154). 
BNP levels have been reported to correlate with noninvasive 
parameters of disease severity in children with hypertrophic 
cardiomyopathy, including diastolic dysfunction (155). BNP 
levels may be elevated in patients with end-stage renal disease, 
independent of heart dysfunction. Nonetheless, even in this 
population, BNP levels may be predictive of ventricular dys- 
function, cardiac events, and survival (156). NT-proBNP levels 
should be interpreted cautiously in children with sepsis since 
patients with normal ventricular function may have elevated 
NT-proBNP levels (157). Finally, in patients with severe cen- 
tral nervous system injury who progress to brain death, mech- 
anisms other than myocardial performance appear to regulate 
BNP levels (elevated despite normal function and ultimately 
good outcome after use as a donor heart for transplant), limit- 
ing the value of these levels in this patient population (158). 


TREATMENT OF CHRONIC HEART FAILURE 

One could argue that the term “heart failure” is somewhat of a 
misnomer for the clinical syndrome of large left-to-right shunt 
with pulmonary overcirculation. However, many of the same 
neurohormonal abnormalities are present in these patients 
that are present in patients with congestive heart failure owing 
to systemic ventricular dysfunction. Patients with large left- 
to-right shunts are tachypneic, tachycardic, and diaphoretic. 
They have elevations in plasma norepinephrine and aldoster- 
one levels (159,160). However, the treatment of this clinical 
syndrome usually entails surgical correction of the underlying 
anatomic problem. 

Treatment strategies utilized in the management of chronic 
heart failure owing to systemic ventricular dysfunction in chil- 
dren have been almost entirely derived from large multicenter, 
randomized, placebo-controlled trials in adults with heart fail- 
ure due to left ventricular systolic function. Some of these stud- 
ies are restricted to adults with either ischemic cardiomyopathy 
or only nonischemic (dilated) cardiomyopathy (161), although 
most studies include adults with both ischemic and nonis- 
chemic cardiomyopathy. Even in those adults with nonischemic 
CM, there are significant comorbidities not seen in children 
with heart failure, such as diabetes and hypertension, that make 
extrapolation of treatment strategies from these adults to chil- 
dren with dilated CM problematic (162). Within the limitations 
of extrapolating data from adult studies of this kind, pediatric 
cardiologists have adapted many of the treatments that are cur- 
rently recommended for adults with heart failure owing to left 
ventricular systolic dysfunction (163). This section reviews the 
current evidence base for the treatment of chronic heart failure 
in children in addition to current recommendations based on 
small case series and published anecdotal experience. 
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Once a child has been diagnosed with chronic heart failure, 
therapeutic strategies are directed toward the underlying cause 
of the heart failure. In patients with “heart failure” due to left- 
to-right shunt (e.g., ventricular septal defects, single ventricle 
without pulmonary stenosis) and resultant pulmonary over- 
circulation, surgical intervention is currently the treatment of 
choice in virtually every situation. If, for some reason, surgery 
is not an option (e.g., small size of the patient, no surgical 
options available), there are some potential medical interven- 
tions that may improve symptoms. These include diuretics, 
angiotensin-converting enzyme (ACE) inhibitors, and possi- 
bly beta-adrenergic receptor (beta) blockers. Diuretics are the 
mainstay of therapy in this situation through their ability to 
reduce pulmonary edema and systemic congestion (see below). 
There is some evidence that ACE inhibitors may be beneficial 
through their ability to reduce systemic vascular resistance in 
preference to pulmonary vascular resistance and thus reduce 
pulmonary blood flow (164-166). There is also evidence that 
beta-blockade with propranolol may be beneficial to infants 
in this situation. Bucchorn et al. have demonstrated that pro- 
pranolol can reduce heart rate, respiratory rate, and heart fail- 
ure symptoms as well as improve growth in infants with heart 
failure owing to large left-to-right shunts (160,167,168). 

In children with heart failure caused by isolated systemic 
ventricular systolic dysfunction, there are usually no good sur- 
gical options short of heart transplantation. Thus, it is incum- 
bent on the pediatric cardiologist to maximize medical therapy 
and avoid or delay heart transplantation in as many children 
as possible. Unfortunately, there is very little evidence base 
from which to derive guidance for which medications are best 
in which situations and at which dosages. For older children 
with dilated cardiomyopathy, it may be reasonable to extrapo- 
late from some of the larger trials in adults with nonischemic 
cardiomyopathy. In children with heart failure with congenital 
heart disease and possibly a systemic ventricle that is not a left 
ventricle, it is much less clear how appropriate it is to extrapo- 
late from these adult studies. We present here what is known 
about the use of medications and devices in the treatment of 
adults with chronic heart failure. Where possible, we also pre- 
sent existing data in children. 


DIURETICS 


With the exception of aldosterone antagonists, conventional 
diuretics used in the treatment of heart failure consist of agents 
that block specific ion transport proteins in tubular cells and 
thereby inhibit the reabsorption of solutes (169). Although 
diuretics have never been shown to improve survival in heart 


failure, they are considered to be essential to the treatment 
of fluid overload in patients with heart failure. They relieve 
symptoms of heart failure and decrease systemic and pulmo- 
nary vascular pressures (170). A recent multicenter study in 
adults demonstrated that there were no significant differences 
in patients’ global assessment of symptoms or in the change 
in renal function when diuretic therapy was administered by 
bolus as compared with continuous infusion or at a high dose 
as compared with a low dose (171). Some patients with heart 
failure do not require diuretics, but the majority of sympto- 
matic patients with heart failure will require some diuretic 
therapy. Table 73.5 summarizes some commonly used oral 
diuretics in children. These non-potassium-sparing diuret- 
ics have potential adverse consequences even while reducing 
systemic and pulmonary venous congestion. They have been 
shown to activate the renin-angiotensin-aldosterone system 
and the sympathetic nervous system (172), in addition to 
adversely affecting renal function. For this and other reasons, 
some have advocated using ultrafiltration in adults with heart 
failure and fluid overload, rather than treatment with diuret- 
ics (173). In infants, diuretics cause an increase in plasma 
renin levels in those with large left-to-right shunts (160). Some 
patients with heart failure can develop resistance to loop diu- 
retics. Possible reasons for this include noncompliance, simul- 
taneous use of nonsteroidal anti-inflammatory drugs, and 
diminished renal natriuretic effect owing to compensatory 
hypertrophy and hyperplasia of epithelial cells of the distal 
convoluted tubule leading to increased reabsorption of sodium 
(174). Once noncompliance has been excluded, one should try 
higher doses and more frequent administration of loop diuret- 
ics and possibly add a thiazide diuretic. The thiazide diuretic, 
metolazone, administered in conjunction with a loop diuretic 
can be uniquely successful in effecting diuresis in edematous or 
diuretic-resistant patients (175). 

Although spironolactone and epleronone are potassium- 
sparing diuretics, their beneficial effects in heart failure are 
probably less related to their diuretic effects than other effects. 
Plasma aldosterone levels can reach as much as 20 times nor- 
mal in adults with heart failure, both because of increased 
production and decreased rate of hepatic clearance (176). In 
addition to its effects on salt and water homeostasis, aldoster- 
one has multiple other effects including decreased endothelial 
vasomotor reactivity and increased myocardial fibrosis (177). 
Two studies have demonstrated that aldosterone antagonists, 
spironolactone and eplerenone, both reduce mortality and 
hospitalization in adults with heart failure when compared to 
placebo (178,179). In the latter study, there was a significantly 
increased risk of hyperkalemia and a significantly decreased 
risk of hypokalemia in patients treated with eplerenone com- 
pared to placebo (179). The list of potential mechanisms by 


TABLE 73.5 


Commonly Used Oral Diuretics in Pediatrics 


Drug Class Action Dose Interval Maximum Daily Oral Dose 


Furosemide 

Loop 

Inhibit Na +2 CLK + 
cotransport, ascending 
loop of Henle 

0.5-2 mg/kg/dose 

bid — qid 

600 mg 

Bumetanide 

Loop 

Same as above 

0.015-0.1 mg/kg/dose 

qd — bid 

10 mg 

Chlorothiazide 

Thiazide 

Inhibit Na + CL cotrans- 
port, distal tubule 

10-20 mg/kg/dose 

bid 

2,000 mg 

Hydrochlorothiazide 

Thiazide 

Same as above 

1-2 mg/kg/dose 

bid 

200 mg 

Metolazone (as Zaroxolyn) 

Thiazide 

Same as above 

0. 2-0.4 mg/kg/24 h 

qd — bid 

20 mg 
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| TABLE 73.6 | 

Summary of Landmark Enalapril Trials in Adult Heart Failure 


Study 

Patient Population 

ACE Inhibitor 

Treatment 

Duration 

Outcome 

CONSENSUS 

NYHA IV (n = 253) 

Enalapril vs. placebo 

1 d— 20 mo 

Decreased mortality; 
decreased HF 

S0LVD treatment 

NYHA II and III (n = 2,569) 

Enalapril vs. placebo 

22-55 mo 

Decreased mortality; 
decreased HF 

V-HeFT II 

NYHA II and 111 (/?= 804) 

Enalapril vs. hydralazine, isosorbide 

0. 5-5.7 y 

Decreased mortality; 
decreased sudden death 


HF, heart failure; NYHA, New York Heart Association. 


which aldosterone antagonism benefits patients with heart 
failure continues to grow (180). There is increasing evidence 
that aldosterone antagonists may be beneficial in all stages 
of symptomatic heart failure, including those with mild 
symptoms (181). 


DIGOXIN 


The main mechanism of action of digoxin is to inhibit the 
sodium-potassium ATPase pump in the myocardium. This 
promotes sodium-calcium exchange and increases intracellu- 
lar calcium and thus contractility. Digoxin also has beneficial 
modulating effects in the neurohormonal system: improve- 
ment in baroreceptor function, increased vagal tone, sympa- 
thoinhibitory effects, decreased circulating norepinephrine 
levels, and possibly aldosterone antagonistic effects (182). In 
adults with heart failure owing to left ventricular systolic dys- 
function, digoxin is currently indicated only in those patients 
with symptoms or a history of symptoms (163). The Digitalis 
Investigators Group (DIG) trial showed no differences in mor- 
tality in those treated with digoxin and those treated with pla- 
cebo over a 3-year period, although there were significantly 
fewer cardiovascular hospitalizations in the digoxin-treated 
group (183). The Randomized Assessment of Digoxin on 
Inhibitors of Angiotensin Converting Enzyme (RADIANCE) 
trial demonstrated that patients withdrawn from digoxin 
had significantly worsened heart failure symptoms and exer- 
cise tolerance (184). In another digoxin-withdrawal trial, the 
Prospective Randomized study of Ventricular failure and the 
Efficacy of Digoxin (PROVED) trial, patients with heart fail- 
ure who received digoxin had a lower incidence of worsening 
heart failure and hospitalizations for heart failure, a higher left 
ventricular ejection fraction (LVEF), and better treadmill exer- 
cise time than patients who received placebo (185). Optimal 
dosing of digoxin is still a matter of debate. Post-hoc analyses 
of the DIG trial examined mortality as a function of serum 
digoxin concentrations and found that higher serum digoxin 
concentrations were associated with a higher mortality, sug- 
gesting a possible benefit from lower serum digoxin concentra- 
tions in patients with heart failure (186,187). 

The role of digoxin in children with chronic heart failure 
is even less clear. Some studies have suggested a benefit from 
digoxin in children with heart failure owing to large left-to- 
right shunt, whereas others have not (188,189). One study 
suggests that digoxin may actually adversely affect this clini- 
cal situation by causing an acute increase in pulmonary blood 
flow and left atrial pressure (190). In the setting of decreased 


systemic ventricular systolic function, no data are available in 
children to guide therapy; thus one must consider cautiously 
extrapolating from adult heart failure studies as described 
above. 


ANGIOTENSIN-CONVERTING ENZYME 
INHIBITORS 


ACE inhibitors are currently recommended for the treatment 
of asymptomatic and symptomatic adults with decreased left 
ventricular systolic function (191). ACE, which is the same as 
kininase II, is a bivalent dipeptidyl carboxyl metallopeptidase 
present as a membrane-bound form in endothelial cells, in epi- 
thelial or neuroepithelial cells, in the brain, and as a soluble 
form in blood and numerous bodily fluids (192). ACE inhibi- 
tors have favorable effects on hemodynamics in patients with 
heart failure due to systolic dysfunction through their ability 
to reduce afterload, preload, and systolic wall stress, with a 
resultant increase in cardiac output without an increase in 
heart rate. Several studies in adults with left ventricular sys- 
tolic dysfunction have shown that ACE inhibitors improve 
survival and symptoms in adults with symptomatic heart fail- 
ure and improve survival in adults with asymptomatic heart 
failure (193-196) (Table 73.6). Although the optimal dos- 
ing of ACE inhibitors in adults is not well defined, there is 
some evidence that, in the absence of side effects, intermedi- 
ate or higher doses may be more beneficial than lower doses 
(197,198). As stated above, there is some evidence from non- 
randomized studies in children that ACE inhibitors may ben- 
efit some children with large left-to-right shunts (164-166). 
However, there are few reports of ACE inhibitors benefiting 
children with heart failure due to systemic ventricular systolic 
dysfunction (199,200). The first randomized, placebo-con- 
trolled trial of ACE inhibitors in children with heart disease 
was performed in 18 patients after the Fontan operation who 
were randomized to either placebo or enalapril (201). There 
was no difference between groups using the primary endpoint 
of exercise capacity after 10 weeks of therapy. Furthermore, 
the mean percent change in the cardiac index from rest to max- 
imal exercise was significantly decreased in the enalapril group 
compared to the placebo group. However, these patients were 
not in heart failure at the time of the study, there was a small 
number of patients in this study, and exercise capacity has 
been shown to be problematic as a primary endpoint in heart 
failure trials (202,203). Thompson et al. performed a prospec- 
tive comparison of 36 children undergoing a Glenn procedure 
at two different hospitals, 18 of whom received perioperative 
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enalapril and 18 who did not (204). They found that there was 
a shorter duration and amount of pleural drainage in those 
who received enalapril compared to those who did not. A 
recently completed placebo-controlled, randomized trial found 
that administration of enalapril to infants with single-ventricle 
physiology in the first year of life does not improve somatic 
growth, ventricular function, or heart failure severity (205). 


ANGIOTENSIN RECEPTOR BLOCKERS 

Angiotensin II receptor blockers (ARBs) directly block the 
effects of angiotensin II at the receptor level. There are theo- 
retical advantages of ARBs over ACE inhibitors. For instance, 
ARBs do not increase bradykinin levels as ACE inhibitors do, 
an effect that is responsible for the common adverse effect of 
cough seen with ACE inhibitors. One of the first studies com- 
paring an ACE inhibitor (captopril) with an ARB (losartan), 
the Evaluation of Losartan in the Eldery (ELITE) trial, showed 
no difference in the primary endpoint (heart failure hospitaliza- 
tions) in elderly patients with heart failure, but an unexpected 
statistically significant improvement in survival with losartan 

(206) . However, the follow-up study, ELITE II, failed to show 
a significant survival benefit from ARBs over ACE inhibitors 

(207) . In the Valsartan in Heart Failure Trial (ValHeFT), the 
ARB valsartan or placebo was added to therapy including 
digoxin, diuretics, ACE inhibitors, and beta-blockers. The 
addition of valsartan had no effect on all cause mortality but 
provided a 13% reduction in combined morbidity and mortal- 
ity (208). On the basis of these and other studies, the use of 
ARBs is currently only recommended for patients with heart 
failure who are unable to tolerate ACE inhibitors. The little 
data available on the use of ARBs in children are primarily 
limited to its use in pediatric hypertension (209-212). 


BETA-ADRENERGIC RECEPTOR BLOCKERS 

Before Waagstein et al. first described the successful use of beta- 
blockers in a small group of adults with heart failure, these 
medications were thought to be contraindicated in patients 
with heart failure (213). Many small studies throughout the 
1980s and early 1990s suggested a benefit of beta-blockers in 
adults with heart failure (214-217). However, it was not until 
1996 that two studies demonstrated a significant benefit of 
beta-blockers in adults with heart failure with regard to symp- 
toms, left ventricular systolic function, and survival (202,203). 

There are many proposed mechanisms through which 
beta-blockers improve left ventricular function, symptoms, 
and survival in patients with heart failure (218). Although 
different beta-blockers may have different effects in patients 


with heart failure, the available data support the hypothesis 
that the primary mechanism of action of beta-blocking agents 
in chronic heart failure is to prevent and reverse adrenergi- 
cally mediated intrinsic myocardial dysfunction and remod- 
eling (219). On a cellular level, sustained cardiac adrenergic 
activation results in desensitization of beta-adrenergic signal 
transduction mechanisms and direct damage to cardiac myo- 
cytes (219). Clinically, this results in ventricular dysfunction 
and remodeling (chamber dilation and assumption of a more 
spherical shape) and ultimately the development of heart fail- 
ure. Various other mechanisms of action have been proposed 
for the beneficial effects of beta-blockers in heart failure, 
including upregulation of beta-adrenergic receptors. Failing 
human hearts have decreased catecholamine sensitivity and 
beta-adrenergic receptor density, suggesting that regulation 
of beta-adrenergic receptors may be an important variable in 
heart failure (220). However, upregulation of beta receptors 
must not be a major mechanism of action of beta-blockers 
since some beta-blockers that are efficacious in the treatment 
of heart failure, such as metoprolol, upregulate beta-receptors, 
whereas others that are at least as efficacious, such as carve- 
dilol, do not upregulate beta-receptor density (221). Other 
potential mechanisms of the beneficial effects of beta-blockers 
in heart failure include decreased stimulation of other neuro- 
hormonal systems, antiarrhythmic effects, coronary vasodila- 
tion, negative chronotropic effects, antioxidant effects, and 
improved myocardial energetics (222). Individual beta-block- 
ers may also have unique properties that may be beneficial in 
heart failure. For instance, carvedilol and several of its metabo- 
lites are potent antioxidants that may inhibit catecholamine 
toxicity through the ability of catecholamines to generate oxy- 
gen free radicals in the myocardium (223). 

Heart failure trials in adults have shown that both meto- 
prolol and bisoprolol improve symptoms and survival in 
adults with mild-to-moderate heart failure (224,225), and 
that carvedilol improves symptoms and survival in adults 
with severe heart failure (226). These trials are summarized in 
Table 73.7. Based on this evidence, beta-blockers are currently 
recommended treatment for symptomatic or asymptomatic 
left ventricular dysfunction in adults (191). Both metoprolol 
and carvedilol are currently recommended for the treatment 
of chronic heart failure in adults. Several studies have now 
shown an advantage of carvedilol over metoprolol (227). 

Many small nonrandomized reports of beta-blockers in 
children with heart failure had suggested possible benefit in this 
group (228-230). The Pediatric Carvedilol trial was a multi- 
center, placebo-controlled, double-blind, parallel-group study 
that randomized 161 children with symptomatic heart failure 
secondary to systemic ventricular dysfunction to receive either 
placebo, lower dose, or higher dose carvedilol on top of back- 
ground heart failure medications (231). The primary endpoint 
was a composite measure of clinical heart failure outcomes, 
and patients were determined to have a response to therapy 




Summary of Landmark Beta-Blocker Trials in Adult Heart Failure 


Study (Year) 

Beta-Blocker 

# Pts/NYHA Class 

Endpoint 

Survival Benefit 

Mocha (1996) 

Carvedilol 

345/NYHA 1-3 

Submaximal exercise 

Dose-dependent survival 

U S. Coreg (1996) 

Carvedilol 

1094/NYHA 1-3 

Submaximal exercise 

67% 

MERIT-HF (1999) 

Metoprolol 

3,991/NYHA 1-3 

All-cause mortality 

35% 

CIBIS-II (1999) 

Bisoprolol 

2,647/NYHA 1-3 

All-cause mortality 

29% 

COPERNICUS (2001) 

Carvedilol 

2,289/Severe HF 

All-cause mortality 

35% 
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of worsened, improved, or unchanged. The study showed a 
surprisingly high rate of improvement in the placebo group 
(56%) and failed to show any difference between placebo 
and carvedilol on the primary outcome. However, a prespeci- 
fied analysis of the improved versus not improved outcome 
showed a significant interaction between study drug and ven- 
tricular morphology, suggesting a possible differential effect of 
the treatment between patients with a systemic left ventricle 
(beneficial trend) and those whose systemic ventricle was not a 
left ventricle (nonbeneficial trend) (p <0.02). Post-hoc analyses 
of this study found that in children with moderately sympto- 
matic heart failure, BNP levels >140 pg/mL, age >2 years, and 
abnormal echocardiographic myocardial performance indices 
identified subjects at higher risk for worse outcome (232,233). 


DEVICE THERAPY FOR HEART FAILURE 


Two major advances in the treatment of heart failure and 
prevention of sudden death are the use of devices in adults: 
cardiac resynchronization therapy (CRT) and implantable car- 
dioverters/defibrillators (ICDs). Studies in adults have shown 
that CRT can improve symptoms, exercise tolerance, quality of 
life, echocardiographic indices of left ventricular performance, 
and survival in adults with heart failure and interventricular 
conduction delays (234-236). CRT is now recommended for 
adults with symptomatic heart failure and electrical dyssyn- 
chrony manifested as an interventricular conduction delay. 
There is evidence that selected patients without electrical 
dyssynchrony (e.g., those with a normal QRS duration) may, 
however, have mechanical dyssynchrony that may benefit from 
biventricular pacing and resynchronization therapy. It may be 
possible to identify such patients by using tissue Doppler imag- 
ing or other such techniques (237,238). These techniques are 
becoming increasingly validated in children (239). There are 
few data regarding the use and indications of CRT in children. 
One study in seven children with congenital heart disease and 
a right bundle branch block pattern found that resynchroniza- 
tion therapy resulted in small, but statistically significant, acute 
improvements in cardiac output and right ventricular dp/dt 
(50). Standard right ventricular pacing without careful manip- 
ulation of the atrioventricular interval may be insufficient to 
shorten the QRS duration in patients with tetralogy of Fallot 
and right bundle branch block (240). Experience with the use 
of CRT in children with systemic ventricular dysfunction and 
heart failure is modest, but increasing. A recent single-center 
experience with CRT in 60 consecutive children demonstrated 
benefit in the majority of patients, although there were signifi- 
cant challenges associated with implantation (53). However, 
the heterogeneous patient population, technical limitations 
from patient size, vascular access issues, and unique forms of 
ventricular dyssynchrony make it difficult to determine risks 
and benefits of this procedure in children (54,241). 

Patients succumb to heart failure from either pump failure 
or from sudden death. Although the mode of sudden death is 
often not known, it is speculated that a many of these deaths 
are due to tachyarrhythmias, particularly ventricular tachycar- 
dia and ventricular fibrillation (242). Because of this, multi- 
ple prospective, randomized trials have assessed the utility of 
ICDs in patients with heart failure. The Antiarrhythmics Ver- 
sus Implantable Defibrillator (AVID) trial and the Canadian 
Implantable Defibrillator Study (CIDS) demonstrated that 
ICDs produced approximately a 30% reduction in relative 
risk of sudden cardiac death in adults with a history of malig- 
nant ventricular arrhythmias (243,244). After demonstrating 
possible benefit of ICDs in secondary prevention of sudden 
cardiac death, the next step was to see if this therapy could 
be applied to primary prevention. The Multicenter Auto- 
matic Defibrillator Implantation Trial (MADIT) (245), the 


Multicenter Unsustained Tachycardia Trial (MUSTT) (246), 
and MADIT II (245) all showed mortality benefit from ICDs 
in adults with coronary artery disease and reduced LVEF. The 
Comparison of Medical Therapy, Pacing, and Defibrillation in 
Chronic Heart Failure (COMPANION) study for the first time 
demonstrated survival benefit of CRT and combined device 
(biventricular pacemaker with defibrillator capacity) therapy 
in heart failure (247). Similarly, the MIRACLE ICD trial dem- 
onstrated that combined CRT and ICD therapy in adults with 
left ventricular systolic dysfunction, moderate-to-severe heart 
failure, and prolonged QRS duration resulted in improved 
quality of life, functional status, and exercise capacity when 
compared to placebo (235). Finally, the SCD-HeFT trial dem- 
onstrated a clear survival benefit in adults treated with an 
ICD, when compared to either placebo or amiodarone (248). 
The incidence of sudden death in children with heart failure 
appears to be significantly less than that seen in adults with 
heart failure (249,250). Although still controversial, there are 
guidelines for the use of ICDs in children, some of which has 
been extrapolated from adult trials (251,252). 

Despite all of these available therapies, there is still sig- 
nificant concern that current transplant-free survival is not 
significantly better than in previous eras when the only thera- 
pies available were digoxin and diuretics (253). The possible 
reasons for this remain elusive, but clearly provide stimulus 
for continued research into the differences between adult and 
pediatric heart failure and into finding new pharmacologic 
therapies for children with heart failure. 
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T he survival of children with congenital heart disease has 
improved dramatically over the past four decades; indeed 
the number of adults with congenital heart disease is now be- 
lieved to exceed the number of children (1,2). As mortality has 
declined, neurologic and developmental morbidities in survi- 
vors have come increasingly into focus. Poor school perfor- 
mance and the resultant need of educational support across 
the developmental span from kindergarten through 12th grade 
may have considerable personal and societal costs. Further- 
more, the increasing number of adults with congenital heart 
disease has highlighted the consequences of neurodevelopmen- 
tal impairments for employability and mental health (3). Neu- 
rodevelopmental disabilities can derive from innate or genetic 
factors; from aberrant fetal circulation; from the physiology 
and sequelae of congenital heart disease itself (e.g., chronic 
severe cyanosis, failure to thrive, cardiac arrests secondary to 
arrhythmia); or from the procedures, such as cardiac catheter- 
ization or cardiac surgery, used to treat congenital heart dis- 
ease. Particularly in congenital heart disease, it can be difficult 
to separate developmental outcomes for particular diagnoses 
and their genetic underpinnings from consequences of surgical 
and transcatheter procedures used in their management. It is 
likely that central nervous system effects of congenital heart 
disease are cumulative and affected by the complex interac- 
tion of genetic, preoperative, intraoperative, and postoperative 
factors (4,5). In this chapter, we review variables that contrib- 
ute to neurodevelopmental outcomes in children after heart 
surgery and summarize findings related to long-term neurode- 
velopmental outcomes for more common, complex congenital 
heart malformations. 


GENETIC ABNORMALITIES 


Chromosomal abnormalities may cause both congenital heart 
defects and abnormalities of central nervous system structure 
and function. Examples include chromosomal disorders (e.g., 
trisomy 13, 18, or 21), microdeletions (e.g., velocardiofacial 
syndrome secondary to 22qll microdeletion), or mutations 
(e.g., Williams syndrome, Alagille syndrome, or CHARGE 
syndrome). The genetic causes of other syndromes with con- 
genital anomalies, such as VATER syndrome, are unknown. 
Children with genetic syndromes have much worse neurode- 
velopmental outcome than those without recognizable syn- 
dromes (6). Furthermore, it is suspected that genetic factors 
may underlie delayed development without other explanation 
even in some patients without a recognizable constellation of 
congenital abnormalities. 

Specific types of congenital heart defects may be associ- 
ated with different chromosomal abnormalities with varying 
molecular pathways that impact central nervous system struc- 
ture and function. For example, tetralogy of Fallot (TOF) can 
be associated with mutation or deletion of several different 


genes (NKX2.5, JAG1, TBX5, TBX1, and FOXC2) and with 
several clinical syndromes, such as velocardiofacial syndrome 
or trisomy 21 (7,8). Three genes known thus far to cause 
TOF (i.e., TBX5, NKX2.5, and JAG1) have been found in the 
brain as well as the heart (http://www.ncbi.nlm.nih.gov, Uni- 
Gene). JAG1, mutated in Alagille syndrome, encodes a ligand 
for the notch intercellular signaling pathway of tremendous 
importance in brain development (9-13), and 16% of patients 
with Alagille syndrome have mental retardation (14). In TOF 
patients without other features of Alagille syndrome, poly- 
morphisms in JAG1 may be associated with both cardiac and 
neurocogmtive phenotypes. 

Mutations causing congenital heart defects may be associ- 
ated with specific neurodevelopmental profiles. For example, 
although the clinical phenotype associated with 22qll micro- 
deletion is variable (15), a reasonably consistent neurodevel- 
opmental profile has emerged. Intelligence quotient (IQ) can 
range from profound mental retardation (16) to average range 
(17-21), with the prevalence of learning disabilities approach- 
ing 100% (18). In adults with velocardiofacial syndrome, 
specific deficits have been reported in visual-spatial ability, 
problem solving and planning (executive functions), abstract 
social thinking, and attentiveness (20,22,23). Studies in chil- 
dren report that verbal IQ tends to exceed performance IQ, 
with velocardiofacial syndrome patients displaying relative 
strengths in rote verbal knowledge and memory and relative 
weaknesses in visual-spatial and perceptual skills and math- 
ematical abilities (24,25). Finally, the 22qll microdeletion 
is associated with increased psychiatric risk (16,20,25-28). 
In adults with 22qll microdeletion, the prevalence of late- 
onset psychosis, most commonly schizophrenia and schizo- 
affective disorders, is 10% to 20% (18,29,30). With advances 
in research on genetic causes of congenital heart disease, it is 
likely that an increasing number of genetic abnormalities will 
be linked to neurologic and developmental outcomes in con- 
genital heart disease patients. 


BRAIN ANATOMY, PATHOLOGY, 
AND NEUROIMAGING 


Cerebral dysgenesis has been reported in autopsy series to 
occur in 10% to 29% of children with congenital heart dis- 
ease and may include such features as microdysgenesis, incom- 
plete operculization, microcephaly, and agenesis of the corpus 
callosum (5,31-34). The incidence varies by lesion and is 
particularly high in hypoplastic left heart syndrome (HLHS) 
(31-33,35). The cause of cerebral dysgenesis may be related 
to genetic factors or to abnormalities of fetal cerebrovascular 
flow dynamics caused by particular congenital heart defects. 
For example, fetuses with HLHS, whose cerebral perfusion is 
supplied retrogradely through the ductus arteriosus, as well 
as those with hypoplastic right heart syndrome and other 
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congenital defects, have been shown to have cerebrovascular 
resistance that is lower than normal (36,37). 

Fetuses with congenital heart disease and with low cerebral- 
to-placental resistance ratios (<1) have smaller head circumfer- 
ences than normal (37). Multiple studies have demonstrated 
an association of smaller brains and congential heart disease 
(37-40). Recently, Limperopoulos et al. (39) performed brain 
magnetic resonance imaging (MRI) on third-trimester fetuses 
with a variety of congenital cardiac malformations and found 
that compared to fetuses with normal cardiac anatomy, with 
adjustment for gestational age and weight, those with cardiac 
malformations had smaller brain volumes and impairment of 
neuroaxonal development and metabolism. In addition, work 
by Schaer et al. (40) supports the interaction of hemodynamic 
consequences of congenital heart disease with genetic back- 
ground on neurologic development. These investigators per- 
formed MRI on 53 patients with 22qll.2 deletion and found 
that compared to healthy controls, cerebral volume was 6.9% 
less; yet in those patients with 22qll.2 deletion and associated 
congential heart disease that required cardiac surgery, cerebral 
volume reduction was 16.9% (40). 

In addition to cerebral dysgenesis, infarction may be seen 
on histopathologic examination of the brains of infants and 
children with congenital heart disease. Thromboembolic 
events related to cardiac catheterization, cardiac surgery, or 
endocarditis may cause focal infarction. Decreased cerebral 
perfusion, related to hypotension, hypoperfusion, or cardiac 
arrest, is associated with a diffuse pattern of cerebral injury 
(41). Kinney et al. (42) analyzed the neuropathology of 38 
infants who died after undergoing reparative or palliative car- 
diac surgery. Although a spectrum of gray matter lesions was 
evident, cerebral white matter damage, composed of either 
periventricular leukomalacia or diffuse white matter gliosis, 
was the most significant finding. Neonates were more likely 
than infants to have periventricular leukoencephalopathy, 
reflecting the vulnerability of the immature (premyelinating) 
white matter to hypoxic-ischemic injury. Otherwise, the tim- 
ing and type of surgery were unrelated to the pattern and 
severity of overall brain injury. 

Brain MRI allows the opportunity to evaluate brain struc- 
ture and pathology in living patients, both preoperatively and 
postoperatively. In the preoperative period, McConnell et al. 
(43) found that one-third of infants undergoing cardiac sur- 
gery had ventriculomegaly and enlargement of subarachnoid 
spaces consistent with cerebral atrophy. The Total Maturation 
Scoring System developed by Childs to measure brain matura- 
tion in premature infants incorporates information related to 
myelination, cortical infolding, glial cell migration bands, and 
presence of germinal matrix tissue (44). Licht et al. (45) using 
this score found neonates with HLHS and dextro-transposition 
of the great arteries (d-TGA) to have structural immaturity of 
the brain, on average delayed by 1 month (45), compared to 
healthy neonates. Utilizing this same measurement of brain 
maturation, Andropoulis et al. (46) demonstrated that postop- 
erative neurologic injury as measured by MRI was greater in 
newborns undergoing cardiac surgery with less mature brain 
development. Mahle et al. (47) reported that among 24 infants 
undergoing cardiac surgery, preoperative MRI revealed perive- 
ntricular leukoencephalopathy in 16% and infarct in 8%. 
Moreover, preoperative cerebral lactate peaks were elevated 
in more than half of infants evaluated by magnetic resonance 
spectroscopy. In the early postoperative period, 48% of infants 
had new periventricular leukoencephalopathy, 19% had new 
infarcts, and 33% had new parenchymal hemorrhage. Inter- 
estingly, on late postoperative MRI, performed in 17 infants, 
all previously detected periventricular leukoencephalopathy 
had resolved. However, cerebral atrophy was detected in two, 
old infarct in one, and new infarct in one subject. Similarly, 
Galli et al. (48) detected periventricular leukoencephalopathy 


in 54% of neonates and 4% of infants who underwent brain 
MRIs in the period between 6 and 14 days following open 
heart surgery. While the predictive value of MRI findings on 
longer term developmental outcome remains unclear, evidence 
is accumulating that preoperative brain abnormalities, as well 
as brain injury suffered in the intraoperative and postopera- 
tive periods, contribute to neurodevelopmental sequelae in 
children with congenital heart disease. 


PERIOPERATIVE RISK FACTORS 


Most prospective studies of central nervous system protection 
and injury have focused on risk factors related to open heart 
surgery and the perioperative period. The intense attention to 
perioperative risk factors is likely related to the ability of inves- 
tigators to study the brain during this high-risk period, which 
includes planned brain ischemia-reperfusion injury with use 
of hypothermic cardiopulmonary bypass and total circulatory 
arrest techniques. Furthermore, perioperative management 
strategies can be tested in randomized clinical trials. 

Perioperative Monitoring Approaches 

As investigators have sought to optimize neurodevelopmen- 
tal outcomes by modifying surgical and medical perioperative 
approaches, a limiting factor has been identification of early 
predictive markers of longer term developmental outcomes. To 
date, MRI has been performed primarily in a research setting. 
However, some centers have adopted perioperative monitoring 
strategies that can include continuous electroencephalogram, 
near-infrared spectroscopy, and/or transcranial Doppler ultra- 
sound (46,49,50). Clinical adoption of these monitoring tech- 
niques has outpaced establishment of definitive evidence of 
clinical benefit. However, recently, Kussman et al. (51) found 
that among infants undergoing cardiac operation for biven- 
tricular repair, decreased cerebral oxygen delivery as meas- 
ured by near-infrared spectroscopy during the perioperative 
period was associated with lower scores on the Psychomotor 
Development Index (PDI) and increased abnormalities found 
at brain MRI. Further study of this technique, other periop- 
erative monitoring approaches, and additional potential early 
markers are needed to better understand how late outcomes 
can be predicted in newborns and infants undergoing cardiac 
surgery. Nonetheless, a great deal has been learned since the 
1990s related to perioperative risk factors of central nervous 
system insults for children with congenital heart disease. 

Intraoperative Support Techniques 

Repair of congenital heart disease requires the use of car- 
diopulmonary bypass, in which blood is exposed to artificial 
surfaces. This, in turn, causes a massive systemic inflamma- 
tory response, with induction of proinflammatory cytokines, 
chemokines, and endotoxin, as well as activation of the com- 
plement system, leukocytes, and the endothelium (52). Fur- 
thermore, cardiopulmonary bypass is accompanied by risks of 
gaseous and particulate embolism, macroemboli, and hypop- 
erfusion resulting in diffuse ischemia/reperfusion injury (53). 

During the most complex cardiac operations in the neo- 
nate, vital organ support is accomplished using deep hypo- 
thermia with low-flow continuous cardiopulmonary bypass 
(low-flow bypass) and/or deep hypothermic circulatory arrest 
(DHCA) (54-56). These techniques are often used sequentially 
in the same patient. Hypothermia is the principal technique 
used to protect vital organs during use of low-flow bypass or 
DHCA (57). Its effects are derived, in part, from a reduction in 
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metabolic activity, reflected in reduced oxygen consumption. 
Additional mechanisms of hypothermic protection of the 
brain and other organs during ischemia include preservation 
of intracellular stores of high-energy phosphates and of high 
intracellular pH, as well as protection against reperfusion 
injury including the no-reflow phenomenon, calcium influx, 
and free radical damage (57). 

Circulatory arrest has been widely used since the 1960s in 
centers with expertise in infant open-heart surgery. This tech- 
nique has advantages for the surgeon of absence of perfusion 
cannulae and of blood from the operative field, though it is 
thought to increase the risk for neurologic insult. In recent 
years, regional (antegrade) cerebral perfusion has been advo- 
cated to avoid exposure to DHCA (58,59) during neonatal 
aortic arch reconstruction. However, one single-center ran- 
domized trial did not show any benefit of regional cerebral 
perfusion, compared to DHCA, as a method of vital organ 
support during the Norwood operation with respect to devel- 
opmental outcomes before Stage II surgery or at 1 year of age, 
(60). In addition, using MRI, Dent and colleagues found that 
the rate of new periventricular leukomalacia in the postop- 
erative period was not reduced by the use of regional cerebral 
perfusion, compared to historical controls who underwent 
Norwood operation with a DHCA-only strategy (61). 

When evaluated as a continuous variable, longer duration 
of total circulatory arrest has been associated with increased 
risk of seizures, choreoathetosis, release of brain isoenzymes, 
and developmental delay (21,62-71), though in some studies, 
duration of circulatory arrest has not been a significant pre- 
dictor of outcome (60,73). The absence of an effect may be 
related, in part, to a narrow range of circulatory arrest times, 
small sample sizes, or overwhelming effects of other risk factors 
for adverse outcome, such as underlying genetic abnormali- 
ties or severe hemodynamic instability in the preoperative or 
postoperative period. However, Wypij et al. (74) analyzed the 
relationship of duration of total circulatory arrest to neurode- 
velopmental outcomes at age 8 years in infants with d-TGA 
who underwent the arterial switch operation in the neonatal 
period or early infancy. The relationship of duration of circu- 
latory arrest to various developmental outcomes was nonlin- 
ear. Developmental scores did not decline until the duration of 
total DHCA exceeded a threshold of approximately 41 minutes 
(95% one-sided lower confidence limit of 32 minutes) (74). 
A universally “safe” duration of total circulatory arrest can- 
not be determined, however, because of its potential interaction 
with patient factors, such as age, and a host of other perfusion 
variables that affect outcomes. In addition to duration of total 
circulation arrest (74), these include the depth of hypother- 
mia (75), the rate and duration of core cooling (76), acid-base 
management during core cooling (77,78), and the degree of 
hemodilution (79). 

The level of cerebral blood flow during cardiopulmonary 
bypass is affected by arterial carbon dioxide tension (PC0 2 ) 
(77,80). In the alpba-stat strategy of pH management, arte- 
rial PC0 2 is not corrected for the patient’s temperature dur- 
ing hypothermic cardiopulmonary bypass. Thus, patients are 
relatively alkalotic during hypothermia. In contrast, in the pH- 
stat strategy, C0 2 is added to the bypass circuit to maintain a 
pH of 7.40 at the patient’s hypothermic temperature. Because 
higher arterial PC0 2 is associated with greater cerebral blood 
flow, the pH-stat strategy may provide better brain protection 
during the periods of global brain hypoperfusion that occur 
during use of hypothermic cardiopulmonary bypass tech- 
niques (77,78,81). 

Hemodilution during hypothermic cardiopulmonary bypass 
has also been studied with respect to its effects on brain injury 
during infant heart surgery. At the profoundly low tempera- 
tures (15°C to 18°C) used during infant and neonatal cardiac 
surgery, hypothermia increases the viscosity of blood and red 


blood cell aggregation (82), potentially increasing the risk of 
microvascular occlusion. Hemodilution has been used to coun- 
ter these risks (83) and has been shown to increase cerebral 
blood flow (84), but could reduce the oxygen-carrying capac- 
ity of blood. Furthermore, because hypothermia induces a left- 
ward shift of oxyhemoglobin dissociation, hemodilution has 
the potential to limit oxygen delivery to the central nervous sys- 
tem (83). In a randomized single-center clinical trial of hemodi- 
lution strategy in infants undergoing reparative open heart 
surgery using hypothermic bypass techniques, low hematocrit 
(20%) at the onset of low-flow bypass was shown to be a risk 
factor for adverse neurodevelopmental outcome, specifically 
lower PDI score, at age 1 year (79). A subsequent trial showed 
no differences in neurodevelopmental outcome at 1 year with 
hemodilution within the range of 25% to 35% (85). 

It is likely that factors such as hematocrit, temperature, pH 
strategy, and duration of circulatory arrest or very reduced 
flow interact in their effects on the central nervous system 
(86,87). For example, the reduced oxygen-carrying capacity of 
a low hematocrit during cardiopulmonary bypass can be com- 
pensated for by the use of the pH stat strategy, or by increasing 
flow rate, reducing duration of circulatory arrest, or reducing 
temperature. 

Preoperative Factors and Host Susceptibility 

Host susceptibility is likely to affect the response of the central 
nervous system to cardiopulmonary bypass and perioperative 
events (88). Preoperative patient characteristics such as low 
Apgar scores at 5 minutes, younger gestational age, lower 
birth weight, and other attributes have been independent risk 
factors for adverse neurodevelopmental outcome in clini- 
cal trials (79,89). Furthermore, response to cardiac surgery 
may be mediated by genetic polymorphisms in the pathways 
affected by exposure to cardiopulmonary bypass, including 
inflammation, thrombosis, vascular reactivity, and oxidative 
stress (90). Indeed, it is most likely that the effects of bypass 
on individual patients are mediated by many different genetic 
polymorphisms in the domains of inflammation, coagulation, 
and response to ischemia/reperfusion injury. 

The influence of genetic polymorphisms on postoperative 
morbidity has been extensively studied among adults undergo- 
ing open heart surgery (91-94). For example, among adults, 
worse postoperative bleeding is more common among those 
with polymorphisms in genes coding for coagulation proteins 
and platelet glycoproteins (95), and postoperative thrombotic 
complications have been associated with gene polymorphisms 
in fibrinogen and angiotensin-converting enzyme (96). Post- 
operative stroke has been found to be more common among 
patients with genetic variants for C-reactive protein (CRP) and 
interleukin-6 (IL-6) (97). 

Gaynor et al. (98) have studied the effect of APOE geno- 
type on neurodevelopmental outcomes in infants after cardiac 
surgery. The APOE el allele was an independent risk fac- 
tor for worse PDI scores in multivariable regression adjust- 
ing for preoperative and postoperative covariates. Indeed, 
children with the APOE el allele had PDI scores that were 
approximately one-half standard deviation (SD) lower than 
those with other genotypes. Of note, although an IQ deficit 
of approximately 0.5 SD is unlikely to be clinically significant 
for an individual child, when it represents a mean decline in a 
population its implications are substantial (99). The effect of 
APOE genotype was seen across the spectrum of children with 
and without genetic syndromes. The adverse effect of APOE 
el allele is most likely related to decreased neuroresiliency and 
impaired neuronal repair after central nervous system injury. 
Interestingly, this finding underscores that children and adults 
may differ with respect to the effects of particular genotypes. 
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In contrast to infants, adults carrying the APOE s4 allele who 
undergo open heart surgery have increased levels of biochemi- 
cal markers of brain injury (100,101) and a greater rate of 
postoperative cognitive decline (102,103). 

Postoperative Factors 

Various risk factors for brain injury occur in the postopera- 
tive period. Low cardiac output syndrome is common in the 
first 24 to 48 hours following repair of complex congenital 
heart disease (104,105). Hemodynamic instability and low 
cardiac output syndrome may be especially damaging to the 
vulnerable central nervous system of the neonate who has just 
undergone cardiac surgery using deep hypothermic cardiopul- 
monary bypass techniques. Hypoxic-ischemic insult related to 
hypothermic cardiopulmonary bypass techniques disrupts the 
integrity of cerebral vasoregulatory systems in the early post- 
operative period, and autoregulation of cerebral blood flow 
is impaired (106-109). Persistence of such disturbances in 
cerebrovascular control renders the brain vulnerable to subse- 
quent insults, such as hypotension or hypoxia. Galli et al. (48) 
reported that hypotension and hypoxemia are independent risk 
factors for periventricular leukomalacia, and found such injury 
to occur in 50% of neonates undergoing open heart surgery. 

General measures of postoperative course complexity also 
have been associated with later neurodevelopmental outcome. 
In the Boston Circulatory Arrest Study, children with d-TGA 
with longer ICU and hospital stays during their arterial switch 
operation scored worse on tests of cognitive function at age 
8 years. Indeed, mean IQ scores among those in the first and 
fourth quartiles of length of stay differed by one-half SD. 
Similarly, Limperopoulos et al. (4) studied a more diverse 
population and found that longer ICU and hospital lengths of 
stay were independent predictors of worse scores at age 1 to 
3 years on various developmental measures. The adverse effect 
of longer hospitalization on neurodevelopmental outcome 
reflects multiple contributory factors that prolong recovery. 

The hormonal milieu after cardiac surgery might influence 
the central nervous system. For example, sick euthyroid syn- 
drome is common among infants and children following open 
heart surgery, and the degree of thyroid suppression appears 
to be greatest after the most complex operations (110-119). 
Even transiently low thyroid levels may adversely impact 
brain development. In cohort studies, preterm infants with 
transiently low thyroid levels in the first weeks of life have 
been found to have later abnormalities of neurologic and 
developmental function, including higher risks of cerebral 
palsy (120) and learning disabilities (121). Furthermore, tran- 
sient hypothyroxinemia of prematurity has been noted to be 
an independent risk factor for cerebral white matter damage 
(120,122). The causes of thyroid hormone suppression after 
cardiopulmonary bypass, likely multifactorial, may include 
hypothermia, hemodilution, and use of medications (e.g., cor- 
ticosteroids, catecholamines, dopamine) or topical iodinated 
antiseptic solutions (123-126). 

The association of longer hospital length of stay and worse 
neurodevelopmental outcome may also be mediated by the 
inflammatory response. Inflammation can precipitate autoreg- 
ulatory disturbance and microvascular ischemia and cause 
neonatal cerebral white matter damage (127,128). Circulat- 
ing proinflammatory cytokines and chemokines, induced by 
the massive inflammatory effects of cardiopulmonary bypass 
and subsequently by postoperative events, could be associated 
with late brain structural and functional abnormalities. 

In contrast to the multitude of studies on the effects of 
intraoperative management strategies, few prospective trials 
have tested the efficacy of interventions related to postopera- 
tive risk factors on later neurodevelopmental outcome. 


OTHER CAUSES OF NEUROLOGIC MORBIDITY 

Cardiac catheterization in children has been associated with 
neurologic complications at a reported incidence of 0.38%; the 
most frequent sequelae are seizures and stroke (129). Similar 
to cardiac surgery, cardiac catheterization may be associated 
with cerebral embolism or hypoxic/ischemic injury secondary 
to hypoperfusion. In addition, contrast toxicity may be a cause 
of seizures after cardiac catheterization (130). Catheter inter- 
ventions may increase the associated risk of cerebrovascular 
injury for some patient groups. McQuillen et al. (131) per- 
formed brain MRI on newborns with d-TGA prior to cardiac 
surgery and found that 12 of 19 patients who required balloon 
atrial septostomy, compared to 0 of 10 newborns who did not 
require balloon atrial septostomy, had evidence of focal or 
multifocal brain injury. However, other groups have not found 
balloon atrial septostomy to be associated either with evidence 
of cerebrovascular accident by MRI (132,133) or with clinical 
stroke (134) in children with d-TGA. 

Although procedures such as open heart surgery or cardiac 
catheterization are most commonly associated with embolic 
stroke in children with congenital heart disease, embolic 
strokes can also occur from intracardiac thrombi that form 
in the setting of arrhythmia (e.g., atrial fibrillation), poor left 
ventricular function, and left-sided prosthetic valves. Further- 
more, paradoxical emboli may travel from the systemic cir- 
culation (e.g., systemic veins, right-sided cardiac structures, 
or venous catheters) through an intracardiac communication 
to the brain. Patients with venous hypertension and poly- 
cythemia are at increased risk for cerebral venous thrombosis. 
Risk of cerebrovascular accidents may also increase in the set- 
ting of relative anemia in patients with cyanotic heart disease 
and increased blood viscosity (135). 

Infections in the heart or brain may cause neurologic mor- 
bidity among children with congenital heart disease. Most 
common among these is the occurrence of infective endocardi- 
tis, with its risk of septic or nonseptic emboli and of mycotic 
aneurysms (136, 137, 142). Even in the current era, congenital 
heart disease is the most common predisposing cause of brain 
abscess (138). Brain abscess is especially common in individu- 
als with cyanotic heart disease, with the incidence inversely 
related to oxygen saturation (139-144). Because of the high 
morbidity and mortality of brain abscess, this diagnosis should 
be pursued with contrast-enhanced computed tomography or 
brain MRI in patients with cyanotic heart disease and sug- 
gestive clinical features, such as headache, seizures, fever, and 
findings on neurologic examination. 


LONG-TERM NEURODEVELOPMENTAL 
OUTCOME 

Compared with the normal population, children who have 
undergone repair or palliation of congenital heart defects have 
significantly lower IQ scores, inferior achievement testing, and 
worse gross and fine motor function and coordination. Many 
require special services because of their higher frequencies of 
learning disabilities and of speech, language, and behavioral 
abnormalities (4,72,145-150). Visual-spatial skills are an area 
of relative weakness among children with congenital heart dis- 
ease (148-151). On a measure of functional independence 1 
to 3 years after surgery, Limperopoulos et al. (148) reported 
that only 21% of congenital heart disease survivors scored 
within the age-appropriate range, 40% had difficulty perform- 
ing activities of daily living, and 53% had poor socialization 
skills. Compared with children with acyanotic heart disease 
or no heart disease, children with cyanotic congenital heart 


CHAPTER 74 ■ Neurodevelopmental Outcomes after Heart Surgery in Children 1583 


disease have lower IQs and poorer perceptual and gross motor 
function (152-154). Furthermore, longer duration of signifi- 
cant cyanosis is associated with a greater decline in cognitive 
ability (154-160). In general, outcomes after repair of simple 
lesions, such as atrial septal defects, are similar to those in the 
normal population, whereas developmental outcomes appear 
to be worse after biventricular repair of more complex lesions 
(5,146,159,160-163), though the specific causative factors 
and the role of cardiopulmonary bypass remain unclear (160). 
Adverse developmental outcome is most common among 
those with various forms of single ventricle (72,145,166). 

Outcomes in Diagnostic Groups 

Congenital heart disease comprises rare and diverse disorders, 
and most studies of development in children with congeni- 
tal heart disease include patients with heterogeneous lesions. 
However, children in a few diagnostic groups have been stud- 
ied in greater detail, and these are briefly reviewed. 

D-Tran$position ot the Great Arteries 

Patients with d-TGA have been studied in great detail in 
the Boston Circulatory Arrest Study, a randomized trial of 
predominant total circulatory arrest versus low-flow car- 
diopulmonary bypass for vital organ support during the 
arterial switch operation in the neonatal period and early 
infancy. Patients were followed perioperatively and at ages 
1,4,8, and 16 years. (89,104,147,164-168,186). By age 1 
year, 23% of children had a possible or definite abnormal- 
ity on brain MRI examination, although the frequency was 
not related to treatment assignment or duration of circula- 
tory arrest. MRI abnormalities were diffuse in 16 children, 
focal/multifocal in 20, and developmental (incidental) in 3. At 
2.5 years of age, the circulatory arrest group had slower expres- 
sive language development and, at 4 years, had lower fine and 
gross motor scores as well as more speech/language abnormali- 
ties and oromotor apraxia. Children in both treatment groups, 
however, had higher rates of neurodevelopmental problems 
than would be expected in a normal population. At age 
4 years, for instance, the mean Full-Scale IQ was approxi- 
mately 0.5 SD below the expected population mean; both 
groups had marked difficulties on tests of expressive lan- 
guage, visual-spatial, and visual-motor skills; and 24% met 
diagnostic criteria for oromotor apraxia (147). 

By age 8 years, when the children had begun primary 
school and were being challenged to acquire academic skills 
(e.g., reading, mathematics), the practical implications of the 
deficits noted at earlier evaluations could be determined with 
greater certainty (90). Performance in both motor function 
and visual-spatial skills was especially weak. Other areas of 
weakness included working memory, hypothesis generation 
and testing, vigilance and sustained attention, and higher- 
order language skills. These problem areas contributed to dif- 
ficulty with executive function, that is, the ability to organize, 
implement, and modify plans (169). As a group, the cohort 
had difficulty integrating details into a coherent whole and in 
higher-order abstract thinking. For example, most children 
could read individual words without undue difficulty, but 
many had difficulty reading connected discourse for meaning. 
Similarly, the children scored well in basic arithmetic but had 
difficulty solving math problems. The neurodevelopmental 
characteristics of children with d-TGA were typical of non- 
verbal learning disability (170). 

Other investigators have also reported that children with 
D-TGA have neurodevelopmental performance below that 
in the normative population. Ellerbeck et al. (151) reported 
that children with d-TGA were more likely to have abnor- 
mal neurologic examination findings and learning disabilities 


than either the general population or their siblings. Similarly, 
Karl et al. (171) found that, on later follow-up, patients with 
d-TGA who underwent the arterial switch operation had a 
higher likelihood of abnormalities on neurologic exam, lower 
IQ, more motor impairment, and more speech and expressive 
language problems than a normal control group. In a Con- 
genital Heart Surgeon’s Society study of children who under- 
went repair of d-TGA between 1985 and 1988 at 24 centers, 
parents reported learning disabilities in 31% of children, 
behavioral disorders in 13%, hyperactivity in 12%, and cer- 
ebral palsy in 3%. Risk factors for adverse outcomes included 
institution, longer circulatory arrest time, postoperative 
seizures, and use of a repair other than the arterial switch 
operation (172). 

Tetralogy of Fallot 

Although TOF is one of the most common forms of congeni- 
tal heart disease, data on associated neurodevelopmental defi- 
cits are more limited than for d-TGA. Shampaine et al. (173) 
studied, at a mean age of 30 years, 21 patients with TOF who 
underwent surgical repair at a mean age of 8.7 years. Their 
mean IQ in adulthood was 93.4, with an SD of 15.6. Per- 
sonality assessment revealed reduced scores on adaptability 
and leadership scales, as well as higher scores on harm avoid- 
ance. The patients were described, in summary, as low aver- 
age in intellectual development, and characterized by anxiety 
and dependency (173). Other early studies by Ferencz (174) 
and Garson et al. (175) also suggested increased psychoso- 
cial morbidity among TOF patients. In more recent studies, 
patients with TOF have been included in samples with hetero- 
geneous forms of congenital heart disease (176). In one study 
in which analyses were stratified, the TOF group was reported 
to have a mean IQ of 100 (177). The validity of this observa- 
tion is limited, however, by the exclusion from the study sam- 
ple of “... children who had any postoperative complication 
likely to affect development . . . [and] children known to have 
any preoperative intellectual handicaps.” Clarkson et al. (65) 
found that the mean IQ of 17 patients with TOF (88.5) was 
lower than the mean IQs of any of the other diagnosis groups 
(ventricular septal defect, d-TGA, total anomalous pulmo- 
nary venous return, atrioventricular septal defect, other), 
which ranged from 90.6 to 102.4. Neurodevelopmental out- 
come of patients with TOF is thought to be influenced by the 
presence of an underlying genetic abnormality (e.g., 22qll 
microdeletion, Alagille syndrome). 

Single Ventricle 

Children with single ventricle are at highest risk for adverse 
developmental sequelae. This group often has prolonged 
cyanosis, congestive heart failure, multiple cardiac catheter- 
izations, and a series of operations culminating with Fon- 
tan palliation. They also are likely to have disturbances of 
cerebral flow in utero, cerebral dysgenesis, and genetic or 
associated congenital abnormalities. Neonates with HLHS 
and other duct-dependent forms of single ventricle may have 
unstable preoperative hemodynamics and lower cerebral 
oxygen saturation levels than patients with other forms of 
congenital heart disease. In addition, infants with HLHS and 
other forms of single right ventricle undergoing the Norwood 
procedure have relatively long periods of DHCA and are 
especially subject to postoperative hemodynamic instability. 

In a small series, Uzark et al. (64) studied 32 children fol- 
lowing the Fontan procedure. Mean IQ was 97.5 ± 12.1, 
and visual motor integration was a particular area of weak- 
ness. Use of total circulatory arrest as part of the Norwood 
procedure tended to be a risk factor for adverse outcome. 
Wernovsky et al. (145) measured ability and achievement in 
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a cohort of geographically selected survivors whose Fontan 
procedure was performed in the 1970s and 1980s. Subjects 
were a median of 1 1 years of age at testing and 6 years after 
surgery. Median Full-Scale IQ was 95.7 ± 17.4, significantly 
lower than that in the normal population; 8% of patients 
scored in the mentally retarded range (<70). In multivariable 
analyses adjusting for social class, lower IQ was associated 
with the use of circulatory arrest and with the anatomic diag- 
nosis of HLHS or “Other” complex forms of single ventricle, 
and marginally with prior placement of a pulmonary artery 
band. Mean composite achievement score was 91.6 ± 15.4, 
much worse than normal and relatively worse than IQ scores, 
suggesting the presence of learning disabilities. Independent 
risk factors for worse achievement included the diagnosis of 
HLHS and “Other” complex single ventricle, or prior use of 
total circulatory arrest, as well as with reoperation using car- 
diopulmonary bypass within 30 days after the Fontan proce- 
dure. In a more contemporary series of neurodevelopmental 
outcome after the Fontan procedure, Goldberg et al. (178) 
found a mean Full-Scale IQ score of 101.4 ± 5.4. Those with 
HLHS scored significantly lower (93.8 ± 7.3) than those with- 
out HLHS, and additional risk factors for worse neurode- 
velopmental outcome included lower socioeconomic status, 
longer duration of circulatory arrest, and occurrence of perio- 
perative seizures. 

Indeed, children with HLHS appear to have the high- 
est risk of neurodevelopmental disabilities of any form of 
congenital heart disease (72,73,178-182). Mahle et al. (72) 
performed neurocognitive testing on a local group of school- 
aged survivors of Fontan procedure repaired at Children’s 
Hospital of Philadelphia before 1992. Among 28 children, 
18% were mentally retarded, 14% had learning disabilities, 
17% had cerebral palsy, and 13% had microcephaly; most 
children had attention deficit and hyperactivity disorder. Risk 
factors for worse neurodevelopmental outcome included sei- 
zures (lower Full-Scale, Verbal, and Performance IQ scores) 
and longer bypass time (Performance IQ and achievement 
in math and reading). Neither social class nor duration of 
total circulatory arrest was an independent risk factor in this 
small series, perhaps because the variation attributable to 
socioeconomic factors was overwhelmed by other medical 
factors, and the duration of circulatory arrest had a narrow 
range. The Single Ventricle Reconstruction Trial, conducted 
through the Pediatric Heart Network, was designed primar- 
ily to compare outcomes of children with HLHS randomized 
to a right ventricle to pulmonary artery shunt to outcomes of 
participants randomized to a Blalock-Thomas-Taussig shunt 
(181). Long-term follow-up of this large multicenter cohort 
enrolled in the Single Ventricle Reconstruction Trial prom- 
ises to lead to further insights about factors associated with 
impaired neurodevelopmental outcomes for this high-risk 
patient group. 

Children with HLHS may also be treated with a primary 
cardiac transplant strategy. Ikle et al. (182) studied devel- 
opmental outcome of HLHS patients undergoing cardiac 
transplantation as a primary management strategy. Median 
Full-Scale IQ was almost 1 SD below average in the normal 
population. A more recent prospective, multicenter study 
compared the neurodevelopmental outcomes of school-aged 
children (mean age 12.4 ± 2.5 years) with HLHS managed 
by primary heart transplantation compared with staged pal- 
liation (73). Among the 47 children who completed testing, 
26 had undergone the Norwood procedure and 21, cardiac 
transplantation. The mean Full-Scale IQ for the cohort was 1 
SD below normal (i.e., 86 ± 14), and surgical strategy was not 
significantly associated with any developmental outcome. As 
has been noted in other studies, a prolonged initial hospitali- 
zation stay was a risk factor for adverse neurodevelopmental 
outcomes. 


Psychosocial Function and Academic Ability 
and Achievement 

Quality of life has been studied in several populations of chil- 
dren and adolescents with congenital heart disease (183-186). 
Using the Child Health Questionnaire (CHQ)-50, parents of 
8 -year-old children with d-TGA in the Boston Circulatory 
Arrest Study rated their children similarly to parents of norma- 
tive samples with respect to overall physical and psychosocial 
health (186). However, within the d-TGA group, measures of 
academic ability and achievement emerged as the most signifi- 
cant correlates of psychosocial functioning. Specifically, worse 
Psychosocial Summary scores were associated with lower Full- 
Scale, Verbal, and Performance IQ scores, as well as with worse 
academic achievement. Indeed, psychosocial health in this 
population was lower than in patients with juvenile rheuma- 
toid arthritis or asthma, but higher than those among children 
with attention deficit hyperactivity disorder (ADHD). These 
data are consistent with the association of learning disabilities 
with psychosocial dysfunction in the general population (187). 

Culbert et al. (188) studied 306 of 708 adolescents who 
underwent repair of d-TGA between 1985 and 1988 at 24 
centers and included children who had undergone arte- 
rial switch, atrial switch, and Rastelli repairs. The CHQ-87 
instrument was completed by each child. Patients with d-TGA 
scored higher than the normative population except in self- 
esteem. Use of the arterial switch operation was associated 
with higher scores than atrial or Rastelli repairs. Thus, ado- 
lescents with d-TGA in this series did not view themselves in 
a fashion suggesting low psychosocial functioning. Of note, 
parents of these adolescents did not complete a general health 
status instrument in this study. 

General health status was also assessed by parents of 6- to 
18-year-old patients who had undergone the Fontan operation 
using the CHQ-50 instrument (189,190). Both physical and 
psychosocial health scores were lower in Fontan patients than 
among normal children or other populations of cardiac chil- 
dren except for those with pacemakers and automatic inter- 
nal defibrillators. It seems likely that low scores in the Fontan 
group are related to their many medical morbidities and lower 
cognitive function. Worse psychosocial health was associated 
with the parent’s report of current presence of problems with 
behavior, learning, anxiety, attention, and depression, as well 
as with lower family income. 

The recent development of quality of life measures that are 
cardiac specific (191,192) will be valuable as we aim to iden- 
tify modifiable variables to improve quality of life for children 
with congenital heart disease. Using these measures, children 
with more severe congenital heart disease have rated their 
physical and psychosocial quality of life lower than children 
with milder heart disease (191,192). 

Mental Health 

Rates of psychosocial dysfunction, particularly depression and 
panic disorder, have been reported to be elevated in long-term 
follow-up studies of patients with congenital heart disease 
(193-195). Many adolescents meet some but not all DSM 
{Diagnostic and Statistical Manual of Mental Disorders) cri- 
teria (196-198), and many adolescents with congenital heart 
disease report low self-esteem (199). These data are consistent 
with reports that American youth who have a chronic physical 
illness bear a disproportionate burden of psychiatric comor- 
bidities, particularly depression (200-204). Among adoles- 
cents with other forms of physical illness, depression has been 
associated with higher health care utilization, poorer medical 
outcome, heightened functional impairment, decreased quality 
of life, and increased mortality (205-208). 
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CONCLUSION 


In summary, neurologic and developmental sequelae have a 
major impact on the lives of children with congenital heart 
disease and their families, sometimes eclipsing the heart 
disease itself. Children with most diagnoses requiring open 
heart surgery should be presumed to be at risk, and pedi- 
atric cardiologists should incorporate neurodevelopmental 
surveillance in their routine care of the child with congenital 
heart disease. Because cognitive disabilities and poor school 
performance are associated with lower psychosocial health 
and self-esteem, appropriate interventions should be initi- 
ated promptly as problems are detected. In addition, fami- 
lies should be counseled to anticipate issues that may arise in 
school performance. Recognizing the significant risk to devel- 
opment associated with complex congenital heart disease, 
there is growing enthusiasm for routine screening for devel- 
opmental delays and behavioral abnormalities to provide 
earlier recognition of neurocognitive problems and therefore 
earlier referral for appropriate interventions. In the future, it 
is hoped that the prevalence of neurologic and developmen- 
tal disabilities may be further diminished through advances 
in engineering and bioengineering, pharmacogenomics, and 
perioperative care. 
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T he cardiovascular system is both the conduit and the propel- 
ler of the circulating blood, and as such, a mandatory code- 
pendence exists between these two organ systems. As expected, 
perturbations in one system result in alterations in the other 
and vice versa. The purpose of this chapter is to describe the 
cardiovascular effects of hematologic derangements on the nor- 
mal heart as well as the hematologic problems seen in children 
and adolescents with congenital and acquired heart disease. 
The chapter begins with an overview of basic principles of he- 
matology in the developing child and progresses to discussions 
of abnormalities in individual blood components and bleeding 
and how each affects the normal heart as well as the heart of 
the child and adolescent with congenital and acquired heart 
disease. Since thrombosis is becoming more commonly recog- 
nized as a major source of morbidity and at times mortality in 
children with heart disease, the chapter ends with a detailed 
discussion of thrombosis in pediatric heart disease including a 
description of anticoagulants, antiplatelet agents, and thrombo- 
lytic therapy commonly used in children with these disorders. 


BASIC PRINCIPLES OF HEMATOLOGY 


Red Blood Cells 

Red blood cells (RBC) are nonnucleated biconcave discs 
whose major cellular component is hemoglobin (Hb), an oxy- 
gen transport protein. Erythropoietin, a hematopoietic growth 
factor produced in the kidney, is the major regulator of red 
cell production. A normal red cell life span is approximately 
120 days. Normal developmental factors influence Hb values 
in children including age, gender, and sexual maturity neces- 
sitating the need for age-appropriate reference values. 

Hb production begins early in gestation and undergoes a 
series of transitions. Hb is formed by two pairs of identical 
subunits called globin chains. Fetal erythropoiesis consists 
of an orderly evolution through a series of different Hbs. All 
forms of Hb are made up of a combination of two a-like glo- 
bin proteins (a or £) and two /3-like globin proteins (/3,<5,y, 
or £). In the embryo, the predominant Hbs include Gower 1 
(^ 2 ^ 2)5 Gower 2 (a^), and Portland (£ 2 y 2 ). In the fetus, there 
is a transition to fetal Hb (a^). After birth, there is a final 
switch to adult Hb (a^ft). 

At birth, neonates have a mean Hb of 15.9 g/dL (± 1 . 86 ) and 
an elevated mean corpuscular volume (MCV) of 110 fL (±5) 
(1). After birth, red cell production quickly decreases likely 


secondary to the abrupt increase in oxygen concentration. The 
half-life of neonatal red cells is shorter (average 23.3 days) 
than in adults and is even shorter in premature infants (average 
16.6 days) (2). The Hb naturally decreases over the first 2 to 
3 months of life (physiologic nadir) and then slowly increases 
in the fourth to sixth month of life. Throughout childhood, 
there is a mild increase in the mean Hb. In males during 
puberty, as the Tanner stage increases, the Hb increases. There 
is no relationship between Hb and Tanner stage in females. 

White Blood Cells 

White blood cells (WBC) play an integral role in the immune 
system. There are five types of WBC including neutrophils, 
eosinophils, basophils, lymphocytes, and macrophages/ 
monocytes. Individual WBC percentages have limited clinical 
utility; instead, absolute counts should always be considered. 
The WBC reference range will vary with age. In general, new- 
borns have a higher total WBC (mean 18.1 k///L) that will 
quickly decrease over the first week of life. Lymphocyte pre- 
dominance is seen from 2 weeks to approximately 5 years of 
age, then neutrophils become predominant. 

Hemostasis 

Platelets are small anucleated cell particles that are made in the 
bone marrow via fragmentation of megakaryocytes; production 
is mediated via thrombopoietin. Platelets circulate for approxi- 
mately 7 to 10 days and are subsequently removed via the retic- 
uloendothelial system. By 18 weeks of gestation, the plasma 
platelet concentration reaches the adult range of 1 5 0 to 45 0 k/jjL. 
At birth, neonates have the same platelet count range and vol- 
ume as adults. Data regarding platelet function in neonates 
demonstrate hyporeactivity to some agonists and hyperreactiv- 
ity to others (1). Platelets play an integral role in hemostasis. 

Hemostasis refers to the coordinated process that stops 
bleeding at the site of vascular injury through the formation 
of an impermeable platelet and fibrin plug. Hemostasis is 
achieved through the following three main mechanisms: 

■ Vascular constriction 

■ Primary platelet plug formation (primary hemostasis) 

■ Clot propagation through fibrin formation (secondary 
hemostasis) 

Vascular constriction decreases blood flow at the site of 
injury. Platelets adhere to the exposed subendothelium, through 
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von Willebrand factor (vWF) tethering, forming an initial plate- 
let plug. Simultaneously, coagulation is initiated by the expo- 
sure of tissue factor. Tissue factor binds and activates FVII that 
activates the coagulation cascade, resulting in a small thrombin 
burst. This small thrombin burst stimulates further platelet acti- 
vation and the activation of coagulation on the platelet surface. 
On this increased platelet surface, a large amount of thrombin is 
formed that is sufficient to convert fibrinogen to fibrin leading to 
stable clot formation. To limit clot formation at the site of injury, 
activated procoagulant proteins are inhibited by anticoagulant 
proteins (protein C, S, antithrombin, thrombomodulin, heparin 
cofactor II, and tissue factor pathway inhibitor). Clot degrada- 
tion is initiated by the fibrinolytic system (plasminogen, tissue 
plasminogen activator, and urokinase plasminogen activator). 
This is a finely balanced system, and a derangement at any level 
can result in a tendency for bleeding or a prothrombotic state. 

In the neonate, these hemostatic processes are in place but 
in different concentrations than adults. In normal postnatal 
development, many values normalize by 6 months of age, 
although changes can still be seen throughout childhood (3,4). 
Understanding the difference in neonatal values is imperative 
when interpreting coagulation studies to ensure the correct 
diagnosis of either a bleeding or clotting disorder. It also has 
direct implications for the use of specific hemostatic inter- 
ventions in a neonate (i.e., unfractionated or low molecular 
weight heparin (LMWH) therapy). 

Coagulation proteins do not cross the placenta and are 
independently synthesized by the fetus; most are present by 
10 weeks of gestation and gradually increase with gestational 
age (5,6). In a neonate, the following procoagulant proteins 
are decreased including the vitamin K-dependent factors (II, 
VII, IX, and X) and the contact pathway factors (XI, XII, 
prekallikrein, and high molecular weight kininogen) (4,6,7). 
This results in a prolonged prothrombin time (PT) and partial 
thromboplastin time (PTT) when compared to normal adult 
values. Conversely, neonates have increased plasma vWF 
levels and elevated levels of circulating ultra-large von Wille- 
brand multimers (8,9). Similar to the procoagulant factors, 
the inhibitors of coagulation are also decreased. The antico- 
agulant proteins including protein C, S, antithrombin, heparin 
cofactor II, and tissue factor pathway inhibitor are decreased, 
resulting in a slower rate of thrombin inhibition (4,6,7,10). 
The fibrinolytic system is also depressed secondary to a unique 
neonatal glycoform of plasminogen that is inefficiently con- 
verted to plasmin (11). Neonates will have markedly elevated 
D -dimer values at birth lasting up to 3 days (7,10). 


HEMATOLOGIC DISORDERS 

Special Consideration of Hematologic Disorders in 
Congenital Heart Disease 

Adolescents and children with congenital and acquired heart 
disease are at increased risk for hematologic abnormalities 
including red cell anomalies, bleeding, and thrombosis. The 
following sections discuss individual hematologic disorders 
describing the effects on the normal heart and in addition pay- 
ing attention to particular concerns regarding the child and 
adolescent with congenital heart disease (CHD). 

Disorders of Red Blood Cells 

Anemia 

Anemia is defined as a decrease in Hb that is two standard 
deviations below the mean value for age. Physiologically, ane- 
mia can be divided into three main categories: decreased or 
ineffective RBC production, increased RBC destruction, or 
blood loss. The etiology of an anemia can be determined using 
a morphologic approach based on the red cell MCV. The ini- 
tial approach to anemia should include a thorough history, 
physical exam, complete blood count (CBC) with differential, 
reticulocyte count, and review of the peripheral smear. 

The differential for a microcytic anemia is rather narrow 
and includes acquired and congenital causes. The most com- 
mon acquired cause in pediatrics is iron deficiency. Premature 
infants are at increased risk for iron deficiency secondary to 
decreased in utero iron absorption, decreased birth weight, and 
concurrent anemia. Toddlers commonly have dietary-induced 
iron deficiency when there is excess milk intake combined with 
poor solid food intake. The congenital causes for a microcytic 
anemia include /3- or a-thalassemia trait, other forms of thalas- 
semia, sickle cell combined with thalassemia, or anemia of 
chronic disease. Table 75.1 provides a summary of laboratory 
values to help differentiate between the common causes of a 
microcytic anemia. An Fib electrophoresis helps in diagnosing 
other forms of thalassemia and sickle cell disease (SCD). 

A normocytic anemia has a much broader differential than 
a microcytic anemia. Figure 75.1 provides a flow diagram 
for the approach to a normocytic anemia. The reticulocyte 
count should be used to further classify the anemia into two 
broad categories of increased or decreased red cell turnover. 



Laboratory Evaluation for a Microcytic Anemia 



Test 

Iron Deficiency 

Anemia of 

Chronic Disease 

a-Thalassemia Trait 

/3-Thalassemia Trait 

Serum ferritin 

iLow 

Normal to Thigh 

Normal 

Normal 

Serum iron 

iLow 

iLow 

Normal 

Normal 

TIBC 

tHigh 

iLow 

Normal 

Normal 

Transferrin saturation iLow 

iLow 

Normal 

Normal 

MCV 

iMicrocytic 

Micro- or normocytic 

iMicrocytic 

iMicrocytic 

RDW 

Tlncreased 

Tlncreased 

Normal 

Normal 

Hemoglobin 

electrophoresis 

Normal 

Normal 

Normal 

* Hemoglobin Barts on 
newborn screen 

TEIevated hemoglobin 

A2 and/or F 


TfBC, total iron binding capacity; MCV, mean corpuscular volume; RDW, red cell distribution width. 
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Figure 75.1. The differential for a normocytic anemia. 


The reticulocyte count needs to be adjusted for the degree of 
anemia to determine if it is truly elevated. A reticulocyte index 
(RI) can be calculated as 

Patient’s hematocrit _ . . 

— x Patient s reticulocyte count. 

Normal hematocrit 

An RI > 3 indicates increased red cell turnover and an 
RI < 3 indicates decreased red cell turnover. In patients with an 
elevated RI, it is important to differentiate between bleeding 
versus red cell destruction ( hemolysis ). Laboratory markers of 
hemolysis include an increased lactate dehydrogenase (LDH), 
elevated indirect bilirubin, elevated aspartate aminotrans- 
ferase (AST) with a concomitant normal alanine transaminase 
(ALT), or a decreased haptoglobin. 

Patients with congenital or acquired are at increased risk 
for developing an acquired hemolytic anemia from an increase 
in shear forces most commonly seen in patients with prosthetic 
valves. These patients will develop an anemia with an elevated 
RI. Review of the peripheral smear will show red cell frag- 
ments that will have evidence of intravascular hemolysis with 
a decreased haptoglobin, increased LDH, and hemoglobinu- 
ria. Other markers of hemolysis including indirect bilirubin or 
AST may or may not be elevated. 

Macrocytic anemia is much less common in pediatrics. 
The differential includes vitamin B 12 or folate deficiency, hypo- 
thyroidism, bone marrow failure, significant reticulocytosis, 
liver disease, or medications. Common medications that can 
increase the MCV include hydroxyurea, zidovudine, or chem- 
otherapeutic agents. In the neonatal period, infants normally 
have an increased MCV. In Down syndrome, an increased 
MCV is common in up to two-thirds of patients (12). 

Anemia and RBC transfusion in children and adolescents 
with CHD: Since children and adolescents with cyanotic heart 
disease have higher Hb levels commensurate with their desatu- 
ration and higher than age-matched controls without cyanotic 
heart disease, assessment of anemia is more challenging. Rec- 
ognition of this discrepancy is imperative to being able to 
diagnose anemia in patients with CHD. Paying attention to a 
particular patient’s baseline values and a change over time will 
be more informative than age-matched normal values. 

Children with cyanotic defects are commonly transfused to 
an Hb >14 g/dL especially postoperatively or during periods 
of hemodynamic instability to increase their oxygen-carrying 


capacity and optimize oxygen delivery. The rationale of this 
strategy is that a compromised cyanotic patient has limited 
ability to increase cardiac output to compensate for a low sys- 
temic oxygen delivery (13-15). Although a common practice, 
there is a paucity of data on the optimal Hb concentration and 
transfusion strategies in these patients. A recent, single-center, 
prospective, randomized, controlled clinical trial compared a 
restrictive Hb strategy (mean Hb 11 g/dL, mean RBC transfu- 
sions 0.43) to a liberal strategy (mean Hb 13.9 g/dL, mean 
RBC transfusions 2.1) in children during the first 48 hours 
after bidirectional cavopulmonary or Fontan operation (16). 
No differences were found in mean or peak arterial lactate, 
arteriovenous or arteriocerebral oxygen content, or clinical 
outcomes. This question warrants further investigation. 

Red Blood Cell Disorders with Particular 
Cardiac Manifestations 

SCD and thalassemia are two congenital red cell disorders with 
well-defined cardiovascular complications. SCD is a group of 
inherited hemoglobinopathies that are the result of abnormal 
Hb production. It is a multisystem disease characterized by a 
chronic hemolytic anemia and vaso-occlusive complications 
resulting in episodes of acute illness and a chronic progression 
to end-organ damage. SCD is an autosomal recessive condi- 
tion. The most common form of SCD is homozygous SS. Other 
variants of SCD are the result of other Hb variants combined 
with Hb S (i.e., SC, S -/3° thalassemia or S-/T thalassemia). More 
than 100,000 Americans are affected with SCD. The carrier 
rate in African Americans is approximately 8% (1 in 12). 

In Hb S, an amino acid substitution in the /Lglobin gene 
from glutamic acid to valine ultimately leads to the polymeri- 
zation of Hb S molecules, causing the red cell “sickling” effect 
with resultant vascular occlusion and hemolytic anemia. SCD 
was once seen as a disease where the morbidity and mortal- 
ity were directly related to vascular occlusion but it is now 
evident that chronic hemolysis significantly contributes to the 
development of endothelial dysfunction and vasculopathy. 
With intravascular hemolysis, there is a release of free Hb that 
generates reactive oxygen species that are potent scavengers 
of nitric oxide (17). There is also a release of arginase that 
decreases nitric oxide bioavailability. Nitric oxide has sev- 
eral key roles in endothelial function including as a regulator 
of vasodilator tone and inhibitor of platelet and hemostatic 
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activation (18-20). SCD confers a state of nitric oxide resist- 
ance, and human and animal studies have provided evidence 
that a reduction in nitric oxide is associated with vasoconstric- 
tion, decreased blood flow, platelet activation, and end-organ 
injury (21). 

Cardiac involvement in SCD is quite common and is pri- 
marily the result of a chronic anemia with a compensatory 
increased cardiac output. In general, the heart is usually 
enlarged and a systolic ejection murmur is found in most 
patients. Fifty percent of pediatric patients will have electro- 
cardiographic findings of left ventricular (LV) hypertrophy 

(22) . The steady-state blood pressure in patients with SCD is 
lower than that in age-, race-, and gender-matched controls 

(23) . This finding is likely related to the steady-state anemia as 
well as renal losses of sodium and water. While vaso-occlusion 
is a common occurrence in SCD, myocardial infarction is quite 
rare although infarction of LV papillary muscles with mitral 
regurgitation has been reported (22,24,25). Autopsy studies 
show that atherosclerosis is also uncommon in this patient 
population (24). 

Pulmonary hypertension (PH) is a common complication 
in adult patients with SCD with a reported prevalence of 6% 
to 32% and has been associated with significant morbidity 
and mortality (26,27). Studies with a higher prevalence of PH 
only used echocardiographic assessments of pulmonary artery 
systolic pressure with a cutoff tricuspid regurgitant (TR) jet 
velocity of 2.5 m/s. A recent prospective study in adult patients 
with SCD utilized right heart catheterization to confirm the 
echocardiographic findings. They reported a prevalence of 
elevated TR jet velocity of 27% (consistent with prior studies) 
but right heart catheterization confirmed PH in only 6% of 
subjects (27). Studies addressing PH in pediatric patients with 
SCD are limited but have not demonstrated the increased mor- 
bidity and mortality seen in adults (28—32). The prevalence 
of elevated TR velocities is similar in children as in adults; 
however, the significance of the findings and implications for 
prognosis remain unclear. Further pediatric studies that follow 
patients into adulthood are required. 

The etiology of PH in patients with SCD is likely multifac- 
torial. Hemolysis is believed to play a key role in the develop- 
ment of PH through endothelial dysfunction. Other chronic 
hemolytic disorders have an increased incidence of PH includ- 
ing thalassemia, hereditary spherocytosis, and paroxysmal 
nocturnal hemoglobinuria. Other contributing factors in SCD 
may include chronic hypoxia, chronic thromboembolism, 
in situ thrombosis, parenchymal and vascular injury from 
sequestration of sickled erythrocytes, chronic liver disease, 
iron overload, and asplenia (33). 

Patients with SCD who undergo surgery are at increased 
risk for morbidity and mortality (34-36). Specific morbidi- 
ties include acute chest syndrome, SCD, cerebrovascular acci- 
dents, and infections. These risks are likely secondary to the 
underlying anemia from SCD, a propensity for microvascula- 
ture occlusion from sickled red cells, and asplenia. Improved 
outcomes have been reported in patients who received pre- 
operative transfusions to a goal Hb level of 10 g/dL (which 
decreases the percent S and improves the patient’s baseline 
anemia), hydration, and aggressive intra- and postoperative 
monitoring (37,38). The patient’s hemodynamic status, that 
is, the effect of volume overload on a left-to-right shunt or 
ventricular dysfunction, will need to be considered. If a patient 
with SCD requires cardiac surgery or prolonged sedation for a 
cardiac procedure, a pediatric hematologist should be involved 
to work with the cardiologist/intensivist and cardiac anesthe- 
siologist to determine the appropriate pre- and postoperative 
management. 

Thalassemia syndromes are a group of inherited anemias 
resulting from defects in the production of Hb. Thalassemia is 
classified according to the globin chain that is underproduced, 


either a (a-thalassemia) or /3 (/1-thalassemia) globin. A decrease 
in the production of either an a- or /3-globin chain results in 
an excess of free globin chains that precipitate in the red cell 
and cause RBC membrane damage. The end result is anemia 
from RBC hemolysis and ineffective erythropoiesis in the bone 
marrow. a-Thalassemia is more commonly found in Southeast 
Asia, whereas /1-thalassemia is more common in Mediterra- 
nean countries. 

There are two a-globin genes located on chromosome 16. 
a-Thalassemias are usually the result of gene deletions. The 
severity of disease is related to the number of gene deletions 
present. One gene deletion is termed a silent carrier and has 
no hematologic manifestations. A two-gene deletion is termed 
a-thalassemia trait; the patient has a mild microcytic hypo- 
chromic anemia but is otherwise well with a normal Hb elec- 
trophoresis. A three-gene deletion results in Hb H disease. Hb 
H is composed of tetramers of /l- globin. Patients with Hb H 
disease have a moderate microcytic hemolytic anemia and are 
not transfusion dependent. The Hb electrophoresis will dem- 
onstrate the presence of Hb H. The presence of a four-gene 
deletion is termed hydrops fetalis and results in severe anemia 
in the fetus with intrauterine death. 

There is one /3-globin gene located on chromosome 11. 
Point mutations are the most common type of genetic muta- 
tion in /3- thalassemia. /3-Thalassemia trait occurs when only 
one gene is affected, resulting in a mild microcytic anemia. Hb 
electrophoresis shows increased Hb A2 and/or Hb F levels. In 
contrast, the inheritance of two affected /3-globin genes results 
in a broad spectrum of clinical disease. Severity is determined 
by the residual amount of /3-globin synthesis. The clinical phe- 
notype ranges from transfusion dependence (/3- thalassemia 
major) to a moderate anemia that does not necessitate chronic 
transfusions (/3-thalassemia intermedia). 

Treatment of /3- thalassemia major consists of either life- 
long chronic red cell transfusions or bone marrow trans- 
plant. Chronic red cell transfusions correct the anemia and 
suppress ineffective erythropoiesis. Transfusions are typically 
given every 3 to 4 weeks with target nadir Hb of 9 to 10 g/dL. 
Unfortunately, a direct consequence of chronic transfusions is 
iron overload with excessive iron deposition in the liver, heart, 
and endocrine organs. 

Currently, heart failure is the most common cause of death 
in patients with /3-thalassemia major. Most of these deaths 
are attributable to cardiac iron overload (39,40). The most 
common cardiac abnormality in patients with heart failure 
from iron overload is a biventricular dilated cardiomyopa- 
thy, and severe right ventricular cardiomyopathy is evident 
in advanced disease (41). Iron deposition is greatest in the 
ventricular walls and less in the atria and the conduction 
system. Cardiomyocytes are also sensitive to oxidative dam- 
age from non-transferrin- bound iron. Pericarditis was com- 
mon prior to the use of chelation therapy but appears to be 
decreasing in frequency (42). Paroxysmal atrial fibrillation is 
common and is typically associated with myocardial dysfunc- 
tion; restoration of sinus rhythm does not usually reverse the 
cardiomyopathy (42). Currently, iron loading in the heart can 
be measured using MRI T2* technology, >20 ms indicates 
no significant iron loading, 10 to 19 ms indicates mild-to- 
moderate iron loading, and <10 ms indicates severe cardiac 
iron loading (43). 

Iron overload is currently treated with chelation. First-line 
chelators currently in use in the United States include deferox- 
amine, which is given as a 12-hour infusion intravenously or 
subcutaneously or deferasirox, an oral medication given once 
daily. Recently, deferiprone was approved as a second-line 
oral chelator in the United States. An escalation in chelation 
therapy is imperative for patients with significant cardiac iron 
loading. Recent studies have demonstrated that deferiprone in 
combination with an additional chelator has improved cardiac 
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iron removal versus monotherapy (44-46). Patients can expe- 
rience a reversal of the iron-induced cardiomyopathy with 
intensive chelation (42). 

Polycythemia 

Polycythemia is defined as an increase in red cell volume, espe- 
cially the Hb or hematocrit is two standard deviations above 
the mean value for age. Polycythemia can be classified by the 
response of erythroid progenitors to cytokines (i.e., erythro- 
poietin) (47). In primary polycythemia, erythroid progeni- 
tors exhibit an excessive response to cytokines secondary to 
an inherited or acquired genetic mutation (i.e., polycythemia 
vera or erythropoietin receptor mutations). Secondary poly- 
cythemias are characterized by a normal response of the eryth- 
roid progenitors to elevated levels of cytokines. Secondary 
polycythemia is usually the result of a physiologic response 
to chronic hypoxia (i.e., cyanotic CHD or sleep apnea), 
autonomous erythropoietin production (tumor secretion), or 
exogenous erythropoietin administration. Rarely, secondary 
polycythemia can be due to Hb variants with an altered affin- 
ity for oxygen or genetic mutations that result in disordered 
hypoxic sensing. 

Disorders of White Blood Cells 

Two genetic disorders, Barth Syndrome and 22qll.2 deletion 
syndrome, have both CHD and white cell disorders. Barth 
syndrome is an X-linked recessive mitochondrial disorder that 
is characterized by a dilated cardiomyopathy with endocardial 
fibroelastosis, skeletal myopathy, growth retardation, neutro- 
penia, and organic aciduria (48,49). It is secondary to muta- 
tions in the TAZ gene that is responsible for remodeling the 
mitochondrial phospholipid: cardiolipin (50). The etiology of 
neutropenia in Barth syndrome is unclear at this time. Treat- 
ment can include granulocyte colony-stimulating factor to 
prevent severe neutropenia. Chromosome 22qll.2 deletion 
syndrome encompasses a heterogeneous group of disorders. 
The most common phenotypic features include conotruncal 
cardiac malformations, immunologic dysfunction, develop- 
mental delay, and palate deformities (51). Immunologic dys- 
function is the result of thymic aplasia or hypoplasia resulting 
in a variable T-cell deficiency with a resultant increase in infec- 
tions and autoimmune disease (52). Decreased regulatory T 
cells may play a role in the increased incidence of autoimmune 
disorders (52,53). Autoimmune disease can include acquired 
cytopenias (54,55). 

Disorders of Hemostasis Associated with Bleeding 

Hemostatic derangements complicated with bleeding are very 
common in pediatric patients with CHD. The holy grail of 
hemostatic testing would be one test that is rapidly avail- 
able and adequately reports on all components of hemosta- 
sis. Unfortunately, this test does not exist, leaving clinicians 
with a series of coagulation tests that reflect various aspects 
of hemostasis. 

Hemostatic testing: The PT and PTT serve as screening 
tests for procoagulant factor deficiencies. The PT and PTT do 
not provide a global picture of hemostasis. Proper specimen 
handling is imperative for coagulation assays. Heparin con- 
tamination of a specimen is the most common reason for a 
prolonged PTT in a hospitalized patient. Heparinase can be 
used to remove heparin from a specimen. Coagulation assays 
are also sensitive to the plasma-to-citrate ratio in the specimen 
tube. Underfilling of the specimen tube will falsely prolong 
the coagulation assays. Patients with significant polycythemia 
(hematocrit >55%) can also have an altered plasma-to-citrate 


ratio and will have falsely prolonged coagulation assays. 
A special specimen tube with a decreased amount of citrate 
should be used for patients with significant polycythemia. This 
is of particular concern when using the prothrombin time/inter- 
national normalized ratio (PT/INR) to adjust warfarin dosing 
in cyanotic/polycythemic patients. Factor deficiencies that can 
cause an isolated prolonged PTT include either a deficiency in 
factor VIII, IX, XI, XII, prekallikrein or high molecular weight 
kininogen. An isolated prolonged PT is secondary to factor VII 
deficiency. Prolongation in both the PT and PTT can be seen in 
the setting of factor II, V, X, or fibrinogen deficiency. 

For monitoring unfractionated heparin (uFH) therapy, 
the PTT is commonly used as a surrogate marker of heparin 
activity. For therapeutic heparin, the PTT is titrated to 1.5 to 
3 times control. There are limitations to the PTT, especially it is 
affected by variables other than heparin including an elevated 
factor VIII, fibrinogen, or a Lupus anticoagulant. For example, 
when the FVIII level is >250%, the PTT is significantly short- 
ened and will no longer reflect the heparin effect. (Factor VIII 
is an acute phase reactant and can be elevated in inflammatory 
states.) For a direct measure of heparin activity, the uFH anti- 
Xa level can be used with a recommended therapeutic range 
of 0.35 to 0.7 U/mL (note this is different from the LMWH 
anit-Xa-recommended therapeutic range of 0.5 to 1 U/mL). 

The activated clotting time (ACT) is used to monitor higher 
heparin doses given to patients undergoing cardiac surgery 
with cardiopulmonary bypass (CPB), cardiac catheterization, 
or extracorporeal membrane oxygenation (ECMO). The ACT 
is a whole blood clotting time that is simple to perform with 
a rapid turnaround time. It is more sensitive to a wider range 
of heparin doses than the PTT. The limitations to this assay 
are that it is imprecise, proper specimen handing and timing 
are imperative, it is affected by the same variables that can 
prolong the PTT assay, and it is affected by the platelet count. 

Fibrinogen is the final procoagulant protein in the coagula- 
tion pathway. It is converted by thrombin into fibrin. Fibrin is 
then cross-linked by factor XIII to make a stable clot. In the 
setting of a bleeding patient, it is imperative that the fibrino- 
gen level is maximized to ensure adequate hemostasis. The 
thrombin time measures the conversion of fibrinogen to fibrin 
and is affected by quantitative or qualitative abnormalities of 
fibrinogen, the presence of thrombin inhibitors, and fibrinogen 
degradation products. Heparin contamination of the specimen 
can prolong the thrombin time. 

For an assessment of primary hemostasis, a platelet count 
indicates the number of platelets that are available but does 
not provide any information regarding platelet function. At 
this time, there is a limited availability to rapidly assess plate- 
let function. The bleeding time assesses platelet and capillary 
function but this technique is patient and operator dependent 
and has fallen out of favor (56). It is insensitive to mild platelet 
defects and does not consistently predict a bleeding tendency 
(57). The platelet function analyzer (PFA-100) is an in vitro 
screen for platelet function (57). The PFA-100 is prolonged in 
the setting of anemia or thrombocytopenia and is insensitive 
to mild platelet aggregation defects; it has also fallen out of 
favor as a screening test. 

Thromboelastography (TEG) is a whole blood point-of- 
care assay that provides a real-time graph of clot formation 
and stability. Values measured include R (time necessary for 
initial clot formation), K (clot kinetics), a (rate of clot forma- 
tion), maximum amplitude (maximum strength of the clot), 
and A-60 to maximum amplitude ratio (fibrinolysis). TEG has 
been utilized in pediatric CPB and in patients with LV assist 
devices (58-60). 

Platelet mapping assay is a modification of the standard 
TEG and is used clinically to assess the effectiveness of anti- 
platelet medications. This assay utilizes whole blood that is 
heparinized to suppress thrombin generation, then known 
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platelet agonists are added to the sample to assess platelet 
activation. This assay is currently utilized most commonly in 
patients with a LV heart device to monitor antiplatelet therapy. 

Acquired von Willebrand Disease 

There is an increasing awareness of acquired von Willebrand 
disease (vWD) in patients with cardiovascular disorders. vWF 
is a procoagulant protein that has two important roles in 
hemostasis: it facilitates the binding of platelets to the site of 
vascular injury and it is the carrier protein for the coagulant 
protein FVIII. vWF is initially secreted as a large multimeric 
protein that is further proteolyzed by ADAMTS-13 into vari- 
able sizes of multimers. The distribution in the size of these 
multimers is imperative for hemostatic balance. For example, 
a bleeding tendency is seen with decreased vWF multimer size 
and a prothrombotic tendency is found when there is a persis- 
tence of ultra-large vWF multimers. 

Most of the data on acquired vWD have focused on patients 
with aortic stenosis and with LV assist devices (61,62). There 
have been reports in neonates with patent ductus arteriosus, 
endocarditis, dysfunctional valve prosthesis, septal defects, 
and mitral valve prolapse (63,64). The pathophysiology of 
acquired vWD in cardiovascular disorders is likely multi- 
factorial but thought to be secondary to lesions that result 
in increased shear stress. Increased shear stress results in the 
mechanical destruction of the larger vWF multimers and 
causes platelet activation that leads to the absorption of larger 
vWF multimers. Clinically, these patients will experience an 
increase in mucocutaneous bleeding and they could be at 
increased risk of hemorrhage with surgical procedures. 

Laboratory findings in patients with cardiovascular disor- 
ders and acquired vWD reveal an abnormal multimer vWF 
distribution with a specific loss of the high molecular weight 
multimers. Commonly, the VW antigen and activity are normal 
to increased. Routine coagulation testing PT/INR, PTT, and 
platelet count will be normal. Definitive treatment of acquired 
vWD would be to correct the underlying cardiac abnormal- 
ity but this may not always be plausible (65). Other treat- 
ment modalities would include desmopressin (DDAVP) that 
facilitates the release of endogenous stores vWD, although the 
response rate is low (10%) in this setting (64). An alternative 
therapy would be the use of plasma-derived vWF replacement 
product (64,66). Treatment would only be necessary to treat 
active bleeding that does not resolve with local measures or 
prior to a significant hemostatic challenge to prevent excessive 
bleeding. 

Platelet Disorders 

Platelet disorders are either inherited or acquired. Congeni- 
tal platelet disorders are very rare in the general population. 
Bernard-Soulier syndrome, a congenital platelet disorder, 
should be considered when caring for patients with 22qll.2 
deletion syndrome. Bernard-Soulier syndrome is an autoso- 
mal recessive platelet disorder. The mutation is in the plate- 
let GP Ib/IX complex that binds platelets to vWF. Children 
with 22qll.2 deletion syndrome can be heterozygotes for 
the Bernard-Soulier mutation given the proximity of the gene 
encoding the GP lb/IX complex (67). Heterozygotes for this 
condition are clinically normal but may have mild thrombocy- 
topenia and minor platelet function abnormalities (67). Patient 
with 22qll.2 deletion syndromes also have an increased prev- 
alence of immune thrombocytopenia (ITP) (68,69). 

In patients with cyanotic CHD, there is an inverse relation- 
ship between the platelet count and the degree of cyanosis. The 
lower the systemic arterial oxygen saturation, the higher will 
be the compensatory polycythemia. These physiologic changes 
are associated with a lower platelet count (70,71). Typically, 


the thrombocytopenia is not severe and the platelet count will 
be >50,000 //rL. The thrombocytopenia can improve with 
phlebotomy especially when the hematocrit is >65% (72). The 
etiology of thrombocytopenia in cyanotic CHD with poly- 
cythemia is unclear at this time. 

Drug exposure is a common reason for acquired platelet 
dysfunction or thrombocytopenia. Antiplatelet medications 
are commonly used in patients with CHD to prevent throm- 
botic complications; these are discussed below. Numerous 
drugs have been implicated in causing thrombocytopenia. 
The more commonly used drugs include antibiotics (penicil- 
lins, or sulfa-containing antibiotics), antiepileptics (phenytoin, 
valproate, carbamezepime), H2 agonists (cimetidine or rani- 
tidine), thiazide diuretics, and furosemide. In general, throm- 
bocytopenia will resolve with removal of the offending drug. 
A special circumstance of drug-induced thrombocytopenia is 
heparin-induced thrombocytopenia (HIT). 

Heparin-Induced Thrombocytopenia 

HIT is the result of antibodies that are formed against the 
heparin-PF4 complex that exists on platelets (73). It is pro- 
posed that the binding of antibodies to this platelet complex 
results in increased platelet reactivity and thus a prothrom- 
botic state (73). This disorder is characterized by thrombocy- 
topenia and resultant arterial and/or venous thrombosis that 
can be catastrophic. In adults, the prevalence of HIT is esti- 
mated to be 1% to 5% of patients exposed to heparin and 
untreated HIT has a mortality of 20% to 30% (74). The inci- 
dence of HIT in the pediatric population is not clearly defined 
but appears to be less than adults with a reported range of 0% 
to 2.3% (75-78). Higher risk pediatric groups include patients 
undergoing CPB (79). 

The diagnosis of HIT is based on clinical criteria. Multiple 
scoring systems have been developed and validated in adults 
but not in pediatric patients (80-82). Classically, HIT is char- 
acterized by symptoms appearing 5 to 10 days post-heparin 
exposure with a 50% fall in the platelet count (rarely is the 
platelet count <50,000//xL) and there can be venous or arterial 
thrombosis. Laboratory testing can be supportive in making 
the diagnosis and includes ELISA for the heparin-P4 antibod- 
ies and the serotonin-releasing assay. The ELISA are readily 
available with a fast turnaround time. This test is highly sen- 
sitive but has a significant false positive rate. The ELISA is 
most helpful in ruling out the diagnosis with a negative assay. 
The serotonin-releasing assay is highly specific and sensitive; 
it measures platelet reactivity in the presence of the patient’s 
plasma. Unfortunately, it is only performed in a few highly 
specialized laboratories so is not readily available for most cli- 
nicians. 

The treatment of HIT includes the removal of all heparin 
from the patient including avoidance of LMWH. Anticoagula- 
tion should be initiated with a non-heparin anticoagulant such 
as a direct thrombin inhibitor (i.e., bivalirudin or argatroban). 
In this setting, warfarin should never be initiated by itself due 
to an increased risk of skin necrosis and further thrombotic 
events. Warfarin can be initiated once the platelet count has 
normalized and overlapped with the nonheparin anticoagu- 
lant until the INR is therapeutic. 

Additional causes of acquired thrombocytopenia in 
pediatric patients with CHD include sequestration and 
consumptive causes. The spleen normally contains 30% 
of the platelet mass, and in the setting of an enlarged 
spleen, it can trap a larger portion of platelets with result- 
ant thrombocytopenia. In patients with CHD, specific con- 
sumptive causes of thrombocytopenia include CPB and 
artificial heart valves or grafts. Other causes of consump- 
tion not necessarily specific to patients with CHD include 
the use of ECMO, the presence of disseminated intravas- 
cular coagulation, thrombotic thrombocytopenic purpura, 
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hemolytic uremic syndrome, hemophagocytic lymphocytic 
histiocytosis, HIV, or immune destruction of platelets. 

Immune Thrombocytopenia 

ITP is an immune-mediated destruction of platelets gener- 
ated by the presence of IgG autoantibodies. These antibodies 
coat the surface of the platelets and these platelets are cleared 
through the Fey receptors in the spleen. In childhood, ITP is 
considered a benign self-limited disorder; 80% of patients 
spontaneously resolve within 6 months with only a small per- 
centage (<20% ) developing chronic ITP. Treatment can include 
observation combined with thrombocytopenic precautions or 
the use of immune-modulating therapies like immune globulin 
or steroids. In the neonate, immune destruction of platelets can 
be secondary to a mismatch between the fetal and maternal 
platelets, termed neonatal alloimmune thrombocytopenia. The 
mother develops antibodies against antigens on the fetal plate- 
let surface that were inherited from the father. These antibod- 
ies cross in the placenta, coat the fetal platelets, and result in 
significant thrombocytopenia. Thrombocytopenia can also be 
the result of decreased production that can be found in aplastic 
anemia, myelodysplastic syndrome, infiltrative marrow pro- 
cesses (i.e., leukemia), or nutritional deficiency states. 

Thrombocytosis 

Thrombocytosis is defined as an increase in the platelet count 
that is two standard deviations above the mean value for age. 
Thrombocytosis can be primary or secondary. Primary causes 
include myeloproliferative disorders that are either inherited 
(essential thrombocythemia) or acquired (polycythemia vera, 
leukemia, or myelodysplastic syndrome). Secondary causes are 
the result of underlying inflammation (infection, rheumato- 
logic disorders, or inflammatory bowel disease), hematologic 
disorders (hemolytic anemia or iron deficiency), drugs (vinca 
alkaloids or corticosteroids), or decreased splenic pooling in 
the setting of asplenia. 


CPB, ECMO, and Ventricular Assist Devices 

Postoperative Bleeding after CPB 

Postoperative bleeding is a common complication in pediat- 
ric patients undergoing CPB and is associated with increased 
morbidity and mortality (83,84). CPB is a nonphysiologic state 
and the passage of blood through the artificial circuit results 
in the activation of the coagulation, fibrinolytic, and inflam- 
matory systems. The coagulation system is activated through 
the contact pathway and ultimately results in the formation of 
fibrin. With fibrin deposition within the CPB circuit, there is 
platelet adherence and activation. Prematurely activated plate- 
lets are no longer available for hemostasis. 

Post-CPB bleeding is more common in pediatric patients 
than in adults. Clinical factors associated with postoperative 
bleeding include younger age (<1 year), lower weight (<8 kg), 
cyanosis, prolonged circuit, and deep hypothermia times (85- 
87). One major contributing factor is the degree of hemodi- 
lution that occurs in pediatric patients with the institution 
of cardiac bypass. This is secondary to the large discrepancy 
between a pediatric patient’s blood volume and the circuit 
volume. An adult patient experiences approximately 25% 
hemodilution with the institution of bypass, while a pediatric 
patient can experience up to 60% of hemodilution (88). This 
dilution is further exacerbated by developmental hemostasis 
in neonates who, at baseline, already have lower procoagulant 
and anticoagulant proteins (4). 

To prevent postoperative CPB bleeding, multiple 
approaches have been utilized including adequate anticoagula- 
tion during CPB, modified ultrafiltration, adequate reversal of 


anticoagulation post-CPB, transfusion of blood components, 
and antifibrinolytics (88). High-dose heparin is used during 
CPB to prevent thrombosis of the circuit. Heparin exerts its 
anticoagulant effect through the binding of antithrombin. 
Neonates developmentally have lower antithrombin levels 
that can contribute to a variable heparin effect. There are also 
significant issues with monitoring heparin therapy during CPB 
in pediatric patients. It has been shown in children that the 
ACT values do not correlate with heparin levels. Specifically, 
the ACT overestimates the heparin effect because it is pro- 
longed by other variables including hemodilution and hypo- 
thermia (88-90). Adequate reversal of heparin with protamine 
is dependent on knowing the correct heparin concentration. 
Too little protamine means heparin is still circulating or exces- 
sive unbound protamine has anticoagulant properties (91,92). 
Hyperfibrinolysis is also an important mechanism that leads 
to post-CPB bleeding (93,94). All three antifibrinolytic thera- 
pies (aprotinin, tranexamic acid, and aminocaproic acid) have 
been shown to decrease post-CPB hemorrhage (95). Aprotinin 
was removed from the US market in 2008 because of its asso- 
ciation with renal failure and death in adult recipients (95,96). 
Despite the use of these therapies, hemorrhage following CPB 
remains a frequent occurrence. 

Management of Postoperative Bleeding 

Although some bleeding from indwelling mediastinal drains 
is expected after cardiac surgery, the rate of bleeding should 
decrease as each postoperative hour goes by. Excessive bleed- 
ing is a clinical concern that warrants immediate attention 
and constant vigilance. In the immediate postoperative period, 
bleeding of <5 mL/kg/h is often associated with minor abnor- 
malities in coagulation status. Red cell transfusion may be nec- 
essary to correct a postoperative anemia but blood component 
administration is rarely necessary. Bleeding 5 to 10 mL/kg/h 
should prompt notification of the cardiothoracic surgeon and 
continued evaluation of the patient at the bedside. Any abnor- 
malities in coagulation parameters should be corrected. Blood 
loss must be balanced by RBC transfusion. The patient must 
be closely monitored for persistence or an increase in the rate 
of bleeding that may signal the presence of a surgical bleeding 
site or may be the result of loss of coagulation factors second- 
ary to the ongoing hemorrhage. Bleeding of >10 mL/kg/h that 
persists or increases will likely result in hemodynamic compro- 
mise if not abated. The cardiothoracic surgeon should decide 
whether reexploration is needed to exclude a bleeding site or 
to remove thrombus that may be perpetuating further bleed- 
ing. The cardiac intensivist must exclude concomitant hemo- 
pericardium and/or hemothorax (often herald by tachycardia, 
hypotension, desaturation, and/or tamponade physiology) 
while keeping up with the blood loss (RBC transfusion) and 
coagulopathy (blood component replacement). Even when the 
decision is made to go back to the operating room, the bedside 
medical team must continue to be vigilant with RBC, volume, 
and blood component replacement as indicated by hemody- 
namic parameters and laboratory data. 

Recombinant factor Vila (rFVIIa, eptacog alfa (activated), 
NovoSeven, Novo Nordisk Pharmaceuticals Inc., Princeton, 
NJ) is currently utilized as an off-label hemostatic agent in 
the management of postoperative CPB bleeding. It is an ana- 
logue of the naturally occurring procoagulant factor VII and 
induces hemostasis by binding to exposed tissue factor at the 
site of endothelial injury and stimulating thrombin formation 
(97,98). Current studies indicate that children and adults with 
cardiovascular disease account for a large proportion of off- 
label rFVIIa use (99,100). 

There are concerns regarding the thrombotic potential 
of rFVIIa and this concern is further heightened in pediat- 
ric patients with CHD because of a known increased inci- 
dence of thrombosis (101). Current evidence to support 
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off-label use of rFVIIa in CPB in children is limited. Only 
one pediatric randomized clinical trial of rFVIIa in CPB has 
been conducted and it was found that there was no benefit 
to the prophylactic use of rFVIIa among 82 infants undergo- 
ing surgery for correction of CHD (102). The primary end 
point, time to chest closure, was actually prolonged in the 
treatment group. No difference was noted in the secondary 
end points of surgical blood loss or use of blood products 
(102). A recent systematic review regarding the off-label use 
of rFVIIa in pediatric cardiac surgery reviewed 29 studies 
that included a total of 169 patients (103). The authors con- 
cluded that there is no supporting evidence to use rFVIIa 
prior to cardiac surgery to prevent bleeding. Randomized 
clinical trials should be performed that utilize appropriate 
clinical outcomes to address the use of rFVIIa to treat bleed- 
ing after cardiac surgery. Therapeutic options for postopera- 
tive bleeding are listed in Table 75.2. 

ECMO and Ventricular Assist Devices 

Patients on ECMO or who have ventricular assist devices 
are at increased risk for both bleeding and thrombotic com- 
plications. Similar to CPB, both processes have the passage 
of blood through an artificial circuit resulting in activation of 
coagulation. Anticoagulation remains the mainstay to prevent 
thrombotic outcomes. In ECMO, uFH is commonly used for 
anticoagulation. In patients with a ventricular assist device, 
one type of anticoagulation (uFH, LMWH, or warfarin) is 
combined with antiplatelet therapy. 

Thrombosis 

Thrombosis in Children and Adolescents with Congenital 
and Acquired Heart Disease 

Thrombosis has long been recognized as a clinical problem to 
the clinician caring for adolescents and children with congeni- 
tal and acquired heart disease. Much work has focused on the 
diagnosis, treatment, and prevention of thromboses in Kawa- 
saki disease (104-107) and to a lesser extent on the throm- 
botic complications associated with cardiac catheterization 
(108-111) or cardiomyopathies (112,113). The prevention 
and management of thromboses related to prosthetic valves 
(114), arrhythmias (115,116), and PH (117,118) in children 
has largely been extrapolated from the adult literature. For the 
past decade, the single ventricle population has been identified 
as a particularly high-risk population for thrombosis and their 
potentially devastating sequelae (119-128). 

Overall, there is a paucity of information on the true scope 
of thrombotic complications in children and adolescents with 
heart disease. Two retrospective studies reviewed thrombotic 
incidence and risk factors in cardiovascular surgical popu- 
lations. Early limited work by Giglia et al. in 2001 (129) 
reported a 3.6% incidence of clinically evident thrombi from 
a survey of pediatric cardiovascular patients over a 9-year 
period (1,940 total operations). Mean time from operation 
was 2.6 months; mean time from operation was 21 days. Deep 
venous thromboses associated with indwelling central lines 
were the most common. Of those with thrombi, 20.8% were 
felt to have died as a direct result of the thrombus. In 43.4%, 
the diagnosis was felt to have been delayed, and in 17.0%, it 
was not made until autopsy. A recent retrospective review by 
Manlhiot et al. (130) of 1,542 pediatric cardiothoracic opera- 
tions at a single center reported an 11% incidence of clinically 
evident as well as silent thrombi identified by testing ordered 
by the attending physician. Factors associated with increased 
odds of thrombi were age <31 days, baseline oxygen satura- 
tion <85%, previous thrombosis, heart transplantation, use of 
deep hypothermic circulatory arrest, longer cumulative time 


with central lines, and postoperative use of ECMO. Serious 
complications occurred in 28% of patients with thrombi and 
were associated with thrombus location (intrathoracic, the 
highest risk), symptoms, and partial/full occlusion. Thrombo- 
sis was associated with a longer ICU and hospital stay, and 
a higher odds ratio of cardiac arrest, catheter reintervention, 
reoperation, and mortality. Much work is still needed in the 
area of diagnosis and treatment and most importantly in defin- 
ing risk factors so that these potential life-threatening compli- 
cations can be prevented. 

The Propensity for Thrombosis in Adolescents and Children 
with Congenital and Acquired Heart Disease 

Congenital and acquired heart disease put adolescents and 
children at risk for thrombosis mainly because the triad of risk 
factors for thrombosis initially described by Virchow (131) in 
1856 is often at play. These factors are (a) stasis of blood flow, 
(b) hypercoagulability, and (c) endothelial injury. However, 
the risk for thrombosis in pediatric heart disease warrants an 
expansion of Virchow’s triad. Turbulent blood flow across 
abnormal cardiac structures, that is, stenotic valves, can lead 
directly to platelet activation (132), making “altered blood 
flow” more applicable to pediatric heart disease than “static 
blood flow” alone. In addition, advances in cardiothoracic 
surgery have introduced CPB, which is well associated with 
thrombotic risks, as well as the use of other nonendothe- 
lial surfaces, such as prosthetic valves, graft materials, and 
indwelling catheters, that are in and of themselves thrombo- 
genic. Also, recent work has found children with CHD to have 
a higher incidence of coagulation abnormalities than children 
without CHD; this includes children with acyanotic heart dis- 
ease as well as the more widely studied single ventricle popu- 
lation (121,122,125,126,133-138). Therefore, risk factors 
for thrombus in adolescents and children with heart disease 
should be expanded to include: 

1. Hypercoagulability: 

Coagulation abnormalities have been identified to include 
altered coagulation protein levels, decrease endogenous 
inhibitors of coagulation, and decreased fibrinolytic 
proteins among others. Such coagulopathies were first 
identified in children and adolescents with a Fontan cir- 
culation but more recently have been found in children 
through all stages of single-ventricle palliation and also 
in children with acyanotic and acquired heart disease 
(121,122,125,126,133-138). Table 75.3 lists the throm- 
bophilia evaluation. The thrombophilia evaluation can 
assist the clinician in determining a patient’s recurrent risk 
for thrombosis and the appropriate duration of therapy. 

2. Altered blood flow 

a. Stasis: may occur in dilated heart chambers as well as in 
dilated native or prosthetic outflow tracts. These areas 
of stasis serve as a nidus for thrombus formation. 

b. Turbulent flow: is a flow across stenotic native or pros- 
thetic heart valves, stents, and/or obstructed outflow 
tracts with increased sheer stress that can result in plate- 
let activation independent of endothelial damage (139). 

c. Endothelial disruption: occurs from turbulent flow on 
endothelial surfaces as well as vessel wall endothelial 
damage from insertion and persistence of central lines 
and catheters. Endothelial injury, as discussed previ- 
ously, exposes tissue factor and subendothelial collagen- 
stimulating platelet aggregation and coagulation at 
the site of injury. Note, platelets can also be activated 
by other mechanisms in addition to endothelial injury 
such as from cytokines release during inflammation 
(139-141). 


E 


TABLE 75.2 


Therapeutic Options for Postoperative Bleeding 




Product 

Mechanism 

Dose 

Fresh frozen plasma 

Contains all clotting, 
anticoagulant, and fibrinolytic 
proteins 

10-15 mL/kg 

Cryoprecipitate 

Fibrinogen 

( Also contains factor Mill, 
vWF f and factor XIII) 

1-2 U (bags)/10 kg 

Platelets 

Platelets 

<35 kg 10 mlVkg 

>35 kg 1 SDP (with a maximum 

volume of 15 mL/kg) 

Aminocaproic acid 

Synthetic lysine analogue 
that inhibits plasmin. Prevents 
fibrinolysis 

100 mg/kg Q6 hours 
(maximum daily dose 30 g) 

DDAVP 

**0ff-label use** 

Synthetic analogue of DDAVP, 
increases factor VIII and vWF 
levels and activates platelets 

0.3 /xg/kg q12 hours 

Tachyphylaxis (no longer has a 
hemostatic effect) after 3-4 doses 


Prothrombin complex Contains factors II, VII, IX, and No RCTs in this setting to guide 

concentrates (PCC) X (some PCCs also contain dosing 

**0ff-label use** protein C and S) 20-25 lU/kg 


rFVIIa 

**0ff-label use** 


Analogue of the naturally 
occurring procoagulant factor 
VII. Induces hemostasis by 
binding to exposed tissue 
factor at the site of endothelial 
injury and stimulating thrombin 
formation 


No RCTs in this clinical setting to 
guide dosing. Wide dose ranges 
have been reported (17-200 /xg/kg) 

Lower doses are advisable 
40-60 ^g/kg 


SDP, single donor, apheresis platelet product; RCT, randomized clinical trials; TRALI, Transfusion-related acute lung injury 


Indication 


Side Effects 


Bleeding associated with a 
coagulopathy (multiple factor 
deficiencies) 

Allergic reaction 

Fever 

Volume overload 

TRALI (rare) 

Bleeding associated with a 
fibrinogen deficiency 

Allergic reaction 

Fever 

TRALI (rare) 

Bleeding from 
thrombocytopenia 

Allergic reaction 

Fever 

Volume overload 

TRALI (rare) 

Bleeding associated with 
excessive fibrinolysis 

Nausea/emesis 

Abdominal pain 

Dizziness 

Thrombosis 

Severe bleeding resistant to 
maximized component therapy. 
Suggest a hematology consult 

Hypotension tachycardia 
Free water retention with 
an associated risk of 
hyponatremia 

Thrombosis 

Severe bleeding resistant to 
maximized component therapy. 
Suggest a hematology 
consult 

Plasma-derived product 
Allergic reaction 

Thrombosis 

Severe bleeding resistant to 
componenttherapy. *Suggest 
a hematology consult 

Allergic reaction 

Thrombosis 
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TABLE 75.3 


The Thrombophilia Evaluation 




Protein C deficiency 
Protein S deficiency 
Antithrombin deficiency 
Factor V Leiden Gene mutation 
Prothrombin gene mutation 
Lipoprotein (a) 

Homocysteine 
Factor VIII 

Evaluation for the presence of antiphospholipid antibodies: 

Dilute Russel viper venom time (DRVVT) 
Anti-beta-2glycoprotein antibodies (immunoglobin G and M) 
Anticardiolipin antibodies (immunoglobin G and M) 


d. Prosthetic materials: may result in turbulent flow that 
activates platelets. Activated platelets will adhere to 
these “abnormal” artificial vascular surfaces, that is, 
ECMO surface, prosthetic valves, and intravascular 
stents. Again activated platelets and an abnormal vas- 
cular service may result in pathologic thrombus (Hi- 
ll?, 142). 

• Mechanical support: including CPB, ECMO, and ven- 
tricular assist devices have thrombotic risk potential 
despite systemic anticoagulation. The procoagulant 
state may extend beyond the time of decannulation 
(143). Interestingly, all of the above-mentioned risk 
factors including coagulation abnormalities, altered 
blood flow, endothelial damage, and abnormal vascu- 
lar surfaces are operative. 

3. Inflammation and bloodstream infection: 

Tissue factor has been documented to become accessible 
via activated monocytes or endothelial cells when stimu- 
lated by sepsis or through cytokine production during 
inflammation (140,142). In recent clinical studies, sepsis 
was associated with increased thrombus formation espe- 
cially in the presence of an indwelling central venous cath- 
eter (144-146). 

Consequence of Significant Thrombi in Adolescents 
and Children with Cyanotic Heart Disease 

Adolescents and children with cyanotic heart disease are at 
particular risk of devastating complications from both venous 
as well as arterial thrombi. Whereas stroke, limb compromise, 
and pulmonary emboli are the major risks in patients with 
separated circulations, patients with CHD have additional 
life-threatening risks, namely the following: 

1. Occlusion of systemic -to-pulmonary shunts or Fontan cir- 
cuits are both lethal without immediate intervention. 

2. Postcatheterization arterial or venous thrombotic occlu- 
sions may make performance of further essential diagnos- 
tic and/or therapeutic cardiac catheterizations difficult to 
impossible. 

3. Occlusion of large veins of the upper body may make it 
impossible for a single-ventricle patient to go on to a bidi- 
rectional cavopulmonary anastomosis or to a Fontan pal- 
liation, rendering transplant the only long-term option. 


Common Thrombotic Complications in 
Congenital Heart Disease 

Table 75.4 lists the commonly used antiplatelet, anticoagu- 
lant, and thrombolytic therapies and includes mechanisms of 
actions, pharmacokinetics, dosing, monitoring, and reversal. 

Early Postoperative Thromboses 

Patients in the early postoperative period may be at particular 
risk for thrombotic events secondary to effects of CPB (see 
discussion), use of indwelling central lines, immobilization, 
pleural effusions, low cardiac output, and/or intravascular 
depletion. There is evidence that sepsis may further increase 
the thrombotic risk (144,145). 

The presentation of perioperative thrombi may be insidious, 
for example, low-grade fever and/or thrombocytopenia from 
platelet consumption in the thrombus. The diagnosis may be 
equally elusive since thrombi may be missed by routine imag- 
ing (echocardiography or ultrasound) unless there is a high 
degree of suspicion and vigilance in imaging. Areas notorious 
for difficult-to-image thrombi are Fontan baffles/conduits and 
right ventricular outflow tract patches/conduits, both of which 
are often seated anteriorly, limiting noninvasive imaging. 

Although, to date, there are no established guidelines to 
minimize the risk of early postoperative thrombi, it appears 
prudent to 

■ recognize the potential triggers of thrombosis (younger age, 
baseline oxygen saturation <85%, previous thrombosis, 
heart transplantation, use of deep hypothermic circulatory 
arrest, longer cumulative time with central lines, postop- 
erative use of ECMO, immobilization, pleural effusions, 
low cardiac output, intravascular depletion, polycythemia, 
or sepsis) 

■ minimize these risk factors whenever possible (i.e., assess 
the need for central lines daily and removal central lines as 
early as possible, avoid intravascular depletion) 

■ recognize the signs of perioperative thromboses (limb 
edema, ascites, pleural effusions, superior vena cava [SVC] 
syndrome, unexplained desaturation, i.e., from pulmonary 
emboli) 

■ always be suspicious of thrombi in high-risk patients and 
proceed to imaging studies as clinically indicated. 

The efficacy of prophylactic heparin to prevent central 
venous line (CVL) -associated thrombi in children has not been 
established. The PROTEKT trial (147) did not find a benefit to 
using LMWH in preventing CVL-associated thrombi in a gen- 
eral pediatric population. More recently, low-dose, continu- 
ous infusion of uFH was not protective in infants after cardiac 
surgery (148). It is unclear, however, whether subgroups exist 
where such prophylaxis may be beneficial (i.e., CVL in the 
SVC or inferior vena cava [I VC] in children who anticipate a 
cavopulmonary anastomosis procedure in the future, children 
with CVL and concomitant bacteremia, or children with prior 
thrombi or other hypercoagulable risk factors). 

Single Ventricle Population 

Children at each stage of single-ventricle palliation are poten- 
tially at increased risk for thrombotic complications. 

Aortopulmonary Shunts Thrombosis: 

Prevention and Treatment 

An aortopulmonary shunt is often required in infants with 
cyanotic CHD either as palliation to a two-ventricle repair 
(i.e., in Tetralogy of Fallot) or as part of a staged single- 
ventricle palliation as in the Norwood procedure for hypo- 
plastic left heart syndrome. Risk factors for shunt thrombosis 
include dehydration, pleural effusions, shunt distortion, and 
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1 [table 75.4 

Common Antiplatelet, Anticoagulant, and Thrombolytic Therapies Utilized in Pediatric Patients with CHD 


Drug Name 

Mechanism of Action 

Pharmacokinetics 

Dosing 

Therapeutic Monitoring 

Reversal 

ASA 

Irreversibly acetylates cyclo-oxygenase 
impairing platelet prostaglandin metabolism 
and synthesis of thromboxane 

Half-life 15-20 min 

Rapidly absorbed in proximal Gl tract. 
Platelet inhibition achieved in 60 min 

Low dose: 

1-5 mg/kg/d 

None 

Platelet 

transfusion 

Dipyridamole 

Inhibits phosphodiesterase enzymes that 
break down cAMP and block the platelet 
uptake of adenosine 

Half-life 10 h 

Elimination primarily through biliary 
excretion 

2-5 mg/kg divided every 6-8 h 

None 

Platelet 

transfusion 

Clopidogrel 

Irreversibly inhibits ADP-induced platelet 
aggregation 

Half-life 8 h 

Requires hepatic activation 

Platelet inhibition within 2 h of oral dose 

0.2 mg/kg/d 

None 

Platelet 

transfusion 

uFH 

Binds to antithrombin and potentiates 
anticoagulant activity 1,000-fold. The 
heparin/AT complex inactivates factors lla 
(thrombin), Xa, Xla, and Xlla 

Half-life 0.5-2 .5 h 

Age <12 mo 

Bolus 75 U/kg 

28 U/kg/h 

Age>1 y-12 y 

Bolus 75 U/kg 

20 U/kg/h 

Age >12 y 

Bolus 80 U/kg 

18 U/kg/h 

Titrate dose by PTT or anti-Xa level 

PTT: 1.5-3 times control 

uFH anti-Xa level: 0.35-0.7 U/mL 

Protamine sulfate 

LMWH 

(i.e., 

enoxaparin) 

Binds to AT and potentiates anticoagulant 
activity. Same inhibition as uFH but has a 
reduced inhibitory activity against factor lla 
(thrombin) relative to factor Xa 

Half-life 3-6 h 

Renal clearance 

Enoxaparin dosing 

Age <2 mo 

1.5 mg/kg ql 2 h 

Age >2 mo 

1 mg/kg q12 h 

Titrate dose by LMWH anti-Xa peak 
level: 0.5-1 U/mL (drawn 4 h after 
the second orthird dose) 

Protamine sulfate 
(only a partial 
reversal, 70%) 

Bivalirudin 

Inhibition of factor lla (thrombin) by 
reversibly binding the active catalytic and 
substrate binding site 

Half-life 25 min 

Renal clearance is 20% 

Bolus: 

0.125 mg/kg 

Maintenance: 

0.125 mg/kg/h 

Titrate dose by PTT 

PTT: 1.5-3 times control 

None 

Argatroban 

Inhibition of factor lla (thrombin) by 
reversibly binding the active catalytic site 

Half-life 45 min 

Metabolized in liver 

0.75-1 /xg/kg/min 

Titrate dose by PTT 

PTT: 1.5-3 times control 

None 

Warfarin 

Interferes with the cyclic conversion of vitamin 

K through the inhibition of vitamin K epoxide 
reductase. There is a resultant decrease in the 
posttranslational y-carboxylation of vitamin 
K-dependent clotting factors II, VII, IX, and X 
as well as anticoagulant protein C and S 

Half-life 20-60 h 

No loading dose: 

Age 2-10 y 

0.09 mg/kg/d 

Age >12 y 

0.08 mg/kg/d 

Titrate dose by INR 

INR: 2.0-3. 0 

Vitamin K 

Fresh frozen 
plasma 

Tissue 
plasminogen 
activator (tPA) 

Converts plasminogen to plasmin. Plasmin 
cleaves fibrin leading to clot dissolution 

Half-life 5 min 

Systemic thrombolysis: 

Low dose: 

0.03-0.06 mg/kg/h (max 2 mg/h) 

High dose: 

0.1— 0.6 mg/kg/h (max 50 mg/h) 
Reassess at 6 h 

Monitor closely for bleeding. 

Follow CBC, PT, PTT, fibrinogen, 
D-dimer every 4-8 h while on the 
infusion 

An elevated D-dimer and drop in 
fibrinogen is indicative of a lytic state 

None 


AT, antithrombin; PTT, partial thromboplastin time; PT, prothrombin time; INR, international normalized ratio; CBC, complete blood cell count 
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bloodstream infection. Complete or near-complete thrombosis 
of an aortopulmonary shunt is a medical emergency requiring 
prompt recognition, diagnosis, and treatment. 

Most centers recommend the following: 

■ Systemic anticoagulation via immediate administration of 
an intravenous bolus of uFH (50 to 100 U/kg) followed by 
a continuous heparin infusion. 

■ Maneuvers to increase systemic blood pressure thereby 
increasing shunt flow (phenylephrine, epinephrine) 

■ Maximize oxygen delivery and minimize oxygen consump- 
tion (intubation, mechanical ventilation, muscle paralysis) 

Definitive diagnosis is usually made angiographically. 
Occlusion or near-occlusion must be treated expeditiously 
with intravascular stenting, manual shunt manipulation, or 
shunt revisions. ECMO may be necessary for stabilization or 
resuscitation. Systemic thrombolytic therapy is usually not 
used in aortopulmonary shunt occlusion since it may compli- 
cate subsequent emergent catheterization and/or surgery. 

Partial shunt thrombosis presents with unexplained 0 2 
saturations lower than baseline without another etiology. An 
angiogram is usually recommended for confirmation since 
concomitant balloon dilation may be helpful for nonocclusive 
thrombus and stent placement for distortion or kinking at the 
insertion site. (149,150) 

Low-dose aspirin (ASA) has become the standard of care for 
chronic prophylaxis in infants with aortopulmonary shunts. In 
2005, Wells et al. (151) examined 155 polytetrafluoroethyl- 
ene shunts at elective takedown and reported 21% with >50% 
luminal narrowing. Li et al. (152) in 2007 reported the results 
of a multicenter study that evaluated 1-year postoperative 
rates of death, shunt thrombosis, and early stage II operation 
in 1,004 infants. Around 80% received ASA. Event rates were 
38% for the composite end point, 26% for death, and 12% 
for shunt thrombosis. Excluding early postoperative mortality, 
patients receiving ASA had a lower risk of shunt thrombosis 
and death compared with those not receiving ASA. Adding 
clopidogrel to chronic low-dose ASA did not reduce overall 
mortality or shunt-related morbidity in an early report (153). 
Despite chronic ASA therapy, shunt-related morbidity and 
mortality remains high. Investigation into alternative means of 
thrombosis prevention in these high-risk populations is war- 
ranted. 

Bidirectional Glenn Anastomosis 

Few data are currently available regarding the overall incidence 
and risk factors for thrombotic complications after a bidirec- 
tional cavopulmonary anastomosis beyond the early postoper- 
ative period. Certain high-risk groups have been identified and 
include patients with bilateral SVC (low flow in the intercon- 
necting pulmonary artery segment) (154), a blind-ending pul- 
monary artery stump (155), and interrupted inferior vena cava 
with azygous continuation to the SVC (resultant Kawashima 
palliation). (120) Although Odegard et al. (134,156) have 
documented coagulation abnormalities in children post-stage 
II and pre-Fontan, there are no clear recommendations for 
chronic anticoagulation in children after the bidirectional 
Glenn anastomosis or hemi-Fontan operation. Antiplatelet 
therapy may be reasonable although prospective data are lack- 
ing. A few centers are advocating prophylactic anticoagula- 
tion. Clearly more work is needed in this area. At any stage 
in the single ventricle pathway, certain factors, in addition to 
those mentioned above, may put a patient at increased risk 
for thrombosis including flow stasis, ventricular dysfunction, 
previous thrombosis, protein-losing enteropathy, prolonged 
pleural effusions, arrhythmias, prolonged immobilization, 
and/or an abnormal thrombophilia profile. Initiation of pro- 
phylactic anticoagulation therapy or increasing the magnitude 


of antithrombotic therapy (from antiplatelet to anticoagulant) 
may warrant consideration in such circumstances. 

Fontan 

There has been much interest over the past 20 to 30 years 
in thrombosis after the Fontan operation (123,124,127,157- 
164). The incidence of thrombotic complications after the 
Fontan operation has been reported to be 3% to 33% overall 
(1.4 to 3.6 for stroke) depending on the population studied, 
the time from the Fontan procedure, the method of thrombo- 
sis detection, the location of the thrombus investigated (i.e., 
pulmonary embolus vs. cerebral vascular event), or whether 
the study investigated clinically evident or silent thrombi. 
Although these reviews are an important source of observa- 
tional data, their heterogeneous designs limit the ability to 
draw conclusions from which practice guidelines can be gen- 
erated. The following observations, however, can be made: 

■ There appear to be two peaks in the incidence of throm- 
botic complications post-Fontan: early (3 to 6 months 
postoperatively) and late (5 to 10 years after the Fontan) 
(159,161,165). 

■ Thrombi have been identified in systemic venous atrium, 
pulmonary venous atrium, hypoplastic ventricle, ligated 
pulmonary artery stump, extracardiac, lateral tunnel and 
aortopulmonary pathways, silent pulmonary emboli, and 
thrombi in conjunction with HIT. 

■ Identified risk factors for thrombosis include flow stasis, 
ventricular dysfunction, arrhythmias, bilateral bidirectional 
cavopulmonary anastomoses, hypoplastic cardiac cham- 
bers with flow stasis, presence of a blind ended pulmonary 
artery stump, Kawashima connection, history of previous 
thrombosis, protein-losing enteropathy, prolonged pleural 
effusions, and prolonged immobilization. 

There are limited retrospective reviews on the use of pro- 
phylactic anticoagulation after the Fontan operation. Seipelt 
et al. (161) in 2002 concluded that warfarin was indicated 
in patients post-Fontan. Jacobs et al. (123) also in 2002 
concluded that ASA was sufficient prophylaxis although his 
patient population was limited to young children in the early 
post-Fontan years. Kaulitz et al. (127) in 2008 presented a 
retrospective review of a strategy that adjusted antithrombotic 
therapy depending on the development of prothrombotic risk 
factors over time. 

The only published clinical trial to date was reported by 
Monagle et al. (128) in 2011. In this multicenter, randomized 
trial of primary prophylactic anticoagulation after the Fon- 
tan operation, patients were randomized to receive for 2 years 
either warfarin (started within 24 hours of uFH lead-in of 
10 to 20 U/kg/h, target INR 2.0 to 3.0) or ASA (5 mg/kg/ 
day) started as soon as they were able to tolerate oral intake. 
Transthoracic and transesophageal echocardiograms were per- 
formed at 3 and 24 months post-Fontan. There was no differ- 
ence in thrombus detection between the two groups; thrombi 
were identified in 24% of those receiving warfarin and 21% 
of those receiving ASA. All thrombi were venous, 72% were 
detected on routine echocardiogram, and 28% were associ- 
ated with clinical signs/symptoms. Seven of the 25 patients 
had thrombi in multiple locations; 20 within the Fontan 
connection; 4 within the pulmonary arteries; 7 within other 
venous sites. For those receiving warfarin, the mean INR at the 
time of thrombus detection was 2.2. At routine surveillance, 
41% were below target INR and 14% above. Thrombi were 
detected by transthoracic echo in 52% and by transesophageal 
echo in 84%. Thrombi were generally treated with uFH (one 
patient required a thrombolytic agent). Thrombosis recurred 
in 28% despite an increase in the level of anticoagulation after 
the initial thrombotic event. Two patients required operation, 
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one a complicated Fontan revision followed by multiorgan 
failure and death (ASA group) and the other a Fontan take- 
down after initial thrombosis (warfarin group). Although 
there was no difference in the incidence of thrombi in the 
warfarin versus ASA group, the incidence of thrombi in both 
groups was unacceptably high. In addition, the study further 
points out the difficulty with warfarin administration in young 
children with 41% below target INR at routine surveillance 
further emphasizing the need for alternative therapies to both 
warfarin and ASA. It is important to realize, however, that 
this study only evaluated patients during the first 2 years after 
the Fontan. The second peak in thrombosis risk (5 to 10 years 
post-Fontan) warrants rigorous investigation as well. 

Conclusions that can be drawn from the currently available 
data regarding monitoring and prophylaxis of the Fontan 
patient: 

■ Since the risk for thrombotic complications may change 
over time, repeated clinical screening for changes in ana- 
tomic and hemodynamic risk factors appears indicated. 

■ Close monitoring for thrombosis with periodic transthoracic 
echocardiography with focused attention to the identification 
of thrombi should be a part of routine of post-Fontan care. 
Additional imaging modalities (transesophageal echo, CT, 
computed tomography angiography (CTA), MRI, nuclear 
medicine lung perfusion scan, and venography/angiography) 
may be useful in patients with thrombosis suspected clini- 
cally or in whom transthoracic images are suboptimal. 

■ There is growing evidence that certain patients are 
“repeated clotters” and their propensity to thrombosis may 
warrant a higher level of surveillance and possibly a higher 
level of prophylaxis (128). 

■ Antiplatelet therapy for prophylactic long-term anticoagu- 
lation appears reasonable after the Fontan operation. 

■ An increase in the magnitude of antithrombotic therapy 
(change in medication from antiplatelet to anticoagulant or 
higher target levels) may be warranted if anatomic and/or 
hemodynamic risk factors become present. 

■ Further identification of risk factors, patients at particular 
individual risk (“clotters”), alternative agents, as well as 
alternative management strategies are essential. 

Prosthetic Valves 

Prosthetic valves are used in both the atrioventricular and 
semilunar valve positions in children and adolescents with 
both congenital and acquired heart disease. This differs from 
adults with non-CHD where right-sided valve replacement is 
very uncommon. Two classes of valves are available: mechani- 
cal and bioprosthetic. Bioprosthetic valves, also referred to as 
“tissue valves,” are allografts or xenografts (bovine or porcine). 
Mechanical valves have a higher durability but require sys- 
temic anticoagulation, with a higher degree of anticoagulation 
theoretically required on the right side of the heart secondary 
to the lower pressures and the lower flow velocities. Long-term 
systemic anticoagulation is usually not required with biopros- 
thetic valves although they are less durable than mechanical 
valves with rapid deterioration in children especially in the 
aortic and mitral positions. Bioprosthetic valves, however, are 
more durable on the right side compared with the left side of 
the heart. Based on the above observations, mechanical valves 
are usually used in the mitral position and bioprosthetic valves 
on the pulmonary side. Since systemic anticoagulation with a 
vitamin K antagonist (VKA), most commonly warfarin, is dif- 
ficult especially in young children, a few centers are attempt- 
ing bioprosthetic valves in the mitral position in the hope that 
medium-term anticoagulation will not be necessary and the 
valve may last long enough until upsizing is needed at an older 
age when a mechanical valve may be more feasible. 


Despite prescribed anticoagulation with warfarin, patients 
with mechanical valves are still at increased risk for both 
bleeding and clotting. A single, prospective, multicenter study 
of children <5 years of age at mitral valve replacement with a 
mechanical prosthesis (average follow-up 6.2 years, no time to 
event analysis) reported thrombotic events in 3% and stroke 
in 2% (target and achieved INRs were not reported) (166). 
The risk for thrombotic complications is less with mechanical 
aortic valves. Several retrospective studies in pediatric patients 
report the risk of thrombotic complications as 0% to 1.3% 
per patient per year and the risk of bleeding as 0% to 2.3% 
per patient per year (167-178). Tricuspid valve replacement is 
rare with Ebstein anomaly the most common indication and 
bioprosthetic valves most commonly employed. Mechanical 
valves are rarely used in the tricuspid position, and when they 
are used, an increased level of anticoagulation has been rec- 
ommended because of the decreased flow velocity. Although 
reports are limited and mainly in adults, the risk of throm- 
bosis appears to be high despite anticoagulation. One study 
reported a 2.9% per patient per year risk of valve thrombosis 
despite target INR of 2.0 to 3.0 (179). Another study in adult 
patients only reported a 15.4% incidence of tricuspid valve 
thrombosis despite a target INR of 2.5 to 3.5 with a mean 
follow-up of 7.9 years (180). 

Bioprosthetic valves in the pulmonary position have a low 
risk for thrombosis and essentially no risk for systemic emboli- 
zation. There are no data to support systemic anticoagulation 
for a bioprosthetic valve in the pulmonary position. As dis- 
cussed above, tricuspid valve replacement is rare, with Ebstein 
anomaly being the most common indication. Although bio- 
prosthetic valves are more commonly used in this situation, 
reports from a large experience at the Mayo Clinic recommend 
anticoagulation with a VKA for 3 to 6 months postoperatively 
(target INR 2.0 to 3.0) and lifelong with ASA (181-183). 

Since there is a paucity of data on the efficacy and safety 
of anticoagulation strategies for prosthetic valves in children 
and adolescents, most centers and experts in the field follow 
the guidelines established for adults by the American College 
of Cardiology and the American Heart Association revised in 
2008 (114,184) and those of the American College of Chest 
Physicians published that same year (185). Prophylactic anti- 
coagulation guidelines for adults with prosthetic aortic and 
mitral valves are outlined in Table 75.5. Although not com- 
mon practice in pediatrics, these guidelines recommend low- 
dose ASA in addition to therapeutic warfarin for patients with 
mechanical valves and for those with bioprosthetic valves who 
have risk factors. Warfarin is currently the mainstay of pro- 
phylactic therapy for mechanical valves, although stable, long- 
term anticoagulation is difficult especially in children because 
several medications are taken concomitantly and certain food 
may enhance or diminish the anticoagulant effect. In addition, 
the anticoagulant effect may be altered by intercurrent illness. 
Although enoxaparin (a LMWH) is an attractive alternative 
because of its ease in monitoring, to date, its use in prophy- 
laxis for mechanical valves has been limited as an adjunct to 
bridge therapy when warfarin is stopped for an invasive pro- 
cedure (184,186) and in pregnant women secondary to the 
teratogenic potential of warfarin (186-189). 

Complete or near complete thrombosis of a prosthetic 
valve is a medical emergency, although small thrombi may 
result in no signs or symptoms. Infants are generally at higher 
risk of prosthetic valve thrombosis because of the smaller 
size of the prosthesis further complicated by the difficulties in 
achieving stable anticoagulation with warfarin therapy. Partial 
valve occlusion should be suspected in children with signs of 
low cardiac output, respiratory distress, hepatomegaly, pleural 
effusions, and/or pulmonary edema. Transesophageal echocar- 
diography may reveal an increased inflow gradient across the 
valve and decreased leaflet mobility. Thrombi may be more 
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TABLE 75.5 


Recommendations for Antithrombotic Therapy in Patients 
with Prosthetic Heart Valves 



ASA 

(75-100 mg) 

Warfarin 
(INR 2. 0-3.0) 

Warfarin 
(INR 2. 5-3. 5) 

No Warfarin 

Mechanical prosthetic valves 

AVR — low risk 

<3 mo 

Class 1 

Class 1 

Class 1 la 


>3 mo 

Class 1 

Class 1 



AVR — high risk 

Class 1 


Class 1 


MVR 

Class 1 


Class 1 


Biological prosthetic valves 

AVR — low risk 

<3 mo 

Class 1 

Class 1 la 


Class Mb 

>3 mo 

Class 1 



Class 1 la 

AVR — high risk 

Class 1 

Class 1 



MVR — low risk 

<3 mo 

Class 1 

Class 1 la 



>3 mo 

Class 1 



Class 1 la 

MVR — high risk 

Class 1 

Class 1 




Depending on patients' clinical status, antithrombotic therapy must be individualized (see special situations in text). In patients 
receiving warfarin, ASA is recommended in virtually all situations. Risk factors: atrial fibrillation, left ventricular dysfunction, previous 
thromboembolism, and hypercoagulable condition. INR should be maintained between 2.5 and 3.5 for aortic disc valves and 
Starr-Edwards valves. 

Modified from McAnulty JH, Rahimtoola $H Antithrombotic therapy in valvular heart disease. In: Schlant R, Alexander RW, eds. 
Hurst's The Heart. New York, NY: McGraw-Hill, 1998:1867-1874(934). 

AVR, aortic valve replacement; MVR, mitral valve replacement. 


easily visualized with transesophageal echocardiography. 
Fluoroscopy is often used to evaluate valve motion and may be 
diagnostic as well. Therapy depends on the extent of the throm- 
bus (clot burden) and the compromise to the patient. Small, 
nonobstructive thrombi are often managed with an increase in 
anticoagulation, close monitoring, and reevaluation. Throm- 
bolytic therapy and/or operative exploration (thrombectomy 
or valve replacement) are required for larger thrombi resulting 
in hemodynamic compromise. Results of thrombolytic therapy 
in children mirror those in adults with an approximate 75% 
success rate and 25% incidence of complications including 
bleeding, thromboembolism, reoperation, and death (190- 
197). Management guidelines for valve thrombosis in children 
are taken from the adult experience and the reader is referred 
to the American College of Cardiology/American Heart Asso- 
ciation Guidelines for Management of Patients with Valvular 
Heart Disease (114,184) and the American College of Chest 
Physicians Evidence-Based Clinical Practice Guidelines (8th 
Edition) (185,198). 

Arrhythmias 

Concerns for thrombosis in children with arrhythmias focus 
on three areas: atrial arrhythmias especially intra-atrial reen- 
trant tachycardia/atrial flutter/atrial fibrillation, pacemakers/ 
internal cardiac defibrillators, and electrophysiologic studies/ 
catheter ablation procedures. Comprehensive practice guide- 
lines for atrial fibrillation in adults were published in 2006 as 
a joint effort of the American College of Cardiology, American 
Heart Association, and the European Society of Cardiology 
(115). An extensive literature exists regarding arrhythmia and 


pacemaker-related thrombosis in both adults and children and 
is beyond the scope of this chapter. 

Acquired Heart Disease 

The two acquired heart diseases with known increased throm- 
botic risk are coronary involvement associated with Kawasaki 
disease and cardiomyopathy/myocarditis. 

Kawasaki Disease 

During the inflammatory phase of Kawasaki disease, two 
processes increase the risk of thrombus formation: vasculitis- 
induced endothelial injury to the coronary arteries and 
an increase in platelet quantity and activation. Later in the 
course, if coronary aneurysms form, especially giant coro- 
nary aneurysms 8 mm or greater, there is an increased risk 
of thrombus formation within the aneurysms secondary to 
low coronary blood flow velocities and relative stasis in addi- 
tion to the endothelial injury and activated platelets. This 
risk is highest in the first 6 months of the disease. An exten- 
sive literature exists on the pathogenesis and natural history 
of Kawasaki disease and the diagnosis and management of 
thrombotic complications and is beyond the scope of this 
chapter (see Chapter 59). Recommendations for thrombosis 
prevention are outlined in the American Heart Association 
2004 scientific statement, “Diagnosis, Treatment, and Long- 
term Management of Kawasaki disease: a Statement for 
Health Professionals from the Committee on Rheumatic Fever, 
Endocarditis and Kawasaki Disease, Council on Cardiovascu- 
lar Disease in the Young, American Heart Association” (104) 
as well as in the 2008 American College of Chest Physicians 
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Evidence-Based Clinical Practice Guidelines, Antithrombotic 
Therapy in Infants and Children (199). 

Cardiomyopathy/Myocarditis 

Children and adolescents with cardiomyopathy including 
myocarditis are at risk for intracavitary thrombus forma- 
tion secondary to stasis, regional wall motion abnormalities, 
endothelial dysfunction, and/or arrhythmias. The LV is the 
most common site although thrombi have been documented in 
the atria, right ventricle, systemic, and pulmonary vessels. Prev- 
alence has been reported from 14% to 16% in moderate-sized 
pediatric series and thrombi have been identified in patients 
despite systemic prophylactic anticoagulation (112,113,200- 
204). Data are limited from which to generate management 
guidelines regarding antithrombotic prophylaxis, diagnosis, 
and treatment in the pediatric population. Limited guidelines 
are outlined in 2008 American College of Chest Physicians 
Evidence-Based Clinical Practice Guidelines, Antithrombotic 
Therapy in Infants and Children (199). 

Cardiac Catheterization 

The risk for thrombotic complications associated with cardiac 
catheterization is a known concern in pediatric cardiology that 
has generated a substantial literature and is beyond the scope 
of this chapter (see Chapters 12 and 13). The areas of major 
interest are thromboprophylaxis during diagnostic and inter- 
ventional cardiac catheterization, postprocedure prophylaxis 
for intravascularly placed stents and occlusion devices, and 
management of catheterization-related vascular thrombosis. 

Bridging Therapy 

The question frequently arises concerning the discontinuation 
of anticoagulation in the event of an upcoming invasive pro- 
cedure (operation, dental work, catheterization). Two factors 
should be considered: (a) the risk of thrombus during cessation 
of anticoagulation and (b) the potential of bleeding during the 
procedure (i.e., at what level of anticoagulation is the provider 
comfortable that the risk of bleeding will be acceptable). The 
options are as follows: 

■ Perform the procedure without interruption in anticoagula- 
tion. (Usually employed when the risk of bleeding is low.) 

■ Stop the warfarin 48 to 72 hours before the procedure 
(INR anticipated to fall to about 1.5). Restart the warfarin 
within 24 hours of the procedure without a heparin bridge. 
(Usually employed when the risk of thrombosis is low.) 

■ Stop the warfarin typically 48 hours before the procedure. 
Begin UFH when the INR falls below 2.0 and discontinue 
it 4 to 6 hours before the procedure. Restart heparin after 
the operation as soon as the risk of bleeding is determined 
to be low. Restart the warfarin and continue the heparin 
until target INR is reached. (Usually employed when the 
risk of thrombosis is high and the risk of bleeding during 
the procedure is also high.) 

Guidelines for the management of warfarin during invasive 
procedures in adults with prosthetic valves is well established 
(184). Guidelines for the management of anticoagulation dur- 
ing invasive procedures in children with prosthetic valves as 
well as those anticoagulated for other reasons and with other 
agents (i.e., LMWH) have been extrapolated from these adult 
valve guidelines. 

In an emergency situation when there is no time to wait for 
the INR to fall, the adult guidelines state that it is reasonable 
to give FFP prior to an invasive procedure in patients with a 
mechanical valve (class Ha, level of evidence B). These guide- 
lines state that high-dose vitamin K should not be given to 
patients with a mechanical valve since a hypercoagulable state 
may be potentiated (class III, level of evidence B) (184,205). 


Thrombolytic Therapy in Children and 
Adolescents with Heart Disease 

Local and systemic thrombolytic therapy has been used exten- 
sively in children and adolescents with heart disease and 
thrombotic complications. 

The strongest indication for thrombolytic therapy includes 
either a life- or limb-threatening thrombotic event. Significant 
bleeding (including intracranial hemorrhage) and thromboem- 
bolism are known complications of thrombolysis. The highest 
risk of bleeding from thrombolytic therapy is seen in preterm 
infants. When possible, the expertise of a pediatric hema- 
tologist should be sought. Contraindications to thrombolytic 
therapy need to be considered including active bleeding, an 
inability to maintain the platelet count >75,000//dL or fibrino- 
gen >100 mg/dL, a major surgery or site of hemorrhage within 
7 to 10 days, seizures within 48 hours, central nervous system 
surgery/ischemia/trauma/hemorrhage within 30 days, preterm 
infant <32 weeks, or uncontrolled hypertension. While these 
contraindications are neither absolute nor evidence-based for 
every individual, the relative risks of thrombolytic therapy 
should be weighed against the potential benefits. 

When instituting thrombolytic therapy, baseline labora- 
tory values should be obtained (CBC, PT, PTT, fibrinogen, and 
D-dimer) prior to therapy and followed every 4 to 6 hours 
during therapy. An increase in the D-dimer and a drop in 
the fibrinogen level are indicative of a “lytic” state. To mini- 
mize the risk of bleeding, if the fibrinogen level drops below 
100 mg/dL, consider either holding thrombolytic therapy or 
infusing cryoprecipitate as an external source of fibrinogen. 
The platelet count should be kept >75,000//xL. A head ultra- 
sound should be obtained in all infants prior to thrombolytic 
therapy and FFP infusion should be considered to increase the 
infant’s plasminogen level (normally decreased in infants) to 
ensure the effectiveness of the thrombolytic therapy. Tissue 
plasminogen activator is currently the only thrombolytic agent 
available; Table 75.4 provides further information regarding 
mechanism of action and dosing. Concomitant low-dose hepa- 
rin is often employed. 

Future Directions 

The Manuscript Oversight Committee of the American Heart 
Association has approved preparation of a scientific state- 
ment by an expert panel on the prevention and treatment of 
thrombosis in children and adults with CHD and in children 
with acquired heart disease (in review) (206). This statement 
includes an extensive review of thrombotic concerns in chil- 
dren and adolescents with single ventricle anatomy, prosthetic 
valves, arrhythmias, cardiac catheterization, and acquired 
heart disease (Kawasaki disease and cardiomyopathy/myo- 
carditis) and includes graded recommendations based on cur- 
rently available data. It is the anticipation of the writing group 
that this work will serve as a springboard for the much needed 
research on the etiology, risk factors, prevention, and treat- 
ment of thromboses in children and adolescents with heart 
disease. 
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U ltimately, the goals of pediatric research and clinical care 
are to maximize health and minimize symptomatology, 
disability, and dysfunction that may impact the lives of chil- 
dren with acute and chronic disease processes. Over the last 
several decades, new surgical techniques and advances in car- 
diopulmonary bypass, intensive care, interventional cardiac 
catheterization, noninvasive imaging, and medical therapies 
have significantly lowered neonatal mortality rates for chil- 
dren with the most complex congenital heart disease (CHD) 
(e.g., hypoplastic left heart disease) to <10% (1). In addition, 
cardiac-related mortality in patients with congenital and ac- 
quired heart disease has diminished significantly during the 
first two decades of life (2,3). Although survival rates vary 
by disease complexity, long-term survival (>20 years) rates for 
children with heart disease are estimated to be 95% for simple 
CHD, 90% for moderate CHD, and 80% for complex CHD 
in the current era (3). 

Despite these advances, however, survivors suffer from 
morbidity resulting from their circulatory abnormalities and 
the medical and surgical therapies they have received. These 
morbidities significantly impact the child’s neurodevelopmen- 
tal (4-6), psychosocial (7—9), and physical (10-12) functioning 
and diminish their quality of life (QOL) (Fig. 76.1). Given the 
high incidence of functional impairment in the pediatric cardiac 
population, there has been a paradigm shift in clinical research 
from short-term mortality prevention to long-term morbidity 
assessment. As a result, outcome assessment focusing on QOL 
has become increasingly important in this high-risk population. 

QOL may be described as a child’s ability to function in 
situational contexts (family, school, and peer) and derive 
personal satisfaction from doing so (13-1 5). The multidimen- 
sional construct of QOL is thought to include three essential 
domains: physical health status and physical functioning, psy- 
chological status, and social functioning (Fig. 76.2) (13-15). 
QOL measurement provides a comprehensive description of 
an individual’s health, may result in the identification of physi- 
cal, functional, and psychosocial dysfunction, and is a critical 
component of the evaluation of long-term outcomes of chronic 
conditions and disease-specific therapies. 

This paper delineates health measurement definitions 
including QOL and health-related QOL (HRQOL), identifies 
inherent difficulties in HRQOL measurement in the pediatric 
heart disease population, and discusses salient aspects of 
HRQOL instrument evaluation. In addition, it describes exist- 
ing generic and disease-specific HRQOL measures that may be 
used to assess HRQOL in the pediatric heart disease popula- 
tion, what research on HRQOL in the pediatric heart disease 
population has shown, and the extent to which HRQOL eval- 
uations are being fully utilized in clinical practice. Finally, a 
research and clinical agenda is proposed to harness the poten- 
tial applications of HRQOL assessment. 


HEALTH MEASUREMENT DEFINITIONS: 
QOL AND HRQOL 


There are many ways to define “health.” While the differences 
in meaning between various attributes of health may be subtle, 
the differences are important and have significant implications 
as to how clinical and research data are interpreted and find- 
ings incorporated into how we care for children with chronic 
disease. Health has been defined by the World Health Organ- 
ization as “a state of complete physical, mental, and social 
well-being and not merely the absence of disease or infirmity” 
(16). Indeed it was this initial definition of health that gave rise 
to the concept of QOL. Health status , which impacts QOL, 
may be thought of as a child’s level of wellness versus illness, 
describing the impact of physiologic dysfunction, symptom 
burden, and/or level of illness control. Alternatively, func- 
tional status is defined as an individual’s ability to perform 
activities of daily living, meet basic needs, fulfill roles, and 
maintain health and well-being within the context of various 
life situations (17). Functional status is often affected by 
health status and has a significant impact on QOL. However, 
it is HRQOL, a more specific description of QOL, which is 
the most relevant construct relative to clinical and research 
data assessing outcomes and the provision of comprehensive 
clinical care of children and adolescents with chronic illness or 
injury (18). HRQOL is defined as the influence of a specific 
illness, medical therapy, or health services policy on the ability 
of the patient to both function in and derive personal satisfac- 
tion from various physical, psychological, and social life con- 
texts (19). For the purposes of this manuscript all references to 
QOL, hereafter, refer specifically to HRQOL. 

Evaluating HRQOL is important because it allows for 
better communication among patients, parents, and health 
care providers; prioritization of problems based partially on 
patient and/or parent preference; the monitoring of changes 
over time or in response to a specific therapy; and screen- 
ing for other significant physical and psychosocial problems 

(20) . HRQOL measurement has emerged as a high priority 
not only for patients and their families and medical caregiv- 
ers but also for the National Institutes of Health (NIH), Food 
and Drug Administration (FDA), and insurance providers 

(21) . The NIH’s Patient-Reported Outcomes Measurement 
Information System, part of the NIH Roadmap, is a multi- 
million dollar effort devoted in part to improving HRQOL 
(22-27). The FDA recognized the importance of such patient- 
reported outcomes by issuing guidance to industry on the use 
of such outcomes in clinical trials in support of medical prod- 
uct claims (28). A better understanding of the perceptions of 
HRQOL among patients with heart disease and their parents 
and health care providers may improve treatment and patient 
outcome (29,30) and enhance the ability to perform important 
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Figure 76.1. The relationship between heart disease-related morbidity factors and QOL. (From Marino BS, Uzark 
K, Ittenbach I, et al. Evaluation of quality of life in children with heart disease. Prog Ped Cardiol 2010;29:131-138, 
with permission.) 


prospective cross-sectional, cohort, and randomized clinical 
trials to improve patient outcome. Despite the known 
advantages, assessment of HRQOL in the pediatric cardiac 
population is lacking. 

Measurement of HRQOL in patients with congenital and 
acquired heart disease has been limited over the last 25 years. 
Moons et al. (31) noted that only 1 in 70 outcome studies pub- 
lished between 1980 and 2003 that purported to assess HRQOL 
in pediatric cardiac patients actually measured the patients’ per- 
ceived HRQOL. In addition, more than half of the 70 articles 
did not meet any of the ten critical appraisal criteria for HRQOL 
research studies advocated by Gill and Feinstein in JAMA in 
1994 (32). The lack of rigorous research on HRQOL in the 
pediatric heart disease population is not surprising given the 
inherent difficulties of measuring HRQOL in this population. 


INHERENT DIFFICULTIES OF HRQOL 
EVALUATION IN THE PEDIATRIC HEART 
DISEASE POPULATION 

HRQOL assessment in the pediatric population is challenging 
due to the wide age range and the changing developmental 
capabilities of the patients as they age. HRQOL assessment in 
the pediatric cardiac population is further complicated by the 

Physical Health Status Social 

and Physical Functioning Functioning 



Figure 76.2. Definition of quality of life. (From Marino BS, 
Uzark K, Ittenbach I, Drotar D. Evaluation of quality of life in 
children with heart disease. Prog Ped Cardiol 2010;29:131-138, 
with permission.) 


variety of congenital and acquired diseases, varying levels of 
severity, the array of therapeutic modalities that may be utilized 
to treat the patient (medical, surgical, and interventional), and 
the spectrum of outcomes. Similar to other pediatric chronic 
diseases, there may be variation in the perceived impact of heart 
disease on HRQOL, since many of the patients have always 
had heart disease (as in CHD) while others have been diag- 
nosed with heart disease at an age when they were aware of the 
acute change in their health status (as in acquired heart disease). 

Patient-family interactions are critical in QOL assessment, 
and the role of proxy reporting (parent/guardian) and cross 
informant variance is often debated (33). It has been exten- 
sively documented that HRQOL measurement in children 
with chronic health conditions and healthy children provided 
by proxy respondents is not equivalent to that reported by the 
child (34,35). These findings indicate that proxy reports can- 
not be substituted for child self-reports (36) and evaluations 
of pediatric cardiac patients’ perspectives regarding treatment 
outcome should be included in pediatric clinical care and clini- 
cal trials given the documented differences between child and 
proxy reports. While pediatric patient self-report should be con- 
sidered the standard for measuring patient-perceived HRQOL 
(37), there may be situations when the child is too young, 
too cognitively impaired, or too ill to complete an HRQOL 
instrument, and proxy reporting may be required. Further, it 
is typically parents’ perceptions of their child’s HRQOL that 
influences health care use (38,39). Ideally, parent and child 
QOL instruments that measure the perspectives of both the 
child and proxy reporter with the same constructs and paral- 
lel items to make comparisons between self and proxy reports 
more informative and useful should be chosen (40). As noted 
by Moons et al. (31) most research studies assessing HRQOL 
in children with heart disease have only assessed proxy report- 
ers (parents/guardians) and ignored the HRQOL perceptions 
of the child. Studies of the cognitive development in children, 
psychometric studies on pediatric QOL measures that have 
included child self-reporting, and cognitive interviewing stud- 
ies on children’s abilities to respond to questionnaires indicate 
that self-reports from children over 7 years of age are reliable 
and valid (41). Both patients and their parents provide impor- 
tant information, even though they may vary or even disagree 
significantly with one another. It may be that understanding 
the differences in perception of HRQOL between patients, 
their parent/guardians, and medical caregivers is more impor- 
tant and informative than perceived agreement (30). 

In addition to assessment issues related to the pediatric 
population in general and the pediatric heart disease popu- 
lation specifically, issues related to cultural and demographic 
variables (culture, race, ethnicity, income) affect HRQOL 
assessment in both pediatric and adult respondents. Culture, 
race, ethnicity, and income have critical influences on HRQOL 
measurement relative to the values that are attributed to various 
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health states by children and their parents, the language in 
which health is described by children and their families, and 
the perceived functional impact of symptoms and changes in 
health states (42). 


HRQOL INSTRUMENT EVALUATION 


When measuring HRQOL, it is important to be clear on 
whether the goal of the application is to assess HRQOL, 
functional status, or both. These measures of health are dis- 
tinct constructs and are often confused with each other; note 
prior definitions. When assessing either HRQOL or functional 
status for research and clinical application, specific aspects 
of instrument selection (Tables 76.1 and 76.2), validation 
(Table 76.3), and availability (Table 76.4) must be considered. 

When selecting an instrument, it is important to note the 
instrument type, the specific construct that will be assessed, 
desired respondent type(s), patient and proxy reporter age 
range(s), and the domains to be assessed (Table 76.1). When 
selecting a specific form from within an instrument grouping, 
the number of items in the tool and the average completion time 
should be considered as it may impact the feasibility of com- 
pleting the research project or clinical application (Table 76.2). 

Both generic and disease-specific instruments exist that may 
be used to measure HRQOL or functional status in the pedi- 
atric heart disease population (43-49). Whether generic or 
disease specific, the “ideal” QOL measure will have a patient 
self-reporting mechanism with parent/guardian proxy report- 
ing and a wide age range, be easily self-administered in a rea- 
sonable timeframe, and have an array of relevant constructs to 
describe and measure HRQOL or functional status. Generic 
HRQOL or functional status measures assess these constructs 
in both healthy children and in children with chronic disease. 
They may be used to compare various chronic disease groups 
or chronic disease groups and healthy controls. Disease- 
specific instruments assess HRQOL in a particular condition 
or disease, may be more comprehensive for a specific disease, 
and may be a better discriminator of differences between 
subgroups within a disease category. Disease-specific pedi- 
atric cardiac HRQOL instruments may provide new, critical 
information on the outcome of present and future interven- 
tional catheterization and cardiac surgical procedures in the 
short and long term and may be utilized for randomized clini- 
cal trials for cardiovascular drugs and new technologies and 
interventions. In addition, a disease-specific pediatric cardiac 
HRQOL instrument may define changes in HRQOL over time 
(evaluative tool), predict future changes in HRQOL (prognos- 
tic tool), and signal new problems or issues that might not be 
noted by traditional biologic markers (diagnostic tool). 

Assessing prior validation data on a given HRQOL or 
functional status instrument is central to the instrument eval- 
uation process (Table 76.3). When assessing validation of a 
given instrument, four specific questions relative to the psy- 
chometric properties of the instrument should be asked: (a) 
Has the instrument been shown to be reliable in the patient 
population being studied?, (b) Has the instrument been shown 
to be internally valid in the patient population being studied?, 
(c) Has the instrument been shown to be externally valid in 
the patient population to be studied?, (d) If the study is assess- 
ing change over time or the impact of an intervention, has the 
instrument been shown to be responsive in the patient popula- 
tion to be studied? 

All psychometric instruments must be shown to be reliable 
before validity and responsiveness may be considered (50). An 
“unreliable instrument” cannot be deemed valid or responsive. 
Demonstrating reliability involves assessing score “reproduci- 
bility” through internal consistency measurement (Cronbach a) 


and comparing scores on the same patient at two distinct points 
in time with an appropriate interval between them to minimize 
recall bias (test-retest reliability). Validity testing of a psycho- 
metric scale is an ongoing, evidence-based process that assesses 
the degree of confidence that one should have in inferences 
made about a test taker based on their score. Assessing validity 
is often divided into the domains of “internal” and “external” 
construct validity (51-53). “Internal validity” (50-52,54) may 
be thought of as an assessment of content validity and structural 
validity, which includes assessment of the theoretical conceptu- 
alization of the respective instrument; the clarity, relevance, and 
representativeness of the item content; and tool construction. In 
contrast, establishing “external validity” requires demonstrat- 
ing convergent and discriminant construct validity and “gen- 
eralizability” (51,52,55). “Generalizability” may be defined 
as the ability of a tool to provide valid and reliable informa- 
tion when utilized in different geographic regions and patient 
populations (52). Generalizable tools allow researchers to have 
confidence that data collected from multiple sites and regions 
are comparable. Substantiation of the “generalizability” part of 
external validity enables a HRQOL instrument to be used for 
clinical applications and multicenter research that may serve as 
a platform for future multisite cross-sectional and prospective 
studies using HRQOL as an outcome. Responsiveness describes 
the ability of the HRQOL or functional status instrument to 
be sensitive to change in score after intervention or if there is 
meaningful change in score over time (50). Having a respon- 
sive instrument allows the investigator to note differences in 
HRQOL based on a specific intervention or treatment strategy, 
which is critical to assessing all potential interventions in a given 
disease population. In addition, a responsive tool will allow the 
clinician or researcher to see changes in HRQOL over time as 
a patient’s health status or functional status worsens. Having a 
responsive instrument is critical to any interventional agenda or 
follow-up program for any given chronic disease population. 


EXISTING GENERIC AND DISEASE-SPECIFIC 
HRQOL MEASURES THAT MAY BE USED TO 
ASSESS HRQOL IN THE PEDIATRIC HEART 
DISEASE POPULATION 

Both the PedsQL 4.0 Cores scales, a generic HRQOL meas- 
ure, and the Child Health Questionnaire (CHQ), a generic 
functional status measure, have patient and proxy reporting, 
wide age range, and may be administered in a reasonable time- 
frame. In addition, these commercially available tools have 
been shown to be reliable and internally and externally valid, 
and responsive in the United States and many other countries 
after language translation (Tables 76.1 through 76.4) (43,44). 
Five disease-specific pediatric cardiac HRQOL instruments 
have been previously described (45-49). The CHD-TNO/ 
AZL Adult QOL (CHD-TAAQOL) questionnaire is a disease- 
specific instrument that assesses HRQOL in young adults with 
CHD (45). The PedsQL 3.0 Cardiac Module (46), Congenital 
Heart Adolescent and Teenager Questionnaire (CHAT) (47), 
ConQol (48), and Pediatric Cardiac Quality-of-Life Inventory 
(PCQLI) (49) measure HRQOL in the pediatric cardiac popu- 
lation. Instrument availability (form specific authorization 
requirements, user costs, and available language translations) 
are shown in Table 76.4. The PedsQL 3.0 Cardiac Module 
(46), created and validated by Uzark et al. at a single site, was 
a critical and important step forward in the objective assess- 
ment of HRQOL in children with heart disease. The PedsQL 
3.0 Cardiac Module has been shown to be reliable, internally 
and externally valid. The 27-item PedsQL Cardiac Module 
encompasses six Scales: Heart Problems and Treatment; 
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TABLE 76.1 


Instrument Selection: Constructs, Respondent Types, and Domains 


Instrument 

Type 

Instrument 

Construct 

Measured 

Respondent 

Type 

Age Range 
(years) 

Domain(s) 

Generic 

CHQ (43) 

Functional 

status 

Self-report 

Proxy report 3 

10-18 

5-18 

Physical functioning, 
Role/Social emotional, 
Role/social behavioral, 
Role/social physical, 

Bodily pain. 

General behavior, 

Mental health, 

Self-esteem, 

General health perceptions, 
Change in health, 

Family activities, 

Family cohesiveness, 
Parental impact-time. 
Parental impact-emotional* 


PedsQL 4.0 

General Core 
Scales (33) 

HRQOL 

Self-report 

Proxy report 

5-7,8-12,13-18, 

19-25 

2-4, 5-7, 8-12, 
13-18 

Physical, 

Emotional, 

Social, 

School 

Disease^ 

Specific 

(CHD) 

CHAT (47) 

HRQOL 

Self-report 

11-18 

Physical symptoms, 

Physical limitations, 
Limitations of physical 
education at school, 

Social limitations. 

External pressures, 
Concerns (general, social, 
educational, physical, total) 


ConQol (48) 

HRQOL 

Self-report 

8-11,12-16 

Symptoms, 

Activities, 

Relationships, 

Coping and control 


CHD-TAAQOL 

(45) 

HRQOL 

Self-report 

17-32 

Symptoms, 

Impact cardiac surveillance, 
Worries 

Disease- 
Specific (HD) 

PCQLI (49) 

HRQOL 

Self-report 

Proxy report 

8-12,13-18 

8-12,13-18 

Disease impact (physical) 
Psychosocial impact 


PedsQL 3.0 

Cardiac Module 
(46) 

HRQOL 

Self-report 

Proxy report 

5-7 e , 8-12,13-18 
2-4, 5-7,8-12, 

13-18 

Heart problems (symptoms) 
Treatment (barriers) 
Perceived physical 
appearance 

Treatment anxiety 

Cognitive problems 
Communication 


s Proxy reports are for parents, guardians, or primary home care providers of patients. 

6 The CHQ domain lists include both those for the patient and proxy reporter. Domain differences between patient and proxy report forms include the Parental Impact-Time, 
and Parental Impact-Emotional domains may only be found in the proxy form; the domains Role/Social-Emotional and Role/Social-Behavioral from the self report form are 
combined into one domain, Role/Social Emotional/Behavior in the proxy form; the listed domains except for Change in Health, Family Activities, and Family Cohesiveness 
create the Physical and Psychosocial summary scores for the Proxy Report Forms (CHQ-PF50 and CHQ-PF28) only. 

“The Physical domain makes up the Physical Health Summary Score, while the Emotional, Social, and School domains make up the Psychosocial Summary Score. 
rf For adolescents 12-16 years old only. 

‘Reliability of the PedsQL 3.0 Cardiac Module Young Child self-report Form for ages 5-7 years has not been established (ranged from 0.35 to 0.83). 

CHAT, Congenital Heart Adolescent and Teenage questionnaire; CHQ, Child Health Questionnaire; PCQLI, Pediatric Cardiac Quality of Life Inventory; PedsQL, Pediatric Quality 
of Life Inventory 4.0; UK, United Kingdom; USA, United States of America. 

From Marino BS, Uzark K, Ittenbach I, Drotar D. Evaluation of quality of life in children with heart disease. Prog Ped Cardiol 2010;29:131-138, with permission. 
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TABLE 76.2 


Instrument Selection: Forms 


Instrument Respondent Type/ Age Completion 

Type instrument Name Range [years] Items (#) Time (minutes) 


Generic 

CHQ 

CHQ-CF87 

Child/adolescent [10-18] 

87 

25 



CHQ-PF50 

Parent proxy [5-18] 

50 

15 



CHQ-PF28 

Parent proxy [5-18] 

28 

10 


PedsQL 4.0 
General Core 
Scales 

Young Child Report 

Child Report 

Teen Report 

Young Adult Report 

Young child [5-7] 

Child [8-12] 

Teen [13-18] 

Young adult [19-25] 

23 

10 



Parent of Toddler Report 
Parent of Young Child Report 
Parent of Child Report 

Parent of Teen Report 

Parent proxy [2-4] 

Parent proxy [5-7] 

Parent proxy [8-12] 

Parent proxy [13-18] 

23 

10 

Disease- 
Specific (CHD) 

CHAT 

CHAT Questionnaire 

Adolescent [11-18] 

53 

20-30 


ConQol 

ConQol 8-11 

Child [8-11] 

29 

10 



ConQol 12-16 

Adolescent [12-16] 

35 

10 


CHD-TAAQ0L 

CHD-TAAQ0L Questionnaire 

Young adult [17-32] 

26 

10 

Disease- 
Specific (HD) 

PCQLI 

Child Form 

Child [8-12] 

24 

10 



Adolescent Form 

Adolescent [13-18] 

30 

10 



Parent of Child Form 

Parent proxy [8-12] 

24 

10 



Parent of Adolescent Form 

Parent proxy [13-18] 

30 

10 


PedsQL 3.0 
Cardiac Module 

Young Child Report 

Child Report 

Adolescent Report 

Young child [5-7] 

Child [8-12] 

Adolescent [13-18] 

27 

10 



Parent of Toddler Report 
Parent of Young Child Report 
Parent of Child Report 

Parent of Teen Report 

Parent proxy [2-4] 

Parent proxy [5-7] 

Parent proxy [8-12] 

Parent proxy [13-18] 

27 

10 


CHAT, Congenital Heart Adolescent and Teenage questionnaire; CHQ, Child Health Questionnaire, PCQLI, Pediatric Cardiac Quality-of-Life Inventory; PedsQL, Pediatric 
Quality- of- Life Inventory 4.0; UK, United Kingdom; USA, United States of America. 

From Marino BS, Uzark K, Ittenbach I, etal.. Evaluation of quality of life in children with heart disease. Prog Ped Cardiol 2010;29:131-1 38, with permission. 


Treatment II, Perceived Physical Appearance, Treatment Anxi- 
ety, Cognitive Problems, and Communication (46,56). The 
PedsQL 3.0 Cardiac Module has not yet been shown to be 
generalizable to other geographic regions or demographic pop- 
ulations in the United States. The CHAT and ConQol ques- 
tionnaires have important limitations that include intended for 
use in heart disease patients with CHD only (47,48), narrow 
age range (47,48), lack of parent proxy reporting (48), no 
generalizability data to support broad applicability to other 
geographic regions or demographics within the United States 
(47,48), and/or an inadequate ability to discriminate among 
various types of cardiovascular disease across a wide age range 
(48). The PCQLI is the most recently published disease-specific 
instrument. Similar to the PedsQL 3.0 Cardiac Module, it has a 
patient self-reporting mechanism with parent/guardian proxy 
reporting, wide age range, is easily self-administered in a rea- 
sonable time frame, and has an array of relevant constructs to 
describe and measure HRQOL in the pediatric heart disease 
population. The PCQLI is the only disease-specific measure 
that has been tested in a multicenter trial and shown to be 


reliable, valid, and generalizable in the United States (57,58) 
The ConQol and PedsQL 3.0 Cardiac Module can distinguish 
among disease severity subgroups but only within select sub- 
sets of a study population (age, respondent type) (46,48). In 
contrast, PCQLI Total and subscale scores (Disease Impact 
and Psychosocial Impact) differentiate between CHD sever- 
ity subgroups irrespective of age category, score examined, or 
respondent type (40). From a research perspective, this is an 
important development that will facilitate cross-sectional and 
prospective studies of HRQOL in clinically important sub- 
groups in the pediatric heart disease population. It is impor- 
tant to note that none of the five disease-specific instruments 
have been shown to be responsive in the United States. 

In summary, whether selecting a measurement tool for 
research or clinical application it is critical to define the spe- 
cific hypothesis or what clinical information is desired and 
then match the hypothesis/clinical data requirement to poten- 
tial instruments based on the constructs assessed in the spe- 
cific instrument, the respondents desired, and the feasibility 
of utilization. It is important to use age-appropriate measures 
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TABLE 76.3 


Instrument Validation: Reliability, Validity, and Responsiveness 


Instrument 

Type 

Instrument 

Reliability 

Internal 

Validity 

Construct 

Validity 

External Validity 

Generalizability 

Responsiveness 

Generic 

CHQ 

USA 3 

USA 3 

USA 3 

USA 3 

USA 3 


PedsQL 4.0 
General Core 
Scales 

USA* 

USA* 

USA* 

USA* 

USA* 

Disease- 

CHAT 

Canada 

Canada 

Canada 

— 

— 

Specific (CHD) 

ConQol 

UK, Canada 

UK, Canada 

UK, Canada 

— 



CHD-TAAQ0L 

Netherlands 

Netherlands 

Netherlands 

— 

— 


Disease- PCQLI USA (49,57), USA (49,57), USA (49,57), UK (81) USA (57,76) 

Specific (HD) UK (81) UK (81) 

PedsQL3.0 USA USA USA — 

Cardiac 

Module 


a The CHQ has been translated and validated in multiple languages and countries. Only the original is listed here for clarity Please see www.healthactchq.com for an exhaustive list 
The PedsQL has been translated and validated in multiple languages and countries. Only the original is listed here for clarity. Please seewww.pedsql.org for an exhaustive list. 
CHAT, Congenital Heart Adolescent and Teenage questionnaire; CHQ, Child Health Questionnaire; PCQLI, Pediatric Cardiac Quality of Life Inventory; PedsQL, Pediatric 
Quality of Life Inventory 4.0; UK, United Kingdom; USA, United States of America. 

From Marino BS, Uzark K, Ittenbach I, et al. Evaluation of quality of life in children with heart disease. Progr Ped Cardiol 2010;29:131-138, with permission. 


that reflect the maturity and the cognitive development of 
the desired respondents. It is vital that the instrument being 
considered for measurement be reliable, valid, and respon- 
sive in the patient population being considered. The instru- 
ment needs to have been shown to be responsive if assessing 
change in score over time or after intervention in the popula- 
tion being studied. It is important to collect data from both 
patient and parent/guardian proxy respondents to identify the 
full HRQOL impact on the patient, parent, and family. Finally, 
it is important to use both a disease-specific and generic meas- 
ure, to allow discrimination between subgroups and compari- 
son with other chronic disease groups and/or healthy children. 


RESEARCH ON HRQOL IN PEDIATRIC PATIENTS 
WITH HEART DISEASE: WHAT IS KNOWN 

HRQOL Studies in the General Congenital Health 
Disease Population 

Most early outcome studies in patients with CHD described 
mortality and morbidity or health status, including anatomic 
or hemodynamic outcome, electrophysiologic sequelae, and/or 
exercise capacity following surgical interventions or included 
“QOL” parameters such as marital status, number of offspring. 


i 


TABLE 76.4 


Instrument Availability: Authorization, Cost, and Languages 


Instrument Type 

Instrument 

Authorization 

Cost 

Language(s) 

Generic 

CHQ 

Licensure 

Licensing fee 

English (USA) 3 


PedsQL 4.0 General 

Core Scales 

User agreement 

None/licensing fee 

English (USA)* 

Disease-Specific (CHD) 

CHAT 

None required 

None required 

English 


ConQol 

None required 

None 

English (UK) 


CHD-TAAQ0L 

NA 

NA 

English, Dutch 

Disease-Specific (HD) 

PCQLI 


None 

English (USA, UK) 


PedsQL 3.0 

Cardiac Module 

User agreement 

User agreement 

None/licensing fee 

English (USA) 


a The CHQ has been translated in multiple languages. Only the original is listed here for clarity. Please see www.healthact.com for an exhaustive list. 

The PedsQL has been translated and validated in multiple languages and countries. Only the original is listed here for clarity. Please see www.pedsql.org for an exhaustive list. 
CHAT, Congenital Heart Adolescent and Teenage questionnaire; CHQ, Child Health Questionnaire; NA, information not available; PCQLI, Pediatric Cardiac Quality -of- Life 
Inventory; PedsQL, Pediatric Quality-of-Life Inventory 4.0; UK, United Kingdom; USA, United States of America. 

From Marino BS, Uzark K, Ittenbach I, et al. Evaluation of quality of life in children with heart disease. Prog Ped Cardiol 2010;29:131-138, with permission. 
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employment status, or educational attainment in adults with CHD 
(59). More recent studies have recognized the multidimensional 
nature of HRQOL and have included not only physical health 
status and physical functioning but also psychological status and 
social functioning. Unfortunately, there are only a few studies 
that have evaluated the patient’s self perceptions of HRQOL. 

Health Status and Functional Status in the Heart Disease 
Population 

In children with CHD as young as one to three years, Limp- 
eropoulos et al reported a high incidence of functional limita- 
tions including difficulties in socialization skills (11). Walker 
et al. (60) evaluated functional status in children attending a 
cardiology clinic, utilizing the CHQ (CHQ PF-50) to describe 
the physical and psychosocial health status by parent-proxy 
report. The sample of children seen in the out-patient cardiol- 
ogy clinic was reported to have worse physical functioning, 
general health perception, assessment of family activities, and 
parental emotional impact, as well as more anxiety problems 
and learning problems. Majnemer et al. (61) used the CHQ 
PF-50 as well as the Child Behavior Checklist and the Parent- 
ing Stress Index in describing well-being in children 5 years 
of age following open heart surgery in infancy. Mean scores 
on the CHQ were in the normal range; however, parents 


more often reported problems related to anxiety, attention, 
developmental delays, and learning. The child’s psychosocial 
health status was significantly correlated with parental stress. 
Both of the later studies acknowledge parental responses are 
likely to be influenced by their hopes and expectations for their 
child and how well they are coping as a family. This is consist- 
ent with one of the earliest studies of the emotional adjustment 
of children with CHD by DeMaso and colleagues, (62) who 
found that approximately 33% of the variability in the child’s 
adjustment was accounted for by maternal perceptions, while 
medical severity accounted for <3% of the variability. 

HRQOL in the Heart Disease Population 

Self-reported HRQOL related to physical health, psycho- 
social health, social functioning, and school functioning for 
children with CHD is reduced compared to healthy children 
(Fig. 76.3A,B) (56,57,63,64). Mussatto et al. (64) found that 
the greatest negative impact on HRQOL was reported in the 
areas of social and educational functioning, despite the percep- 
tion that CHD primarily has physical effects. In a large single- 
center study of HRQOL in children with heart disease, Uzark 
et al (56) evaluated both parent proxy and self-reported per- 
ceptions utilizing the PedsQL 4.0 Core scales. As perceived by 
parents, worse physical and psychosocial HRQOL is related 
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Figure 76.3. A: PedsQL generic HRQOL measure — Child. B: Adolescents with CHD have lower PedsQL scores 
than healthy controls. Lower PCQLI scores are associated with increasing severity of CHD in children and ado- 
lescents. 'Significant difference when compared to healthy controls, determined by t-test. "Significant difference 
among disease severity categories, determined by one-way analysis of variance. (From Marino BS, Tomlinson R, 
Wernovsky G, et al. Validation of the pediatric cardiac quality of life inventory. Pediatrics 2010;126:498-508, 
with permission.) 
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to the severity of heart disease. While most children with heart 
disease reported good overall HRQOL, 20% of the children 
with heart disease reported significantly impaired psychoso- 
cial HRQOL, including children with mild or repaired heart 
disease. A recent systematic review of studies assessing psy- 
chological adjustment and HRQOL in children and adoles- 
cents following open heart surgery for CHD (63) concluded 
that studies on self-reported psychological adjustment indicate 
a good outcome; however, according to their parents, a con- 
siderable proportion of children experienced psychological 
maladjustment, which was related to severity of CHD and 
developmental delay. 

The largest multicenter study assessing HRQOL in the 
United States utilizing a reliable, valid, and generalizable 
disease-specific HRQOL measure including both child and 
adolescent self-report and parent/guardian-proxy report was 
performed by Marino et al. in the PCQLI Validation Study (40). 
In this study 1,605 patient-parent pairs (3,210 total respond- 
ents) participated from seven geographically diverse centers in 
the United States. In this study, heart disease patients with both 
CHD (68% of the cohort) and acquired heart disease (32% 
of the cohort) were included. This study showed that lower 
patient and parent-reported HRQOL scores were associated 
with higher disease severity (Fig. 76.4) and increased medical 
care utilization (Fig. 76.5), poorer patient self-perception and 
competency, and increased behavioral and emotional problems 
in the pediatric heart disease population (Table 76.5). PCQLI 
scores (Total, Disease Impact, and Psychosocial Impact) dif- 
fered significantly among disease severity subgroups (mild 
CHD, biventricular CHD s/p surgical repair or palliation, 
and single ventricle CHD s/p Fontan completion) (Fig. 76.4). 
Mild CHD was defined as CHD that had not required sur- 
gical or catheter-based intervention. Furthermore, patients in 
the repaired biventricular subgroup had significantly lower 
PCQLI Total and subscale scores than patients in the mild sub- 
group, and patients in the palliated single-ventricle subgroup 
had significantly lower PCQLI Total and subscales scores than 
patients in both the repaired biventricular and mild CHD sub- 
groups (Fig. 76.4). These results were reproducible across all 
age categories and respondent types and are consistent with 


widespread clinical observations that increased disease severity 
is associated with a lower HRQOL. Increased number of car- 
diac surgeries, cardiac-related hospital admissions, and doctor 
visits in the last 12 months were associated with lower PCQLI 
Total score (Fig. 76.5). These results were consistent across 
all four forms (Child Form, Parent of Child Form, Adolescent 
Form, and Parent of Adolescent Form). Worse PCQLI Total 
score was significantly correlated with lower Global Self-Worth 
score on the Self Perception Profile for Children and Adoles- 
cents for both age groups (Table 76.5). A statistically signifi- 
cant positive correlation was noted between the PCQLI Total 
score and Achenbach (Youth Self Report and Child Behavior 
Checklist) Total Competency score, and statistically significant 
inverse correlations existed between PCQLI Total score and 
both the Achenbach Internalizing Problems summary scale 
score and DSM-IV Oriented Scale scores (Affective Disorder, 
Anxiety Disorder, Somatic Disorder, Attention Deficit Hyper- 
activity Disorder) for all groups (Table 76.5) (40). 

Interestingly, there was significant variation noted in 
the specific diagnosis and procedural groups (Table 76.6) 
for acyanotic two-ventricle (e.g., aortic stenosis), cyanotic 
two-ventricle (e.g., tetralogy of Fallot) and the palliated 
single-ventricle Fontan populations (40). While each specific 
population group segregated into a particular HRQOL score 
range (aortic stenosis — 80s; tetralogy of Fallot — 70s; and 
Fontan — 60s) based on the underlying disease severity and the 
medical, catheter-based, and surgical therapy required, there 
were complex single-ventricle Fontan patients who had HRQOL 
scores as high as aortic stenosis patients who had not under- 
gone intervention and aortic stenosis patients who had under- 
gone intervention who had HRQOL scores that were worse 
than the typical Fontan. These data suggest that there are 
resilience and depressant factors that increase or decrease each 
individual patient’s arc of HRQOL over time (Fig. 76.6). 
Understanding broad resilience and depressant factors across 
the entire heart disease population and/or resilience and 
depressant factors important for specific diagnosis or proce- 
dural groups will create opportunities to prevent the develop- 
ment of lower HRQOL or treat heart disease patients with 
lower HRQOL to improve it. 
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Figure 76.4. Association of severity of congenital HD with PCQLI scores. Values are expressed as means, with 
error bars representing SEMs. All three-way (p < 0.001) and two-way (p < 0.036) comparisons were statistically 
significant. BV indicates repaired biventricular HD subgroup; SV, palliated single-ventricle subgroup; mild, mild 
HD subgroup. (From Marino BS, Tomlinson R, Wernovsky G, et al. Validation of the pediatric cardiac quality 
of life inventory. Pediatrics 2010;126:498-508, with permission.) 
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Figure 76.5. Lower PCQLI scores are associated with increasing medical care utilization in children and adolescents. 
Variation of PCQLI total scores with medical care utilization factors. Values are expressed as means, with error bars 
representing SEMs. All comparisons were significant (p < 0.001). (From Marino BS, Tomlinson R, Wernovsky G, 
et al. Validation of the pediatric cardiac quality of life inventory. Pediatrics 2010;126:498-508, with permission.) 


HRQ0L Studies in Specific Heart Disease Subgroups 

HRQOL and functional status have also been studied in 
some specific patient subgroups with heart disease. In chil- 
dren with transposition of the great arteries (TGA), Culbert 
et al. (65) from the Congenital Heart Surgeons Society assessed 


functional status using the CHQ-CF87 completed by 306 
children 11 to 15 years after TGA repair. Health status was per- 
ceived as excellent when compared with published normative 
data and was better after arterial switch operation (ASO) than 
after atrial switch operation. Dunbar-Masterson et al. (66) who 
used the parent version of the CHQ also found that at 8 years 


PCQLI Total Score Correlates with Self-Perception, Competency, and Behavioral 
and Emotional Problems 


Instrument Domain Respondent Group Correlation Coefficient 


SPPC/SPPA 

Global self worth 

Child 

0.49 



Adolescent 

0.40 

Achenbach 

Total competence scale (activity, 

Child/parent 

0.31/0.33 


social, school) 

Adolescent/parent 

0.31/0.38 


Internalizing problem (anxious/ 
depressed, Withdrawn/depressed, 
somatic complaints) 

Child/parent 

-0.52/-0.51 


Adolescent/parent 

-0.51/-0.51 

Achenbach (DSM) 

Affective disorder 

Child/parent 

—0.55/— 0.47 


Adolescent/parent 

-0.49/-0.51 


Anxiety Ddsorder 

Child/parent 

-0.38/-0.44 


Adolescent/parent 

-0.37/-0.39 


Somatic problems 

Child/parent 

-0.34/-0.34 


Adolescent/parent 

-0.36/-0.36 


ADHD 

Child/parent 

-0.33/-0.33 


Adolescent/parent 

-0.25/-0.34 

All comparisons significant <0.000 1. 

From Marino BS, Tomlinson R, Wernovsky G, et al. Validation of the Pediatric Cardiac Quality of Life Inventory. Pediatrics 20 10; 126:498- 

-508, with permission. 


TABLE 76.5 
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TABLE 76.6 


Variation in PCQLI Scores (Median and Range) Within Specific CHD Diagnosis and 
Procedural Groups 


PCQLI Median Total Score (Range) 


Child 


Parent of Child 


Adolescent 


Parent of Adolescent 


AS (n = 75) 86.2 (51 .9, 100) 86.8 (54.1,100) 89.5 (65.1, 97 8) 85.2 (40.8, 99.3) 

TOF {n= 125) 75.6 (48.7, 100) 78.6 (43.5, 100) 79.6 (39.6, 99.3) 78.7 (33.5, 100) 

Fontan (n= 219) 64.4(32.2, 99.1) 66.1 (30.7, 100) 70.5(39.6, 100) 69.7(26.0,98.5) 

AS, Aortic Stenosis; TOF, Tetralogy of Fallot. 

From Marino BS, Tomlinson R, Wernovsky 6, etal. Validation of the Pediatric Cardiac Quality of Life Inventory. Pediatrics 2010;126:498-508, with permission. 


of age, children had an overall physical and psychosocial health 
status after the ASO similar to that of the general population. It 
was also noted that lower IQ and academic achievement were 
associated with worse psychosocial health status. Hovels-Gurich 
et al. (67) reported that children with TGA who had undergone 
neonatal ASO had parent-reported behavioral impairment at 
age 8 to 14 years with normal self-reported HRQOL. 

Brosig et al. (68) compared psychosocial outcomes between 
preschool-aged survivors who underwent ASO for TGA and 
Fontan palliation for hypoplastic left heart syndrome (HLHS). 
By parent report, HRQOL scores in both CHD subgroups 
did not differ from healthy controls. Parents of children with 
HLHS reported more negative impact of the child’s illness on 
the family and more parenting stress than parents of children 
with TGA. Children with HLHS had higher rates of attention 
and externalizing behavior problems than children with TGA. 
In a large study of Fontan survivors (69) 6 to 18 years of age, 
parents reported CHQ functional status summary scores that 
were significantly lower than the US population for Physical 
Functioning and Psychosocial Functioning. Parent-reported 
patient conditions, including behavior, learning, anxiety, atten- 
tion problems, and depression explained the greatest amount 
of variation in the Psychosocial Functioning scores. 

In a study by DeMaso et al. (70) HRQOL has been assessed 
in children and adolescents with implantable cardioverter- 
defibrillators. While the parent-reported psychosocial summary 
scores for children with defibrillators were not significantly dif- 
ferent from the normative U.S. sample, the domains of social 
emotional behavioral roles, self-esteem, and the emotional 
impact of their child’s health on themselves were all significantly 
lower than the normative sample. A recent multicenter study 
by Czosek et al. (71) compared HRQOL scores between pedi- 
atric device patients and healthy controls, and determined the 
key drivers of HRQOL in pediatric device patients. The study 
included 173 patient-parent pairs (40 implantable cardiac 



Figure 76.6. Patient independent arc of HRQOL: resilience 
versus depressant factors. 


defibrillators [ICD]/133 pacemaker; 50% CHD; 50% male; 
median age 13 [8 to 18] years). Compared to healthy controls, 
both patients and parents reported significantly lower PedsQL 
Total scores. ICD patients had significantly lower PCQLI Total 
scores than pacemaker patients. CHD patients had signifi- 
cantly lower PCQLI Total score than non-CHD patients. The 
key drivers of patient HRQOL were presence of ICD, CHD, 
and worse self-perception. For parent proxy reporters, patient 
HRQOL was driven by internalizing behavioral problems 
(anxiety, depression, and somatization). Interestingly, activity 
restrictions and device complications did not impact HRQOL. 
Whether these factors can be mitigated through the use of psy- 
chological interventions needs to be assessed. 

Finally, in the pediatric heart transplant population, using 
the Children’s Global Assessment Scale, 27% of children 6.1 
to 12.9 years after transplant had emotional adjustment dif- 
ficulties (72) and there was a significant correlation between 
emotional adjustment and family functioning. Wray et al. 
(73) also found that a significant number of pediatric heart 
transplant recipients (>33%) had increased behavior problems 
and diminished social competence, especially in children with 
a pretransplant diagnosis of CHD in comparison to children 
with cardiomyopathy pretransplant. 

Predictors of HRQOL in the Pediatric Heart Disease 
Population 

Neurodevelopmental Predictors of HRQOL in the Pediatric 
Heart Disease Population 

Few studies have investigated the impact of neurodevelop- 
mental outcome on HRQOL in the pediatric CHD popula- 
tion. For children with TGA, Dunbar-Masterson et al found 
that lower full-scale IQ (intelligence) and lower performance 
in reading and math (academic achievement) were associated 
with lower parent-reported psychosocial HRQOL scores at 
eight years of age (66). Williams et al. (74) found that chil- 
dren with Fontan palliation for HLHS displayed significant 
delays in communication and motor skills and lower parent- 
reported psychosocial HRQOL scores. Of note, both of these 
studies used a generic QOL instrument to measure psycho- 
social QOL, which may not be as sensitive or accurate as a 
disease-specific instrument (75). In addition, neither study 
measured patient-perceived HRQOL or specifically assessed 
the association between neuropsychological impairments and 
patient-perceived HRQOL. Parent-reported and self-reported 
HRQOL are both important since perception of HRQOL dif- 
fers between patients and parents (30,56). 

The cardiac-specific module of the PedsQL includes a cogni- 
tive problems subscale and a communication subscale (44,46). 
Using the PedsQL cardiac-specific module, Uzark et al. (56) 
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found that children with severe cardiovascular disease have 
lower parent-reported and self-reported HRQOL scores on the 
cognitive problems subscale and lower parent-reported HRQOL 
scores on the communications subscale than children with less 
severe cardiovascular disease. Recently, Marino et al. (76) dem- 
onstrated that worse executive functioning, gross motor abil- 
ity, and mood (presence of anxiety and depression) significantly 
predicted lower PCQLI score after controlling for patient demo- 
graphics and important clinical covariates. Executive function- 
ing, gross motor ability, and mood accounted for up to 50% 
of the variance in patient and parent-reported HRQOL scores. 
These factors appear to be key drivers of HRQOL in complex 
CHD survivors and may be targets for future intervention (76). 

Psychosocial Predictors of HRQOL in the Pediatric Heart 
Disease Population 

While multiple studies have shown that there is psychoso- 
cial dysfunction in the pediatric heart disease population, few 
studies have assessed association between psychosocial pre- 
dictors in the individual or family environment and HRQOL 
(56,57,69,77-79). A recent multicenter multinational study in 
the United States and England completed by Marino and col- 
leagues explored the relationships between heart disease com- 
plexity, HRQOL, and psychosocial morbidity factors. Eight 
hundred and fifteen patient-parent pairs participated in the 
study with a mean patient age of 12.5 ±1.5 years. The study 
assessed the mediating impact of specific psychosocial morbid- 
ity factors (family functioning and parental stress, and patient 
and parent posttraumatic stress and trait anxiety) on the asso- 
ciation between heart disease complexity and lower HRQOL. 
High complexity was associated with a lower PCQLI Psychoso- 
cial Impact subscale score. Higher parental stress, posttraumatic 
stress, and trait anxiety scores were associated with a lower 
PCQLI Psychosocial Impact subscale score. The association 
between high complexity and lower PCQLI PI score was medi- 
ated by worse parental stress, posttraumatic stress, and trait 
anxiety (Total Correlation [direct and indirect effects] = -0.21 
to -0.46; p < 0.001) for both patients and parents. Interventions 
on these psychosocial morbidities may improve QOL (80). 


SUMMARY 

Many studies of HRQOL in children with CHD have been 
limited by small sample size, have often relied on parental 
proxy report of the child’s HRQOL, reported health status 
or observed functional status, or focused on a single dimen- 
sion of HRQOL. Recent instrument development has allowed 
multidimensional, self-report of HRQOL, essential to develop- 
ment of interventions to improve HRQOL. Further research is 
needed to discover links between specific aspects of neurode- 
velopmental and psychosocial morbidity factors and HRQOL 
to identify developmental delays and psychosocial issues that 
may be improved through intervention. By characterizing the 
relationship between disease complexity, neurodevelopmental 
and psychosocial morbidity and HRQOL, physicians and car- 
egivers will be able to change the medical care delivery system to 
significantly improve the lives of children with CHD and ensure 
their future success. 

CLINICAL IMPLEMENTATION (IS HRQOL 
EVALUATION UTILIZED IN CLINICAL PRACTICE?) 

The importance and utility of HRQOL assessment with reli- 
able, valid, generalizable, and responsive instruments in the 


pediatric heart disease population is centered on the fact that 
they provide a means to improve patient HRQOL outcomes 
through (a) the improvement of comprehensive follow-up of 
the pediatric heart disease population (surveillance and screen- 
ing), (b) the identification of at-risk patients (risk stratification 
of heart disease subpopulations), (c) the identification of mod- 
ifiable risk factors to prevent adverse outcomes (prevention), 
and (d) the design of interventions for children with poor out- 
comes (treatment planning). Early identification of neurode- 
velopmental impairments in academic achievement, language, 
visual construction and perception, attention, processing 
speed, memory, executive functioning, fine and gross motor 
skills, and/or attention deficit hyperactivity disorder (ADHD) 
in these children may allow the clinical care team to stratify 
populations and improve HRQOL outcomes through targeted 
intervention for at-risk children. Given some of the early data 
on the utility of physical rehabilitation in patients with CHD 
and diminished exercise capacity, physical functioning and 
HRQOL may be improved through rehabilitation or medical 
or device-based (pacemaker) therapies. In addition, early iden- 
tification of psychosocial functioning issues in the child and/or 
family (posttraumatic stress, trait anxiety, depression, coping, 
family functioning, and parental stress) may allow risk stratifi- 
cation and the incorporation of targeted interventions to pre- 
vent or treat psychological or social morbidity. Unfortunately, 
the clinical evaluation of neurodevelopmental impairments 
and physical and psychosocial morbidity on HRQOL in chil- 
dren with heart disease has not become a standard component 
of care and much is to be learned. The clinical utility of current 
instruments is largely unknown. 

Multiple barriers exist to incorporating HRQOL assess- 
ment into the clinical environment (19). Pediatricians and 
cardiologists (medical home providers) have ever-increasing 
demands on their time and the utilization of HRQOL instru- 
ments for surveillance and screening will only occur if adminis- 
tration, scoring, and interpretation of measures are simple and 
are easily integrated into the clinical practice setting in “real- 
time” as part of the “paper” or electronic medical record. In 
addition, practitioners will only incorporate HRQOL assess- 
ment into their clinical care if there is compelling evidence that 
surveillance, screening, referral, evaluation, and intervention 
are efficient, cost-effective, and make a difference in patient- 
specific HRQOL outcomes. One of the biggest barriers to 
incorporation is the lack of knowledge among practitioners of 
the theoretical benefits to HRQOL assessment. Only through 
clinical research studies focusing on harnessing the potential 
of HRQOL assessment will these barriers begin to fall. 


RESEARCH AGENDA (WHAT IS NEEDED IN 
HRQOL RESEARCH IN PEDIATRIC HEART 
DISEASE PATIENTS?) 

1. Future HRQOL research should focus on the associations 
of specific morbidities/phenotypes in the pediatric heart 
disease population and HRQOL to determine candidate 
factors for interventional studies for prevention and treat- 
ment . Specifically, further research is needed to discover 
links between neurodevelopmental, psychosocial, and 
physical morbidity factors and HRQOL to identify spe- 
cific functional deficits that may be prevented or mitigated 
through intervention. 

2. Both patient and parent respondents need to be evaluated 
in HRQOL research to learn more about similarities and 
differences between patient and parent respondents. These 
patterns will inform clinical applications on how best to 
assess HRQOL in patients and their parent/guardians and 
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inform how future screening and interventions programs 
may improve HRQOL. 

3. It must be demonstrated that HRQOL assessment in the 
clinical setting will ultimately result in clinically meaning- 
ful changes in HRQOL and/or functional status. Specifi- 
cally, it must be demonstrated that (a) it is feasible to collect 
HRQOL data in “real-time” in the clinical setting and that 
patients may be stratified into low- and high-risk groups for 
neurodevelopmental, physical, and psychosocial dysfunc- 
tion, (b) it is feasible to refer patients with lower HRQOL 
scores stratified into a high-risk category into interventions, 
and (c) interventions in a high-risk group will result in clini- 
cally meaningful changes in HRQOL. 

4. A responsive instrument is required and fundamental 
for the field to pursue an interventional agenda that will 
improve current clinical practice. Efforts should be made 
to demonstrate responsiveness in disease-specific measures 
shown to be reliable, valid, and generalizable in the United 
States. Once responsiveness has been demonstrated, this 
HRQOL tool should be considered for inclusion in all ran- 
domized clinical or interventional drug, device, or surgical 
treatment trials, where appropriate. 

5. New HRQOL instruments should be developed for aging 
cohorts of pediatric heart disease patients (young adults 
and adults) in the United States as there is a rapidly grow- 
ing population of Adult with CHD (ACHD population) 
in transition with changing HRQOL assessment needs. 
HRQOL instruments for adults with heart disease are 
intended for patients with heart disease due to hypertension 
or coronary ischemia. A combination of an adult generic 
HRQOL measure and an ACHD disease-specific HRQOL 
measure will provide the necessary tools to provide critical 
information on this unique and growing population. 


CLINICAL AGENDA (WHAT IS NEEDED 
TO HARNESS THE POTENTIAL OF H RQOL 
ASSESSMENT FOR CLINICAL USE IN PEDIATRIC 
HEART DISEASE PATIENTS?) 


1. Begin incorporating HRQOL evaluation into the clinic visit 
to take full advantage of the current advances in HRQOL 
measurement. 

2. Strive to make all HRQOL evaluations conducted in clini- 
cal settings “research quality” (or at least create standard 
evaluation protocols) so that the field may benefit from reli- 
able, valid, and potentially generalizable clinical informa- 
tion. There is so much variability in the way evaluations are 
presently conducted that it makes it difficult to generalize 
any data collected at any particular site or clinical setting 
across settings and/or populations. 

3. Once it has been demonstrated that HRQOL assessment 
may be used for neurodevelopmental, psychosocial, and 
physical morbidity risk stratification, HRQOL assessment 
should be performed in all out-patient clinic visits as part of 
a formal standardized surveillance and screening program 
to allow for referral, intervention, and follow-up. 


CONCLUSION 


Over the last several decades mortality rates for children with 
heart disease have fallen. However, survivors may have neu- 
rodevelopmental, psychosocial, and physical morbidities that 
lower HRQOL. Although HRQOL assessment in this high- 
risk population has been lacking due to inherent issues in 


HRQOL assessment in the pediatric heart disease population, 
advances have been made in HRQOL measurement with new 
reliable, valid, and generalizable measures. These question- 
naires may be utilized to rapidly improve HRQOL research 
and obtain critical information that may be translated into 
the clinical domain. Rigorous characterization of the relation- 
ship between neurodevelopmental, psychosocial, and physical 
morbidity factors and HRQOL will identify specific factors 
amenable to intervention and allow clinicians to modify the 
medical care delivery system to significantly improve the lives 
of children with CHD and promote their future success. For- 
mal screening and intervention programs based on HRQOL 
assessment will allow clinicians to intervene in the case of 
those children with significant deficits with the greatest poten- 
tial to improve HRQOL. 
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Safety and Quality in the Heart Center 


INTRODUCTION 


Much of the science of quality, safety, and continuous quality 
improvement (QI) comes from fields outside of medicine such 
as nuclear power and commercial aviation. Some quality- 
related terminology may not be part of the usual lexicon of 
pediatric cardiologists, or they may not be familiar with the 
specific definitions. To avoid confusion and put some of these 
terms in the clinical context of the heart center, the following 
is a brief list of definitions: 

Quality: The degree to which health services for individuals 
and populations increase the likelihood of desired health 
outcomes and are consistent with current professional 
knowledge (1). Thus, quality is about outcomes: how suc- 
cessful are we in treating a certain type of cardiac defect? 
How accurately can we diagnose it? 

Patient Safety: Freedom from accidental injury (2), or avoid- 
ance, prevention, and amelioration of adverse outcomes or 
injuries from the processes of health care (3). This is dif- 
ferent from employee’s safety only in point of view. The 
practices that maximize patient safety will also maximize 
employee safety. 

Adverse Event: An injury that is caused by medical manage- 
ment, not the patient’s disease (2). Not all adverse events 
are preventable. Not all untoward outcomes are the result 
of adverse events. An untoward outcome in the absence of 
medical mismanagement may not be preventable. 

Medical Error: An event where a planned action is not carried 
out or carried out incorrectly — an “error of execution” or 
an event that happened because of a faulty plan — an “error 
of planning.” (2,4) James Reason (4) further dissects the 
anatomy of medical errors into slips, lapses, and fumbles. 
A slip is when individuals do something they are not sup- 
posed to do, a lapse is when they don’t do something they 
are supposed to do, and a fumble is when a normally well- 
executed task is simply bungled. 

Swiss Cheese Phenomenon: Another concept popularized by 
Reason is that most significant adverse events are not the 
result of a single medical error. They are the result of a 
series of failures of the barriers (usually policies and proce- 
dures) that were intended to protect the patient. Each bar- 
rier is represented as a slice of cheese. The barriers are not 
perfect, and the holes in the Swiss cheese represent areas 
where the barrier could be breached. For an error to reach 
the patient and cause harm, all the holes in the various lay- 
ers of Swiss cheese must line up. 

QI work requires a change in the mindset for many clini- 
cian scientists. QI in health care consists of systematic, data- 
guided activities designed to bring about immediate positive 
changes. QI tools are used as deliberate actions guided by 
data that reflect the effects of those actions. QI is an over- 
arching ongoing process to improve the outcomes of health 


care delivery and as such is different than more traditional 
research that is aimed at answering a specific question over a 
discrete time (5). Further, most clinician scientists are trained 
in the traditional model of research (randomized trials with 
treatment groups and control groups) wherein an intervention 
is introduced while controlling for all or most other variables 
and then examining the result. Often a comparative group is 
monitored that did not receive the intervention. QI work, on 
the other hand, seeks to monitor the system in real time, intro- 
duce interventions, and monitor for how the system responds 
and then introduce further interventions until a desired and 
measurable outcome is achieved. QI does not attempt to con- 
trol system variables as interventions are introduced. Under- 
standing complex system interactions rather than controlling 
them distinguishes QI from intervention-based research trials. 

This chapter is intended to guide the cardiology specialist 
through an overview of quality- and safety-related principles. 
We have chosen to use a clinical case scenario that caused sig- 
nificant harm to a patient to illustrate QI concepts and tools. 
The case is based upon a cardiac intensive care unit (ICU)- 
related medical error but could have happened in the pediatric 
ICU or even in a general care unit. 


CASE STUDY 

TJ was a 4-year-old female patient with truncus arteriosus 
who was admitted for replacement of an obstructive right ven- 
tricle to pulmonary artery conduit. 

The surgery was routine, but postoperatively the chest tube 
output was high and bloody. Her hemoglobin level dropped 
from 10.5 to 7.0 g/dL over the first 4 hours postoperatively. 
Tachycardia developed, and in response, the attending physi- 
cian ordered 1 unit of packed red blood cells and fresh fro- 
zen plasma to be given as soon as possible for this blood type 
O negative patient. 

Meanwhile, a new patient arrived from another hospital 
and was being placed on extracorporeal membrane oxy- 
genation (ECMO). The ECMO team had ordered 2 units of 
packed red blood cells (A positive) as well as fresh frozen 
plasma and platelets. 

TJ’s chest bleeding was not decreasing, so preparations 
were made to take her back to the operating room to explore 
for a bleeding site. Her blood pressure was beginning to drop, 
and the critical care physician asked for the blood to be deliv- 
ered to the ICU “stat.” Shortly thereafter, the blood bank 
technician appeared in the ICU with blood in hand for the 
ECMO patient, but was unfamiliar with the physical layout 
of the unit. TJ’s nurse saw the blood bank technician look- 
ing in the door to ask for directions, and assumed that blood 
was what had just been ordered for TJ. The nurse signaled the 
technician into the room and received the blood. TJ’s blood 
pressure was dropping rapidly, so the decision had been made 
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to not take the patient to the OR, but to explore her chest in 
the pediatric intensive care unit (PICU). As the surgeon was 
donning gown and gloves, he indicated an urgency to get the 
blood running quickly, so the blood was hung and a rapid 
infusion was started. 

Within 5 minutes, as the chest was being prepped, TJ’s 
urine turned red. She had worsening hypotension and 
increased bleeding. An acute hemolytic transfusion reaction 
was confirmed when the donor blood was identified as the 
A positive blood intended for the ECMO patient down the 
hall. The transfusion was immediately discontinued. Steroids 
and mannitol were given while the exploration was under way. 
The transfusion was reinstituted when the correct O negative 
blood originally intended for TJ arrived. A source of active 
bleeding was found and surgically corrected, but diffuse ooz- 
ing continued. Serum potassium rose over the next 2 hours to 
7.5mEq/L along with the development of anuria. Despite an 
infusion of insulin and glucose, mannitol, intravenous hydra- 
tion, Kayexalate enemas, and intravenous calcium, cardiac 
arrest ensued from which the patient could not be resuscitated. 

A serious safety event was declared, and a root cause analy- 
sis (RCA) was carried out. 

Root Cause Analysis — A Road to Resolution: 

What Happened and Why 

TJ’s Case: The wrong blood was given to TJ. A subsequent 
cause analysis of the event revealed: (a) the perceived urgency 
of blood administration was used by the nurse as a reason to 
“skip” the double check that should occur prior to all blood 
product administration (an “individual failure”); and (b) the 
hospital and blood bank did not have a clear and well-known 
double check policy (with consequences for policy violation) 
prior to all medication and blood product administration (a 
“system failure.”) 

RCA is a framework used in industry and recently applied 
to health care that is utilized retrospectively to determine sys- 
tem and individual causes of adverse events. In 1996, the Joint 


Commission mandated that an RCA be done on all reportable 
sentinel events including “mismatched blood administration 
with transfusion reaction,” yet the literature to date support- 
ing the effectiveness of RCA is limited. In 1998, the Veteran’s 
Administration (VA) National Center for Patient Safety (NCPS) 
was established. Bagian et al. (6) transformed the VA system 
of cause analysis by implementing a frontline staff-driven pro- 
cess that emphasized searching for system vulnerabilities with 
actionable solutions and de-emphasizing the less actionable 
human error root causes. Recently, Percarpio et al. (7) examined 
the evidence that RCA improved patient safety. From among 
38 references, 11 case studies used clinical or process outcome 
measures to assess RCA effectiveness, described corrective 
actions, and outlined improved clinical outcomes subsequent 
to the RCA. Examples of improved outcomes included reduced 
mortality following various surgical procedures, reduced num- 
bers of patient falls, and improved liver transplant graft sur- 
vival. However, no pediatric studies were reported. 

There are multiple templates used to complete an RCA, with 
all involving a description of the event with a timeline, identifi- 
cation of causal events, and suggested corrective actions (7,8). 
Causal factors are often broken into subcategories such as 
patient factors, caregiver factors, team factors, and technology 
or environmental factors (8). Asking the question, “why?” five 
times has been used to help identify all the contributing factors 
associated with an adverse event (9). The responses obtained to 
these “why” questions are used to help create a cause-and-effect 
diagram. This cause-and-effect diagram or “fishbone diagram” 
can also be used to help map the process and better categorize 
root causes. The main categories of factors contributing to the 
event are listed in the various “branches.” Within each major 
branch, smaller branches may be added describing the deeper 
issues within each category (Fig. 77.1). Percarpio et al. also 
include “measures to track improvement” and “baseline with 
follow-up data” to the aforementioned RCA framework. 

There are several limitations associated with how most RCA 
work is completed. Many resources are required by frontline 
staff and hospital leaders with limited evidence that the RCA 
process improves patient safety or quality. Primary limitations 



Figure 77.1. Cause-and-effect (fishbone) diagram for the TJ’s case. 
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are more related to the implementation of the RCA process 
and include: (a) narrow scope (limiting the findings to only 
the event in question rather than generalizing to other areas of 
the hospital system); (b) lack of reliable implementation of the 
identified corrective actions and follow-up to ensure the cor- 
rective actions are sustained; (c) too much focus on the indi- 
vidual human error (punitive culture) and less on the larger 
system that enabled the individual to fail; and (d) hindsight 
bias by the RCA team because the RCA, by definition, is con- 
ducted after the event has occurred. 

In contrast to the retrospective RCA approach, the Health- 
care Failure Modes and Effects Analysis (HFMEA) method 
utilizes a prospective approach to adverse event analysis. By 
anticipating where problems may occur or proactively analyz- 
ing high-risk processes before they are implemented, hospi- 
tals may use the HFMEA process to prevent adverse events, 
rather than reacting to an event that has already occurred. 
A commonly used HFMEA template was designed by the VA 
NCPS and involves five steps to assess a health care process: 
(a) identifying the topic, (b) forming of a multidisciplinary 
team, (c) creating a graphical description of the process, (d) 
performing a hazard analysis, and (e) developing actions and 
identifying outcome measures (10). The hazard analysis (step 
d) is an essential part of the HFMEA process and uses a math- 
ematical scoring system to prioritize risk and potential errors 
(failure modes) in the process being evaluated. Scoring takes 
into account the probability of the failure actually happening 
as well as the consequences of the failure if it did occur. Failure 
modes with high scores get prioritized to develop a mitigation 
strategy and action plan to be followed if the failure happens. 
Recently, Ashley et al. (11) have questioned the reliability of 
the mathematical scoring systems in use today that result in 
very different prioritization recommendations for the failure 
modes. They suggest that a consensus scoring system should 
be developed to mitigate this possibility. 

Our organization and a few other US pediatric hospitals 
have collaborated with Healthcare Performance Improvement, 
LLC, to implement a robust RCA process as part of a larger 
high reliability strategy to improve safety and quality out- 
comes. RCAs are triggered by serious harm events, near-miss 
harm events, or Joint Commission “sentinel events.” Joint 
Commission sentinel events are “an unexpected occurrence 
involving death or serious physical or psychological injury, 
or the risk thereof.” (12) Sentinel events are identified by the 
outcome without consideration for preventability or whether 
there was a variation from expected care practices that caused 
the event. In contrast, a serious harm event starts with a devia- 
tion from best practice that results in serious harm. Therefore, 
a serious harm event includes both the causal process and the 
untoward outcome. 

The RCA model we are using involves a careful reconstruc- 
tion of the timeline describing the sequence of actions preced- 
ing and following the harm event. The timeline description 
requires interviews with all staff involved in the event along 
with a review of pertinent policies and procedures. Inap- 
propriate actions are identified when there is deviation from 
expected practice or local or national policies/guidelines. The 
timeline and possible inappropriate actions are discussed by 
an RCA team composed of individuals who are not involved 
in the harm event but are knowledgeable of the patient care 
processes that failed. The RCA team is led by an executive 
sponsor whose role is to help the RCA team when or if they 
reach system barriers that require executive interventions. 
Root causes, once identified, are discussed by the RCA team 
and corrective actions are codified. The root causes are cat- 
egorized into system or individual failure modes. There are 
multiple subcategories within the larger system or individual 
failure groupings. This subcategorization is intended to make 
it easier to find common causes for adverse events, even if the 


specifics of the various events are disparate. Individuals who 
possess the authority to implement the corrective actions are 
identified, and a timeline for implementation is established. An 
expected date of completion is recorded and follow-up by QI 
staff takes place to ensure that the corrective actions have been 
implemented and are sustained. 

TJ’s Case: TJ received the wrong blood. System failures 
included the following: The hospital did not have a clear, con- 
sistent method and policy for double-checking blood products. 
Additionally, the expectations and potential consequences of 
violating a double check were not clearly understood by all 
staff members. Individual failures included the following: The 
nurse did not perform a double check prior to blood adminis- 
tration to ensure that the blood was intended for her patient, 
although she knew the double check was necessary. The blood 
bank technician did not confirm delivering the blood product 
to the correct patient bed. System corrective measures included 
the following: Establish a hospital-wide policy regarding how 
blood products are ordered and delivered to the patient. 
Require a mandatory double check of blood products (as well 
as high-risk medications) by all staff members. Provide educa- 
tion to staff members regarding this policy as well as provide 
background to why it was established. Individual corrective 
measures include: Provide coaching to the nurse involved as 
she chose to take an unacceptable risk, but has no prior his- 
tory of safety issues. Provide required education and increased 
supervision of this nurse and blood bank technician. 

When Individuals Fail 

There are several individual failures that may have contributed 
to the preventable harm suffered by TJ. The care provider 
likely realized that a double check of the blood transfusion 
was required. However, because the environment in the ICU 
was hectic and the patient was unstable and deteriorating 
rapidly, this important step was omitted. Health care has often 
promoted a “culture of blame” when individuals fail. “Who 
messed up?” is often the first question when patient harm 
occurs. Individuals are blamed for errors when hospital lead- 
ership fails to recognize the influence and impact of a “flawed” 
system on individual performance. How was the system 
designed to “help the individual fail?” The “blame culture” 
leads to decreased reporting of errors and further impairs the 
ability of leaders and frontline staff to identify and fix system- 
related issues. Nevertheless, it is easier to blame someone and 
resort to familiar solutions such as “counseling, disciplinary 
action, enforcing rules, or developing new rules” rather than 
finding the root cause of systemic problems. Reason’s “Swiss 
Cheese Model” outlines how systems have flaws (holes in the 
cheese) that when lined up appropriately will make it easier 
for the individual failure (an error) to reach the patient and 
ultimately lead to a patient being harmed (Fig. 77.2) (13). 
Providers and patients become the victims of systems that are 
inadequately designed to prevent or reduce human error. Pun- 
ishing the individual will not reduce the error rate. In fact, 
in an environment of blame, staff members are less likely 
to report errors or near-miss errors. James Reason has been 
quoted as saying, when an individual forgets (a slip), there is 
little value in “putting a carcass on the wall” to demonstrate 
that the problem is fixed (14). 

Nevertheless, sometimes individuals who make mistakes 
leading to patient harm should be held accountable for their 
individual failures. A healthy safety environment is one that 
balances the “blame-free culture” with fairness regarding per- 
sonal accountability. The term “just culture” has been used 
to describe this cultural balance (15,16). A “just culture” 
environment is not totally blame-free, but rather a culture in 
which the process for evaluating errors is clear, transparent, 
and carefully separates blame-worthy from blame-less acts. In 
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Chain of Events 


Massive 
transfusion rxn. 
-> hyperkalemia 
and death. 



r Blood bank 
tech bringing 
Type A+ blood 
to ECMO room 
(next door) 
stops by Bed 1 
for directions. 


TJ's nurse and 
surgeon make 
incorrect 
assumption 
that the 
blood is for 
TJ. 


Rushed and 
distracted by 
evolving 
events, the 
policy for 
delivering 
blood was not 
followed. 


Nurse rapidly 
infuses A+ 
blood into O- 
patient 
without first 
checking the 
5 rights. 


Figure 77.2. Chain of events passing through corresponding holes in layers of defense (Swiss Cheese Model). 
(Concept adapted from J Reason. Managing the Risks of Organizational Accidents , 1997 by Healthcare 
Performance Improvement, LLC © with permission.) 


this case scenario, blaming the individual and removing the 
employee likely will not prevent a similar episode from occur- 
ring by another employee. The system must be constructed to 
make it easier for employees working in the high-stress ICU 
environment to stop and think prior to proceeding with a 
safety critical act (e.g., double-checking patient records prior 
to blood administration). Since “just culture” does not imply 
“blame-free,” determining culpability is essential. James Rea- 
son (17) provides an algorithm for assessing individual culpa- 
bility associated with unsafe acts, which is consistent with a 
just culture. Through a series of questions, leaders can assess 
individual culpability: Were the actions and consequences 
intended? Is there a medical condition (e.g., substance abuse 
or chronic illness) involved? Did the individual knowingly 
violate a safe operating procedure that was readily available 
to and understandable by the individual? Would others in the 
same circumstances do the same thing? Does this person have 
a history of unsafe acts? Based on the answers to these ques- 
tions, stages of diminishing culpability can be assigned ranging 
from criminal negligence to blameless error (Fig. 77.3), 

The Improvement Team — Aim, Key Drivers, and 
Interventions Developed by the Team 

Multiple methodologies have been described to fix failing 
systems including the Model for Improvement, Six-Sigma 
DMAIC, Lean Improvement, and the Seven-Step Problem- 
Solving model (18). These methodologies have many similari- 
ties and use many of the same tools to implement change. One 
of the most widely used methodologies in health care is the 
Model for Improvement. This method “attempts to balance 
the rewards from taking action with the wisdom of careful 
study before taking action” (18). The Model for Improvement 
starts with three questions (Fig. 77.4): 

1. “What are we trying to accomplish?” Define your improve- 
ment project in the form of a specific aim that states what 
you intend to improve, by how much, by when, in what 


population, and for how long. The specific aim should be 
concise, measurable, and achievable. This is most likely to 
happen when your specific aim includes SMART elements. 
That is, it should be Specific, Measurable, Attainable, Rel- 
evant, and Timely (see below). 

2. “How will you know that a change is an improvement?” If 
the system that requires improvement is relatively simple, 
the improvement should be obvious. That may not be the 
case for more complex systems. Choosing the right metric(s) 
is critical to the success of the improvement project. 

3. “What changes can we make that will result in improve- 
ment? ” Ideas for improvement can come from a variety of 
sources such as peer-reviewed literature, a detailed analy- 
sis of internal data or identification of best practices used 
by other organizations or industries. Often, improvement 
ideas can be generated by QI teams through group process 
activities such as brainstorming, nominal group technique, 
process mapping, the development of a fishbone diagram, 
or the use of tally sheets. 

Through an iterative Plan-Do-Study-Act (PDSA) process, 
improvement ideas become “tests of change” that are devel- 
oped (Plan), implemented (Do), monitored (Study), and 
interpreted (Act). Plan: Each “test of change” is based on a 
prediction that improvement will occur. Each PDSA cycle 
tests that prediction and learning is acquired. Other factors 
that should be considered in determining the size of the first 
PDSA include: (a) the readiness of the system for change, 
(b) the probability the proposed system change will work, 
and (c) the consequences to the system if the proposed system 
change fails. The less ready the system, the lower the probabil- 
ity the change will work, and the greater the risk if the change 
fails, then the smaller the first PDSA should be. Do: Carry out 
your plan on the limited scale that you planned and see what 
happens. Study: Study the effect of the “test of change” on 
the process being changed. The data derived from each “test 
of change” generate new knowledge or learning and influence 
the next test of change. Act: After interpreting the results of 
the first cycle, determine next steps. It is this learning that fuels 
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Figure 77.3. Accountability grid — just culture. (Concept adapted from J Reason Managing the Risks of Organi- 
zational Accidents , 1997 by Healthcare Performance Improvement, LLC ©.) 


What are we trying 
to accomplish? 


How will we know 
that a change is an 
improvement? 


What changes can 
we make that will 
result in 
improvement? 



Figure 77.4. The model for improvement. (Adapted from 
Berwick DM. A primer on leading the improvement of systems. 
BMJ 1996;312:619-622.) 


the action that initiates the next PDSA cycle. The PDSA pro- 
cess is repeated incorporating the learning from the previous 
cycles. Because all improvement involves change, but not all 
change is improvement, PDSAs should usually start on a small 
scale with just a few patients or staff. Some improvement ideas 
are not successful, and must be abandoned. As the confidence 
in the “test of change” improves with each cycle, the size of 
the PDSA cycles can be “scaled up involving more staff or 
patients” until the new process becomes the norm. 


Specific Aim and Key Driver Diagram 

The aim and key driver diagram is a tool used to organize 
the quality team’s theories of improvement. It is intended to 
focus and target the work of the team. In TJ’s case, a team was 
charged with creating a reliable process to guarantee the use 
of a “double check” prior to the administration of blood prod- 
ucts. They organized their team by developing a well-defined 
aim statement, key drivers, and interventions necessary to 
reach the stated aim. 

SMART aims must be specific. What is the goal? What 
is to be achieved? Importantly, an improvement aim must 
be designed to improve only one thing. SMART aim state- 
ments are measurable. An increase or decrease in the meas- 
ure will be directly associated with the desired change in the 
process being changed. SMART aims are actionable. The 
team empowered to improve a failed process must be able 
to impact the process and overcome any barriers to improve- 
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Aim & Key Drivers 


Design Chanaes/lnterventions 



Figure 77.5. Key driver diagram — increase compliance with the “double check process” for blood administration. 


ment. SMART aims are realistic in that there must be a rea- 
sonable expectation that the aim can be achieved. A realistic 
aim statement often requires that it be “bounded” or nar- 
rowly focused. The team may limit their improvement work 
to a single unit, patient care service, or a defined patient 
population. By doing so, the team can test changes on a 
small scale prior to spreading the improvement ideas to other 
areas or patient populations. Finally, a SMART aim must 
be timely. The improvement aim must have a target date by 
which it will be completed. If that date is more than 6 months 
from the beginning of the improvement work, interim mile- 
stones of improvement should be set. While all elements of 
a SMART aim are important, the two that often lack clarity 
are the elements of measurability and timeliness. Poorly con- 
structed aim statements speak of improving failed processes, 
but do not define how much improvement is expected and by 
when the improvement is expected. During his 2004 IHI Key 
Note address, Don Berwick, former President and CEO of 
the Institute for Healthcare Improvement stated this concept 
well, “Some is not a number, soon is not a time.” 

TPs Case: A team was codified to examine and put in place 
reliable processes to prevent a similar occurrence from happen- 
ing. Specifically, the process had to ensure that “double checks” 
were consistently done prior to any blood product administra- 
tion. The team developed the following SMART aim statement 
(Fig. 77.5): To improve the compliance of the “double check” 
process for blood administration in the ICU from 50% to 95% 
within the next 90 days. This aim statement presumes that the 
process for a correct “double check” is already known and 
that a baseline compliance rate of 50% had been established 
through a preliminary audit of the process in the ICU. 

Key drivers are those factors that the team believes will 
impact the failed process and bring about improvement. The 
key drivers can often be identified from the RCA process, or 
a “cause-and-effect” or “fishbone” diagram. Sometimes, a 
key driver can be found in the mapping of the failed process. 
In the case of the failed “double check” process for blood 
administration, key drivers might be (a) the “double check” 
policy, (b) employee orientation/education, (c) blood bank 
policies and procedures, and (d) staffing in the PICU. 


Each key driver is associated with “interventions” that, if 
implemented, should influence the key driver in order to drive 
toward achieving the specific aim. The interventions are the 
“tests of change” that form the basis of PDSA cycles. For 
example in TJ’s case, hospital employees may not interpret 
the “double check” policy the same way. An intervention for 
this key driver could be an informal survey of PICU staff to 
determine ambiguities or potential misunderstandings in the 
“double check” policy. If ambiguities are discovered, a second 
intervention would include reviewing the policy with a mul- 
tidisciplinary team to broaden input and reduce ambiguities. 
A third intervention might include a test by ICU staff to make 
sure the policy is clear, can be implemented without problems, 
and compliance with the policy can be measured. Once this is 
done, a fourth intervention is to implement the policy through- 
out the organization. A sample of aim and key driver diagram 
for the failed “double check” process for blood administration 
in the PICU is shown in Figure 77.5. 

Teams 

A successful QI project begins with establishing a team whose 
members understand their roles, responsibilities, and expecta- 
tions (19). An ideal improvement team should include indi- 
viduals who “work in, own, supply, have knowledge of, or 
receive benefits from the work process” to be improved. Team 
members share the responsibility of the improvement work 
both in and outside the team meetings and should represent a 
cross-section of the organization that utilizes the process to be 
improved. Some team members will have very specific roles. 

Every team must have a leader. In general, the team leader 
is the person who owns the process. The leader coordi- 
nates and directs the improvement work as the team studies 
the process and develops “tests of change” that might lead 
to improvement. The leader is not a passive team member. 
The team leader should have the authority to effect change 
or be empowered to break down barriers that the team may 
encounter. The leader contributes ideas, participates in data 
interpretation, and facilitates team decision making. 
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An improvement team needs a recorder. This role need not 
be the same person for every improvement team meeting, but 
the team leader should clearly identify who should serve as 
the recorder for each meeting. The recorder’s responsibilities 
include logging significant content in such a way that all team 
members can see the information. This can be done with a flip- 
chart or from typed notes recorded from a laptop and projected. 
Visual display of team discussions enhances team meeting effi- 
ciency. A QI facilitator may be a team consultant bringing the 
knowledge of QI tools and techniques to the content experts 
about the process being discussed. The facilitator may provide 
“just-in-time” training to teach the use of a QI tool or technique 
that is required as part of the improvement process. 

Finally, a QI team must have a sponsor. The sponsor is the 
executive leader who is the champion for the improvement 
project. While not an active member of the improvement team, 
the sponsor has a critical role. The sponsor makes sure that the 
right people are on the team. The sponsor resolves conflicts 
and any barriers to success. The sponsor secures resources for 
the team to do its work. 

For projects that cross many boundaries within an organi- 
zation or hospital, a team charter may be a useful tool to codify 
the scope and authority of the improvement team. The charter 
should outline the project’s focus and reasons for the effort. It 
should define the expected outcomes and measures that will 
be used to define success or failure. The charter should address 
the project scope (including boundary limits) and define the 
sponsor, team leader, facilitator and team members, the project 
start date, and end date. 

TJ’s Case: Recommendations for immediate change to the 
process were made to correct individual and system-related 
failure within hours of the event. The RCA committee also 
recommended that a QI team be established. The QI team 
was to review the process in greater detail, identify additional 
safety measures, monitor the performance of the process over 
time, and report quarterly to the hospital’s Quality Improve- 
ment and Safety Committee. As the process of blood product 
delivery to the various ICUs was different from that of the 
medical-surgical units, the recommendation directed the com- 
mittee to limit (bound) their scope to the ICUs. 

The medical director for QI was assigned the responsibility 
for establishing the QI team and serving as its sponsor. The 
chief of the blood bank was asked to lead the team, and the 


QI coordinator for the intensive care services was asked to 
facilitate the team. Team representatives included the medical 
and nursing representatives for the neonatal, pediatric, car- 
diac, surgical, and bone marrow transplant units. At the first 
meeting, the QI team developed its charter and determined 
its specific aim. A flowchart for the current process of blood 
product delivery to the ICUs was developed and failure points 
were determined. A historical review of serious safety events 
related to blood product administration was conducted, and a 
Pareto chart of different error types was developed. A Pareto 
chart displays types of errors by frequency so that attention 
can be put on the relatively few types of errors that cause the 
majority of events (e.g., Figs. 77.7 and 77.8). A cause-and- 
effect diagram was constructed and the “whys” for failures 
were determined. From this analysis, four key drivers were 
developed. These were (a) failure of the hospital’s “double 
check” process, (b) inadequate training and orientation of new 
employees, (c) confusion regarding hospital policies and pro- 
cedures, and (d) inadequate staffing of the cardiac ICU during 
times of high census (e.g., Fig. 77.5). 

In subsequent meetings, the QI team developed interven- 
tions (PDSAs), which they thought would impact the key 
drivers such that the process would be improved. One of the 
interventions tested was the use of a checklist when blood 
products arrive in the ICUs. The cardiac ICU team representa- 
tives were asked to trial a checklist and report back to the QI 
team regarding the checklist effectiveness at the next weekly 
QI team meeting (Fig. 77.6). 

Bundles and Checklists 

In 2005, Resar et al. (20) described a novel approach to QI 
in which three to five evidence-based best practices are “bun- 
dled” together and implemented as “one” in order to achieve 
a desired improvement outcome. “Bundles” afford health care 
providers the opportunity to deliver care more reliably and 
safely to patients undergoing treatments that have inherent 
risks, such as assisted ventilation and central line placement 
and management (21). When “bundles” are used reliably, out- 
comes improve (22-24). 

Checklists can be used to remind the health care team of 
steps in a clinical practice process. The checklist can also be 


Figure 77.6. Sample checklist trialed as 
PDSA by the ICU team. 


Checklistfor Blood Product Delivery to an ICU 

PDSA#1: Handoff of Blood Products from Blood Bank Technician to Certified 
ICU Clinician will utilize three-way communication 


□ 

□ 

□ 

□ 

□ 


Blood Bank Technician ( Initials ) delivers blood product to ICU 

Blood technician reads product identification information to certified clinician 
{Initials): patient name, medical record number, blood product identification number, 
blood type 

Certified clinician confirms each product identification element matches the blood 
product order form by immediate read back of each element 


Blood Bank Technician acknowledges that the information stated by the certified 
clinician is correct by stating “Check' . 

When all identifying elements have been stated, read-back, and acknowledged 
correctly, then Blood Bank Technician will hand the blood product to the certified 
clinician 
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used to measure compliance with each step in the process. 
Checklists may represent best practices or may be “good 
ideas” that seem to be appropriate steps to follow in clinical 
care processes. Usually multiple individuals are responsible for 
completing different elements of the checklist, but no one per- 
son is accountable for completion of all the elements on the 
checklist. The use of a surgical safety checklist in the operating 
room time-out process prior to the beginning of an operation 
has been associated with significant improvement in surgical 
outcomes (25,26). Similarly, the daily goals sheet is a checklist 
used in many ICUs to remind the clinical team to cover all 
essential clinical care related items during daily rounds (27,28). 

Data Drive Change — Don't Let Data Paralyze the Team 

TJ’s Case: The wrong blood was given to TJ. A Pareto chart 
analysis of medication errors at the hospital revealed that 
administration errors were the most common (Fig. 77.7) 
followed by prescribing and then dispensing errors. Within 
administration errors, the most common errors were failure 
to complete a “double check” prior to medication adminis- 
tration. This analysis, using Pareto’s methodology, suggests a 
hospital-wide problem that is most commonly due to errors 
associated with medication administration. A focused correc- 
tive effort, across the entire hospital, addressing reliable medi- 
cation administration (including blood administration), may 
yield valuable results more quickly than simultaneously target- 
ing all aspects of medication delivery. 

When broken down into its component steps, the process 
of blood administration is complicated and without an organ- 
izing framework, it may be difficult to identify the most impor- 
tant steps that need intervention(s). A Pareto chart using the 
Pareto principle , or 80-20 rule can be used to focus the team’s 
work. This principle is based on the work of Vilfredo Pareto 
and states that approximately 80% of problems are due to 
20% of the reasons for them (30). Identification of the most 


common flaws (top 20%) in the blood administration system 
can be accomplished by convening frontline staff involved 
in blood administration and developing a process map for 
blood administration. They can begin by asking, “where do 
the problems occur?” The answers can be recorded by using 
a simple tally sheet to vote for the steps in the process that 
are most problematic. From these data, a histogram can be 
constructed, sometimes referred to as a “Pareto chart.” 
Figure 77.8 is an example of a second Pareto chart depict- 
ing feedback from frontline clinicians regarding problematic 
components of the process of blood product administration in 
the cardiac ICU. Improvement steps, designed as PDSA cycles 
of change, can then focus the QI efforts to those areas most 
likely to improve the process. For example, in Figure 77.8, 
clinicians identified availability of a “second check RN” to 
cross-check blood products as an essential and often problem- 
atic step. This information can be utilized by the improvement 
team to plan the first PDSA cycle of change. Similarly, fishbone 
diagrams, frequency distribution plots, or scatter plots can be 
utilized to identify and stratify steps in any process that are 
likely to result in improvement. (For a detailed discussion of 
data analysis tools, see reference (31)). 

An aim (outcome) in QI work must be measurable, and 
data are used to quantify the results of such work. QI teams 
can leverage data to identify components of a process or sys- 
tem that have significant variation requiring targeted inter- 
ventions. This can contribute to the design of tests of change. 
Finally, data can be used to measure compliance with interven- 
tions intended to sustain change. Data are essential to effect 
change, but the acquisition and interpretation of data must 
enhance the process of change not paralyze it. This section 
outlines the use of data to facilitate change. 

A comprehensive discussion of statistical process control 
and Shewhart control charts is beyond the scope of this chap- 
ter; however, the brief summary that follows introduces the 
reader to important concepts in data interpretation that are 
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Figure 77.7. Pareto chart — distribution of adverse drug events by phases of medication use — clinical severity 
D-I; Jan-Dec 2010. 




Figure 77.8. Blood product administration — histogram of improvement opportunities. 


useful to direct QI changes (18,32). There is always variation 
within systems. Data may vary minute to minute, week to 
week, or month to month. Common cause variation (chance 
cause) is variation that is inherent within a system and affects 
all those working in the system and all outcomes from the 
system. An example is the variation in heart rate (±5 BPM) 
around a mean normal rate of 100 BPM. Special cause varia- 
tion (assignable cause) is not inherent to the system and arises 
when special or unique circumstances arise that perturb the 
system. A child, for example, develops fever and the heart rate 
can increase dramatically to 170 or 180 BPM. This special 
cause increase in heart rate deserves investigation to ascer- 
tain what perturbed the system to generate such an outlier in 
heart rate. Systems in control (common cause variation) do 
not need interventions if the data are in the goal range. Failure 
to recognize common cause variation as normal and accept- 
able can lead to wasted resources and attempts to tamper with 
a stable process delivering acceptable results. In fact, “tam- 
pering” with such in control systems may create unintended 
consequences that push the system out of control. In contrast, 
systems with special cause variation need interventions (e.g., 
PDSA targeted at the special cause) to investigate and elimi- 
nate the special cause. In its most simple form, special cause 
data points are 3-sigma (standard deviations) above or below 
the center line (mean) of normally distributed data (Fig. 77.9). 
The special cause data point depicted in Figure 77.9 might 
be the heart rate of 180 as noted in the case above. The fun- 
damental value of depicting data in the control chart format 
is to identify systems that require additional interventions 
(e.g., a fever evaluation) or that have improved or worsened 
as a result of interventions. Process control charts are said 
to be the “voice of the process” and are powerful tools to 
identify significant change in response to either a test or some 
unknown variable that has been introduced into a previously 
stable process (33). 


There are many types of statistical process control charts. 
The type of data that is being analyzed will determine the best 
control chart to use to display the variation in a manner that 
is helpful to QI work. Data may be continuous (variable quan- 
titative measurements) or attributed (counts or classification 
of qualitative data, e.g., number of errors or pass/fail items). 
Figure 77.10 outlines the type of control chart that should be 
used depending upon the type of data. A more in-depth discus- 
sion of control charts and their interpretation can be found in 
The Improvement Guide (18). 

TJ’s Case: Data were used to focus the efforts of the improve- 
ment team’s work. Specifically, the RCA team constructed a 
process map for the ordering, delivering, and verification that 
the correct blood is administered to the correct patient and to 
examine which parts of the process required change. The team 
also developed a blood product administration checklist that 
was to be completed prior to administering blood products in 
the cardiac ICU. The team wanted to confirm that the checklist 
was being consistently used. They gathered data by analyzing 
information from the completed blood administration checklist 
(Fig. 77.6). A control chart was used to monitor progress in the 
completion of all elements of the checklist (Fig. 77.11). If the 
“test of change” is real improvement, then further observation 
over time will show that the variability of the system has been 
reset and only common cause variability will be exhibited going 
forward. At this point, the system is once again stable and pre- 
dictable with high compliance in the use of the checklist. 

Statistical process control data analysis is a powerful tool to 
maximize the efficiency and effectiveness of process improve- 
ment teams. These kinds of charts may, however, allow the 
teams working on improvement to forget that the elimination 
of all errors that cause harm is the goal in health care, however 
difficult that might be to achieve. In our organization, the drive 
to zero is measured by “numbers of patients harmed” and 
even if a system is “in control,” the goal remains zero defects 
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Figure 77.9. Control chart with special cause variation. 
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Figure 77.10. How to choose a control chart. (Adapted from Langley GJ, Moen RD, Nolan KM, et al., eds. The 
improvement guide: a practical approach to enhancing organizational performance. 2nd ed. San Francisco, CA: 
Jossey-Bass, 2009.) 
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Chart Type: p-Chart 
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Figure 77.11. Annotated p-chart measuring cardiac ICU compliance with components of the 10-point pre-blood 
administration checklist. The system is stable through patient number 30, with average checklist compliance at 
76%. A PDSA cycle based on feedback from frontline staff resulted in a shift to 92% compliance. The new system 
is also stable but delivers improved performance. 


(errors) (34). For example, a process control chart depicting 
the incidence of adverse transfusion reactions per 1,000 units 
transfused could be created and used as the metric to monitor 
blood administration errors. This graph is likely to show that 
transfusion reactions are uncommon and represent common 
cause variation, and while regrettable, the rate of transfusion 
reactions does not achieve special cause variation. It is our 
view, however, that an approach to data analysis that utilizes 
rates of harm event and the total number of harm events is the 
best combination to achieve a motivated workforce to work to 
achieve zero preventable harm. 

High Reliability — Do What You Say and Say 
What You Mean 

Systems Thinking 

“Every system is perfectly designed to achieve the results it 
gets.” This statement, attributed to Paul Batalden, MD of 
Dartmouth School of Medicine (35), is an often quoted QI 
axiom. Stated another way, Albert Einstein said, “continuing 
to do the same thing over and over again and expecting a dif- 
ferent result is insanity” (36). Thus, if one expects to achieve 
different results, the system must be changed. 

An understanding of how a hospital or health care network 
is an integrated system with multiple interrelated and inter- 
dependent parts is an essential concept associated with QI. 
James Reason (17) defined a system as a set of interdepend- 
ent elements interacting to achieve a common aim. Those 


interdependent elements may interact to achieve a desirable 
aim or an undesirable one. As improvement teams or individual 
practitioners work to achieve the best possible outcomes, under- 
standing the interdependency of the various processes that com- 
prise the delivery of health care is critical. For example, if “first 
OR case start times” are predictably delayed and the entire OR 
schedule is disrupted, only a process redesign can change the 
outcomes. In the case of TJ, if there is a problem with the pro- 
cess of blood administration and the desired outcome is to make 
that delivery process a highly reliable error- free process, then 
only a study of all the interdependent parts (the system) will 
lead to optimal system performance and the desired outcome. 

Human Factors That Contribute to Error 

Human factors science is a multidisciplinary field that com- 
bines the expertise of psychologists, engineers, industrial 
designers, statisticians, and others. It concerns the understand- 
ing of human capability and the application and integration of 
this knowledge to system design. A human factor is a physical 
or cognitive characteristic that influences how people interact 
with systems. For example, in 2006, the FDA issued a recall of 
an infusion pump with a sensitive keypad for setting infusion 
rates. The sensitive pad sometimes produced a “key bounce” 
that resulted in a number to be entered twice when it was only 
intended to be entered once. Hurried nurses who failed to 
catch the error through pump programming verification were 
prone to make 10-fold errors in the infusion rates. Human fac- 
tors such as fatigue, stress, external distractions, and personal 
issues are likely to blame (though the device itself may also 
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be poorly designed). The interaction between technology and 
humans is of particular importance in the high-tech hospital 
environment, particularly the ICU. At various safety critical 
moments (e.g., high-tech device interfaces with human being), 
it is important to recognize when human factors may impair 
performance. This has been called situational awareness. Sit- 
uational awareness is “the perception of the elements in the 
environment within a volume of time and space, the compre- 
hension of their meaning, and the projection of the status in the 
near future” (37). A lack of situational awareness is one of the 
individual failure modes, and is a common root cause of errors 
during safety critical functions such as blood product admin- 
istration. Endsley (37) further emphasizes the importance of 
distinguishing situational awareness that is a “state of knowl- 
edge” from situational assessment that is the process by which 
that “state of knowledge” is attained and operationalized. Cer- 
tainly, health care workers cannot avoid performing safety crit- 
ical acts, and those same workers cannot avoid the burden of 
human factors. However, it is possible to modify human behav- 
iors to recognize when human factors are at play and practice 
simple safety practices to aid performance. One such practice 
is the STAR technique that can be used prior to performing 
any safety critical function. For example, before administering 
an intravenous medication, the health care worker can Stop 
for a moment. Think about the critical act about to be per- 
formed (right patient, right dose, etc.) prior to performing the 
Act. Then, immediately Review what was just done. Were all 
elements performed correctly? The STAR technique is a use- 
ful tool to enhance situational assessment that facilitates better 
situational awareness. If the STAR technique had been used 
by the ICU nurse prior to starting TJ’s blood transfusion, it is 
quite possible that the error would have been prevented. 

Creating High Reliability Organizations 

Unexpected events are common, and high reliability organi- 
zations (HROs) are structured to anticipate and react to the 
unexpected. HROs recognize lapses early, learn why they 
occurred, and respond to mitigate the minor lapses before 
they result in catastrophic failure. HROs are always mindful 
of what is happening within and to their systems. In a way, 
HROs engage in a form of “institutional situation awareness.” 
Weick and Sutcliffe (38) have described the characteristics of 
HROs. Those characteristics are now being explored and 
more fully integrated into the health care environment. HRO 
characteristics include the following: 

1. Preoccupation with failure, to track small lapses as if they 
were symptoms of a system about to fail catastrophically 

2. Resisting oversimplification, seeing a more complete and 
nuanced picture of complex systems that are riddled with 
the unstable, unknowable, and unpredictable. 

3. Remaining sensitive to operations and to relationships; 
realizing that frontline staff have knowledge that leaders 
lack, and staff willingness to report that knowledge is key 
to identifying the small failures before they become cata- 
strophic. 

4. Maintaining capabilities for resilience such that, while not 
error-free, HROs are not disabled by their errors. They 
keep errors small and utilize workarounds that allow the 
system to keep functioning. 

5. Deferring to expertise and taking advantage of changing 
locations of expertise. HROs are culturally diverse, lack 
rigid hierarchies, and drive decision-making down to the 
frontline staff. Authority migrates to the person with the 
most expertise, not necessarily the most experience. 

HROs learn both from successes and failures. It is often the 
failures that derive the greatest learning. Weick and Sutcliffe 
(38) further state that the two perceived enemies of HROs are 


“complacency and hubris.” Health care organizations often 
have too much of both. 

If the ICU in which TJ was hospitalized was part of an 
HRO, a different outcome would be expected. While staffing 
issues are always a factor in busy, high-acuity ICUs, an ICU in 
an HRO hospital would have had processes in place to address 
the likelihood that multiple, critically ill patients might require 
blood administration at the same time. A standardized hand- 
off of the blood product from the blood delivering personnel 
to the ICU staff would exist. A clearly understood process for 
“double-checking” the blood received against the order placed 
and TJ’s identification band would have been used. A redun- 
dant system of “double checking” using bar coded informa- 
tion that linked the blood unit “bag tag,” the order for blood 
product, and TJ’s identification band would exist. Finally, 
immediately prior to initiating the blood administration, TJ’s 
nurse would have stopped and thought about the safety criti- 
cal nature of blood administration {STAR) prior to connecting 
the blood. The nurse would have confirmed that the right unit 
of blood was about to be administered to TJ. Each of these 
steps would have required no more than a few additional sec- 
onds of staff time. In an ICU in an HRO hospital, the entire 
episode would have occurred as part of routine patient care 
and no one would think to do otherwise. 


Culture — an Essential Ingredient 

Although not a tightly defined scientific concept, the role 
of culture is widely recognized as an important part of the 
fabric of any health care organization. Hospital mission and 
vision statements are rigorously crafted and widely recited by 
employees throughout the organization; however, the culture 
of an organization is not so easily defined. The way people 
behave at 3:00AM when nobody else is watching is what really 
defines an organization’s culture. In the middle of the night, 
does the nurse always check two patient identifiers when giv- 
ing medications to a patient with whom she is very familiar? 

TJ’s Case: TJ was rapidly decompensating and TJ’s physi- 
cian and nurse were rushed, worried, and in a hurry to get 
the blood product administered quickly. Because of those dis- 
tractions, they skipped an essential double check to ensure 
this was the correct blood for the correct patient. The conse- 
quences of by-passing this step is clear. It is likely that, when 
not rushed, this standard step is virtually always done by 
these two clinicians. When rushed and distracted, individu- 
als may forget essential steps unless those steps are “habit” 
or a forcing step is in place that cannot be by-passed. If these 
two individuals are the only ICU staff who would make this 
mistake in this setting, then these are individual failures. 
However, if in this ICU, clinicians often use shortcuts when 
stressed, then the ICU has a culture of noncompliance, which 
if unaddressed will lead to recurrent errors, in particular dur- 
ing safety critical processes. 

A safety culture does not occur spontaneously. Zohar (39) 
summarized organizational characteristics of companies with 
low accident rates. The most important factors included: (a) 
successful safety program with strong leadership commitment, 
(b) safety training for all the workforce, (c) a senior official 
as a safety officer, and (c) safety promoted through guidance 
and reinforcement instead of admonition. Health care pro- 
fessionals have begun to recognize the importance of having 
a strong safety culture as a method to improve quality and 
safety (40,41); however, controversy remains regarding how 
to measure and quantify the benefits. Measuring improve- 
ment in safety culture is a process measure that may reflect 
improved actual safety; however, the more important metric 
would be to correlate improved safety climate with improved 
clinical outcomes. 
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Tools that measure safety and teamwork culture within a 
health care system are increasingly accepted as valid metrics 
that reflect the climate of opinion among various professional 
groups. While a variety of survey tools are available, two tools 
commonly in use are the Safety Attitudes Questionnaire (SAQ) 
and the Agency for Healthcare Research and Quality (AHRQ) 
Hospital Survey on Patient Safety Culture. The SAQ is a pro- 
prietary survey currently administered by Pascal Metrics (42). 
Several versions of the SAQ exist and focus upon ambulatory, 
inpatient, or emergency departments. The survey examines 
multiple domains including teamwork, safety, job satisfaction, 
stress recognition, working conditions, and perceptions of unit 
and hospital management. Studies have demonstrated a link 
between the SAQ safety and teamwork climate and clinical 
outcomes. In a large cohort of ICUs, high scores (e.g., >80% 
on a 100% scale) were associated with lower rates of com- 
plications such as bloodstream infections and scores below 
60% were associated with higher infection rates (43). Recent 
papers describe the use of SAQ survey results to both assess 
and improve the safety environment in various health care set- 
tings (44-46). Using the results of the SAQ, Sexton et al. (47) 
documented the ability of a comprehensive unit-based patient 
safety program to change the teamwork and safety climates 
in ICUs across an entire state. The SAQ results can also dem- 
onstrate disparate perceptions about safety and teamwork cli- 
mates between different professional groups within the same 
ICU (48,49). The other widely used cultural survey is the 
AHRQ Hospital Survey on Patient Safety Culture. The survey 
was first released for public use in 2004 and is available for use 
online (50), free of charge. The survey measures 12 areas or 
composites of patient safety culture including communications 
openness, feedback and communication about error, handoffs 
and transitions, teamwork across units, and others. Over 900 
hospitals currently use this survey and the aggregate results are 
available for benchmarking between hospitals (51). As with 
the SAQ, the AHRQ scores can be broken down by specific 
unit and/or by caregiver type. Early studies attempting to link 
the AHRQ Hospital Survey with clinical outcomes showed 
mixed results (52-56). Some of the discrepancies among the 
studies may be related to the use of the AHRQ Patient Safety 
Indicators (AHRQ PSI) as the outcome measure. The database 
from which the AHRQ PSIs are generated is the Healthcare 
Cost and Utilization Project (HCUP). HCUP catalogs inpa- 
tient discharge data from 44 participating states. Multiple data 
elements are extracted, and severity adjustment is done using 
APR-DRGs and co-morbidity groupings. Each PSI is a rate, 
with the numerator being the number of cases with an outcome 
of interest (e.g., Central venous catheter-related bloodstream 
infection (CLABSI)) and the denominator is the population at 
risk (e.g., number of patients with a central venous line during 
that time period). Currently, 18 PSIs include CLABSI, death 
in low mortality DRGs, postoperative sepsis, pressure ulcers, 
and 14 other indicators. The AHRG PSI is an administrative 
database and published studies outline its limitations includ- 
ing (a) insufficient clinical detail and risk adjustment and (b) 
its dependency upon the accuracy of documentation and cod- 
ing and caution against using it as a definitive outcome metric 
(57-59). However, recently, Mardon et al. (60) examined data 
from 179 hospitals and using refined and updated PSIs found 
that a positive patient safety culture was associated with fewer 
adverse events in hospitals. Indeed, the preponderance of evi- 
dence suggests that improved safety culture is associated with 
less patient harm, no matter what survey tool is used. 

Hospitals focused on transformational change to achieve 
improved safety-related outcomes will be focused not only 
on cultural change but also will have active QI teams focused 
on strategic projects such as reducing bloodstream infections, 
pressure ulcers, and adverse drug events (e.g., blood admin- 
istration errors); both are essential. The health care drive to 


eliminate harm and improve quality and safety will occur only 
in hospitals with strong safety and teamwork climates. Such 
hospitals will have environments where (a) an error or a near- 
miss error is viewed as opportunity to improve, and leadership 
takes the opportunity to find the commensurate system solu- 
tions; (b) all personnel feel responsible for not only their work 
but for that of their partner; and (c) all team members are com- 
fortable speaking up when a team member (even a senior one) 
is getting ready to make an error. These characteristics can only 
enhance the likelihood of success of the focused teams men- 
tioned previously. Future research using cultural assessment 
surveys may help distinguish the relative importance of each. 
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Design, Execution, and Appraisal 
of Clinical Trials 


Brian W. McCrindle 


WHAT IS EVIDENCE-BASED MEDICINE AND 
WHY ARE CLINICAL TRIALS SO RELEVANT TO 
THAT PRACTICE? 


Definition and Practice of Evidence-based Medicine 

The practice of evidence-based medicine occurs when clinical 
decision making involves the incorporation of the best avail- 
able research evidence together with the clinician’s expertise 
and consideration of local or individual circumstances and the 
patient’s preferences regarding therapies and outcomes. An 
additional step involves tracking, appraisal, and updating of the 
process. As a result, the practice is not based solely on research 
evidence, and should not be viewed as a directive or “cook 
book” approach. The sequence of steps in the practice of evi- 
dence-based clinical decision making is outlined in Table 78.1. 

Both Absence and Proliferation of Evidence 

The important necessary first step includes a search for appli- 
cable research evidence to inform the clinical question at hand 
and a critical appraisal of that evidence and subsequent syn- 
thesis. Given the exponential expansion of both available evi- 
dence (i.e., the medical literature and proliferation of journals) 
and the ease of means to access it (i.e., searchable databases 
like PubMed, proliferation of open access journals), clinicians 
in search of answers are often faced with having to sift through 
hundreds or thousands of individual articles. The task often 
seems very daunting, and so one may resort to expert opinion 
or review articles (often just another form of expert opinion) 
or to the claims of industry. This is actually largely what many 
patients are doing, making their own decisions on the basis of 
what they are exposed to in the media or what they are told by 
other lay people. The popular “news” media are fraught with 
errors in both reporting the facts and their interpretation, are 
prone to sensationalism, and in the obligation to provide bal- 
anced viewpoints often resort to inclusion of dissenting unsup- 
ported opinions from the fringes of reason. An unregulated 
claim extolling the curative wonders of an alternative or com- 
plementary health product of unproven effectiveness or safety 
may carry more weight than the best evidence-based recom- 
mendation from their health care provider. Together with ris- 
ing health care costs and stories regarding conflicts of interest 
and sometimes conflicting study results, many patients have 
become suspicious of the health care system and abandon ther- 
apies that are of proven benefit based on best evidence, some- 
times to the detriment of their own health or that of others. 

Evidence and Clinical Trials 

In order to provide the best possible care to their patients 
and to expertly and convincingly counsel them about that 


care, clinicians need to be expert users and appraisers of 
research evidence. One needs to be able to efficiently sift 
through the evidence and then be able to appraise the qual- 
ity of that evidence before deciding how much weight to 
give it in terms of clinical decision making. One is looking 
to find evidence that is applicable to the clinical scenario 
and answerable question at hand, but of sufficient quality 
such that one can be confident that the findings are valid 
and reliable or as close to the truth as one can get. Clinical 
trials, by the nature of their design, execution, and system- 
atic approach to appraisal, provide the greatest potential for 
freedom from biases that result in deviations from the truth 
and, thus, represent or contribute to the highest levels of 
evidence. This is why clinical trials have a greater impact 
within systems for developing and reporting clinical practice 
guidelines or recommendations. Clinical trials are assigned 
the highest grades in terms of quality of evidence and have 
the greatest influence in informing the strength of recom- 
mendations, as noted in Table 78.2 (1). 


HOW DO CLINICAL TRIALS ACHIEVE A HIGH 
GRADE OF EVIDENCE? 

Well-designed and well-executed randomized clinical trials 
achieve a high grade of evidence for several reasons, as noted 
in Table 78.3. 


Causality 

Clinical trials provide the best evidence that any differences 
in the comparison of outcomes being assessed are a direct 
result of differences in the interventions being compared (or 
comparison to nonintervention or standard of care). Clini- 
cal trials provide strong evidence for defining causality and 
can determine the efficacy (how well it works in a research or 
controlled setting), effectiveness (how well it works in clini- 
cal practice), and safety of an intervention. There are several 
criteria for defining causality, as noted in Table 78.4. Many of 
these criteria are explicitly satisfied by clinical trials, and hence 
clinical trials provide the best evidence that an intervention 
either directly or indirectly (through reduction or elimination 
of intermediate causal factors) is the cause of observed differ- 
ences in outcomes. The design and execution of clinical trials 
attempt to minimize confounding factors that may influence 
the outcomes of interest, with the observed effects then being 
confidently attributable to the interventions being compared. 
This is achieved by random allocation of study subjects, blind- 
ing of study assignment as far as possible, standardization of 
interventions and tracking of any cointerventions or crosso- 
vers, continuous accounting for all study subjects, and stand- 
ardization of all assessments and interpretations of outcomes. 
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TABLE 78.1 


Steps in the Practice of Evidence-Based Clinical Decision Making 


1 . Begin the process with a clinical scenario of immediate relevance, and specify the need for information as a well-thought-out and 
answerable question. 

2. Obtain the best available research evidence, usually by executing an informed and efficient search strategy of the published 
literature. 


3. Filter the results of the search by critically appraising the most relevant articles through assessment of methods and results in 
terms of their validity, the magnitude, and reliability ofthe reported effect, and their applicability and relevance to the clinical 
scenario at hand 


4. In addition to the appraised evidence, take into account the unique aspects ofthe clinical scenario in terms of the individual 
patient's pathophysiology, social and cultural milieu, and preferences and values. 

5. Take into account your own, your colleagues', and your settings' particular experiences and resources, that is, those aspects that 
make up "clinical expertise." 

6. From this integration and synthesis of the appraised evidence, together with the unique aspects of the clinical scenario, make the 
best-informed clinical decision. 

7. Record, track, and update the results of the preceding process. Assess the process itself, and strive for greater efficiency and 
benefit when applying itto future clinical scenarios. 


Bias can be further detected and minimized during the data 
analysis, with statistical adjustment for any unbalances in 
potentially confounding factors. 

Randomization 

The process of randomization, or random assignment of 
subjects to the study interventions, is a key feature of clinical 
trials that minimizes bias. In order for the intervention groups 
to be compared fairly, they must be as similar as possible 
regarding all characteristics and management other than the 
intervention to which they were assigned. In clinical practice, 
patients do not receive interventions at random, but usually 
variably based on three aspects (best research evidence, clinical 
expertise, patient preferences) defining evidence-based decision 
making. When examining the data derived from such clinical 
practice in a case-series review, those patients who receive one 
intervention versus another will likely differ regarding some 
characteristics that will influence the outcomes, rendering the 
direct comparison of outcomes unfair due to selection bias. 
This differential influence on outcome can be directly causal, 
or may have a mediating relation between the intervention 
and outcome, such as confounding or interaction. Random 
assignment of subjects helps to minimize bias from confound- 
ing by producing groups of subjects whereby baseline charac- 
teristics are similarly randomly present between groups, not 
only those that were measured, but also those that were not 
measured. Any subsequent differences between groups after 
random assignment should be due to chance or random error. 
The degree to which this achieves equivalency of the groups 
depends on how many subjects are being randomized, with the 
larger the number of subjects randomized, the smaller the like- 
lihood that a random unbalance will be present. The success of 
random assignment can be tested at the end of recruitment by 
comparing measured baseline characteristics between groups 
and identifying potentially influential differences. 

Prospective and Concurrent Data Collection 

All clinical trials are prospective by design, whereby the main 
exposure, the intervention, is applied and then the subjects are 


followed forward in time with assessments for the outcomes. 
Also, all clinical trials rely on data collection that occurs in the 
present or concurrent data collection as the subjects progress 
through the study period. This prospective and concurrent 
data collection allows a higher quality of data to be acquired, 
versus the use of secondary data such as the clinical record that 
characterizes the majority of observational studies. Standard 
definitions and measurement procedures can be applied. Cen- 
tral measurement and interpretation can occur in core labora- 
tories. For more subjective measurements or outcomes, expert 
and independent adjudication panels can be used. Blinding 
is important, whereby the subjects, the study personnel and 
investigators, and those analyzing the data have no knowledge 
of the randomized assignment of the subject and which inter- 
vention was received. Blinding minimizes biases from con- 
founding due to cointerventions. Cointerventions might occur 
in the application of the intervention, implementation of the 
protocol, application and interpretation of the measurements, 
and the attribution of causal relationships to adverse events. 
Well-meaning study personnel and investigators may provide 
different subjective interpretations of assessments if they know 
the intervention the subject was assigned. Subjects have been 
known to differentially report adverse events while on inert 
placebo if they believed that they were receiving the active 
study drug. Thus, clinical trials, through concurrent data col- 
lection and blinding, allow a high degree of quality control 
over the data collection and further opportunities to minimize 
random and systematic errors. 

Appraisal and Regulation 

The methodology of clinical trials is fairly prescribed and 
regimented; errors in the design, execution, or analysis 
are often readily detectable. If the methods and results are 
described in sufficient detail, the appraisal of the validity, 
reliability, quality, and applicability of the findings is pos- 
sible. Appraisal can inform assignment of a quality and 
strength grade to the evidence provided by a clinical trial. 
Standardized reporting of clinical trials has been adopted and 
required by most prominent scientific journals, which facili- 
tate appraisal. The CONSORT (Consolidated Standards of 
Reporting Trials; www.consort-statement.org) Statement to 
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System for Grading the Quality of Evidence and the Strength of Recommendations 

EVIDENCE QUALITY FOR GRADES OF EVIDENCE: 

Grade 

Evidence 


A 

Well-designed randomized, controlled trials or diagnostic studies performed on a population similar to the 
guideline's target population 

B 

Randomized, controlled trials or diagnostic studies with minor limitations; genetic natural history studies; 
overwhelmingly consistent evidence from observational studies 

c 

Observational studies (case-control and cohort design) 


D 

Expert opinion, case reports, or reasoning from first principles (bench research or animal studies) 

GUIDELINE DEFINITIONS FOR EVIDENCE-BASED STATEMENTS: 

Statement Type 

Definition 

Implication 

Strong 

recommendation 

The reporter(s) believe thatthe benefits of the recommended 
approach clearly exceed the harms and thatthe quality of 
the supporting evidence is excellent (grade A or B). In some 
clearly defined circumstances, strong recommendations may 
be made on the basis of lesser evidence when high-quality 
evidence is impossible to obtain and the anticipated benefits 
clearly outweigh the harms. 

Clinicians should follow a strong 
recommendation unless a clear and compel- 
ling rationale for an alternative approach is 
present. 

Recommendation 

The reporter(s) feel thatthe benefits exceed the harms but 
the quality of the evidence is not as strong (grade B or C). In 
some clearly defined circumstances, strong recommenda- 
tions may be made on the basis of lesser evidence when 
high-quality evidence is impossible to obtain and the antici- 
pated benefits clearly outweigh the harms. 

Clinicians should generally follow a 
recommendation but remain alert to 
new information and sensitive to patient 
preferences. 

Option 

Either the quality of the evidence that exists is suspect (grade 

D) or well-performed studies (grade A, B or C) show little 
clear advantage to one approach versus another. 

Clinicians should be flexible in their decision 
making regarding appropriate practice, 
although they may set boundaries on 
alternatives; patient preference should have 
a substantial influencing role. 

No 

recommendation 

There is both a lack of pertinent evidence (grade D) and an 
unclear balance between benefits and harms. 

Clinicians should feel little constraint in their 
decision making and be alert to new pub- 
lished evidence that clarifies the balance 
of benefit versus harm; patient preference 
should have a substantial influencing role. 


Adapted from American Academy of Pediatrics, Steering Committee on Quality Improvement and Management. Classifying recommendations for clinical practice guidelines. 
Pediatrics 2004,1 14:874-877. 


TABLE 78.3 


Advantages of Randomized 
Clinical Trials 


■ They provide the best evidence thatthe intervention being 
studied is causally related to the outcomes of interest. 


■ The process of randomization minimizes patient 
selection bias. 


■ The prospective and concurrent nature of the data collec- 
tion allows further minimization of bias through blinding, 
standardization, and quality control of measurements. 

■ The design, execution, and reporting for clinical trials allow 
standardization and more detailed and accurate critical 
appraisal than observational study designs. 


which many journals adhere ensures that those aspects that 
inform critical appraisal are clearly described during report- 
ing (2,3). These guidelines are also now being used by inves- 
tigators in the planning of clinical trials, and some funding 
sources require protocols to be submitted in a CONSORT 
format. Since clinical trials have a more influential contri- 
bution to recommendations and evidence-based clinical 
care, they are subject to more regulation. Institutional ethics 
boards may have more explicit criteria by which they assess 
and approve clinical trials. Regulatory agencies may also be 
involved, such as the U.S. Food and Drug Administration. 


WHY ARE THERE NOT MORE CLINICAL TRIALS? 


While clinical trials provide the best evidence, there are chal- 
lenges that preclude many trials from being performed. 
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Criteria for Defining Causality 
in Relationships between 
Interventions and Outcomes 


■ Isthe relationship biologically plausible in terms of the 
current state of knowledge regarding pathophysiology? 

■ Isthe relationship strong? 

■ Is the temporal relationship correct? (i.e.. Does the 
intervention precede the development of the outcome or 
condition?) 

■ Is there evidence for a dose-response relationship 
between the intervention and outcome? 

■ Is the relationship specific for the intervention and out- 
comes of interest? 

■ Is the relationship consistent across variations in study 
populations, settings and investigators, and design? 

■ Is the relationship free of known and potential 
confounding? 

■ Is the relationship free of systematic and random 
measurement error? 

■ If an intervention is successful in reducing or eliminating a 
particular risk factor or causal mechanism for an outcome, 
does this then alter the outcome in a consistent and pre- 
dicted manner? 


Resource Requirements and Conflicts of Interest 

The execution of clinical trials often requires a lot of resources, 
and almost invariably cannot be performed without some 
external funding. Often, this funding may come, wholly or 
in part, from industry. The relationship with industry brings 
up issues of real and perceived conflicts of interest, when the 
industry sponsor or partners have a financial interest in the 
results of the trial. This may also be true of nonindustry fund- 
ing sources. 

Equipoise and Execution 

The logistics of designing and executing a clinical trial are 
often greater than those of performing an observational 
study. Equipoise must exist at the beginning and through- 
out the study period, meaning that the investigators must 
be convinced that there is insufficient evidence regarding the 
superiority or equivalency of one intervention over another 
or standard of care, otherwise it would be unethical to with- 
hold the superior intervention from subjects. Investigators 
must agree to follow a common protocol, that measurements 
must be performed to a given standard, and that every effort 
is made to ensure that data collection is complete and subjects 
are not lost to follow-up. Often additional quality control 
measures are necessary, including data coordinating centers, 
data coordinators, core laboratories, and data and safety 
monitoring boards (DSMBs). 

Feasibility 

A major factor that keeps many important clinical trials 
from being performed is lack of feasibility. This is most often 


because there are insufficient participating subjects. This may 
be as a result of the clinical condition being rare with few avail- 
able potential subjects, necessary but restrictive inclusion and 
exclusion criteria limiting the number of eligible subjects, poor 
recruitment or consent rates, or the outcomes being tracked 
are rare or take exceedingly long to become manifest. Another 
feature about clinical trials that informs feasibility is that one 
can only study a limited number of interventions, usually only 
two or three, within any given single trial. 

Failure of Assumptions 

Clinical trials are risky endeavors. One usually begins with 
a hypothesis, around which assumptions are made based on 
available preliminary trials, observational studies, extrapola- 
tions, or educated guesses. These assumptions inform how 
much of a differential effect on a primary outcome attribut- 
able to the interventions being studied might be expected or 
clinically sufficient, and how much variation or error there 
might be around that effect. Often, well-designed clinical trials 
fail because these assumptions were incorrect. When a clinical 
trial shows an effect that is less than anticipated from the 
hypothesis and often not statistically significant but still poten- 
tially of clinical relevance, or the variation around the effect 
is such that one cannot be confident that one has excluded a 
clinically relevant effect, then the results of the trial fall into a 
“no man’s land,” being neither definitively positive or defini- 
tively negative. 

Publication Bias 

The results of negative and inconclusive clinical trials are 
less likely to be published and contribute to the body of evi- 
dence. The absence of these trials from the published evidence 
leads to an unbalance toward trials with positive results, the 
so-called “publication bias.” The current requirement for 
clinical trials to be registered with a cataloging service within 
the public domain before starting recruitment is an attempt 
by journal editors to prevent this bias, as well as to make par- 
ticipation in clinical trials more widely available to potential 
subjects (4). 

Specialty-specific Challenges 

There are a number of challenges regarding clinical trials 
specific to pediatric and congenital cardiology and cardio- 
vascular surgery, as outlined in Table 78.5. One of the major 
advances in overcoming some of these obstacles was the fund- 
ing and formation in 2001 of the Pediatric Heart Network 
by the U.S. National Institutes of Health, National Heart, 
Lung and Blood Institute (5). The Pediatric Heart Network 
is a consortium of leading North American pediatric cardiol- 
ogy programs, together with a data coordinating center, aimed 
at performing multi-institutional studies, and has successfully 
completed some landmark clinical trials(6-9). 


DESIGN ISSUES FOR CLINICAL TRIALS 


Both the design and execution of a clinical trial can have a 
strong influence on the degree to which the findings from the 
completed study represent the truth in terms of the answer 
to the research question (Fig. 78.1). Errors in the design and 
execution may compromise the degree to which the findings 
have validity, reliability, and generalizability. Errors in the 
execution can influence the degree to which the findings from 


TABLE 78.4 



1640 SECTION X ■ Other Special Problems and Issues 


I 


TABLE 78.5 


Specific Challenges for Performing Clinical Trials in Pediatric and Congenital 
Cardiology and Cardiovascular Surgery 


■ Although increasing, few clinicians in this field have specific training in clinical research methodology. 

Clinical researchers in this field have very limited access to sufficient funding and resources for clinical trials; industry support is 
more difficult to obtain. 


■ In the past, the culture has been driven by a rapid sequence of innovation, which has sometimes resulted in a sense of competition 
rather than a culture of collaboration. 

■ The diseases and lesions of interest are rare, limiting the size of accessible populations for study and, hence, leading to feasibility 
issues and limited statistical power. 

■ The population is very heterogeneous, not just regarding the scope of disease, but also regarding the different issues being faced 
across the entire lifespan. 


■ Many of the interventions have an element of operator dependence, requiring significant skill and expertise, which is a challenge 
to their evaluation. 

■ Many important outcomes are time dependent, and may not be evident over many years. 

■ There are specific ethical issues in performing research in children that need to be addressed. 

■ The bureaucracy of doing clinical research has increased exponentially, and regulations and policies have been interpreted and 
applied with lack of uniformity. 


the study as it was completed are reflective of the findings if 
the study had been performed exactly as planned. The degree 
to which the actual findings can be inferred to reflect the truth 
in the designed study reflects internal validity. Errors in the 
design can influence the degree to which the findings can be 
inferred to reflect the actual truth or the answer to the research 
question, which is referred to as external validity. The path to 
achieving both internal and external validity, hence the truth, 
should be considered not only for each individual study, but 


also considered in light of a series of research phases, gradually 
building up preliminary data and evidence. 

Phases of Clinical Trials 

The study of interventions, particularly new interventions, 
is usually based on a series of progressively more rigorous 
study designs that move from concerns related to refining the 



r | 


TRUTH IN THE 

TARGET i RESEARCH 

PHENOMENON 

UNIVERSE 

POPULATION | QUESTION 

OF INTEREST 


l , 




INTERNAL 

VALIDITY 


TRUTH IN THE 
STUDY 

f 

INTENDED 

SAMPLE 

V 

STUDY PLAN 

; INTENDED 

: VARIABLES 

i 

INFER 

* 

FPROn ^ w 

DESIGN 

f 


1 i 

FINDINGS IN 

THE STUDY 

r 

ACTUAL 

SUBJECTS 

ACTUAL 

STUDY 

ACTUAL 

MEASUREMENTS 


Figure 78.1. Validity and the relationship to truth in clinical trials. 
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TABLE 78.6 


Phases of Clinical Trials 


Phase I Usually an uncontrolled study 
Determine dosage and administration of the intervention 
associated with safety 

Evaluate short-term safety and tolerability of the 
intervention 

Provide preliminary data on efficacy 


Phase II Smaller scale controlled study 
Refine optimal dose and administration associated with 
potential efficacy 

Determine common short-term adverse effects and risks 
Provide further data to inform feasibility and design of 
larger efficacy trials 

Phase III Randomized clinical trial 
Determine clinical efficacy or effectiveness and safety 
parameters 

Phase IV Usually long-term surveillance or specific clinical 
trials 

Determine efficacy and effectiveness regarding long-term 
outcomes 

Determine long-term safety and track rare adverse events 
Investigate the intervention in more specific populations, 
such as children 


intervention and determining feasibility, to more definitive 
determinations of efficacy, effectiveness, and safety. Each 
phase provides preliminary data and evidence to inform the 
next phase, creating a body of evidence that will eventually 
inform recommendations and evidence-based clinical decision 
making. These phases are particularly applicable to interven- 
tions involving investigational new drugs and devices, and 
proceed in a defined sequence, as noted in Table 78.6. The 
aims of each phase are different, and inform the choice of 
approach and study design. Given that large scale efficacy and 
effectiveness trials are risky endeavors, these phases help to 
ensure that sufficient rationale and preliminary data inform 
their design and execution. 

Phase I studies are usually the bridge from experiments 
in animal models to human subjects. For drugs, these stud- 
ies are usually conducted with healthy volunteers, although 
they may be conducted with patients to whom the drug may 
be of benefit or for whom conventional therapies have failed. 
Phase I studies are usually not randomized or controlled (no 
comparison group), are small in scale, and are aimed at deter- 
mining short-term safety and tolerability, dosing (including 
the maximally tolerated dose and toxicity) and administration 
through pharmacodynamic and pharmacokinetic testing, and 
preliminary results regarding effectiveness. 

Phase II studies are based on the results from phase I stud- 
ies, and are aimed at determining whether or not the inter- 
vention will have an effect on the outcomes of interest in 
the population to whom the intervention will be applied in 
clinical practice. Usually these are smaller randomized and 
controlled clinical trials, and the primary outcomes may be 
more mechanistic in nature. Phase II studies also may lead 
to refinements in dosing and administration, and determine 
short-term adverse effects and risks beyond those noted in 
the Phase I preliminary studies. Phase II studies will help to 
determine feasibility and to provide important information 
about assumptions around the hypothesis that will be tested 
in Phase III studies. 


Phase III studies are aimed at providing robust evidence 
for clinical efficacy or effectiveness, while further specifying 
safety. These studies are meant to satisfy regulatory require- 
ments for industry prior to marketing a drug or device, and 
are used to inform clinical recommendations and evidence- 
based practice. Phase III studies are rigorous randomized 
controlled clinical trials with large numbers of subjects, and 
tend to have a shorter intervention or follow-up period than 
would be used in clinical practice. These trials are powered to 
detect a clinically meaningful impact on an outcome that is 
immediately relevant to the patient, such as mortality, symp- 
tomatic morbidity, and functional health or quality of life. 
These outcomes are much harder to study in children and 
congenital heart patients, where the outcomes occurring are 
less frequent, occur over a longer period of time, or are less 
well-conceptualized. 

Phase IV studies are long-term studies or surveillances 
conducted after the drug or device has received regulatory 
approval and is being marketed. They are aimed at moni- 
toring the incidence of adverse events, particularly those 
that are rare, and to determine long-term effectiveness and 
safety. Phase IV studies are usually registries, although they 
may include clinical trials, particularly if they are aimed at 
determining efficacy, effectiveness, and safety for more spe- 
cific indications or in more specialized populations (such as 
children or congenital heart patients) than in the Phase III 
trials. 


Questions, Hypotheses, and Aims 

The conceptualization of all clinical trials begins with a ques- 
tion. The specification of that question is founded on a sound 
knowledge base and preliminary evidence that leads one to 
a specific and focused area of controversy or uncertainty. 
A focused question will define the study population, the inter- 
vention and comparison, and the primary outcome for the 
clinical trial. The process of specification of the question forms 
the rationale for the clinical trial that is proposed. 

The rationale informs the background/preliminary studies 
section of study protocols and the introduction section of 
manuscripts. The rationale is not merely an exhaustive lit- 
erature review, but should represent a synthesis, and like 
any good story, should have a climax and a point. A well- 
conceived background to a proposal also represents the start- 
ing point for the discussion section of a manuscript once the 
study results are determined. In outlining these sections, one 
usually begins by defining the broad topic area, and then hon- 
ing down to the specific area of controversy or uncertainty. 
The rationale is provided from both the published literature 
and preliminary work by the investigators. The rationale is 
based on the identification of deficiencies in previous studies, 
conflicting or paradoxical results, gaps in knowledge, or gaps 
in evidence. The rationale should lead directly to a statement 
of the research question (stated as a question), which leads 
to a statement of the primary aim of the trial (the question 
rephrased as an action item). 

The relevance and significance of the question being pur- 
sued is another important aspect of the rationale. It defines the 
importance of the question, which is dependent on the impor- 
tance of a truthful answer. Put simply, the potential answer 
must pass the “So what?” test. There are many dimensions 
to relevance and significance, which can be qualitatively or 
quantitatively supported. The answer may provide evidence 
leading to further lines of inquiry, may impact the care of 
patients, leading to reductions in disease burden or risk, or 
improvements in patient level outcomes, or may inform clini- 
cal recommendations, guidelines, or health policy. The answer 
should be both interesting and novel. 
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A hypothesis is the best guess as to what the answer to 
the study question might be. It should ideally be based on 
knowledge of the published literature and preliminary work 
and, hence, be an informed guess. The hypothesis should be 
specified at the same time that one poses the study question, 
which should be before any data are collected. It should also 
be detailed and specific to the study subjects, the intervention, 
and the direction and magnitude of effect on the primary out- 
come. Hypotheses should similarly be prespecified for each 
secondary research question. For the purposes of sample size 
estimation and inferential statistical testing, the hypotheses 
must be restated in a different manner, to be discussed in a 
later section of this chapter. 

Study aims represent the main and secondary study ques- 
tions, but are rephrased as an action item. As such, they are 
like mission statements, which define the direction or design 
of the clinical trial. The primary study aim should include the 
defining characteristic of the study population, the interven- 
tion and comparison being studied, and the primary outcome 
(the main or most important outcome). The design of the 
trial should be specific to achieve this primary aim. Sample 
size calculations to estimate the number of subjects required 
are based on the primary aim and an associated hypothesis, 
together with statistical considerations specifying the risk tol- 
erance for random errors. Secondary aims are usually struc- 
tured around subgroup comparisons, other types of outcomes, 
and mechanistic explorations. Secondary aims and hypotheses 
should be relevant to the primary aim, but provide a greater 
degree of breadth and depth to the study, which can increase 
the relevance and significance of a trial. One does not usually 
hinge sample size calculations on these secondary aims and 
hypotheses, but one can calculate the degree of power that 
may be available to test the hypotheses reliably. 

Primary and secondary outcomes should be clearly specified 
and justified and relate directly to the study aims and under- 
lying research questions. In the design phase of clinical trial 
development, much consideration is usually given to choosing 
the primary outcome. Preference is usually given to outcomes 
that are of direct relevance to the patient, with mortality being 
the outcome of utmost importance. Other relevant outcomes 
might be morbidities that impact on patient well-being, risk 
of intervention or further reintervention, and, more recently, 
assessments of functional health status or health-related qual- 
ity of life. A hypothesis regarding the differential impact of 
the study interventions on the primary outcome informs the 
sample size calculations specifying the number of subjects 
required. Secondary outcomes are outcomes of interest that 
may be related to the primary outcome, either by association 
or informing a mechanistic relationship. The most common 
secondary outcomes are measures of adverse effects or events, 
pathophysiologic parameters, or health care system factors, 
such as utilization or costs. 


Interventions and Clinical Trial Designs 

The choice of intervention(s) and comparison should be evi- 
dent from specification of the research question and primary 
aim, as well as the phase of investigations as described previ- 
ously. All aspects of the intervention and its application (what, 
how, when, where, who) should be considered and exactly 
specified in advance. In pediatric trials, particular attention 
should be given to dosing and formulation, and to monitor- 
ing for adverse effects. The strategy for ensuring and moni- 
toring of compliance should be detailed. The specification of 
the interventions should be such that they can be replicated 
and applied in further studies, adapted to different popula- 
tions and scenarios, or implemented in clinical practice. These 
details should be provided in the study protocol, the manual of 


operations, and in any subsequent publication of the methods 
and/or the results of the trial. 

Choice of the comparison group can be a key factor in 
the design of clinical trials. If aspects of the application of 
the intervention are likely to be influencers of outcomes or to 
unblind the allocation assignment, then precautions should be 
taken to have as many aspects as possible replicated identi- 
cally for the comparison. This may include identical formula- 
tion and application of study drug and placebo, or the use 
of sham procedures. Often, particularly for pediatric patients, 
the undue burden of taking placebo or undergoing sham pro- 
cedures cannot be supported due to ethical concerns. Addi- 
tionally, there may be ethical concerns if there is a reasonable 
standard of care or alternative that may be withheld. These 
considerations become key drivers in the design of clinical tri- 
als in pediatrics. 

The approach or perspective of the clinical trial is linked to 
the primary aims. Some clinical trials aim to determine if one 
intervention is better or safer than either usual or standard care, 
placebo or nonintervention, or an alternative study interven- 
tion (superiority trial). While the majority of clinical trials are 
undertaken with the hypothesis that the intervention of interest 
will be shown to be better (a one-tailed approach), statistical 
testing of that hypothesis is conventionally performed with a 
supposition that the intervention of interest may also be shown 
to be worse (a two-tailed approach). The two-tailed approach 
underlies inferential statistical testing, but it also has merit in 
that many interventions supported by observational studies and 
preliminary data are subsequently shown to be either equiva- 
lent or inferior to their comparison in a large-scale phase III 
trial. Alternatively and less frequently, some clinical trials aim 
to determine whether one intervention is no better or worse 
than either usual care or an alternative study intervention (non- 
inferiority or equivalence trial). These trials are relevant when a 
new intervention has advantages over an established or alterna- 
tive intervention (reduced costs, greater availability, improved 
feasibility, better tolerance, and acceptability) but there is a 
need to establish that outcomes will be at least equivalent and 
noninferior. The threshold for defining noninferior depends on 
the advantages of the new intervention, and there may be a 
trade-off for accepting some decrease in efficacy. 

Simple randomized clinical trial , also called parallel group 
design, is the most common clinical trial design. It is charac- 
terized by subjects being recruited and randomized concur- 
rently to only one of either an intervention or comparison, 
and followed concurrently to a specified single study end 
point. This design is the easiest to implement and to critically 
appraise, and is also somewhat flexible. It is limited in that it 
only allows one to study the relative effect of one intervention 
at a time. 

Crossover clinical trials are a variation of the parallel 
group design whereby subjects are first randomized to either 
the intervention or comparison for a specified period of time, 
and then reassigned to the opposite of the initial allocation 
for a second specified period of time. It allows each subject 
to receive both intervention and comparison in randomized 
order. It is often used when the number of study subjects is 
limited and when the outcomes occur over a relatively short 
period of time. It allows both within group and between group 
comparisons, with each subject acting as their own control or 
comparison, which also helps to minimize bias and allows for 
paired analyses. Besides increased logistical issues, one of the 
major limitations of this design is the problem of dropouts, 
since the subjects are followed longer, have increased expo- 
sure to adverse effects, and may not wish to continue with a 
second period of possible placebo or a less-desirable alterna- 
tive. Another limitation is the potential for carryover effects, 
whereby the effects of the initial intervention continue to oper- 
ate over the second period to influence outcomes. One method 
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to help prevent carryover effects is to have an appropriate 
washout period between study periods, although this may be 
ineffective and further lengthen the study and contribute to 
dropout. Both of these limitations complicate the analysis and 
interpretation of the trial results. 

A factorial design allows the study of more than one inter- 
vention together (interaction) as well as separately (independ- 
ent). The least complex factorial design randomizes subjects 
to one of four groups — neither intervention (comparison), 
both interventions, and each intervention separately — and is 
called a 2 x 2 factorial design. This design can be efficient 
in determining both the individual and combined benefits 
of interventions, including synergy, but also carries the risk 
of unexpected adverse effects from the combination. Facto- 
rial design trials require larger numbers of subjects and have 
greater logistical issues, and the analysis and interpretation 
can be complex. 

Study Subjects 

The degree to which the study subjects enrolled and complet- 
ing the trial are representative, meaning similar in charac- 
teristics and response, of all applicable patients depends on 
specific aspects of how those subjects were chosen, recruited, 
and maintained as participants in the trial. These aspects can 
have important impacts on the validity of the results and their 
generalizability, and are outlined in Table 78.7. 

Definition of the study population begins with examination 
of the aims and hypotheses of the clinical trial. One wishes to 
infer that the results of the trial for those subjects studied will 
be representative of the truth if the trial had been performed in 
the universe of potential subjects, or the target population. It 
is usually given that one cannot study absolutely everyone, but 
one can study those potential subjects who can be identified 
and approached by the investigators, or the accessible popula- 
tion. Of the accessible population, some subjects cannot be 
contacted, will prove not appropriate for study, may decline to 
participate or may start but not complete their participation, 
and represent the actual study subjects. The degree to which, 


Defining and Selecting the Study 
Subjects 


■ Identify the characteristics of the population to which you 
would wish to apply the results of the completed trial. 

■ Identify the population of subjects that are available and 
accessible for potential recruitment. 

■ Define the inclusion and exclusion criteria that will specify 
eligibility for participation. 

■ If the number of available subjects exceeds the number 
required, identify an appropriate sampling strategy. 

■ Define the recruitment and consenting strategy. 

■ Define strategies for minimizing dropouts and loss to 
follow-up. 

■ During execution of the trial, carefully track subject num- 
bers, any available subject-level information, and reasons 
for exclusion, failed recruitment or consent, and subject loss. 

■ During data analysis, explore available information to 
detect any differences or potential bias between partici- 
pants and nonparticipants at various stages of selecting, 
enrolling, and studying the subjects. 


at each stage, the subjects are similar to the target population 
will inform the validity of inferences based on the results from 
the actual study subjects. 

Inclusion and exclusion criteria are defined to refine speci- 
fication of the accessible population that may be recruited for 
study participation. Inclusion criteria are the defining char- 
acteristics specific to the target population applicable to the 
study aims. They usually include demographic characteristics 
(age, sex), clinical characteristics (anatomy, diagnoses, mor- 
bidities, procedures), accessibility characteristics (geography, 
settings), and the time period. Exclusion criteria are charac- 
teristics that may influence participation (language barriers, 
anticipated poor compliance or follow-up, cognitive or physi- 
cal limitations), applicability or safety of the study interven- 
tions (contraindications), or unduly influence outcomes 
(associated conditions or treatments). Each criterion should be 
exactly and objectively defined as far as possible. There must 
be an appropriate balance between being too general and too 
overly restrictive, balancing generalizability with feasibility. 

Sampling strategies may sometimes be necessary when the 
number of accessible and potentially eligible subjects exceeds 
the number of subjects required, but one wishes to minimize 
selection bias. Convenience sampling is most liable to poten- 
tial bias, and involves selecting subjects who are the most 
accessible, such as enrolling subjects as they present from 
routinely scheduled clinic visits. Systematic sampling involves 
having a system to select subjects, such as enrolling no more 
than four subjects per week from the surgical list. Simple ran- 
dom sampling involves creating a list of all accessible subjects 
and then selecting subjects at random until the desired number 
is achieved, and is the method most likely to minimize selec- 
tion bias. Random sampling can be stratified by dividing the 
accessible subjects into defined subgroups, and then sampling 
within those subgroups, and may be used when the investi- 
gators wish to examine the differential effects of the study 
interventions. If used, any sampling strategy must be exactly 
specified and tamperproof. 

Study Measurements 

In any clinical trial, a large amount of data will be collected 
at various time points throughout the study and for various 
purposes. Each individual piece of information will play dif- 
ferent and sometimes multiple roles in helping to define truth 
in the results and inform the interpretation and appraisal of 
the evidence emerging from the clinical trial. The purpose and 
measurement properties of every variable should be justified 
and specified in the design of the trial. Each variable can be 
specified according to several different classifications, as out- 
lined in Table 78.8. 

The purpose or rationale provides the justification for 
inclusion of each measurement or variable. Measurements 
can be used to characterize the study subjects for description, 
and should include data collection that verifies inclusion and 
exclusion criteria. Particularly for procedural study interven- 
tions, data should be collected about the execution of the 
intervention and both concomitant and subsequent manage- 
ment. Outcome variables can be assessed prior to randomi- 
zation, to either ensure study subjects are free of the outcome 
or to provide a baseline measure against which subsequent 
change is assessed. Variables that can confound the relation- 
ship between the study interventions and outcomes should 
be assessed. Confounding occurs when the relationship 
between the intervention and the outcome is actually due to 
another factor that is not associated with the intervention. In 
clinical trials, randomization minimizes the chance of con- 
founding by balancing these factors between intervention 
and comparison groups. Variables that may interact with the 
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Characteristics of Study 
Measurements or Variables 

■ Purpose or rationale for the measurements or variables 

■ study subject characterization 

■ study intervention characterization 

■ outcome variables 

■ potential confounding variables 

■ potential interaction variables 

■ Nature of the measurements 

■ Time-related events 

■ cross-sectional measures 

■ repeated or serial measures 

■ qualitative assessment 

■ Timing of the measurements during study execution 

■ at baseline before randomization 

■ during study execution 

■ at study period endpoint 

■ Properties of the measurements 

■ validity and systematic error 

■ reliability and random error 

■ level of measurement 

■ nominal 

■ ordinal 

■ interval 

■ ratio 

study interventions in influencing outcomes should also be 
considered. In clinical trials, this is the rationale justifying 
prespecified subgroup analyses, whereby the investigators 
are determining if the effect of the intervention on the out- 
come is modified by the presence of other factors. Usually, 
subgroup analyses in clinical trials are considered explora- 
tory and hypothesis generating, and are often not sufficiently 
powered to be definitive. 

The nature of the measurements , particularly of the out- 
come variables, influences how sample size should be calcu- 
lated and how the data will need to be handled during data 
analysis. Most primary outcomes in clinical trials will be 
events that are associated with a variable period of time, such 
as death, morbidities, or procedures. Survival or timed-event 
analyses are required. Some outcomes are measured after a 
specific period of time after randomization and study inter- 
vention, where the final measurement is cross-sectional in 
nature. Intervention group comparisons are made at that time 
point, but may be adjusted for baseline assessment or other 
potential confounders in multivariable regression analyses. 
Some outcomes are made repeatedly throughout the period 
of observation, usually at prespecified time points, and one 
is interested in determining the difference in trends between 
groups. Repeated measures or longitudinal regression analy- 
sis techniques are required. Less frequently, the outcome of 
interest is of a qualitative nature, such as responses from a 
structured interview. Techniques for identifying themes within 
transcripts of these interviews can be used, and the themes 
compared between groups. 


The timing of measurements during study execution is an 
important consideration, and is linked to the rationale for that 
measurement. Some data are collected at baseline and then 
repeatedly during study execution, and are usually secondary 
outcome measures such as adverse effects. Other data may 
be collected only at baseline, such as descriptive or potential 
confounding variables, or only at study endpoint, such as out- 
come measures. 

Various properties of the measurement need to be consid- 
ered when planning the measurements and defining what data 
are to be collected and in what format. An important prop- 
erty is the validity of the measure, or the degree to which the 
measure is an accurate reflection of the concept of what one 
is trying to measure. This is particularly of importance when 
one is trying to measure concepts that are more subjective in 
nature, such as functional health status or symptom severity. 
The greater the degree of subjectivity of a measurement, the 
greater is the risk of systematic error. To some extent, sys- 
tematic error is a component reflected in intraobserver and 
interobserver variability. Another property is reliability, or the 
degree to which you get the same result if you measure the 
same thing in the same way on the same subject or specimen. 
Reliability is influenced by random error as well as systematic 
error. Both systematic and random errors can be reduced with 
increased quality control over performance and interpretation 
of the measurements. 

Level of measurement is another property that influences 
sample size calculations and data analysis techniques. Some 
measures are nominal in nature, meaning that the values are 
in discrete, unordered, and mutually exclusive categories. An 
example would be type of device placed for transcatheter atrial 
septal defect closure. Some measures are ordinal in nature, 
with the values also in nominal categories but with a non- 
quantifiable gradient relationship between them. An example 
might be grading of aortic regurgitation as none, mild, moder- 
ate, and severe. Continuous interval variables are those whose 
values are more infinite and have a quantifiable gradient. An 
example might be weight or temperature. Ratio variables are 
continuous variables that vary over a discrete range defined by 
a denominator, such as percent oxygen saturation. In general, 
using continuous measures can reduce sample size require- 
ments, and allow determination and specification of dose- 
response relationships between variables. 

Randomization 

In clinical practice, patients receive interventions based on 
specific characteristics, which may include clinical variables, 
practice variables, and patient and provider preferences. Some 
of these characteristics influence outcomes, independent of or 
in interaction with the intervention received. This introduces 
error when comparing outcomes after interventions. Ideally, 
one would like to be assured that any differences in outcomes 
were solely attributable to the interventions being compared. 
Differences in baseline characteristics can be minimized if the 
subjects are randomly allocated to intervention groups, hence 
eliminating selection bias. Random allocation gives the best 
chance that baseline differences will be minimized, including 
differences in both measured and unmeasured characteristics. 
The greater the number of subjects randomized, the greater 
the likelihood that there will be few important differences in 
characteristics between the groups. One can also test the suc- 
cess of randomization, by comparing the measured baseline 
characteristics between assigned intervention groups and by 
looking for both potentially relevant and statistically signifi- 
cant differences. In analyses of outcome comparisons, one has 
the opportunity for applying statistical adjustment for any or 
all baseline characteristics. 


TABLE 78.8 
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Requirements for Valid 
Randomization 


■ Ensure thatthe generation of the allocation schedule is 
truly random by using random numbertables or computer 
algorithms. 


■ Ensure the sequence is not predictable, but that the method 
can be replicated. 

■ Have the process of generation of the allocation schedule 
performed and maintained independently from those imple- 
menting the study. 

■ Ensure thatthe allocation schedule is tamperproof, and that 
assignment is masked to the subjects and study personnel 
until the intervention is to be applied or started. 

■ Allocation of assignment should only be made or unmasked 
after subject eligibility has been confirmed, consent 
obtained, baseline measures completed, and atthe time the 
intervention is to be applied or started. 

■ Ongoing masking or blinding of assignment for subjects, 
study personnel, and those performing data analyses should 
be in place, as appropriate for the specific study, and be 
tamperproof. 

■ Ensure thatthe assignment process is clearly documented 
and tracked for quality control. 


Valid randomization can only be achieved if it is performed 
and applied properly, as noted in Table 78.9. This is achieved 
when allocation is truly random and when it is tamperproof. 

Variations of randomization can be employed for specific 
purposes, as noted in Table 78.10. Most large trials employ sim- 
ple randomization, as the large number of subjects minimizes 


the chance of random imbalances in characteristics between 
groups. Use of blocks with simple randomization ensures that 
the number of subjects in each group is equal at the start of the 
intervention throughout the study. Cluster randomization is 
used when subjects fall into natural groups where there might 
be contamination between individuals within the groups if they 
were to receive different interventions, such as an educational 
or behavioral intervention. Some randomization variations 
are employed to ensure that there are no chance differences 
between groups regarding specific baseline characteristics that 
have an important influence on the outcomes, and included 
stratified randomization and pair matching. 

Controversial variations of randomization include unequal 
allocation and adaptive randomization. Unequal allocation 
entails allocating more subjects to one group than another, 
usually in a specific ratio other than 1:1, creating groups of 
unequal sizes. It may be used to evaluate multiple treatment 
groups against a single control group, with relatively larger 
numbers allocated to control. Increased allocation to an inter- 
vention group may be desired to detect rare outcomes and 
adverse effects specific to that intervention. It may be used to 
increase recruitment when it is known that subjects have a 
greater chance of being allocated to a desirable intervention. 
Conversely, it may be used to limit allocation to an interven- 
tion that is expensive or of limited availability. This type of 
allocation reduces statistical power, complicates consent, and 
remains controversial as to validity. Adaptive randomization 
entails changing the probability of allocation for the next 
subject based on the characteristics of those subjects previ- 
ously randomized. This can be used as the allocation proceeds 
to correct for imbalances regarding baseline characteristics 
(covariate adaptive) or differences in group sizes (treatment 
adaptive). It may also be used to preferentially assign subjects 
to the “best” intervention based on the outcomes of preceding 
subjects, allowing more subjects to be given the potentially 
beneficial intervention, or fewer subjects to be given a poten- 
tially harmful or ineffective intervention. Adaptive allocation 
requires continuous tracking of characteristics and outcomes, 


TABLE 78.10 


Types of Randomization 





Method 

Advantages 

Challenges 

Simple 

randomization 

Allocating subjects indepen- 
dently, sequentially, and randomly 
to intervention groups with no 
consideration as to previous allocations 

Simple, efficient, sufficient for 
large trials 

May result in imbalances in 
numbers and characteristics 
when applied in small trials 

Block 

randomization 

Simple randomization with the subjects 
being allocated within blocks of a speci- 
fied but preferably random size 

Ensures an equal number of 
subjects in each group atthe 
end of allocation of each block 

Use of fixed block sizes may 
allow for prediction of sequential 
assignments 

Cluster 

randomizaton 

Subjects allocated as clusters, 
with groupings based on specific 
characteristics, e.g., families, schools, 
clinics, communities 

Reduces contamination bias 
between individuals in the 
same cluster, as they all 
receive the same intervention 

Applicable only to large trials 
and must be sufficient clusters; 
analyses must consider inter- and 
intracluster variation and effects 

Stratified 

randomization 

Block randomization according 
to potentially influential baseline 
characteristics where equal allocation 
must be assured 

Ensures there is no imbalance 
between groups regarding the 
specific influential baseline 
characteristic 

Increases complexity; can only 
practically have no more than 
one to three stratifying variables 

Pair matching 

Subjects are paired at baseline according 
to matching characteristics, and then 
the individuals in the pair are randomly 
assigned to the intervention groups 

Ensures there is no imbalance 
between groups regarding 
those characteristics used to 
match subjects 

More potential subjects needed 
to make good matches; increases 
complexity; requires analysis of 
pairs 
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often precludes effective blinding, and reduces statistical 
power and validity. 


Cointerventions and Blinding 

A significant factor that may alter, or confound, the results of 
a clinical trial is cointervention, a phenomenon that occurs 
when potentially outcome-altering interventions (other than 
the study intervention) are administered to some subjects, but 
are not specified in the study protocol. Cointerventions may be 
introduced into the study intentionally or unintentionally, and 
are often allocated to subjects by nonrandom means. For exam- 
ple, if investigators believe the study intervention to be effective, 
they may (consciously or unconsciously) give compensatory 
care to those not receiving the intervention in the control group. 
Conversely, subjects in the study intervention group may take 
extra steps to supplement or augment any intervention effect, to 
increase the likelihood of an anticipated outcome. Such behav- 
ior results in uneven distribution of cointervention across trial 
groups, and subsequent confounding of the trial outcome. 

Ascertainment or reporting bias is another important con- 
founding behavior in clinical trials, wherein study investiga- 
tors or subjects may have an altered perception or reporting of 
outcomes due to knowledge of the subject’s group assignment. 
For example, an investigator may become more likely to seek 
and declare a positive outcome measure when aware of a sub- 
ject’s assignment to the study intervention group. 

Blinding or masking can minimize both cointervention and 
ascertainment bias in clinical trials. When blinding, either the 
study subjects, investigators, or both are made unaware of the 
intervention assignments until the end of the trial, as outlined 
in Table 78.11. Triple blinding adds blinding to any data anal- 
yses, whereby those performing or reviewing interim and final 
analyses for either safety or for efficacy are unaware of the 
meaning of the groups, that is, the groups are labeled A and B. 
Regardless of the degree of blinding of subjects and investiga- 
tors, any individual charged with measuring the primary out- 
come of a trial should always be blinded to the greatest extent 
possible. This includes any laboratory personnel analyzing 
study samples, as well as clinical staff charged with interpret- 
ing any data susceptible to significant interobserver variability, 
as outlined in Table 78.12. 

Use of placebo systems can facilitate blinding. Placebos 
are an inert or sham intervention designed to mimic the study 
intervention in all but biologic effect, and would be admin- 
istered to the control or comparison group of a clinical trial. 
Placebo controls serve to make the study interventions indis- 
tinguishable to both subjects and investigators, maintaining 
blindness to individual group assignments. Placebos should, 
therefore, be matched to the study intervention in as many 
dimensions as possible. In certain cases, placebo use may be 
restricted by ethical or logistical limitations, forcing the trial 




TABLE 78.11 


Types of Blinding in Clinical 
Trials 


■ Unblinded Both subjects and investigators are 

aware of group assignments. 
Sometimes necessitated by logistical 
and ethical constraints. 

Most susceptible to cointervention 
and ascertainment bias. 


■ Single-blinded Only the subjects are unaware of the 
group assignments. 

■ Double-blinded Both subjects and investigators are 

unaware of assignments. 

Gold standard of clinical trial designs. 
Least susceptible to cointervention 
and ascertainment bias. 


to follow a single-blind or unblinded design, as outlined in 
Table 78.13. 

Unblinding of a subject’s intervention assignment may be 
necessary in certain emergency circumstances, such as the 
presence of a severe adverse effect or some unrelated emer- 
gency requiring intervention that may interact with their study 
intervention. Since such circumstances often evolve suddenly, 
safety measures should be put in place to allow for quick 
and accurate unblinding in the case of such an event. Such 
measures might include distribution of a 24-hour emergency 
telephone number to all subjects through which their care 
providers may access immediate unblinding. The decision to 
break blinding to any extent directly impacts the validity of 
any trial results, and should only be considered when deemed 
essential by the subject’s treating care provider. Where pos- 
sible, the level of unblinding should be kept to a minimum. 
One can often unblind to the treating care provider without 
disclosure to the subject or investigators. 

Success of blinding throughout a trial can be evaluated 
at the end of a study by a simple survey, asking subjects and 
investigators to make guesses on group assignments. If >50% 
of guesses are correct for either subjects or investigators, then 
the blindness of the study may have been compromised. 


Sample Size and Power 

A pivotal component of clinical trial design is an estimation 
of the number of completing study subjects needed in order 
to reliably achieve the study aim and confidently answer 


\ TABLE 78.12 | 

Influence of Outcome Type on Blindness of Study Design 


Outcome Type 

Definition 

Example 

Implications 

Subjective 

Ascertainment requires 
a subjective judgment on 
the part of an observer 

Outcome determined by diagnosis 
based on interpretation of 
echocardiography. 

High risk of ascertainment bias. 

Trial should be blinded to the great- 
est possible extent 

Nonsubjective 
or binary 

Ascertainment does 
not require a subjective 
judgment. 

Mortality as a study end point. 

Low risk of ascertainment bias. 

Full blinding may not be strongly 
required, but the highest feasible 


degree of blinding is recommended. 
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Limitations on Placebo Use in Clinical Trials 


Ethical Limitations 

Studies investigating severe conditions 

Withholding of active intervention through placebo 
use may pose unacceptable risk to subject safety. 
Studies evaluating surgical interventions 
Performance of sham surgeries on the control group 
may be unethical, due to high risk and invasiveness. 
Consent issues 

Subjects must be made fully aware of the likelihood 
of assignment to placebo, which may not be feasible 
with certain types of interventions. 


Logistical Limitations 

Difficulty in intervention matching 

Due to properties of the active intervention; 
for example: 

Distinct color, taste, or smell 

High risk of distinct side effects 

Highly specific administration procedure 


the research question. If too few subjects are studied the 
possibility of erroneous conclusions is increased; if too many 
subjects are studied there is greater cost and loss of efficiency. 
The required number of subjects who completed participa- 
tion in the trial and had valid outcome assessment is a sub- 
set of the subjects who were enrolled and allocated to the 
study interventions, which is a subset of accessible subjects 
who were deemed potentially eligible, which is a subset of 
the target population to whom one wishes to generalize the 
trial results. One would like to be confident that one can infer 
that the results of the study as performed in the participating 
subjects is a reasonable reflection of the results had the study 
been performed perfectly with the entire target population, 
and hence, are the truth. 

The calculation of sample size is always based on a number 
of assumptions, and must, therefore, be viewed as an estima- 
tion. The necessary components to calculate sample size are 
hypotheses that include an estimation regarding an anticipated 
and clinically relevant effect size and its variation, and speci- 
fication of tolerance limits for making potentially erroneous 
conclusions, as outlined in Table 78.14. 

The null hypothesis is derived from the research hypothesis 
but states that there will be no difference in the primary out- 
come between the study intervention and comparison groups. 
The null hypothesis forms the basis for formal statistical test- 
ing, and in superiority trials, the goal is to reject this hypoth- 
esis with a certain level of confidence that a clinically relevant 
difference is likely. In inferiority trials, the goal is to accept this 
hypothesis with a certain level of confidence that a clinically 
relevant difference is unlikely. 

The alternative hypothesis is the converse of the null 
hypothesis, stating that a difference or effect will be present. 
The alternative hypothesis is accepted if the observed results 
favor rejection of the null hypothesis. The alternative hypoth- 
esis can be stated such that the effect will only be in one direc- 
tion, either a benefit or decrement, which is referred to as a 
one-sided hypothesis. The convention is to simply state the 
alternative hypothesis such that an effect exists, but that it 
could be in either direction, which is referred to as a two-tailed 
hypothesis. 

The effect size and its variation are a further specification 
of the alternative hypothesis. The specification of the primary 
outcome, effect size, and variation are the most challenging 
components of designing a clinical trial, since they may lead to 
sample size estimates that render a trial not feasible or relevant, 
or lead to results that are subject to error and inconclusive. 
The estimation of effect size and variation should be based 
on as much relevant information as is possible. This can come 


from the published literature, and from smaller pilot trials or 
observational studies. Ideally, one should specify an effect size 
that has clinical significance or importance. For superiority tri- 
als, clinical importance is defined as the minimum effect size in 
the direction of benefit attributable to the study intervention 
that would justify preference for that intervention in clinical 
practice. For inferiority trials, clinical importance is defined as 
the minimum effect size in the direction of lack of benefit that 
would justify abandoning the intervention as an alternative in 
clinical practice. 


TABLE 


78.14 


Requirements for Estimating 
Sample Size 


■ State a null hypothesis specifying no difference in primary 
outcome between the study intervention and comparison 
groups. 


■ State an alternative hypothesis specifying that there will be 
a difference in the primary outcome between groups. 

■ Specify whether the expected difference in the primary 
outcome can be in one direction only (one-sided) or can be 
in either direction (two-sided). 


■ Specify the magnitude of the expected difference or effect 
size, and estimate the degree of variation or random error 
around that difference. 


■ Specify the tolerance (alpha) for incorrectly concluding, 
based on the observed results of the study, that there is 
a relevant effect size when in truth there is none (type I 
error — erroneously reject the null hypothesis). 

■ Specify the tolerance (beta) for incorrectly concluding, 
based on the observed results, that there is no relevant 
effect size when in truth one is present (type II error-erro- 
neously accept the null hypothesis). 

■ Specify the method for calculation of sample size, based 
on the statistical test, to be applied for comparison of study 
groups according to the nature and level of measurement 
of the primary outcome. 
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The tolerance for erroneously rejecting or accepting 
the null hypothesis based on the observed study results 
also informs sample size estimation. A type I error entails 
incorrectly rejecting the null hypothesis and concluding that 
a significant difference or effect exists based on the results 
in the observed sample, when in truth, in the target popula- 
tion there is no effect or difference. This is also referred to 
as a false positive. The tolerance for making this error based 
on probability theory and random chance is referred to as 
alpha. In general, the convention is to accept a 5% chance 
of making this error, or specifying an alpha of 0.05. Alpha 
is also referred to as the level of statistical significance, and 
is analogous to the p-value of inferential statistical testing. 
A type II error entails incorrectly accepting the null hypoth- 
esis and concluding that there is no significant difference or 
effect when in truth one exists. This is also referred to as a 
false negative. The tolerance for making this type of error 
is also based on random chance and referred to as beta. In 
general, the convention is to accept a 5% to 20% chance 
of making this error, or specifying a beta of 0.05 to 0.20. 
The flip side of beta is power, or 1-beta, which is the prob- 
ability of correctly rejecting the null hypothesis based on 
the observed results and concluding that an effect equal to 


or greater than that observed in the study actually is truly 
present in the target population. Power calculations take on 
importance when considering anticipated effects on second- 
ary outcomes and related hypotheses, or when the observed 
results regarding effect on the primary outcome are less than 
hypothesized or the variation is greater, and one lacks the 
confidence to reject the null hypothesis. 

The method of calculation of sample size is specified by the 
number of study groups and the nature and level of measure- 
ment of the primary outcome that determines the probability 
distribution for testing. This determines the statistical test to 
be applied when comparing the primary outcome between 
study groups. An example of a worked calculation of sample 
size from a specific study is outlined in Table 78.15, based on 
a clinical trial of thromboprophylaxis in Fontan patients (10). 
Formulas and tables for estimating sample size and calculating 
power are available in many textbooks, and online calculators 
are available on many websites. For complex study designs 
and outcomes, including time-related events, longitudinal 
data, or multivariable regression, consultation with a statisti- 
cian is usually required. Being able to specify the requirements 
outlined in Table 78.14 will greatly facilitate the statistician in 
choosing the appropriate methods for calculation. 


TABLE 78.15 


Worked Example of Sample Size Calculation 


Scenario: A 2-year open-label randomized clinical trial was performed on patients undergoing Fontan procedure. Patients were 
randomized after Fontan procedure completion to either low dose acetylsalicylic acid (ASA) or a heparin lead-in followed by warfa- 
rin to maintain an international normalized ratio (INR) between 2.0 and 3.0. The primary outcome was the presence of thrombosis or 
occurrence of a thrombosis-related event occurring over a 2-year period, with scheduled transesophageal echocardiography per- 
formed at 3 months and 2 years after randomization and all outcomes being adjudicated. 


Sample size parameters: 

Null hypothesis: There will be no difference between treatment groups regarding the 2-year incidence of thrombosis/events. 
Alternative hypothesis: There will be a difference between treatment groups (two-sided hypothesis). 

Effect size: The incidence will be 25% is the ASA group and 10% in the warfarin group, based on a systematic review of published 
observational studies. A 15% absolute difference was judged to be the minimal clinically important benefit that would justify the 
inconvenience and risks of warfarin 
Alpha: 0.05. 

Beta: 0.20. 

Statistical test: Kaplan-Meier timed-event analysis would be used to determine the freedom from thrombosis/event at 2 years for 
each group, which would, for simplicity of sample size calculation, then be compared using Chi-square. 

The calculation: 

The formula for estimation of the total sample size A/ (both groups combined) is: 


_ [z a iph. x sq rt {P(l-P)(l/<? 1 +l/g 2 )} + z tea xsqrt{P 1 (l-P 1 )(l/<?J + Pjl-P 2 )(l/ < y 2 )}] 2 

(P.-PJ 2 


Where 

P, = incidence in the warfarin group = 0.10 
P 2 = incidence in the ASA group = 0.25 
q ] = proportion allocated to the warfarin group = 0.50 
q 2 = proportion allocated to the ASA group = 0.50 
P=q,P, + q 2 P 2 

z ai P ha = the standard normal deviate for alpha (0.05), two-sided = 1.96 
z beta = the standard normal deviate for beta (0.20) = 0.84 
sqrt = square root 

Based on this formula and the specified parameters, N would be 224, or 1 12 subjects per group. (Recruitment is then inflated based 
on estimated dropouts and loss to follow-up) 
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EXECUTION ISSUES FOR CLINICAL TRIALS 

Nearly all of the issues relevant to the execution of the clini- 
cal trial protocol can be minimized in the planning and design 
stages. However, not all issues can be anticipated or prevented, 
and ongoing quality control and monitoring are required 
throughout the execution of the protocol. In addition, the trial 
must be conducted in compliance with good clinical practice. 
All study personnel should be trained in the ethical conduct of 
clinical research, privacy and confidentiality policy, and best 
practices involving tracking and documentation. The Clinical 
Trials Networks through the Duke Clinical Research Institute 
provides information and online training in best practices 
(www.ctnbestpractices.org). 


Operationalization 

Implementation of a clinical trial begins with obtaining the 
necessary administrative and ethics board approvals, and 
ensuring the trial is registered prior to any recruitment. The 
protocol should be expanded into an operations manual, 
which outlines in detail the standard operating procedures 
(SOPs) for rigorous execution of the trial (Table 78.16). Dis- 
cussions with study personnel should document roles and 
responsibilities and accountability, together with completion 
of training in study procedures. Discussions should also occur 
with clinical staff who might care for study subjects or iden- 
tify potential subjects for recruitment. Data collection forms 
and procedures should be finalized, with detailed data defi- 
nitions. During the conduct of the trial, any amendments to 
the protocol should be tracked, together with the reasons and 
approvals. Any deviations from study procedures should also 
be documented and tracked. Procedures for adverse event 
monitoring, documentation, classification, attribution, and 
reporting should be specified. Periodic study site audits may 
be planned to ensure compliance with SOPs, complete and 
accurate documentation and reporting, and to troubleshoot 
local challenges such as low recruitment or consent rates or 
excessive loss to follow-up. 


Recruitment 

Recruitment strategies should be tailored to the individual 
circumstances of the clinical trial and the nature and charac- 
teristics of the accessible population. Well-designed clinical 
trials can fail or be considerably weakened if the desired num- 
ber of subjects as specified in the sample size estimation are 
not recruited and retained until study completion. The study 


TABLE 78.16 


Sample Topics Detailed in the 
Trial Operations Manual 


Description of the patient population to be studied 


■ Recruitment, enrollment, and consenting procedures 

■ Standardized definitions of all study parameters and 
measurements 


■ SOPs for all trial functions 


■ Responsibilities of study personnel 

■ Standardized solutions to any foreseeable issues that may 
arise, such as emergency unblinding 

■ Data collection forms and study instruments 


quickly becomes underpowered in its ability to detect confi- 
dently the hypothesized outcome difference or effect size. If 
the number of accessible subjects is excessively large, then suc- 
cessful recruitment of sufficient study subjects is made more 
feasible. This is enhanced if the accessible subjects are easy 
to identify and to contact or approach. Recruitment strate- 
gies can be enhanced by piloting recruitment procedures and 
approach related to the specific trial. Barriers to study recruit- 
ment and retention for which strategies should be considered 
to address them are outlined in Table 78.17. 

The identification and approach of potential subjects can 
be made more or less challenging depending on the nature of 



Potential Barriers to Subject 
Recruitment and Retention 


Related to the subjects 


■ Long wait times and inconvenient scheduling 

■ Uncomfortable with the uncertainty associated with a 
trial, particularly randomization 

■ Misperceptions about research and misinformation 
about clinical treatments or tests 


■ Unrealistic understanding of the nature and level of 
required participation 

d Other factors, such as disease status (particularly 
the presence of symptoms or a poor prognosis), very 
young or very old age (perceived vulnerability), level of 
education, social circumstances, language barriers 

Related to the investigator 

■ Inability to integrate and balance roles as caregiver and 
investigator 

e Lack of time or sufficient resources 
b Presence of competing interests 
b Confusion regarding responsibilities 

b Underestimation of workload for study execution, 
including administration 

Related to the study protocol 

b Lack of equipoise for the study interventions 
b Lack of support for the study aims and design 
b Complicated and overly tight eligibility criteria 
b Complex study procedures that are difficult to follow 
b Long studies and studies with frequent visit schedules 

a Studies with excessive monitoring or complex dosing/ 
titration schedules 

■ Interventions associated with poor subject compliance 

Other barriers 

b Requirement for excessive documentation and reporting 
a Administrative and regulatory barriers 
a Insufficient financial support or resources 

b Overly intrusive monitoring and audit procedures and 
schedules 

a Poor relationship with lead investigators, study spon- 
sors, clinical research organization 
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the accessible population. Studies recruiting from the general 
population present more challenges than those studies where 
recruitment can occur in settings where potential subjects are 
put in close proximity with investigators, such as clinical set- 
tings where regular care is provided for patients with specific 
characteristics consistent with study subject inclusion criteria. 
Initial contact can be indirect, such as through advertising 
or media or mail-outs, where the obligation is then on to the 
subject to contact the investigators for more information or 
to volunteer. For clinical populations, the potential subjects 
are usually known and can be identified from patient lists and 
databases. Initial contact should come with the permission and 
involvement of the patient's responsible care provider, usually 
by a letter of introduction or a face-to-face introduction on 
the part of that provider on behalf of the investigators and 
study personnel. Subjects must not be coerced or inappropri- 
ately enticed into participation, and have complete freedom to 
decline with no impact on their relationship or care provided 
by their treating providers. 

Enrollment begins by providing simple yet complete expla- 
nations for the reason for the study, the nature of the study 
intervention and comparison, and the schedule and type of 
study measurements. Subjects must understand the concept of 
randomization and protocolized follow-up, and should also 
have equipoise for the study interventions. They also must 
be completely informed of all potential benefits and risks or 
inconveniences associated with participation. Enrollment is 
facilitated if the study is simple and short with few study visits, 
study measures are focused and not obtrusive, and there are 
perceived benefits for the subject, such as an enhanced feel- 
ing of altruism, access to new treatments and more specialized 
tests, access to treatment and care without costs, costs of par- 
ticipation are reimbursed and incentives are provided, and the 
patient has the potential to benefit from improved outcomes. 

Tracking and documentation of recruitment and enroll- 
ment is very important. At each step, moving from the 
accessible population down to subjects enrolled, minimal 
data collection regarding characteristics can allow one to 
look for participation bias. One must enumerate the num- 
ber and, if possible, characteristics of the accessible popula- 
tion. This can be achieved through census statistics or patient 
databases, and through minimal data collection at the time 
of approach. Screening logs should be kept. The number of 
subjects approached and screened should be tracked, and of 
those the number of subjects who both meet inclusion criteria 
or have exclusion criteria should be enumerated. Reasons for 
exclusions should be tracked. For those declining enrollment, 
the reasons should be specified and tracked. For eligible sub- 
jects agreeing to participate, the consenting process should be 
transparent and documented, and consent obtained by study 
personnel with no or minimal perceived conflicts of interest. 
The care providers for subjects who consent to participate 
should be notified and informed of procedures for reporting 
adverse effects and concomitant conditions and treatments. 


Retention 

The success of a study is dependent on the number of sub- 
jects who complete participation and have measurement of 
study outcomes. For various reasons, which must be tracked 
and documented, subjects will either terminate their further 
participation (dropouts) or will be lost and unable to be con- 
tacted (loss to follow-up). In planning for recruitment, extra 
subjects above those specified by the sample size calculations 
should be recruited in order to account for an estimated pro- 
portion of dropouts and loss to follow-up and to maintain 
study power. If dropout and loss to follow-up occur differ- 
ently in the study groups being compared, this can unbalance 


the groups both regarding numbers and characteristics, which 
can then introduce bias. Dropouts can occur when subjects 
decline to return for study visits, change eligibility, develop 
adverse effects, no longer require ongoing treatment, change 
their accessibility, or simply decide to withdraw from further 
participation. Loss to follow-up occurs when the subject can 
no longer be contacted, which may represent an intentional 
subject withdrawal or may be due to death, relocation, or 
unreported changes in contact information. 

Strategies to maximize retention and completion should be 
considered in the study design phase and incorporated into 
trial operations. Dropouts can be minimized by keeping par- 
ticipation short and simple and minimizing inconveniences, 
establishing supportive relationships with study personnel 
and addressing all concerns, creating an appealing and organ- 
ized environment for study visits and measurements, cover- 
ing any participation-related costs, and providing feedback 
where possible. Loss to follow-up can be minimized by col- 
lecting as much contact information as feasible at the time of 
recruitment, including alternative means of contact and con- 
tact information of family or friends and care providers. Addi- 
tional sources of information can be used to trace lost subjects 
with whom direct contact has been lost. 


Crossover and Compliance 

Sometime subjects may not receive or be compliant with the 
assigned study intervention. Crossovers occur when a sub- 
ject randomized and assigned to a study intervention either 
receives nothing or receives the alternative or comparison 
intervention, and vice versa. In essence, the subject is changing 
study groups. Crossovers can occur during the initial applica- 
tion of the intervention, when criteria are unexpectedly noted 
that preclude or contraindicate that intervention. It occurs 
when the subject experiences adverse effects and discontinues 
treatment or pursues alternative treatment, and when the clin- 
ical condition changes such that the study intervention is no 
longer applicable or continued treatment is unethical. Crosso- 
ver does not preclude ongoing participation in the study and 
completion of study measurements and outcomes assessments, 
as these subjects do not necessarily drop out. However, they 
do complicate comparison of study groups. The convention 
is to analyze crossovers according to their original assign- 
ment, referred to as an intention to treat analysis. This has 
the potential to minimize observed effect size, but it maintains 
freedom from allocation bias achieved by randomization. 
Alternatively, statistical adjustments can be made to minimize 
confounding. 

Compliance with study interventions can also minimize 
the observed effect size. This includes subject compliance and 
discontinuations that may be as a result of discretion of the 
treating care providers. Strategies to monitor compliance, 
such as overdispensing and then counting returned medica- 
tion, compliance logs, or devices that record when medication 
is accessed, or indicative testing of blood levels or treatment 
effect should be incorporated into study procedures. Com- 
pliance should be tracked, and the reasons for noncompli- 
ance recorded, as well as action taken. Frequent reminders 
and feedback regarding compliance can be useful. Episodes 
of both temporary and permanent discontinuation of study 
interventions should be minimized and prevented by frequent 
contact with both subjects and treating care providers. Deci- 
sions regarding discontinuations should be discussed with 
study personnel. Discontinuations should be tracked and 
reasons documented. Again, the convention in analysis is to 
analyze subjects according to initial study assignment, or by 
intention to treat. Additional analyses are often performed to 
compare groups according to intervention actually received, 
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or with adjustments for compliance and discontinuations. 
These analyses should be viewed as secondary, since biases 
may be introduced, but they can be supportive of results from 
the primary intention to treat analysis. 

Quality Control 

Quality control is an important aspect of clinical trial execu- 
tion, putting place methods for standardizing and monitoring 
the implementation of a trial in an effort to preserve the study’s 
internal validity. Careful quality control can help to avoid inci- 
dences of inaccurate or imprecise data collection, missing data, 
or data falsification, all of which are likely to introduce error in 
the study results and undermine the strength of any conclusions 
drawn. The larger a clinical trial, the greater the importance of 
quality control — increasing numbers of investigators and pri- 
mary sites of data collection introduce mounting opportunity 
for error and inconsistency in study implementation. 

Standardization is one of the primary means of implement- 
ing quality control in clinical trials. Standardization measures 
are often implemented before the start of a study, and func- 
tion to minimize variation in and absence of data through the 
systematization of study methods and practices. Study aspects 
often standardized include measurement procedures, working 
lab and clinical definitions, and data collection, storage, and 
analysis protocols. The most fundamental tool available for 
the standardization of a clinical trial is the operations manual, 
essentially an expanded protocol precisely detailing important 
methods to be used in implementing the study (Table 78.16). 
The operations manual is meant to be readily available to all 
study personnel for the entire duration of the study, and con- 
sulted when any protocol uncertainties arise. Training and certi- 
fying all study personnel in proficiency for all study procedures 
is also a useful means of implementing standardization. Train- 
ing and certification helps to reduce the inter- and intraobserver 
variability in any study measurements, as well as ensure clear 
understanding of all study protocols and definitions for all study 
personnel. Regular performance reviews of study personnel and 
whole trial centers help to maintain standardization measures 
throughout the duration of the trial, by auditing data collection 
and evaluating adherence to protocol as outlined in the opera- 
tions manual. Such reviews are especially important in longer- 
term trials, where it may be difficult to maintain the rigor of 
standardization methods long after the study has begun. 

Adjudication is an especially important quality control 
measure where considerable variability may exist between 
investigators with respect to the ascertainment and reporting 
of events (Table 78.18). Particularly with outcomes requir- 
ing a complex and/or subjective judgment, adjudication plays 
a key role in confirming the reproducibility and reliability of 
any study findings. Several methods exist for standardizing 


Sources of Intra- and 
Interobserver Variability in 
Outcome Adjudication 

■ Multiple, complex or subjective decisions involved in the 
adjudication process 

■ Large numbers of possible decision results 

■ Lack of attention to decision-making protocols in the 
adjudication process 

■ Errors or omissions in available data 


and controlling the adjudication process. Quality control by 
repeated adjudication involves the replication of a given out- 
come measurement or diagnosis by multiple observers, and 
comparison of the individual results to assess the interob- 
server reliability. The implications of repeated adjudication 
vary depending on the type of outcome being ascertained. 
For nonnumerical outcomes, such as attribution of cause of 
death, comparison of multiple judgments helps assess the inter- 
observer reliability of the measure and the most likely correct 
outcome. A high degree of disagreement between observers 
may indicate a high level of error and/or bias in the adjudica- 
tion process, and require that the outcome be subject to further 
assessment before a final decision is made. In the adjudication 
of a numerical outcome, multiple measurements can be aver- 
aged to reduce the variation in the reading. 

Central adjudication committees or core labs are a robust 
method of quality control in the adjudication process. A core 
lab is a centralized data collection and interpretation system, 
which acts to ensure that standardization is strictly maintained 
throughout the processes of outcome adjudication, reporting, 
and analysis. Core labs may take one of two forms in clinical 
trials: that of a physical laboratory site centralizing all lab- 
dependent data analysis, or that of an auxiliary review center 
charged with verifying outcomes adjudicated and reported by 
individual trial centers (Table 78.19). Both types of core labs 
are able to guarantee a high degree of standardization of the 
adjudication process, since only a small number of individuals 
are responsible for either all study adjudication, or the verifi- 
cation of each reported outcome within a strict set of criteria. 
Although more costly, time and labor-intensive than repeated 
adjudication, core labs are a preferred method of standardi- 
zation in clinical trials, especially those involving multiple 
separate study centers. 

Data and Safety Monitoring 

Data monitoring describes the process of screening and ana- 
lyzing data as they accumulate over the course of a trial. It is 
primarily a method of quality control, serving to detect and 
correct important discrepancies such as absent, imprecise, or 
falsified data. Such discrepancies may be inevitable, due to 
forces such as patient noncooperation and error introduced 
by trial staff or equipment. By allowing preliminary results 
analysis of incoming data, data monitoring also plays a role 
in aspects of study planning and administration, such as veri- 
fication and adaptation of the study’s working hypothesis and 
assessment of possible safety issues (Table 78.20). 

Quality control of the data collection process can involve 
multiple strategies of data monitoring. Some may be per- 
formed by study personnel concurrent to data collection and 
database entry, such as minimization of the lag time between 
data collection and database entry, manual data checks, and 
double data entry. Other monitoring procedures may be initi- 
ated before a block of data collection has begun, or carried 
out on working databases after data entry is complete. Such 
methods include duplicate analysis testing of the data collec- 
tion process, or software checks for absent, incorrect, or falsi- 
fied fields in a working database (Table 78.21). 

Data editing is the process of correcting errors or absences 
in data as detected by data monitoring. In order to avoid 
undermining the integrity of the data collection process, any 
data editing procedures must be standardized in the operations 
manual before the start of the study, and clearly documented 
when performed. 

Trial monitoring for safety and efficacy should be con- 
ducted by allowing preliminary or interim analyses of sub- 
ject characteristics and safety and efficacy outcomes to be 
performed as data are being collected. Such analyses may help 


TABLE 78.18 
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TABLE 78.19 


Alternate Forms of Core Labs in Standardization 


Type of Core Lab Description 


Role in Standardization 


Centralized 

laboratory 


Quality Assurance 
(QA) Center 


Physical, standardized lab site. 


Staffed by a small number of highly trained, fully 
blinded technicians. 

Receives collected data from separate trial 
center(s), is responsible forfinal adjudication and 
analysis of all outcomes. 

Supporting trial review center. 

Staffed by a panel of expert reviewers. 

Responsible for verifying outcomes adjudicated 
and reported by individual trial centers, by ensuring 
each decision meets a specific set of protocol- 
specified criteria. 

May also fill other roles in quality control, such as 
organizing and monitoring adjudication procedures, 
undertaking performance reviews, and coordinating 
training and certification of study center staff. 

Most often employed in multicenter trials. 


Allows all adjudication to be performed by a 
handful of individuals under highly standardized 
conditions. 

Drastically reduces intra- and interobserver 
variability in outcome reporting. 


Allows a small number of individuals to verify all 
reported outcomes, based on highly standardized 
criteria. 

Ensures final outcome results are unaffected 
by variability in adjudication at individual study 
centers. 


to detect emerging data trends and relationships, allowing 
formulation and adaptation of working hypotheses and adjust- 
ments to sample size as the trial progresses. Interim analyses 
should be specified in advance and lead to adjustment in initial 
sample size estimation. 

An independent DSMB should be formed, and should assume 
responsibility for ensuring compliance with the study proto- 
col and procedures, monitor recruitment and study timelines, 
assure quality control, and to review any interim analysis per- 
formed as part of data monitoring. The activities of the DSMB 
should be carried out independently from the investigators of a 
study, to avoid any conflict of interest that may arise in deter- 
mining and reporting significant interim results. Having interim 
analyses performed and reviewed by an independent body also 
carries the benefit of maintaining any investigator blindness in 
a trial, since results analysis and review may require knowl- 
edge of treatment assignments. Bodies responsible for perform- 
ing this analysis may be a preappointed, independent review 
committee, or simply the institutional review board of a single- 
center study. 


The decision to prematurely stop a study before completion 
is informed by data monitoring and interim analyses, which 
may identify exceptional information that may warrant stop- 
ping a study, such as clear excessive benefit or harm related to 
the study intervention (Table 78. 22). The decision to prema- 
turely stop a study in response to interim results is a critical 
one, with serious repercussions if miscalculated. For example, 
failing to stop a study under necessitating circumstances can 
have severe ethical implications, by either exposing subjects 
to unacceptable harm or preventing public access to an exces- 
sively beneficial treatment. Conversely, unnecessarily stopping 
a study can be very costly in terms of wasted resources, and 
may invalidate any useful results emerging before the study 
was stopped. Therefore, careful consideration and weighing 
of all possible risks and benefits must be done by qualified 
individuals before the decision to prematurely stop a study 
is made (Table 78.23). Ideally, thresholds of benefit or risk 
should be prespecified in advance of any interim analysis, 
preferably in the design or operationalization stages of trial 
development. These thresholds should be of greater magnitude 


TABLE 78.20 


Purposes of Data Monitoring 


Quality Control of Data Collection 

i. Detection of missing data from final 
database. 

ii. Discovery and correction of inaccurate or 
imprecise data. 

iii. Prevention of falsification of data. 


Administrative and Planning Purposes 

Performance of preliminary analyses, for: 
i. Generation or modification of working 
hypotheses. 

ii Assessment of safety, 
iii. Assessment of excessive risks or benefits 
that may warrant early stopping of the trial. 
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TABLE 78.21 

Strategies of Data Monitoring 


Strategy 

Timing of 

Implementation Description 

Purpose 


Timely data entry Concurrent with data Minimization of lag time between Minimizes data entry errors, since 

collection and entry data collection and entry into data are fresh, still have clear context. 

database. Allows efficient completion of any 

missing or incorrect fields, since data 
source was recently available. 


Manual data checks 

Concurrent with data 
collection and entry 

Staff review of data for obvious 
errors before and after entry into 
database. 

Allows efficient verification of overall 
accuracy and completeness of data. 
Minimizes data entry errors. 

Double data entry 

Concurrent with data 
collection and entry 

Independent entry of data by two 
separate individuals, comparison 
of the resulting databases for 
discrepancies. 

Minimizes data entry errors. 

Verifies the overall accuracy data 
entry. 

Duplicate analysis 

Before data 
collection begins 

Intermittent study processing 
of known, blinded standards 
alongside patient samples. 

Provides quality control informa- 
tion on the data collection and entry 
processes. 

Software checks 

After data entry is 
completed 

Computerized queries to detect 
missing or unreasonable values 
in a working database. 

Allows detection and correction of 
data discrepancies after database 
entry is complete. 


than the effect sizes hypothesized for primary and secondary 
outcomes, and when statistical testing is applied to determine 
the level of confidence in the observed effect, a more rigorous 
(i.e., smaller) p-value should be specified. 


ANALYSIS ISSUES FOR CLINICAL TRIALS 

Data analysis is the process whereby the data collected are used 
to test the study hypotheses and to answer the study questions. 
Hence, a data analysis plan must not just be a specification of 


Exceptional Circumstances 
Warranting Stopping a Study 


statistical tests to be applied, but a description of the means 
by which results are described and associations determined, 
with the primary association of interest in a clinical trial being 
that of the study interventions with the primary and second- 
ary outcomes. The data analysis should also detail plans for 
further specifying these associations, either by adjustment or 
subgroup analyses to determine the effects of confounding and 
interaction. Clinical trials datasets also provide excellent obser- 
vational data for exploring associations and hypothesis genera- 
tion, other than with the study interventions. These analyses 
should also be planned and specified. The analysis plan together 
with the nature and distribution of variables being used are the 
determinants of the statistical methods to be applied. The data 
analysis plan is a key component that should be clearly speci- 
fied in the design phase of the clinical trial, although modifica- 
tions may be required when data analysis actually proceeds. 
These modifications should be justified and documented. 



Serious Adverse Risk of Excessive Benefit of Data Management, Cleaning, and Descriptive 

Treatment Treatment Statistics 


■ Preliminary analysis dem- 
onstrates that treatment 
poses a serious risk of 
adverse side effects to 
patients. 

■ Unethical to continue 
to administer study — 

all patients should be with- 
drawn from active 
treatment. 

■ Treatment should not be 
administered further to 
new subjects. 


■ Preliminary analysis 
demonstrates a clear and 
excessive benefit associ- 
ated with the experimental 
treatment. 

■ Unethical to withhold an 
excessively beneficial — 
study should be stopped 
to expedite availability of 
treatment to public. 


Investigators frequently underestimate the amount of effort 
required to prepare a dataset for analysis. However, the 


Factors to be Considered in the 
Decision to Stop a Study 

■ Reliability of the interim results in question. 

■ Follow-up period required for adequate assessment of the 
effects of the intervention. 

■ Relative weight of risks and benefits of the intervention to 
subjects, future patients. 


TABLE 78.23 
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quality control and data-monitoring procedures described 
previously and implemented during the study execution should 
minimize many data problems. The first step in the prepara- 
tion of a dataset for analysis is to ensure completion of all data 
entry. Quality checks should be in place. Descriptive statistics 
including frequencies and distributions are then performed for 
every variable. The number and proportion of missing values 
should be determined, and efforts made to determine those 
values. Each variable should be examined for values that are 
out of range, with verification if they represent true outlier 
values or are data errors. In addition, values that are miscoded 
should be corrected. Care should be taken for verifying condi- 
tional variables, which are variables the values for which are 
linked to another variable. For example, duration of circula- 
tory arrest should not have a value if the subject did not have 
a period of circulatory arrest. The process of data cleaning 
and verification, and the determination of descriptive statistics 
should generate a high degree of familiarity with the quantity, 
quality, and limitations of the available data in order to inform 
performance of the data analysis plan. 


Test of Randomization 

While randomization should minimize unbalancing regarding 
subject characteristics, it does not guarantee that random or 
systematic differences that may be influential in a comparison 
of outcomes are not present. Unbalancing, or incomplete ran- 
domization, may be a chance occurrence or represent flaws 
or deviations in the randomization procedure and assign- 
ment. One can test the randomization procedures that were 
employed to verify the randomness and to ensure that the 
system does not have any inherent bias or predictability. One 
can also audit the randomization procedures and their imple- 
mentation, looking for documentation of deviations and their 
reason. 

A comparison of baseline characteristics between study 
groups, the first comparison in the analysis of a clinical trial, 
and usually the first table in a published report, is a test of 
the randomization. It should be recognized that one can only 
detect unbalancing of characteristics that were measured. 
However, effective randomization should minimize unbalanc- 
ing for both measured and unmeasured characteristics. The 
frequencies or distribution of values for each variable within 
each group should be calculated and compared. Statistical 
testing can be applied, which can identify those differences 
that represent deviations from balancing that may not be 
attributable to chance occurrence. However, one should give 
more relevance to the magnitude of actual differences than to 
/ 7 -values. Usually, one is comparing across many baseline char- 
acteristics, and hence some /7-values will meet the threshold for 
statistical significance on the basis of chance alone as a result 
of multiple comparisons. Thus, the presence of some unbal- 
ancing does not necessarily point to a flaw in randomization 
procedures. In addition, /7-values are highly dependent on the 
number of subjects and the variation in distribution, in addi- 
tion to the magnitude of differences. If there is a large number 
of subjects, small differences have a high likelihood of achiev- 
ing a significant /7-value, yet not be relevant indicators of bias. 
If there is a small number of subjects, large differences may not 
be statistically significant, yet impart bias in the comparison of 
outcomes. One should also look for patterns among the dif- 
ferences in characteristics, particularly among characteristics 
that may be associated with one another, which may further 
indicate important unbalancing. 

Statistical adjustment for unbalancing can be applied during 
comparisons of outcomes. This should be performed after the 
unadjusted intention-to-treat analysis. One can use multivari- 


able regression techniques to adjust for baseline characteristics 
that were significantly different, either statistically or by 
magnitude, as noted during the test of randomization. This 
adjustment can be more formally performed by calculation 
and adjustment or matching for propensity score. A propen- 
sity score represents the probability or propensity that a given 
subject, based on their measured baseline characteristics, was 
randomized to a particular study intervention group, and can 
provide simultaneous adjustment for multiple characteristics. 
The propensity score is calculated from a multivariable logistic 
regression model with assignment as the dichotomous depend- 
ent variable, and relevant baseline characteristics as independ- 
ent variables. The ensuing regression equation can be solved 
for individual subjects to give the probability of assignment. 
The propensity score can then be used either as an adjust- 
ment variable when comparing outcomes, or subjects can 
be matched between groups regarding propensity score, and 
matched pair analyses applied. 


Outcomes Comparisons 

The foremost comparison of outcomes between study groups 
should be an unadjusted comparison based on an intention-to- 
treat analysis. Intention-to-treat analysis preserves the random 
allocation that minimizes bias. Subjects are analyzed accord- 
ing the original group allocation, regardless of crossover, coin- 
tervention, dropout, noncompliance or other deviations from 
the study protocol. This is the most valid type of analysis, 
although if deviations are great, it can minimize the observed 
effect size. 

Statistical testing is applied to comparisons in order to 
determine the chance probability of observing the magnitude 
of difference between groups if the null hypothesis is actually 
true and there indeed is no true difference. This probably is the 
/ 7 -value, and by convention one usually sets the level of statis- 
tical significance at a p < 0.05, meaning that there is a <5% 
chance that the observed difference is a random error. The type 
of statistical test employed to determine the /7-value depends 
on the number of groups and the nature and distribution of 
the outcome variable. 

Measures of effect of study interventions are important 
for expressing the magnitude of effect and in interpreting its 
relevance or importance. Of primary interest is the absolute 
effect, or the direction and magnitude of the difference in the 
outcome between study groups. One usually calculates this 
as the effect in the study intervention group minus the effect 
in the comparison group. Of secondary interest is the rela- 
tive effect. One usually calculates this as the absolute effect 
divided by the effect in the comparison group, expressed as 
a percentage. One applies statistical testing and calculates 
confidence intervals around the absolute effect, which then 
inform the interpretation of the observed effect. One can 
also calculate power, or the probability of correctly rejecting 
the null hypothesis (no effect) and avoiding a type II error. 
Power is of more importance when the results of the study 
are inconclusive based on confidence, or when there are 
important differences in the magnitude, and sometimes 
direction as well, of the observed effect versus the hypoth- 
esized effect. Table 78.24 outlines a worked example of 
clinical trial results based on the trial previously described 
in Table 78.15. 

Confidence intervals are similar in nature to p-v alues, 
but much more informative. Based on the observed effect 
and its variation, and influenced by the number of subjects 
studied, a confidence interval is the range of possible effect 
sizes over which one can be reasonably (usually 95%) con- 
fident that true effect lies. Confidence intervals that include 
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TABLE 78.24 


Worked Example of Effect Measures and Interpretation 


Scenario: The clinical trial of thromboprophylaxis in patients after Fontan procedure outlined in Table 78.15 is performed. However, 
due to slow recruitment and lack of funding, the trial is prematurely stopped short of the intended sample size of 112 subjects per 
group, with 1 1 1 total subjects randomized, 57 to ASA, and 54 to warfarin. At 2 years after randomization, an intention-to-treat analysis 
of Kaplan-Meier estimates of the primary outcome of thrombosis or thrombosis-related event showed a period prevalence of 14% for 
the ASA group (8/57) and 24% for the warfarin group (13/54). 


Absolute effect: 0.24-0.14 = +0.10. For every 100 patients treated with warfarin, 10 additional patients would have thrombosis/event 
over the number who would have had thrombosis/event had they been treated with ASA (baseline or comparison risk). 


Relative effect: (0.24-0. 14)/0.1 4 = +0.71. Warfarin is associated with a 71% relative increase in thrombosis/events over 
treatment with ASA. 


p-value: 0.18. There is an 18% probability (two-tailed) of observing an absolute of effect of +0.10 by chance if the truth is 
that there is no effect. 


95% confidence interval around the observed absolute effect: -0.06 to +0.24. The confidence interval includes 0, meaning that 
one can be 95% sure that the truth may reasonably be no effect. If one assumes that an absolute reduction in thrombosis/events 
of -0.15 over ASA would be the minimal clinically important effect to justify preference for warfarin, then the lower limit of the confi- 
dence interval of -0.06 excludes this effect, meaning that one can be 95% sure that a clinically important benefit of warfarin does not 
in truth exist. If one also assumes that an absolute increase in thrombosis/events of 0.15 associated with warfarin compared to ASA 
would be the minimal clinically important harm to justify a recommendation not to use warfarin, then the upper limit of the confidence 
interval of +0.24 includes this effect, meaning that one can be 95% sure that a clinically important harm does in truth exist. 

Power: 0.20. Based on the observed findings and the number of subjects studied, there is only 20% chance of correctly rejecting the 
null hypothesis or avoiding a type II error, that is, concluding that there is no differential effect of warfarin compared to ASA when in 
truth there is no effect 

Interpretation: One can be confident that there is no clinically important reduction in thrombosis/events with warfarin thrombopro- 
phylaxis over ASA. However, one cannot be confident that there is in truth no difference, and in fact, one can be reasonably confi- 
dent that warfarin is in truth associated with a clinically important increase over ASA in the risk of thrombosis/events. However, the 
study did not include a nontreatment group, so one cannot be certain that warfarin is not of benefit, just that it appears to be of less 
benefit compared to ASA. The results must be viewed in light of some limitations, including a high and disproportionate prevalence of 
crossovers, dropouts, out of therapeutic target range and study drug discontinuations, a high prevalence of deviations from the study 
protocol, as well as the limited power reflective of the lower than expected number of enrolled and randomized subjects. 

Of note: The analysis depicted was matched exactly to the analysis as specified in the sample size calculations. However, for the 
reported trial, given the number of dropouts and, hence, censored observations and the late performance of protocol transesopha- 
geal echocardiography beyond the 2-year study endpoint, log rank testing was performed on the entire stratified Kaplan-Meier 
curve, with no significant difference noted (p-value 0.45). There was also a convergence after 2 years of the incidence of thrombosis/ 
events between groups. The hazard ratio for outcome for warfarin versus ASA was 1.35, indicating a 1.35 times greater risk of out- 
come with warfarin. The 95% confidence interval was 0.62 to 3.00, which includes a hazard ratio of 1 (no difference, but includes an 
upper limit of 3.00, or a three times greater risk of outcome with warfarin versus ASA. This risk would probably be deemed above a 
minimum clinically important threshold for harm. 


an effect size indicative of no difference lead one to conclude 
that one cannot be confident that the observed effect size is 
not a random error and that the null hypothesis cannot be 
rejected. If that same confidence interval also includes an 
effect size that would meet minimal thresholds for a clini- 
cally relevant benefit or harm, then the study results are 
inconclusive, with a relevant effect size being neither con- 
fidently proven nor disproven. This scenario occurs most 
frequently when observed effects sizes are less than what 
was hypothesized or variation was greater, or the number 
of subjects studied is insufficient to give the needed power 
to detect or be confident that the observed effect represents 
the truth. Ideally, one wishes to have a confidence interval 
around the observed effect size that excludes no difference 
and for which the lower limit is not below the minimal 
threshold of clinical importance. 

Deviations from intention-to-treat analysis of outcomes 
can be of importance when the results of the intention-to-treat 
analysis are inconclusive or differ significantly from what was 


hypothesized. These deviations may introduce bias, since they 
sometimes depart from randomized assignment, but may be 
more clinically meaningful. The most common deviation is to 
perform comparisons based on intervention actually received. 
This type of analysis may be more meaningful if there are a lot 
of crossovers. Another deviation is to incorporate measures of 
compliance with study interventions into the analysis, or to 
analyze only outcomes occurring before any study interven- 
tion discontinuation or dropout. Adjustment, matching, and 
propensity scores can be used in analyses to statistically adjust 
for any potential bias in random allocation, or to minimize 
potential bias from important confounders. Analysis can be 
conducted to look for differential effect within prespecified 
subgroups of subjects, or to look for characteristics that inter- 
act with the study interventions in their effect on outcomes. 
The results of these types of analyses are given less weight, 
and are usually viewed as exploratory or hypothesis generat- 
ing. Nonetheless, they enrich the information derived from a 
clinical trial. 
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REPORTING AND APPRAISAL ISSUES FOR 
CLINICAL TRIALS 

Since clinical trials have a well-defined and structured meth- 
odology, usually flaws and deviations are readily apparent. 
However, consideration of those flaws and deviations, which 
represent potential bias, is only possible if all aspects of the 
design and execution of the trial are completely disclosed and 
the results are presented in sufficient detail, together with a 
balanced interpretation that includes discussion of the study 
limitations and the generalizability of the findings. Clinical 
trials are given the highest weight in systematic reviews and 
clinical practice guidelines, and are the sole contributors to 
the majority of meta-analyses. This is predicated on the fact 
that clinical trials provide the highest quality of evidence based 
on having the greatest possibility of absence or minimization 
of bias. The usefulness of a clinical trial report is dependent 
on the degree to which the study and results can be critically 
appraised, which is dependent on complete reporting and 
transparency. 

The CONSORT Group (Consolidated Standard of Report- 
ing Trials; www.consort-statement.org) is a group of interna- 
tional clinical trials experts, statisticians, journal editors, and 
authorities from industry, as well as some members from the 
Cochrane Collaboration (www.cochrane.org). The Group 
has defined guidelines for standardized reporting of clinical 
trials, which have been adopted as a reporting requirement 
by most of the leading medical journals. The CONSORT 
Flow Diagram (Fig. 78.2) shows how the tracking of subjects 


from enrollment, through allocation, follow-up, and analy- 
sis should be depicted, together with reasons for any devia- 
tions. This figure should be the first figure in any report of a 
clinical trial. The CONSORT Group also provides a CON- 
SORT Statement consisting of a 25 -item checklist (Fig. 78.3), 
together with an explanation and elaboration document to be 
used in conjunction with the checklist. Many journals now 
require that the completed checklist be submitted together 
with the manuscript draft. 

Transparency in clinical trial reporting is also achieved by 
ensuring that the trial was registered prior to the start of any 
subject recruitment. The name of the trial registry, the date of 
registration and the registration number should be reported. 
The report must also include details regarding institutional 
research ethics board review and approval, and the process for 
obtaining consent for participation and how it was tracked. 
The report may detail how compliance with privacy poli- 
cies was ensured and maintained. All sources of funding and 
other support must be disclosed, as well as any other potential 
conflicts of interest on the part of investigators and authors, 
such as stock ownership or financial interest, consultancy, and 
honoraria. Provisions should be specified for making the full 
protocol for the clinical trial available. Assurances must be 
provided that all authors had full access to the study data and 
had taken full responsibility for the reported results, had par- 
ticipated sufficiently in the generation of the trial report or 
manuscript, and approve of any version and its disposition. 

Critical appraisal of reports of clinical trials is made easier 
when the information specified in the CONSORT Statement 
checklist is clearly provided. Critical appraisal is usually aimed 



Figure 78.2. CONSORT flow diagram for reporting of subject accrual and retention. 



CONSORT 2010 checklist of information to include when reporting a randomised trial* 



L'/a 


Section/T opic 

Item 

No 

Checklist item 

Reported 
on page No 

Title and abstract 

la 

Identification as a randomised trial in the title 



1b 

Structured summary of trial design, methods, results, and conclusions (for specific guidance see consort for abstracts) 


Introduction 

Background and 

2a 

Scientific background and explanation of rationale 


objectives 

2b 

Specific objectives or hypotheses 


Methods 

T rial design 

3a 

Description of trial design (such as parallel, factorial) including allocation ratio 



3b 

Important changes to methods after trial commencement (such as eligibility criteria), with reasons 


Participants 

4a 

Eligibility criteria for participants 



4b 

Settings and locations where the data were collected 


Interventions 

5 

The interventions for each group with sufficient details to allow replication, including how and when they were 
actually administered 


Outcomes 

6a 

Completely defined pre-specified primary and secondary outcome measures, including how and when they 
were assessed 



6b 

Any changes to trial outcomes after the trial commenced, with reasons 


Sample size 

7a 

How sample size was determined 



7b 

When applicable, explanation of any interim analyses and stopping guidelines 


Randomisation: 

Sequence 

8a 

Method used to generate the random allocation sequence 


generation 

8b 

Type of randomisation; details of any restriction (such as blocking and block size) 


Allocation 

concealment 

mechanism 

9 

Mechanism used to implement the random allocation sequence (such as sequentially numbered containers), 
describing any steps taken to conceal the sequence until interventions were assigned 


Implementation 

10 

Who generated the random allocation sequence, who enrolled participants, and who assigned participants to 
interventions 


Blinding 

11a 

If done, who was blinded after assignment to interventions (for example, participants, care providers, those 






Figure 78.3. CONSORT checklist for reporting of clinical trials. ( Continued ) 
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assessing outcomes) and how 
11b If relevant, description of the similarity of interventions 
Statistical methods 12a Statistical methods used to compare groups for primary and secondary outcomes 
1 2b Methods for additional analyses, such as subgroup analyses and adjusted analyses 


Results 

Participant flow (a 
diagram is strongly 
recommended) 
Recruitment 

Baseline data 
Numbers analysed 

Outcomes and 
estimation 

Ancillary analyses 

Harms 

Discussion 

Limitations 

Generalisability 

Interpretation 

Other information 

Registration 

Protocol 

Funding 


1 3a For each group, the numbers of participants who were randomly assigned, received intended treatment, and 
were analysed for the primary outcome 

13b For each group, losses and exclusions after randomisation, together with reasons 
14a Dates defining the periods of recruitment and follow-up 
1 4b Why the trial ended or was stopped 

1 5 A table showing baseline demographic and clinical characteristics for each group 

16 For each group, number of participants (denominator) included in each analysis and whether the analysis was 
by original assigned groups 

17a For each primary and secondary outcome, results for each group, and the estimated effect size and its 
precision (such as 95% confidence interval) 

17b For binary outcomes, presentation of both absolute and relative effect sizes is recommended 

1 8 Results of any other analyses performed, including subgroup analyses and adjusted analyses, distinguishing 
pre-specified from exploratory 

1 9 All important harms or unintended effects in each group (for specific guidance see consort for harms) 

20 Trial limitations, addressing sources of potential bias, imprecision, and, if relevant, multiplicity of analyses 

21 Generalisability (external validity, applicability) of the trial findings 

22 Interpretation consistent with results, balancing benefits and harms, and considering other relevant evidence 

23 Registration number and name of trial registry 

24 Where the full trial protocol can be accessed, if available 

25 Sources of funding and other support (such as supply of drugs), role of funders 


*We strongly recommend reading this statement in conjunction with the CONSORT 2010 Explanation and Elaboration for important clarifications on all the items. If relevant, we also 
recommend reading CONSORT extensions for cluster randomised trials, non-inferiority and equivalence trials, non-pharmacological treatments, herbal interventions, and pragmatic trials. 
Additional extensions are forthcoming: for those and for up to date references relevant to this checklist, see www . consort-sta teinent.org . 


Figure 78.3. (Continued) 
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Critical Appraisal of Clinical Trials 


1 . Is the study well designed and executed such that the results are likely to be free of bias, and therefore representative of the truth? 

a. Was treatment assignment randomized? If so, 

i. is the randomization strategy specified? 

ii. was it tamper-proof? 

iii. was it successful, in that baseline characteristics are comparable between comparison groups? 

b. Are all of the study subjects accounted for throughout the study, and analyzed according to their initial assignment? 

c. Were the groups treated equally in all other respects besides the study maneuver? 
d Are the primary and secondary outcomes relevant and sufficient? 

e. Was the study period sufficiently long for the outcomes to occur? 

f. Was the study maneuver, assessments, and data analysis blinded to the initial assignment? 

g. Is there a stated hypothesis, and are sample size calculations provided? 

2. What are the results, and is the analysis and presentation in a format that allows assessment of the magnitude and reliability of 
treatment effects? 

a. What are the magnitudes of the treatment effects? 

i. Absolute effects 

ii. Relative effects 

b. How reliable are the estimates of the treatment effects? 

i. Are standard errors or confidence intervals provided? 

ii. Are power calculations provided for nonsignificant differences? 

3. Are the results relevant and applicable to the clinical scenario at hand? 

a. Are inclusion and exclusion criteria described in sufficient detail? 

b. Is the treatment described in sufficient detail to enable implementation? 

i. Is the treatment feasible in the clinical scenario? 

c. Is any information provided that would allow further specification of the treatment effects to the characteristics of an individual 
patient? 

i. What are the benefits and harms for the specific patient? 

d. What are the values and preferences for the specific patient? 


at determining the strength of the evidence that a specific study 
provides, and whether the findings are relevant to a meta-anal- 
ysis, clinical guideline, or to one’s own clinical practice. Key 
questions for appraisal are outlined in Table 78.25. Appraisal 
of a trial begins with an assessment of the validity of the trial, 
primarily through appraisal of the study design and execution. 
The next step is an assessment of the results, their statistical 
and clinical significance, and their reliability. The balance of 
benefits versus risks should be evident and considered. The 
final step is an assessment as to the applicability of the study 
findings to the clinical scenario at hand. Further information 
and resources regarding critical appraisal and the practice of 
evidence-based medicine can be found through The Journal of 
the American Medical Association (www.jamaevidence.com), 
which had previously published some of the first User’s Guides 
to critical appraisal of the medical literature (11,12). 

The standard of clinical care is not solely determined by the 
results of a single clinical trial, but a well-designed and executed 
clinical trial with clinically important results can influence the 


standard of care. Further criteria to consider are outlined in 
Table 78.26. 
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RECOMMENDED RESOURCES 


This chapter provides an overview of the value, design, execu- 
tion, analysis, reporting, and appraisal of clinical trials. For 
more detailed information, a list of excellent textbooks is pro- 
vided. Additional resources can increasingly be found online. 
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TABLE 78.26 


Criteria to Consider Before Adopting a New Intervention as the Standard of Care 


■ There is a sound rationale for the therapy based on current knowledge of physiology and pathophysiology in the specific 
population to which the therapy is to be applied. 

■ It is feasible for the therapy to be more widely applied in the clinical setting. 

■ The best quality evidence exists that the therapy has a beneficial effect on the primary outcomes of interest. 

■ The full spectrum of beneficial and adverse effects of the therapy is known. 

■ Factors that influence the effects of the therapy in the clinical setting have been identified. 


■ The best quality evidence exists thatthe therapy compares favorably to currently applied therapies. 

■ Patients' preferences for the therapy are favorable. The therapy can be applied in a cost-effective and efficient manner in the 
clinical setting. The practical limitations for widespread delivery of the therapy are minimal. 


Reprinted from McCrindle BW. Optimizing outcomes through clinical research and evidence-based clinical decision-making Prog Pediatr Cardiol 2005;20:55-64, with 
permission from Elsevier. 
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3. Meinert CL. Clinical Trials: design , Conduct and Analysis. New York, NY: 
Oxford University Press, 1986. 
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The use of drugs for patient treatment carries a single 
therapeutic imperative, namely, selecting the best drug and 
administering it in a dosing regimen that is predictive of 
efficacy and safety. While a “one size fits all” approach to 
drug dosing in adults is the norm, pediatrics represents the 
exception whereby development requires that drug dosing 
be individualized. A safe, therapeutic drug regimen for chil- 
dren must account for the impact of ontogeny and other fac- 
tors that contribute to variability in the exposure-response 
relationship. 

Human development represents a continuum of bio- 
logic events that includes somatic growth, neurobehav- 
ioral development, and eventual reproduction. During 
the process of maturation over the first 15 years of life, 
profound physiologic changes occur in a variety of pro- 
cesses that can alter both drug disposition and action (1). 
Moreover, during the first 2 years of life, many of these 
changes are dynamic and their association with body size 
can be nonlinear — a situation that precludes the use of 
fixed (i.e., age-independent) drug dosing regimens and, in 
some instances, the application of simple allometric scal- 
ing to predict age-appropriate drug dose. Therefore, safe 
and effective drug therapy for children requires a funda- 
mental and integrative understanding of how ontogeny 
contributes to the other factors (e.g., genetic constitution, 
the role of environment, the impact of concomitant disease 
and its treatment) capable of influencing both drug dis- 
position and action and thereby, the relationship between 
drug dose, concentration, effect, and efficacy. Such con- 
siderations collectively represent the essence of pediatric 
clinical pharmacology. A sound understanding of basic 
pharmacology principles is necessary for facilitating indi- 
vidualization of drug treatment in infants, children, and 
adolescents. 

Over the past 30 years, pediatric clinical pharmacology 
has evolved from an area of research emphasis/focus within 
pediatrics to a subdiscipline of clinical pharmacology with 
demonstrated therapeutic importance to the medical care of 
pediatric patients. The large amount of knowledge gener- 
ated in the field of pediatric clinical pharmacology during 
this time precludes the presentation of a comprehensive, 
content-based review or treatise in this chapter. Rather, it is 
our intention to provide the reader with a “primer” on pedi- 
atric clinical pharmacology and, in particular, its relationship 
to the practice of pediatric cardiology through a presentation 
of fundamental principles and their illustration using relevant 
therapeutic examples. We also present summary information 
pertaining to the clinical pharmacology of drugs commonly 
used in pediatric cardiology. Collectively, this will equip the 
reader with a solid foundation for further inquiry and also 
provide a fundamental, conceptual framework upon which 
sound therapeutic decision making in pediatric cardiology 
can be based. 


COMMON DEFINITIONS OF TERMS IN CLINICAL 
PHARMACOLOGY 


As is the case with many disciplines, clinical pharmacology 
has its own lexicon, an understanding of which is fundamental 
to the clinical application of its principles to therapeutic deci- 
sion making. The following paragraphs represent a glossary 
of common terms in clinical pharmacology, each of which is 
accompanied by a conceptual summary derived from informa- 
tion contained in a recent textbook (2). 

Absolute bioavailability (F) is the fraction of a drug dose 
administered by an extravascular route that is absorbed into 
the systemic circulation. It is determined within a given indi- 
vidual by comparing the area under the plasma concentration 
with time curve (area under the curve; AUC) following an oral 
dose of the drug to that resulting from an intravenous dose 
(where bioavailability is generally 100% given that no absorp- 
tion occurs). 

Relative bioavailability is similarly determined by com- 
paring the AUC following extravascular administration of a 
“test” formulation and a “reference” drug formulation (e.g., 
comparing the AUC from an extemporaneously formulated 
liquid to that from a marketed oral solid dosage form of a 
given drug). 

Absorption of drugs describes the process of drug uptake 
from a site of extravascular administration (e.g., oral, intra- 
muscular, subcutaneous, intraperitoneal, intraosseous, and 
intratracheal) into the systemic circulation. The majority of 
drug absorption occurs via passive diffusion, although for some 
compounds, carrier-mediated and/or active transport (e.g., via 
a transporter such as P-glycoprotein) can occur. Because a drug 
must generally exist in a true solution to be absorbed, libera- 
tion of the active drug from a drug product (e.g., release of a 
calcium channel blocker from a sustained-release dose formula- 
tion) can be a rate-limiting event for absorption. Drug absorp- 
tion is most accurately conceptualized by considering both 
rate (e.g., absorption half-life, time to peak concentration) and 
extent (e.g., bioavailability), either of which can be influenced 
by biopharmaceutical (e.g., drug formulation), physicochemi- 
cal (e.g., pH, solubility, hydro- and lipophilicity, protein bind- 
ing, and complexation characteristics with food or drugs), and 
physiologic factors (e.g., barrier integrity, motility, volume and 
pH of body fluids at absorptive site, protein-binding capacity, 
and degradation/biotransformation potential). 

Area under the curve (AUC) is a concentration- and time- 
dependent parameter that reflects systemic exposure to a drug. 
Mathematically, AUC represents the integral of blood levels 
of drug over time from zero to either a predetermined post- 
dose time point (i.e., AUC 0 ^ tx ) or extrapolated to infinity (i.e., 
AUC 0 _), which is done by using the apparent terminal elimi- 
nation rate constant (similarly calculated from the observed 
plasma concentration vs. time plot) (Fig. 79.1). 
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Figure 79.1, Representative plasma concentration versus time 
curve. Illustrated are commonly referenced pharmacokinetic 
parameters including AUC, area under the curve; C max , maximal 
plasma drug concentration; & e , the apparent first-order elimi- 
nation rate constant; and T max , the time to achieve apparent 
peak plasma concentrations. (Reprinted from Abdel-Rahman 
SM and Kearns GL. The pharmacokinetic-pharmacodynamic 
interface: determinants of anti-infective drug action and effi- 
cacy in pediatrics. In: Feigin RD, Cherry JD, Demmler-Harri- 
son GJ, et al., eds. Feigin and Cherry's Textbook of Pediatric 
Infectious Disease . 6th ed. Philadelphia, PA: Sauders-Elsevier, 
2009:3158, with permission from Elsevier.) 


Bioequivalence of a drug product reflects an assessment of 
whether one drug formulation (e.g., a generic drug) produces 
a rate and extent of absorption that is comparable to that of 
the reference formulation. It assumes that effect and toxicity 
profiles of the two drugs will be virtually identical if the sys- 
temic exposures (as determined from AUC) are comparable. 
The determination of bioequivalence as defined in current reg- 
ulatory guidelines is purely pharmacokinetic in nature in that 
it does not involve a relative assessment of drug effect from a 
given drug product and/or dose. 

Clearance (CL) of a drug is conceptually represented by 
the volume of blood from which a certain amount of unme- 
tabolized drug is removed (i.e., cleared) per unit time by all 
pathways capable of drug removal (e.g., renal, hepatic, biliary, 
pulmonary). Clearance is generally represented as either total 
body (or plasma) clearance, renal clearance (Cl ren ), or nonrenal 
clearance (Cl nr ). The calculation of Cl is made from knowledge 
of the AUC and for Cl ren , from knowing the total amount of 
drug excreted unchanged in the urine over a 24 or more hour 
period. For drugs administered by any extravascular route, Cl 
yields an “apparent” value (e.g., Cl/F) that must be corrected 
for the extent of absolute bioavailability. Finally, it should be 
noted that Cl can be influenced by ex vivo procedures (e.g., 
extracorporeal membrane oxygenation, dialysis [hemodialysis, 
peritoneal dialysis, continuous hemofiltration with dialysis]). 

Disposition refers to the collective processes of drug absorp- 
tion, distribution, metabolism, and excretion/elimination, all 
of which occur simultaneously after drug administration as 
opposed to being discrete events. Pharmacokinetic behavior 
for a given drug is a common surrogate for disposition in that 
the concentration versus time profile for a given drug is deter- 
mined by the aforementioned processes. 

Elimination half-life (T 1/2 ) is defined as the time following 
drug absorption required for blood or plasma drug concentra- 
tions to be reduced by 50%. It is calculated from the apparent 
elimination rate constant (& e ), which is the slope of the appar- 
ent drug elimination phase from blood/plasma (Fig. 79.1). 
While T 1/2 is frequently considered as a “surrogate” for Cl, 


it should be noted that it is dependent both upon Cl and the 
apparent volume of distribution. Practically, T 1/2 is an impor- 
tant pharmacokinetic parameter in that it can be used to pre- 
dict when steady-state drug concentrations are attained (e.g., 
steady state reached at a time equal to four to five times the 
T 1/2 following the initiation of drug treatment or a change in 
dose/dosing regimen) or alternatively, when a drug should be 
eliminated from the body (e.g., 75% elimination in a period 
equal to three times T m ). 

Peak concentration (C max ) represents the highest concentra- 
tion of drug attained in a particular biologic fluid following the 
administration of a drug dose. As illustrated in Figure 79.1, 
C max occurs at a corresponding postdose time (T max ) that tem- 
porally reflects the time required for drug absorption follow- 
ing a dose administered by an extravascular route. 

Pharmacodynamics of a drug reflects a relationship between 
drug exposure (i.e., concentration), time, and drug effect (both 
intensity and duration). Simply stated, pharmacodynamics is a 
reflection of what a given drug/dose does to the body and the 
association of the effect(s) with time of drug administration. 
In the context of clinical pharmacology, pharmacodynamics 
refers to the exposure-response (i.e., concentration-effect) 
relationship for a given drug. 

Pharmacokinetics reflects a quantitative approach used to 
describe the movement of a drug throughout the body and 
also, concentrations (or amounts) of drug that reside in a given 
body space (e.g., fluid spaces and tissue). Pharmacokinetics is 
conceptualized by considering those characteristics that are 
the determinants of drug disposition. 

Pharmacogenetics can be defined as the study or clinical 
testing of variations of specific genes that impact upon either 
the pharmacokinetics or pharmacodynamics of a given drug. 
In contrast, pharmacogenomics represents a focus on events at 
the level of the genome (e.g., gene-gene interaction) and how, 
in an integrated context, genetic constitution contributes to 
the variability in the exposure-response relationship. 

Presystemic clearance (first-pass effect) occurs when a drug 
is either catabolized (e.g., through chemical degradation) or 
metabolized before it reaches the systemic circulation. Exam- 
ples associated with oral drug administration include the 
pH-sensitive degradation of specific drugs in the stomach, 
drug biotransformation by enterocytes, enteral drug translo- 
cation by transporters, and enterohepatic drug recirculation. 
Presystemic drug clearance can also occur ex vivo (e.g., drug 
degradation and/or adsorption to tubing associated with car- 
diopulmonary bypass, extracorporeal membrane oxygena- 
tion). Drugs subject to first-pass effect (a classic example is 
propranolol) generally have a reduced rate and/or extent of 
relative bioavailability when compared to that achieved with 
parenteral administration. 

Protein binding results when a drug combines with plasma, 
extracellular proteins, or tissue proteins to form a reversible 
drug-protein complex. In general, drug-protein binding is 
usually nonspecific and depends on the drug's affinity for the 
protein molecule (i.e., binding site), the number of protein- 
binding sites, and the drug and protein concentration. With 
few exceptions, drugs that are bound to proteins are pharma- 
cologically inactive and cannot be readily metabolized and/or 
excreted. Protein and/or tissue drug binding can also influence 
both the apparent volume of distribution and elimination ^1/2 
of drugs that are extensively (i.e., >70%) bound, as well as 
their concentration-effect profiles (e.g., extent of plasma pro- 
tein binding for amiodarone = 93% to 97%, sildenafil = 96%, 
and warfarin = 99%). 

Steady state reflects a level of drug accumulation in blood 
and tissue upon multiple dosing when the rates of input (i.e., 
the amount of drug placed into the systemic circulation) and 
output (i.e., drug clearance) are at equilibrium. When drugs 
are given at fixed doses and dosing intervals, the steady-state 
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concentrations in blood or plasma fluctuate between a maxi- 
mum (C max ) and minimum (C min ) within a given dose inter- 
val. The interdose values of C max and C min should be identical 
provided that dose size, method of drug administration, dos- 
ing interval, and/or drug pharmacokinetics do not change 
between doses. In general, the pharmacokinetics of a drug at 
steady state provides the most accurate means to assess drug 
effect(s) given that a proportional equilibrium between drug 
concentrations in the plasma and those at the effector sites(s) 
(i.e., receptors) should exist. 

Therapeutic range represents a range of plasma drug concen- 
trations (i.e., systemic exposure) associated with desirable thera- 
peutic effect(s) and absent or minimal adverse effects. It may 
be influenced by factors that can modulate pharmacodynamics 
(e.g., age, disease, concomitant drugs, environmental exposures). 
The therapeutic index for a given drug reflects the relationship 
between the systemic exposure associated with desirable effects 
and that associated with the production of adverse effects. For 
drugs with a narrow therapeutic index such as digoxin, the dif- 
ference between the systemic exposure (plasma levels) associ- 
ated with therapeutic and adverse effects is small. 

Trough drug concentrations (C min ) represent those in 
plasma that occur immediately prior to a scheduled dose for 
drugs that are administered in repeated dosing regimens. The 
interdose excursion between C max and C min is a reflection of 
systemic drug exposure and in some instances, is associated 
with a “target” dosing strategy (e.g., cases in which a spe- 
cific plasma drug concentration or AUC is associated with a 
desired pharmacodynamic effect). 

Volume of distribution (VD) (apparent volume of distribution) 
represents a hypothetical volume of body fluid that would 
be required to dissolve the total amount of drug at the same 
concentration as that found in the blood. For drugs that do 
not distribute extensively or associate with great affinity to 
proteins and/or tissue, the VD may dimensionally correspond 
to a physiologic/anatomic body spaces (e.g., VD <0.1 L/kg - 
intravascular space, 0.1 to 0.3 L/kg ~ extracellular space, 0.6 
to 0.7 L/kg ~ total body water space). An apparent VD >1 L/kg 
is suggestive of drugs with significant tissue binding (e.g., 
digoxin) that can influence its residence time in the body. Fol- 
lowing extravascular drug administration, the apparent VD is 
impacted by the extent of drug absorbed (i.e., VD/F). In those 
instances where a drug has incomplete absorption, it may 
underestimate the true value of the VD. 


THE EXPOSURE-RESPONSE RELATIONSHIP 


Drug action results only when an exposure (both extent and 
duration of) occurs that is sufficient to translate a drug- 
receptor interaction into a physiologic response. Thus, the 
exposure-response relationship for a given drug represents 
an interface between pharmacokinetics and pharmacody- 
namics that can be conceptualized by simultaneous consid- 
eration of two profiles: (a) plasma concentration versus time 
(Figs. 79.1 and 79.2) and (b) plasma concentration versus 
effect (Fig. 79.2). 

In the vast majority of instances, the relationship between 
drug concentration and effect is not linear. As illustrated in 
Figure 79.2 in the absence of drug in the body (i.e., at a con- 
centration of zero), there is no discernable drug effect (E 0 ). 
Following drug administration, the concentration (both in the 
plasma and by inference, also at the receptor) increases as does 
the effect; first in an apparent linear fashion (at low drug con- 
centrations) followed by a nonlinear increase in effect to an 
asymptotic point that reflects the maximal effect (E max ) after 
which further increases in drug concentration are not asso- 
ciated with an increase in the desired drug effect. The drug 



Figure 79.2. Representative nonlinear concentration (C) ver- 
sus effect profile. Illustrated are E max , maximal effect; E 0 , the 
baseline effect associated with the absence of drug concentra- 
tion; and EC 50 , the concentration which is associated with an 
observed effect that is 50% of E max . (Reprinted from Abdel- 
Rahman SM, Kearns GL. The pharmacokinetic-pharmacody- 
namic interface: determinants of anti-infective drug action and 
efficacy in pediatrics. In: Feigin RD, Cherry JD, Demmler-Har- 
rison GJ, et al., eds. Feigin and Cherry's Textbook of Pediatric 
Infectious Disease. 6th ed. Philadelphia, PA: Sauders-Elsevier, 
2009:3158, with permission from Elsevier.) 


concentration corresponding to 50% of the maximal effect is 
defined as the EC 50 (Fig. 79.2); a pharmacodynamic term reflec- 
tive of drug potency that is used to compare concentration- 
effect relationships between individuals and in some instances, 
between drugs in a given drug class. With rare exception, both 
E max and EC 50 are rarely determined during therapeutic drug 
administration but rather are calculated pharmacodynamic 
parameters from research aimed at characterizing the dose- 
concentration-effect relationship . 

With few exceptions, it is rarely possible to measure drug 
concentrations at or near the receptor. Therefore, it is necessary 
to utilize a surrogate measurement (e.g., direct measurement 
of blood pressure, blood glucose, electrocardiogram, echocar- 
diography) to assess exposure-response relationships. In most 
instances, a change in a given surrogate measurement is exam- 
ined in association with the plasma drug concentration versus 
time curve to assess pharmacodynamic properties. For drugs 
whose pharmacokinetic properties are best described by first- 
order (as opposed to zero- or mixed-order) processes, a semi- 
logarithmic plot of plasma drug concentration versus time data 
for an agent given by an extravascular route of administration 
(e.g., intramuscular, subcutaneous, intracisternal, intraperito- 
neal, peroral, transmucosal, transdermal, rectal) produces a 
pattern depicted by Figure 79.1. The ascending portion of this 
curve represents a time during which the liberation of a drug 
from its formulation, dissolution of the drug in a biologic fluid 
(e.g., gastric or intestinal fluid), and absorption of a drug are 
rate limiting relative to its elimination. After the time where 
maximal plasma concentrations (C max ) are observed, the plasma 
concentration decreases as metabolism and elimination become 
rate limiting; the terminal portion of this segment of the plasma 
concentration versus time curve being representative of drug 
elimination from the body. Finally, the AUC can be determined 
by integrating the plasma concentration data over time. 

By being able to characterize the pharmacokinetics of a 
specific drug, the clinician can use the data to individualize 
drug dosing regimens so as to compensate for factors that can 
influence pharmacokinetics (e.g., development, disease, con- 
comitant treatment). For drugs where a therapeutic plasma 
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concentration range and/or “target” systemic exposure (i.e., 
AUC) is known, a priori knowledge of pharmacokinetic 
parameters for a given patient can facilitate the selection 
of a drug dosing regimen and thereby, optimize therapeutic 
response (e.g., cyclosporine, tacrolimus) (3). When linked with 
information regarding the pharmacodynamic behavior of a 
drug and the status of the patient (e.g., age, organ function, 
disease state, concomitant medications), the application of 
pharmacokinetics affords the practitioner the ability to exer- 
cise therapeutic decision making by enabling the selection of 


a drug and dosing regimen that has the greatest likelihood of 
producing both efficacy and safety. 


DEVELOPMENTAL PHARMACOKINETICS 

For well over three decades, it has been known that physi- 
ologic changes that occur during human development produce 
alterations in drug disposition. As illustrated in Figure 79.3, 
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Figure 79.3. Developmental changes in physiologic factors that influence drug disposition in infants, children, 
and adolescents. Panel A illustrates age-dependent activity (relative to adult values) for important Phase I and 
Phase II enzymes responsible for drug biotransformation. Panel B illustrates developmental differences in body 
composition that can influence the apparent volume of distribution for drugs. Panel C illustrates the ontogeny 
of factors pertaining to gastrointestinal physiologic function, one or more of which can influence either the rate 
and/or extent of drug absorption. Panel D illustrates the acquisition of renal function (both glomerular filtration 
rate and active tubular secretory capacity reflected by para-aminohippuric acid clearance, a validated biomarker) 
during development. Panel E illustrates the impact of development on aspects of the integumentary system that 
collectively can modulate the systemic absorption of drugs applied to the skin. (From Kearns GL, Abdel-Rahman 
SM, Alander SW, et al. Developmental pharmacology — drug disposition, action and therapy in infants and chil- 
dren. N Engl J Med 2003;349:1 157-1167, Copyright © 2003 Massachusetts Medical Society. Reprinted with 
permission from Massachusetts Medical Society.) 


CHAPTER 79 ■ Pharmacology 1665 


maturation can produce, especially in early life, dramatic 
physiologic changes that impact drug absorption, distribution, 
metabolism, and excretion. Accumulated information sup- 
ports that many of these changes are indeed predictable (4) 
and consequently, they can be used to inform the design of 
pediatric clinical trials through the use of modeling and simu- 
lation and also, to clinically individualize drug treatment for 
a given patient based on known or expected pharmacokinetic 
behavior of a given drug (5). An example of therapeutic util- 
ity of pharmacokinetic-based optimization of drug treatment 
has been recently illustrated in the provision of antiretroviral 
therapy in children (6). 

For the clinical application of such data, it is important for 
the clinician to have a conceptual understanding of how devel- 
opment influences both drug disposition and effect. In the fol- 
lowing paragraphs, we provide a summary of developmental 
pharmacokinetics, much of which has been excerpted (with 
permission) from recent works (1,7,8) published by one of the 
coauthors (G.L.K.). These publications can be referred to for 
reference to citations in the primary literature upon which the 
following summaries are based. 

Drug Absorption 

Absorption of drugs administered by extravascular routes 
occurs largely via passive diffusion. At certain anatomical sites 
where drug transport proteins are expressed, absorption can 
occur via active transport or facilitated diffusion. In addition 
to physiologic changes that occur during development, the 
concomitant presence of certain disease states (e.g., inflamma- 
tory bowel disease, diarrhea) can produce changes in either the 
rate or extent of drug absorption. A summary of important 


factors that can influence drug absorption in neonates, infants, 
and children is provided in Table 79.1. 

Oral Absorption 

As is the case in adults, most therapeutic drugs administered in 
the outpatient setting are given by the oral route. During devel- 
opment, maturational changes of gastric, intestinal, and biliary 
tract function (Fig. 79.3, panel C) occur and either singly or 
collectively can impact the rate and extent of drug absorption. 

Given that most orally administered drugs have the phys- 
icochemical property of being either a weak acid or weak 
base, pH within the gastrointestinal tract can influence the 
amount of potentially absorbable drug (i.e., the un-ionized 
moiety existing in a true solution) available. As illustrated in 
Figure 79.3 (panel C), gastric hydrochloric acid production 
changes as a function of age. Gastric pH changes significantly 
throughout development with the highest values occurring 
during the neonatal period. In the fully mature neonate, the 
gastric pH ranges from 6 to 8 at birth and drops to 2 to 3 
within a few hours of birth. However, after the first 24 hours 
of postnatal life, the gastric pH increases due to the immatu- 
rity of the parietal cells and gradually reaches expected adult 
values (e.g., gastric pH 2 to 3) by approximately 2 to 3 years 
of age. As a result of these developmental differences, the bio- 
availability of acid-labile drugs (e.g., penicillin, ampicillin) is 
increased (relative to older children and adults) in neonates 
and young infants, whereas the absorption of weak organic 
acids is decreased. For drugs with a relatively narrow thera- 
peutic index (e.g., phenytoin), the ontogeny of gastric pH can 
produce significant age-associated alterations in bioavailabil- 
ity that may necessitate more frequent alterations in drug dos- 
ing regimens required to achieve therapeutic plasma levels. 


I 



Summary of Important Factors that Influence Drug Absorption 
in Neonates, Infants, and Children 



Neonates 

Infants 

Children 

Physiologic alteration 

Gastric emptying time 

Irregular 

Increased slightly 

Increased 

Gastric pH 

>5 

4-2 

Adult pattern 

Intestinal motility 

Reduced 

Increased 

Slightly increased 

Intestinal surface area 

Reduced 

Near adult 

Adult pattern 

Microbial colonization 

Reduced 

Near adult 

Adult pattern 

Biliary function 

Immature 

Near adult 

Adult pattern 

Muscular blood flow 

Reduced 

Increased 

Adult pattern 

Skin permeability 

Increased 

Increased 

Near adult pattern 

Possible pharmacokinetic consequences 

Oral absorption 

Erratic — reduced 

t rate 

Near adult pattern 

IM absorption 

Variable 

Increased 

Adult pattern 

Percutaneous absorption 

Increased 

Increased 

Near adult pattern 

Rectal absorption 

Very efficient 

Efficient 

Near adult pattern 

Presystemic clearance 

< adult 

> adult 

> adult (T rate) 


Direction of alteration given relative to expected normal adult patterns. 

Reprinted from Ritschel WA, Kearns GL. Definitions and nomenclature. In: Ritschel WA, Kearns GL, eds. Handbook of Basic 
Pharmacokinetics. Including Clinical Applications, 7th ed. Washington, DC: American Pharmacists Association, 2009:1-10; Table 24.1, 
with permission. 
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During development, one of the most important physio- 
logic changes capable of altering the rate of drug absorption 
resides with gastrointestinal motility. During early infancy, 
gastric emptying time is prolonged, which can delay deliv- 
ery of orally administered drugs to the small intestine where 
the majority of absorption takes place. By 6 to 8 months of 
age, gastrointestinal transit times may be shorter than those 
observed for older children and adults; a situation which can 
significantly influence both the rate and extent of bioavail- 
ability of drugs with limited water solubility (e.g., phenytoin, 
carbamazepine) by reducing residence time at the absorptive 
sites in the small intestine. Lastly, immature biliary function in 
neonates and young infants in the first few months of life has 
the potential for reducing the extent of oral bioavailability of 
lipophilic drugs that are dependent upon bile acids for their 
solubility in the small intestine (e.g., fat-soluble vitamins). 

Developmental differences in the activity of intestinal drug- 
metabolizing enzymes (e.g., CYP3A4/5, CYP1A, N-acetyltrans- 
ferase, xanthine oxidase, and glutathione-S-transf erase) and 
efflux transporters (e.g., P-glycoprotein or MDR1) can mark- 
edly alter the bioavailability of some orally administered drugs. 
While the patterns of ontogeny for these enzymes and trans- 
porters are not concordant, the majority appear to have adult 
expression within the first 6 to 12 months of postnatal life at 
which time the influence of development on their activity as a 
determinant of bioavailability would be expected to be minimal. 

Extravascular Drug Absorption 

As is the case with oral drug absorption, development can 
influence the bioavailability of drugs administered by other 
extravascular routes (e.g., subcutaneous, intramuscular, intra- 
osseous, intratracheal, intraperitoneal, rectal, dermal) largely 
as a result of changes in regional blood flow and tissue com- 
position (Table 79.1). In the neonate, muscular blood flow is 
reduced in the first few days of life, as is the relative efficiency 
of muscular contractions. Furthermore, neonates and young 
infants have greatly reduced muscle mass (compared to older 
infants and children) and increased percentage of water per 
unit of muscle mass. Collectively, these developmental changes 
can produce variable and delayed rates of absorption of drugs 
given by the intramuscular route. 

In contrast, mucosal (rectal and buccal) and dermal perme- 
ability in the neonate and young infant is increased and thus 
may result in enhanced absorption by these routes. In the case 
of transdermal drug absorption, a more highly perfused and 
hydrated stratum corneum (Fig. 79.3, panel E) facilitates drug 
absorption in the neonate and very young infant. In addition, 
the ratio of body surface area to body weight is greater in 
infants and children as compared to adults. Collectively, these 
developmental differences may predispose infants and young 
children in the first 8 to 12 months of life to increased expo- 
sure and risk for toxicity for drugs/chemicals placed on the 
skin (e.g., silver sulfadiazine, topical corticosteroids, benzo- 
caine, diphenhydramine, isopropyl alcohol). 

Normal developmental differences in drug absorption from 
almost all extravascular routes of administration can influence 
the dose-plasma concentration relationship in a manner sufficient 
to alter pharmacodynamics. Disease states that affect the integ- 
rity of the physiologic barriers that drugs given by extravascular 
routes must traverse prior to their translocation to the vascular 
space must be considered, as they can influence both the rate and 
extent of drug absorption. Finally, with regard to extravascular 
drug administration, it must be recognized that the onset of drug 
effect is directly dependent upon the route of administration. For 
example, the onset of effect for most drugs given intravenously 
is, in most cases, virtually instantaneous. This is contrasted with 
drugs given by inhalation (onset - 2 to 3 minutes), sublingual 
administration (onset - 3 to 5 minutes), intramuscular injection 


(onset ~ 10 to 20 minutes), subcutaneous injection (onset - 15 to 
30 minutes), rectal (onset - 30 minutes), oral (onset - 30 to 
90 minutes), and transdermal (onset - minutes to hours) routes. 

Drug Distribution 

Drug distribution is influenced by a variety of factors includ- 
ing drug-specific physicochemical properties, tissue composi- 
tion (e.g., water, fat, and lean muscle content) and perfusion, 
the role of drug transporters, blood/tissue protein binding, 
blood, and the pH of blood and tissue fluids. To a great degree, 
changes in drug distribution during development are associ- 
ated with changes in body composition and the quantity of 
plasma proteins capable of drug binding. As well, certain dis- 
ease states (e.g., ascites, dehydration, burn injuries involving 
large surface area, sepsis with capillary leak syndrome) can 
influence body water compartment sizes and thereby, the dis- 
tribution of drugs with an apparent volume of distribution less 
than or equal to the total body water space (i.e., 0.6 L/kg). 

As illustrated in Figure 79.3 (panel B), neonates and young 
infants have significantly higher total body water and extracellu- 
lar water spaces than older infants and children. The reduction 
in relative total body water occurs rapidly during the first year 
of life, and by 12 years, adult values (i.e., -60% of lean muscle 
mass) are attained. In contrast, the percentage of intracellular 
water as a function of body mass remains stable from the first 
months of life through adulthood. For drugs that are primarily 
distributed to a space that approximates the extracellular fluid 
pool and are not highly bound to plasma proteins (e.g., amino- 
glycoside antibiotics), their weight-adjusted apparent volumes 
of distribution (i.e., L/kg) are larger (e.g., approximately 0.4 to 
0.6 L/kg in neonates and infants vs. 0.2 to 0.3 L/kg in adults), 
which necessitates the administration of higher weight-adjusted 
(mg/kg) doses in order to attain target plasma (blood) levels. 

Despite the relatively low body fat content in the neonate 
(-16%, Fig. 79.3, panel B), the developing central nervous sys- 
tem (CNS) has a relatively high lipid content in early life; a 
condition with implications for the distribution of lipophilic 
drugs capable of acting in the CNS. The body fat percentage 
tends to increase up to about 10 years of age and then changes 
composition with respect to puberty and sex. In normal chil- 
dren and adolescents with age-appropriate body habitus, 
changes in body composition beyond the first 3 months of life 
do not appear to produce profound developmental differences 
in drug disposition. This does not appear to be the case for 
obese children in whom increased body fat appears to require 
adjustment in the normal age-appropriate dosing regimen for 
several drugs (e.g., aminoglycosides, carbamazepine, pheny- 
toin, benzodiazepines, digoxin, lithium, opiates) (9). 

Of the circulating proteins in plasma, albumin (which pref- 
erentially binds weak acids) and cq-acid glycoprotein (which 
preferentially binds weak bases) are quantitatively the most 
important for drug binding. As summarized in Table 79.2, 
the concentration of these proteins changes over develop- 
ment with low concentrations in the neonate and young infant 
(-80% of adult), increasing to adult values by approximately 
1 year of age. A similar pattern of maturation is observed 
with cq-acid glycoprotein where neonatal plasma concentra- 
tions are approximately three times lower than in maternal 
plasma and attain adult values by approximately 1 year of age. 
Additionally, specific conditions (e.g., malnutrition, protein- 
losing enteropathy, nephrotic syndrome, large burn injuries, 
extravascular translocation of proteins, sepsis, acidosis, pro- 
tracted hyperglycemia, chronic renal failure with uremia) can 
reduce the absolute concentration of drug-binding proteins and 
in some instances (e.g., acidosis, glycation of albumin associ- 
ated with chronic hyperglycemia, carbamylation of albumin 
associated with uremia), the binding affinity of a given drug 
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TABLE 79.2 


Ontogenic Influences of Plasma Drug-Protein Binding 
and Drug Distribution 


Neonates Infants Children 


Physiologic alteration 


Plasma albumin concentration 

Reduced 

Near normal 

Near adult pattern 

Fetal albumin concentration 

Present 

Absent 

Absent 

Total protein concentration 

Reduced 

Decreased 

Near adult pattern 

Total globulin concentration 

Reduced 

Decreased 

Near adult pattern 

Serum bilirubin 

Increased 

Normal 

Normal adult pattern 

Serum free fatty acids 

Increased 

Normal 

Normal adult pattern 

Blood pH 

7. 1-7.3 

7.4 (normal! 

7.4 (normal) 

Adipose tissue 

Scarce (t CNS) 

Reduced 

Generally reduced 

Total body water 

Increased 

Increased 

Near adult pattern 

Extracellular water 

Increased 

Increased 

Near adult pattern 

Endogenous maternal sub- 

Present 

Absent 

Absent 


stances (ligands) 

Possible pharmacokinetic consequences 


Free drug fraction 

Increased 

Increased 

Slightly increased 

Apparent volume of distribution 

Hydrophilic drugs 

Increased 

Increased 

Slightly increased 

Hydrophobic drugs 

Reduced 

Reduced 

Slightly decreased 

Tissue/plasma ratio 

Increased 

Increased 

Slightly increased 


Direction of alteration given relative to expected normal adult patterns. 

Reprinted from Ritschel WA and Kearns GL. Handbook of Basic Pharmacokinetics. 7th ed. Washington, DC: American Pharmacists 
Association, 2009, with permission. 


for a protein. Binding affinity for acidic drugs is also reduced 
in the neonate as a consequence of the higher concentrations 
of fetal albumin (which has a lower binding capacity) and 
endogenous substances (e.g., bilirubin) that can compete with 
drugs for albumin binding sites. For example, circulating fetal 
albumin in the neonate has significantly reduced binding affin- 
ity for acid drugs such as phenytoin that is extensively (-94% 
to 98%) bound to albumin in adults as compared to 80% to 
85% in the neonate. The resultant six- to eightfold difference 
in the free fraction can result in CNS adverse effects in the neo- 
nate when total plasma phenytoin concentrations are within 
the generally accepted “therapeutic range” (10 to 20 mg/L), 
thereby influencing the pharmacodynamics of this agent. 

Drug transporters, such as P-glycoprotein, MDR1, and 
MDR2 (multidrug resistance 1 or 2), can also influence drug 
distribution. These drug transporters can markedly influence the 
extent to which drugs cross membranes in the body and whether 
drugs can penetrate or are secreted from the target sites. While 
there are limited data on the ontogeny of drug transport pro- 
teins, available information demonstrates their presence as early 
as 22 weeks’ gestation and low levels in the neonatal period that 
rapidly increase to adult values by 1 to 2 years of age. 

Drug Metabolism 

Metabolism reflects the biotransformation of an endogenous 
or exogenous molecule by one or more enzymes to moieties 
that generally are more polar (hydrophilic) and thereby, more 


easily eliminated via excretion, secretion, and/or exhalation. 
While in many cases, drug metabolism results in pharmaco- 
logic inactivation of a drug, there are instances where it can 
either contribute to or be a determinant of drug action. The 
former situation is illustrated by drugs that have pharmaco- 
logically active metabolites (e.g., metabolism of amitriptyline 
to nortriptyline, codeine to morphine) and the latter, by the 
example of prodrugs where an inactive moiety is biotrans- 
formed to an active agent (e.g., enalaprilat). It should be noted 
that metabolic activation for some drugs has been identified 
as a mechanism underlying toxicity (e.g., acetaminophen- 
associated hepatotoxicity; Stevens-Johnson syndrome asso- 
ciated with sulfonamides, phenytoin, and carbamazepine; 
halothane-associated hepatitis). 

Quantitatively, the most important organ responsible for 
drug biotransformation is the liver. However, drug-metabo- 
lizing enzymes (e.g., phosphatases, esterases) also exist in the 
blood, brain, lung, small intestine, adrenal glands, kidney, and 
skin. Drug metabolism has historically been conceptualized as 
occurring via two general classes of enzymatic processes: Phase I, 
or nonsynthetic reactions (e.g,, oxidation, reduction, hydrol- 
ysis, hydroxylation) and Phase II, or synthetic (e.g., glycine, 
glucuronide, glutathione, sulfate conjugation) reactions. It is 
important to note that in many instances, Phase I and Phase II 
reactions can occur sequentially (e.g., hydroxylation of drug 
molecule followed by glucuronidation of the primary metabo- 
lite) as most all therapeutic drugs are polyfunctional substrates 
for a variety of drug-metabolizing enzymes. At birth, the con- 
centration of drug-oxidizing enzymes in fetal liver (corrected 
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for liver weight) appears similar to that in adult liver. How- 
ever, the activity of these oxidizing enzyme systems is reduced, 
which results in slow clearance (and prolonged elimination) 
of many drugs. Finally, as illustrated by Figure 79.3 (panel 
A), both Phase I and II drug-metabolizing enzymes have an 
ontogenic profile that generally is reflective of maturation over 
a period of months to years with different enzymes having spe- 
cific developmental trajectories. For example, alcohol dehy- 
drogenase (ADH1C) is expressed at extremely low levels in the 
fetus but increases dramatically in the first 1 to 2 years after 
birth. In contrast, CYP3A7, a cytochrome P450 (CYP450) 
responsible for the biotransformation of the endogenous sub- 
strate dihydroepiandrosterone sulfate (DHEA-S), is expressed 
at the highest level during the first trimester, whereas its activ- 
ity at 1 to 2 years of age is virtually absent in most individu- 
als. Finally, one of the isoforms of sulfotransferase (SULT1A1) 
is expressed at relatively constant levels during gestation and 
postnatal life (10). 

The impact of ontogeny on the activity of human drug- 
metabolizing enzymes has been the topic of several reviews 
(11-13). Of the many enzymes capable of metabolizing drugs 
and other small molecules, the CYP450 supergene family 
is quantitatively the most important. Specific CYP450 iso- 
forms (and prototypical drug substrates) responsible for the 
majority of drug metabolism in humans include CYP1A2 (caf- 
feine), CYP2C9 (warfarin, losartan, phenytoin), CYP2C19 
(proton pump inhibitors, clopidogrel), CYP2D6 (codeine, 
tamoxifen), CYP2E1 (ethanol), CYP3A5 (tacrolimus), and 
CYP3A4 (midazolam, cyclosporine). 

Compared to Phase I drug-metabolizing enzymes, the impact 
of development on the activity of Phase II enzymes is not as 
well characterized. However, studies to date indicate that in 
general, Phase II enzyme activities are decreased in the newborn 
and increase in childhood. For example, conjugation of com- 
pounds metabolized by UDP-glucuronosyltransferase (UGT) 
isoforms (e.g., morphine, bilirubin, and chloramphenicol) 
illustrates reduced metabolic capacity at birth that in turn can 
dramatically reduce drug plasma clearance (e.g., the gray baby 
syndrome tragedy associated with excessive systemic exposure 
to chloramphenicol following the administration of “normal” 
pediatric doses to neonates and young infants). Development 
of metabolic competence for most Phase II drug-metabolizing 
enzymes occurs rapidly during the first year of life and for 
selected enzymes can exceed adult values by 3 to 4 years of age 
(12). As illustrated by data for human glucuronosyltransferases 
(14), the impact of ontogeny on drug-metabolizing enzyme 
activity can be isoform specific. For example, the activity of 
the UGT isoforms responsible for acetaminophen metabolism 
(UGT1A1 and UGT1A9) is markedly reduced in neonates 
and infants, and as a result, conjugation of the drug metabo- 
lites is primarily dependent upon glutathione transferase and 
sulfotransferase isoforms. As infants develop, UGT activity 
increases and by the first year of life, these enzymes become the 
most quantitatively important for acetaminophen metabolism. 
A similar developmental profile exists for morphine, a drug 
whose metabolism is largely dependent upon two polymorphic 
cally expressed UGT isoforms, UGT2B7 and UGT1A1 (15). 

Many drug-metabolizing enzymes represent the products of 
genes that in some instances, are polymorphically expressed, 
with the variant alleles often conveying reduced and/or 
absent activity. A notable exception is exemplified by the 
CYP2C19 *17 allele that appears to convey increased catalytic 
activity to the enzyme (16). Similarly, polymorphic expression 
of genes responsible for regulation of specific drug transporter 
proteins also exists. Together with drug-metabolizing enzymes, 
their activities are often the rate-limiting event for metabolic 
clearance of a drug from the body and, in some instances, for 
drug action. Thus, genetic polymorphisms can influence both 
the pharmacokinetics and pharmacodynamics of drugs. 


The potential clinical importance of genetic polymorphisms 
for a drug-metabolizing enzyme has been recently illustrated 
by a comprehensive review published by Swen et al. (17) that 
discusses CYP2D6 phenotype and its relevance to the thera- 
peutic use of flecainide, metoprolol, and propafenone. As 
illustrated by Table 79.3, differences in the pharmacokinetics 
of these drugs associated with CYP2D6 phenotype (i.e., poor- 
metabolizer, intermediate metabolizer, or ultrarapid metabo- 
lizer; each conveyed by specific allelic variants of the CYP2D6 
gene) must be considered in the selection of a dosing regimen 
so as to prevent either therapeutic failure (e.g., subtherapeutic 
systemic exposure resulting from a “normal” dose given to 
an individual with rapid drug clearance consequent to having 
an ultrarapid CYP2D6 metabolizer phenotype) or therapeu- 
tic misadventure (e.g., increased systemic exposure associated 
with drug toxicity in individuals having a poor-metabolizer 
CYP2D6 phenotype). A recent review published by Visscher 
et al. (18) also highlights the importance of polymorphic 
expression of genes responsible for the expression of drug- 
metabolizing enzymes, transporters, and receptors. As sum- 
marized in Table 79.4 with the example of warfarin, allelic 
variants of the enzyme primarily responsible for its metabo- 
lism (i.e., CYP2C9) and also for its mechanism of action (i.e., 
VKORC1 or vitamin K epoxide reductase) require therapeu- 
tic dose adjustment in order to prevent excessive coagulation. 
In contrast, the example of clopidogrel illustrates that poly- 
morphic expression of both the primary drug-metabolizing 
enzyme (i.e., CYP2C19) and the efflux transporter ABCB1 
(also called MDR1 or P-glycoprotein) serve as determinants of 
therapeutic dosing regimens. Finally, the importance of genetic 
polymorphism on pharmacodynamics is well illustrated by the 
/3-adrenergic receptor blockers where variant alleles of the 
/3-receptor are associated with either an improved response 
to therapy or, alternatively, an increased likelihood of adverse 
events that are dependent upon a specific genotype. 

In addition to their importance in removing drugs from the 
body, it is important to recognize that both drug-metabolizing 
enzymes and transporters that exist predominantly in the 
small intestine and both their polymorphic and ontogenic 
expression can alter the absolute bioavailability of drugs. Like 
drug-metabolizing enzymes, the activity of intestinal drug 
transporters (MDR1 or P-glycoprotein) is low at birth (rela- 
tive to adults) and increases throughout the first 2 years of 
life (19). Given that the activity of most drug-metabolizing 
enzymes is markedly reduced in the neonate, the extent of bio- 
availability of drugs that are substrates for drug-metabolizing 
enzymes (e.g., CYP3A4, CYP3A5) and transporters (ABCB1) 
in the small intestine would be expected to be increased during 
the first weeks of life. Presystemic clearance (also described as 
first-pass effect) would increase as the functional capacity of 
these proteins increases, with the potential for reducing the 
bioavailability of drugs given by the oral route. Unfortunately, 
very few bioavailability studies are conducted in infants and 
children; thus, assumptions regarding the impact of ontogeny 
on presystemic drug clearance must be made based on the 
known developmental profiles and pharmacogenomics for the 
drug-metabolizing enzymes and transporters involved (20). 
Thus, estimates of how presystemic clearance may influence 
drug bioavailability derived from adult studies cannot be accu- 
rately applied to extrapolate how a drug dose given by the oral 
route may need to be age-adjusted for a neonate or infant. 

Table 79.5 summarizes the physiologic alterations during 
development that contribute to drug metabolism and also their 
potential pharmacokinetic consequences. However, with regard 
to predicting the impact of development on drug metabolism, 
it is the isoform-specific ontogenic profile for each enzyme and 
transporter involved that must be considered in deducing how 
developmental differences per se can effect drug clearance as a 
determinant of the exposure-response relationship. 
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Examples of Cardiovascular Drugs where Polymorphic Gene Expression of CYP2D6 

I in Adults Supports Modification of Dosing Regimen 

Drug 

Genotype or 
Phenotype 

Level of Evidence 

Clinical Relevance 

Impact on Dosing Recommendations 

Flecainide 

PM 

Good from controlled 
studies 

Minor clinical effect 

Reduce dose by 50%, record ECG, monitor 
plasma concentration 


IM 

— 

— 

Reduce dose by 25%, record ECG, monitor 
plasma concentration 


UM 

— 

— 

Record ECG, monitor plasma concentration 

Metoprolol 

PM 

Good from controlled 
studies 

Long-standing, significant 
implications 

Production of heart failure. Select alterna- 
tive drug or reduce dose by 75% and monitor 
for drug-associated adverse events 


IM 

Good from controlled 
studies 

Short lived with mild 
implications 

Actively monitor for drug-associated 
adverse events 


UM 

Good from controlled 
studies 

Long-standing, significant 
implications 

Heart failure due to subtherapeutic expo- 
sure. Select alternative drug or titrate to 
maximum of 250% of the normal dose 

Propafenone 

PM 

Good from controlled 
studies 

Long-standing, significant 
implications 

Reduce dose by 70%, record ECG and moni- 
tor plasma concentrations 


IM 

Moderate from published 
studies 

Moderate clinical effect 

Insufficient data to allow for dose calcula- 
tion. Record ECG and adjust dose to plasma 
concentration or select alternative drug 


UM 

Moderate from published 
studies 

Minor clinical effect 

Insufficient data to allow for dose calcula- 
tion. Record ECG and adjust dose to plasma 
concentration or select alternative drug 


PM, poor metabolizer; IM, intermediate metabolizer; and UM, ultrarapid metabolizer. 

Adapted from Swen JJ, Nijenhuis M, de Boer A, et al. Pharmacogenetics: from bench to byte — an update of guidelines. Clin Pharmacol Ther 2011;89:662-673, where evidence 
level and clinical relevance for specific examples are further defined and references to applicable primary literature are provided. 


IBB 

Overview of Drug-Metabolizing Enzyme and Transporter Gene Variants and their 

Association with Cardiovascular Drug Response 

Drug (class) 

Gene 

Variants 

Effect (s) 

Warfarin 

CYP2C9 

*2 

Decreased enzyme activity, reduced daily dose requirement 


CYP2C9 

*3 

Markedly reduced enzyme activity, reduced daily dose requirement 


VKORC1 

-1639G>A 

Reduced gene expression, increased drug susceptibility, need for reduced 
dose requirement 

Clopidogrel 

CYP2C19 

*2 

Decreased enzyme activity, increased dose requirement, reduced drug response 


CYP2C19 

*3 

Decreased enzyme activity, increased dose requirement 


CYP2C19 

*4 

Decreased enzyme activity, increased dose requirement 


CYP2C19 

*5 

Decreased enzyme activity, increased dose requirement 


ABCB1 

3435C>T 

Reduced plasma levels of active metabolites, increased dose requirement 

p- Blockers 

AD RBI 

Ser49Gly 

Improved drug response in Gly49 carriers 


ADRB1 

Arg389Gly 

Improved response in Arg/Arg homozygotes 


ADRB2 

Gly16Arg and Gln27Glu 

Increased risk of adverse outcomes in Gly16/Gln27 haplotype carriers 


ADRA2C 

Deletion of amino acids 
322-325 

Improved response to metoprolol in deletion carriers when combined with 

ADRB1 Arg/Arg phenotype 


CYP refers to specific cytochrome P450 isoforms; ABCB1 refers to P-glycoprotein; ADRB1 and ADRB2 refer to the /3-1 and fi-2 adrenergic receptor, respectively, and ADRA2C 
refers to the a-2c-adrenergic receptor. 

Adapted from Visscher H, Amstutz U, Sistonen J, et al. Pharmacogenomics of cardiovascular drugs and adverse effects in paediatrics. J Cardiovasc Pharmacol 2011; epub 
ahead of print (April 2011). 
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TABLE 79.5 


Drug Metabolism in the Neonate, Infant, and Child 


Neonates Infants 


Children 


Physiologic alteration 


Liver/body weight ratio 

Increased 

Increased 

Slightly increased 

Cytochrome P450 activity 

Reduced 

Increased 

Slightly increased 

Blood esterase activity 

Reduced 

Normal (by 12 mo) 

Adult pattern 

Hepatic blood flow 

Reduced 

Increased 

Near adult pattern 

Phase II enzyme activity 

Reduced 

Increased 

Near adult pattern 

Possible pharmacokinetic consequences 

Metabolic rates 

Reduced 

Increased 

Near adult pattern 3 

Presystemic clearance 

Reduced 

Increased 

Near adult pattern 

Total body clearance 

Reduced 

Increased 

Near adult pattern 3 

Inducibility of drug-metabolizing enzymes 

More evident 

Slightly increased 

Near adult pattern 3 


Direction of alteration given relative to expected normal adult patterns. 'Denotes assumption of adult pattern of activity after the 
conclusion of puberty. The activity of all drug-metabolizing enzymes is generally higher before versus after puberty. 

Reprinted with permission from Ritschel WA and Kearns GL, Handbook of Basic Pharmacokinetics. 7th ed Washington, DC: 
American Pharmacists Association, 2009. 


Renal Drug Elimination 

The kidney is the primary organ responsible for the excretion 
of drugs and their metabolites. The development of renal func- 
tion begins during early fetal development and is complete by 
early childhood (Fig. 79.3, panel D). From a developmental per- 
spective, renal function is highly dependent on gestational age 
and postnatal adaptations. Renal function begins to mature 
early during fetal organogenesis and is complete by early child- 
hood. Increases in glomerular filtration rate (GFR) result from 
both nephrogenesis, a process that is completed by 36 weeks of 


gestation, and changes in renal and intrarenal blood flow (21). 
GFRs vary widely among different postconceptional ages and 
range from approximately 2 to 4 mL/min/1.73 m 2 in term neo- 
nates to a low of 0.6 to 0.8 mL/min/1.73 m 2 in preterm neonates. 
The GFR increases rapidly during the first 2 weeks of life and then 
more slowly until adult values are reached by 8 to 12 months of 
postnatal age (22,23). Development impacts not only GFR but 
also tubular secretion, which is immature at birth and reaches 
adult capacity during the first year of life (Fig. 79.3, panel D). 

Developmental changes that occur in renal function are 
better characterized than any other organ system (Table 79.6), 


1 Renal Function in the Neonate, Infant, and Child 



Neonates 

Infants 

Children 

Physiologic alteration 

Kidney/body weight ratio 

Increased 

Increased 

Near adult values 

Glomerular filtration rate 

Reduced 

Normal (by 12 mo) 

Normal adult values 

Active tubular secretion 

Reduced 

Near normal 

Normal adult values 3 

Active tubular reabsorption 

Reduced 

Near normal 

Normal adult values 

Proteins present in urine 

Present 

Low to absent 

Normally absent 

Urinary acidification capacity 

Low 

Normal (by 1 mo) 

Normal adult activity 

Urine output (ml/h/kg) 

3-6 

2-4 

1-3 

Urine concentrating capacity 

Reduced 

Near normal 

Normal adult values 

Possible pharmacokinetic consequences 

Active drug excretion 

Reduced 

Near normal 

Normal adult pattern 

Passive drug excretion 

Reduced to increased 

Increased 

Normal adult pattern 

Excretion of basic drugs 

Increased 

Increased 

Near normal 


Direction of alteration given relative to expected normal adult patterns. 

'Denotes slight increase in excretion rate for basic compounds. 

Reprinted from Ritschel WA and Kearns GL. Handbook of Basic Pharmacokinetics. 7th ed. Washington, DC: American Pharmacists 
Association, 2009, with permission. 
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For drugs that have substantial renal clearance, kidney func- 
tion serves as a major determinant of age-specific drug dosing 
regimens. Failure to account for the ontogeny of renal function 
and adjust dosing regimens accordingly can result in a degree of 
systemic exposure that can increase the risk of drug-associated 
adverse events. A well-characterized example resides with 
digoxin. Consequent to its predominant renal elimination, 
the plasma clearance of digoxin is markedly reduced in the 
neonate and young infant, and only approaches adult values 
when both GFR and active tubular secretory capacity mature 
(Fig. 79.3, panel D) (24). Failure to adjust the dose and dosing 
interval for digoxin to compensate for developmentally associ- 
ated differences in its plasma clearance can produce significant 
toxicity, especially given the low therapeutic index for this drug 
(25). Another example resides with gentamicin where a start- 
ing dosage interval of 12 hours in infants of any gestational 
age or a starting dosage interval of 24 hours for infants of <30 
weeks’ gestational age has been shown to lead to serum gen- 
tamicin trough levels in the toxic range (26). It is also impor- 
tant to note that use of some medications concomitantly (i.e., 
betamethasone and indomethacin) may cause alteration of the 
normal pattern of renal maturation in the neonate (27). There- 
fore, both maturation and effects of treatment with regard to 
renal function are important considerations when determining 
appropriate drug treatments in neonates and infants. 


DEVELOPMENTAL PHARMACODYNAMICS 

When one considers the impact of development on the 
exposure-response relationship for a given drug, it is impor- 
tant to realize that these do not simply occur consequent to 
pharmacokinetic differences (e.g., increased systemic drug 
exposure resulting from age-associated reduced drug clear- 
ance). As recently reviewed by Mulla (28), development can 
influence pharmacodynamics through consequences of matu- 
rational changes in drug receptor number, receptor affinity, 
receptor density, signal transduction, or alterations in the 
intracellular milieu necessary for the creation of a pharma- 
cologic effect. For example, a previous study performed using 
lymphocytes harvested from pediatric patients from infancy 
through adolescence demonstrated a markedly enhanced sen- 
sitivity to the effects of cyclosporine (i.e., significant reduction 
in EC 50 ) in infants as compared to older children and adults 
(29). A more recent study of sotalol pharmacodynamics in 
children with supraventricular tachycardia (30) demonstrated 
that neonates had a higher sensitivity toward drug-associated 
QT c interval prolongation, which in turn supported the use of 
a lower starting dose for the drug as compared to older infants 
and children. In addition to desired therapeutic drug effects, 
age-dependent pharmacodynamics are illustrated through 
the consideration of several well-known clinical adverse drug 
reactions. For example, the susceptibility to metoclopramide- 
associated movement disorders (e.g., dystonias, bradykinetic 
reactions) is much higher in infants <2 years of age and dimin- 
ishes with maturation into the second decade of life (28). Simi- 
larly, ontogenic profiles appear to be operative for valproic 
acid-associated hepatotoxicity (31), midazolam-associated 
sedation (32), and warfarin sensitivity (33,34), all of which are 
examples where age-associated differences in drug response 
appear independent of pharmacokinetic alterations. 

As also reviewed by Mulla (28), much of the data concern- 
ing developmental pharmacodynamics are derived from ani- 
mal studies. However, there are instances where human and 
animal correlates have been established. Examples include 
differences in gamma-aminobutyric acid type A (GABA a ) 
receptor density associated with paradoxical seizures evoked 
by antiepileptic drugs in children and increased sensitivity 
to immunosuppressant drugs associated with maturational 


changes in the immune system. The paucity of developmental 
pharmacodynamic information in humans resides with a rela- 
tive absence of validated, functional biomarkers capable of 
quantitating differences in drug action that are suitable for 
longitudinal use across the spectrum of human development. 
Finally, it is important to recognize that perceived develop- 
mental differences in both pharmacokinetics and pharmaco- 
dynamics can be influenced by the concomitant expression of 
disease whereby observations made during the “well” state 
can be very different from those during both acute (e.g., mul- 
tiorgan system disease associated with sepsis) and chronic 
phases of a given illness (e.g., vascular endothelial changes 
associated with long-standing diabetes and sickle cell disease). 


DEVELOPMENTAL PHARMACOGENOMICS 

Developmental pharmacogenomics represents the intersec- 
tion of normal human development and genetic constitution 
as determinants of drug disposition and/or action. In healthy 
adults, the interpretation of genotype-phenotype relationships 
is largely two dimensional given that the genotype is “fixed” 
(with the exception of epigenetic events) and absent external 
modifiers (e.g., concomitant disease and/or drug treatment), 
the expression of phenotype is invariant. This is not the case 
in the developing human where ontogeny of processes govern- 
ing either pharmacokinetics (e.g., drug-metabolizing enzymes, 
transporters) or pharmacodynamics (e.g., receptor expression, 
signal transduction) can add a third dimension in the inter- 
pretation of the genotype-phenotype relationship. As recently 
denoted by Neville et al. (35), the impact of ontogeny on 
the genotype-phenotype relationships for drug-metabolizing 
enzymes, transporters, and/or receptor expression has in most 
cases not been explored experimentally across the continuum 
of development or reduced to age- and genotype-specific treat- 
ment guidelines for pediatric patients. In instances where these 
relationships have been evaluated, pharmacologic probe sub- 
strates (i.e., drugs whose biotransformation occurs preferen- 
tially by a given enzyme) have been used and pharmacokinetic 
data (either clearance or elimination rate) have been employed 
as a surrogate to assess the impact of development on the 
activity of one or more drug-metabolizing enzymes (14,36,37). 
Despite the fact that the U.S. Food and Drug Administration 
has included pharmacogenetic data (predominantly derived 
from adult studies) in the approved product labels for approxi- 
mately 10% of drugs sold in the United States (38), the clinical 
utility of these data in pediatric therapeutic decision making 
can be quite limited. Specifically, understanding the develop- 
mental trajectory for the functional activity of genes as well as 
the developmental context in which the gene(s) of interest is/ 
are operating is of paramount importance when considering 
the predictive nature of genotype related to either drug dispo- 
sition or action, both therapeutic and adverse (39). 

As intimated above, when genotype and phenotype are 
concordant, genotype can theoretically be used to predict the 
activity of a drug-metabolizing enzyme or transporter (i.e., 
the phenotype). This has been demonstrated for CYP2D6 
where an “activity score” predictive of enzyme activity was 
constructed following consideration of over 25 different allelic 
variants and their functional consequences (40). The potential 
clinical utility involved with the use of genotype-derived activ- 
ity scores for a specific drug metabolism is when the score can 
be demonstrated to be a reliable predictive biomarker of drug 
clearance. 

As denoted previously, maturation of metabolic capac- 
ity for a given drug-metabolizing enzyme or transporter has 
a specific developmental trajectory with functional maturity 
(i.e., that observed in healthy adults) generally attained within 
the first decade of life (4). In those instances where the enzyme 
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of interest is functionally mature (i.e., a metabolic capacity 
observed in a healthy adult), concordance of genotype and 
phenotype can enable the use of allometric scaling to predict 
drug clearance and age-appropriate drug dose based on weight 
throughout the pediatric age spectrum. However, as recently 
denoted by Holford (41), predictive accuracy of allometric 
scaling is compromised during periods of development where 
the activities of pathways responsible for drug clearance (e.g., 
enzymes, transporters, renal elimination processes) are imma- 
ture. The extension of this principle to the arena of develop- 
mental pharmacogenomics is exemplified by periods of life 
where the maturation of drug clearance pathways/mechanisms 
demonstrates genotype-phenotype discordance. This is illus- 
trated by data for pantoprazole, a proton pump inhibitor that, 
in both adults and children, is predominantly metabolized by 
the polymorphically expressed enzyme, CYP2C19 (16). 

Figure 79.4 illustrates apparent plasma clearance (CL/F) 
data for pantoprazole from a population of neonates (both 
preterm and term) (42), children, and adolescents (43) with a 
clinical diagnosis of gastroesophageal reflux disease. Examina- 
tion of the CL/F data for infants from this study with a post- 
natal age of <5 weeks showed no difference in the parameter 
between one patient with a CYP2C19 genotype predictive of a 
poor-metabolizer phenotype and those with a CYP2C19 geno- 
type corresponding to an extensive-metabolizer phenotype. 
Beyond a postnatal age of 5 weeks, the pantoprazole CL/F val- 
ues increase commensurate with previously reported matura- 
tional profiles for CYP2C19 (44) and as a result, concordance 
between CYP2C19 genotype and phenotype occurs. Thus, as 
reflected by this example, genotyping results for CYP2C19 
obtained during the first month of life would not be expected 
to be predictive of the clearance of drugs that are substrates 
for this enzyme until such time that genotype and phenotype 
were concordant. 

Finally, it should be recognized that during development, 
maturation of functional capacity for drug-metabolizing 


enzymes (or transporters) is not the only “event” capable of 
modulating the genotype-phenotype relationship. Relevant 
examples include the potential impact of diet as reflected by 
the previously reported differential effect of breast milk versus 
formula feeding on the developmental acquisition of CYP1A2 
activity (36) and the potential of therapeutic drugs to alter 
the activity of a drug-metabolizing enzyme (e.g., induction 
of CYP3A4/5 by rifampin and inhibition of the enzyme(s) by 
erythromycin or azole antifungal agents). 


CARDIOVASCULAR DRUGS 


It is beyond the scope of this chapter to provide an exhaustive 
detailed description of every drug used to treat every conceiv- 
able cardiovascular condition. Instead, we provide an over- 
view of the general classifications and mechanisms of action of 
the most commonly used cardiovascular drugs in the pediatric 
population. Information regarding drug dosing is available 
in standard references (45). More disease-specific drug infor- 
mation and additional details are available in accompanying 
chapters dealing with cardiac transplantation, arrhythmias, 
heart failure, myocarditis, hypertension, and hyperlipidemias. 


CARDIAC GLYCOSIDES 


Digoxin 

Digoxin is the cardiac glycoside recommended for use in chil- 
dren (46). The primary cellular mechanism of action of digoxin 
is inhibition of sarcolemmal Na + -K + ATPase activity, result- 
ing in a slight increase in intracellular sodium concentration. 
This change in sodium concentration affects sodium-calcium 


• 331 (neonates/preterms) 



Figure 79.4. Association with age on the apparent plasma clearance (CL/F) of pantoprazole. Composite data 
were derived from four registration studies of the drug (Pantoprazole Study Numbers 331, 333, 334, and 337) 
conducted by the innovator company (Wyeth Pharmaceuticals Radnor, PA). The data reflect the ontogeny of 
CYP2C19, the cytochrome P450 isoform primarily responsible for pantoprazole metabolism. The circle illus- 
trated within the square box represents one subject that had a CYP2C19 genotype predictive of a poor-metabo- 
lizer phenotype. This is denoted to illustrate that during the first months of life, CYP2C19 genotype-phenotype 
discordance (i.e., developmentally associated reductions of enzyme activity in patients with a CYP2C19 genotype 
predictive of an extensive metabolizer phenotype) is expected. 
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exchange activity, which subsequently increases intracellular 
calcium concentration and contractility. However, the increase 
in contractility is modest and may be imperceptible in the 
nonfailing heart. In addition to this direct myocardial effect, 
digoxin slows cardiac conduction and heart rate and alters the 
neurohormonal milieu in patients with heart failure. 

Digoxin is readily absorbed from the gastrointestinal tract, 
and peak serum levels occur approximately 30 to 90 minutes 
after an oral dose. Because digoxin has a large apparent volume 
of distribution, therapy may be initiated with a loading dose. 
The loading dose (digitalization dose) is generally divided over 
12 to 24 hours (half total loading dose initially, one-fourth 6 
to 12 hours later, and one-fourth 12 to 24 hours after the ini- 
tial dose). Administration of a loading dose is associated with 
a higher incidence of toxic effects, especially in newborns. Fur- 
thermore, digoxin is rarely (if ever) required in an emergency 
so it is reasonable in most cases to begin maintenance dose 
therapy without a loading dose. Digoxin is excreted by the 
kidneys with a half-life that changes with age. The half-life is 
approximately 20 hours in infants and 40 hours in older chil- 
dren, changes associated with developmental increases in renal 
function. The clearance of digoxin is directly related to renal 
function, and the dosage must be adjusted in patients with 
impaired renal function and in premature infants. Consequent 
to its long elimination half-life, digoxin may be given once 
daily in infants and children. 

In patients with normal renal function and who receive age- 
appropriate maintenance doses of digoxin, routine monitoring 
of serum digoxin levels is not necessary. In addition, the pres- 
ence of endogenous digoxin-like immunoreactive substances 
in infants may confound interpretation of serum digoxin con- 
centrations performed by certain analytical methods in new- 
borns. If drug concentration monitoring is performed, trough 
serum concentrations (as opposed to peak levels) should be 
used to guide adjustments in therapy. Because of the lack of 
relationship between higher serum levels and a greater thera- 
peutic effect, the target serum digoxin levels should range 
between 1 and 2 ng/mL. The major indication for obtaining a 
serum digoxin concentration is in cases of known or suspected 
digoxin toxicity. This occurs most commonly in cases of acci- 
dental overdose and in complicated patients with renal fail- 
ure and/or those taking medications that may interfere with 
digoxin clearance. 

The primary indication for digoxin therapy in children 
is heart failure with systemic ventricular dysfunction. How- 
ever, no randomized, prospective, controlled clinical trials of 
digoxin have been performed in this population. Therapeutic 
recommendations are therefore based largely on inferences 
drawn from adult studies and animal experiments. The use of 
digoxin in infants with a large left-to-right shunt is controver- 
sial. Most infants with intracardiac left-to-right shunts have 
apparently normal systolic ventricular function and likely do 
not benefit from a positive inotropic agent. Manipulation of 
loading conditions with diuretics is a more rational approach 
and should be used initially. However, some patients may 
benefit from the reduction in heart rate mediated by digoxin. 
Digoxin exerts important neurohormonal modulating effects 
in adult patients with congestive heart failure which may be of 
benefit, even in the absence of measurable objective changes in 
cardiac function. The neurohormonal effects of digoxin have 
not been adequately studied in infants and children. 

Digoxin has a narrow therapeutic index and consequently, 
a high potential for producing toxicity. Common signs and 
symptoms of systemic toxicity in adults (anorexia, vomiting, 
visual disturbances, and CNS disturbances) may be difficult 
to recognize in infants. Digoxin toxicity should be suspected 
in any infant receiving the drug who presents with apathy 
toward feeding or feeding intolerance. Drugs that may pre- 
dispose to digoxin toxicity include diuretics (hypokalemia) 


and amiodarone (reduced elimination of digoxin). Cardiac 
toxicity in infants often results in second- or third-degree 
atrioventricular block with resulting bradycardia, but almost 
any type of arrhythmia can be produced by digoxin toxicity. 
Prolongation of the PR interval is an expected digoxin effect 
and is not a sign of toxicity. Treatment of acute digoxin tox- 
icity requires hemodynamic and ECG monitoring, temporary 
cardiac pacing if necessary, normalization of serum potassium 
levels, and antiarrhythmic drug therapy. In cases of life-threat- 
ening arrhythmias, specific Fab antibody fragments should be 
administered intravenously. 


ADRENERGIC AGONISTS 


The cardiac and vascular responses to adrenergic agonists are 
mediated by specific receptors (47,48). Although grossly over- 
simplified, the heart contains mainly /3 r , the lungs /? 2 -, and 
the vasculature both p 2 - and a-adrenergic receptors. Stimula- 
tion of /^-adrenergic receptors in the mature heart increases 
rate, contractility, relaxation, and conduction. These events 
are mediated by G-protein-coupled stimulation of adenylyl 
cyclase, generation of cAMP, activation of cAMP-dependent 
protein kinase, and phosphorylation of key regulatory proteins 
involved in intramyocellular calcium regulation. Stimulation 
of /^-adrenergic receptors in the lungs produces bronchodila- 
tion and modest pulmonary vasodilation. Systemic vasocon- 
striction results from activation of a-adrenergic receptors. In 
contrast to most of the vascular bed, skeletal muscle vascula- 
ture contains /3 2 -adrenergic receptors that promote vasodila- 
tion when activated. Dopaminergic receptors in the splanchnic 
and renal vascular beds produce vasodilation in response to 
dopaminergic agonists. 

Maturational changes in the receptor-effector and sig- 
nal transduction pathways result in age-related variability in 
responsiveness to adrenergic agonists (49-51). Loading con- 
ditions, volume status, and responsiveness of the peripheral 
vasculature can also influence the responses to these agents, 
especially in critically ill infants and children. Adrenergic ago- 
nists undergo rapid biotransformation and consequent to their 
very short elimination half-life, are administered by continu- 
ous intravenous infusion. The dose (infusion rate) must be 
carefully titrated with appropriate clinical and hemodynamic 
monitoring. Comparison of the relative effects on /3-, a-, and 
dopaminergic receptor subtypes for various drugs is presented 
in Table 79.7. 


I 


TABLE 79.7 


Effects of Agonists on Adrenergic 
Receptor Subtypes 


Drug 


Predominant Agonistic Effects 


Dopamine 

Dobutamine 

Epinephrine 

Fenoldopam 

Phenylephrine 

Norepinephrine 

Isoproterenol 


A = DA t > a 

A 

A = A = a 

DA, 

a 

A = a 
A = A 


Reprinted with permission of The McGraw-Hill Companies. Artman M, Mahony L, 
Teitel DF. Neonatal Cardiology. 2nd ed. New York, NY: McGraw-Hill Medical, 
2011:239; Table 12.6 Ref. (90). 
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Dopamine 

Dopamine is an endogenous precursor of norepinephrine 
with direct cardiac ft -adrenergic agonist effects. In addition, 
dopamine indirectly stimulates ft -receptors by promoting the 
release of norepinephrine from presynaptic sympathetic nerve 
terminals within the myocardium. Unlike the other related cat- 
echolamines, dopamine exhibits specific dopaminergic recep- 
tor agonism (dopamine DA ^ receptor agonist). Dopamine has 
little or no effect on ft-adrenergic receptors, but at higher con- 
centrations, it stimulates a r adrenergic receptors. At low to 
moderate doses, the major action of dopamine is to increase 
contractility (ft-effect) and to dilate the renal vascular bed 
(DAj effect). At higher rates of infusion, a r receptor stimu- 
lation (vasoconstriction) becomes more pronounced and the 
renal vasodilating effect is overcome. 

Dopamine has gained considerable popularity for use in 
the acutely ill infant or child with cardiac dysfunction from 
any etiology (52-54). Low to moderate doses are thought to 
incur an additional advantage by increasing renal blood flow 
and maintaining urine output, although this has not been con- 
clusively proven. At conventional doses, dopamine has little 
effect on pulmonary vascular resistance. High rates of infusion 
may increase systemic vascular resistance, induce sinus tachy- 
cardia, and provoke arrhythmias and, in critically ill patients 
with circulatory insufficiency, can result in peripheral gan- 
grene. The clearance of dopamine is reduced in the presence 
of significant hepatic and/or renal compromise and the drug 
is not chemically stable when mixed with alkaline solutions. 

Fenoldopam 

Like dopamine, fenoldopam is a selective DA X agonist, but in 
contrast, fenoldopam is more potent than dopamine and does 
not stimulate a- or ftadrenergic receptors at conventional dos- 
ages. This pharmacologic profile results in dilation of the renal 
and splanchnic beds, increased renal blood flow and glomeru- 
lar filtration rate, and diuresis. Fenoldopam is used primarily 
for treating hypertension in adults, but some centers have used 
intravenous fenoldopam in infants and children in an effort to 
promote diuresis (55,56). Potential advantages of fenoldopam 
include rapid titration and few side effects beyond excessive 
hypotension. However, the limited published results in oligu- 
ric infants immediately after cardiac surgery do not provide 
compelling evidence for a dramatic benefit from fenoldopam 
infusion. Additional prospective studies are needed to deter- 
mine the role of fenoldopam in the management of acutely ill 
infants and children with heart disease. 

Dobutamine 

Dobutamine is a racemic mixture with complex actions 
involving a- and ftadrenergic receptors. The net response to 
conventional dosages in adult patients is that of ft-agonism 
with relatively little effect on ft- receptors, a-receptors, or DA^ 
receptors. The usual pharmacodynamic response to dobu- 
tamine in children is an increase in contractility and cardiac 
output with minimal effects on pulmonary vascular resistance 
or heart rate. Systemic vascular resistance may decline because 
of improved cardiac output. In contrast to dopamine, dobu- 
tamine does not dilate the renal vascular bed. Dobutamine 
is often selected in situations for which the primary goal of 
therapy is to improve ventricular contract ility (48,53). 

Dobutamine may be administered as a single drug or as an 
adjunct to the infusion of other agents. Wide variability in drug 
clearance and in hemodynamic responses requires individual 
titration of dobutamine therapy, especially in infants. As the 
dosage increases, dobutamine may adversely increase heart 


rate and myocardial oxygen demand. However, it appears 
to be less arrhythmogenic than the other sympathomimetic 
amines. 

Epinephrine 

Epinephrine is produced by the adrenal medulla and has 
extremely potent effects on a- and ftadrenergic receptors. At 
low concentrations, the predominant effects include increased 
heart rate, contractility, and systolic blood pressure due to 
ft-adrenergic stimulation. As the dose increases, diastolic 
blood pressure may decline slightly due to ft-adrenergic effects 
in the peripheral vasculature. At higher doses, a-adrenergic 
effects become prominent and pronounced vasoconstriction 
occurs. 

The major indication for epinephrine is cardiovascular col- 
lapse associated with low cardiac output that is refractory to 
dopamine and/or dobutamine (47,48). Epinephrine must be 
infused cautiously with careful hemodynamic monitoring. 
The initial infusion rate should be at the lower end of the rec- 
ommended dosage and then gradually increased as needed. 
The major life-threatening toxic effect of epinephrine is the 
induction of ventricular arrhythmias. Epinephrine increases 
myocardial oxygen requirements because of its prominent 
inotropic and chronotropic effects. High doses may produce 
myocardial ischemia, especially in cases involving either coro- 
nary artery anomalies or significant ventricular hypertrophy. 
Tissue ischemia can occur because of peripheral vasoconstric- 
tion, especially with high rates of infusion. 

Norepinephrine 

Norepinephrine has ft- and a-adrenergic agonist effects, but 
in contrast to epinephrine and isoproterenol, it does not stimu- 
late ft-receptors (at conventional concentrations). Infusion of 
norepinephrine increases systolic and diastolic blood pressure, 
systemic vascular resistance, and contractility. Heart rate is 
largely unaffected. The prominent a-adrenergic effects of nor- 
epinephrine result in systemic vasoconstriction and reduced 
renal perfusion leading to reductions in urine output. 

Norepinephrine is rarely used as a positive inotropic agent 
because of significant elevation of systemic vascular resist- 
ance, reduction in renal blood flow, and increased myocardial 
oxygen demand. Norepinephrine may be useful in gravely 
ill patients with cardiovascular collapse associated with pro- 
found peripheral vasodilation, such as hyperdynamic sep- 
tic shock. Some infants exhibit little vascular tone following 
cardiopulmonary bypass surgery and norepinephrine may be 
helpful temporarily in supporting the systemic blood pressure. 
Adverse effects of norepinephrine include arrhythmias and tis- 
sue ischemia secondary to extreme vasoconstriction. 

Isoproterenol 

Isoproterenol is a synthetic catecholamine with potent non- 
selective ftadrenergic agonism and no significant effect on 
a-adrenergic receptors (47). Isoproterenol increases cardiac 
contractility and heart rate (ft -effect) and reduces systemic 
vascular resistance due to dilation of skeletal muscle, renal, 
and splanchnic beds (ft-effect). The drug is a potent bron- 
chodilator and thus, may be particularly beneficial in patients 
with pulmonary disease and bronchoconstriction. 

Bradycardia caused by atrioventricular block or sinus node 
dysfunction is probably the most common indication for iso- 
proterenol in young infants. These patients may be managed 
temporarily by infusing isoproterenol until pacing can be 
instituted (either a temporary pacing catheter or a permanent 
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pacemaker). Although isoproterenol increases myocardial 
contractility and therefore increases cardiac output, this agent 
causes a much greater increase in heart rate than other adren- 
ergic drugs. Since many infants with low cardiac output are 
already tachycardic, isoproterenol is used rarely. 

Phenylephrine 

Phenylephrine stimulates a r adrenergic receptors and has 
relatively little effect on other adrenergic receptors. The 
hemodynamic effects of phenylephrine are related primarily 
to vasoconstriction and increased systemic vascular resist- 
ance. There may be a reflex decrease in heart rate. Admin- 
istration of phenylephrine is indicated in conditions such as 
septic shock where the primary goal of therapy is to promote 
vasoconstriction. Phenylephrine has been used acutely dur- 
ing hypercyanotic episodes in patients with tetralogy of Fallot 
to increase systemic resistance, reduce the right-to-left shunt, 
increase pulmonary blood flow, and thereby improve systemic 
oxygenation. 


PHOSPHODIESTERASE INHIBITORS 


A family of phosphodiesterase enzymes with distinct activi- 
ties and subcellular distributions controls the degradation of 
intracellular cAMP (and cGMP). Drugs that selectively inhibit 
cAMP phosphodiesterase activity increase the activation of 
protein kinase A, resulting in a positive inotropic effect in 
mature myocardium. Maturation of the phosphodiesterase 
system in human myocardium has not been characterized, but 
virtually every immature mammalian species studied exhibits 
little or no positive inotropic response to cAMP-specific phos- 
phodiesterase inhibitors such as milrinone (41). Despite these 
observations, milrinone has gained widespread usage in the 
pre- and postoperative management of infants and children 
with ventricular dysfunction (48,57-59). However, whether 
the apparently beneficial hemodynamic responses are primar- 
ily due to increased contractility or to pulmonary and systemic 
vasodilation remains unclear. 

Milrinone 

Milrinone is a relatively selective inhibitor of type 3 cAMP- 
phosphodiesterase that is used in the postoperative period fol- 
lowing cardiac surgery and in children with low cardiac output 
and ventricular dysfunction. Milrinone has lower clearance in 
infants than in older children and the dose must be adjusted 
accordingly. Milrinone is generally well tolerated and is not 
arrhythmogenic. Side effects include hypotension due to vaso- 
dilation (especially at higher doses) and thrombocytopenia. 


CALCIUM-SENSITIZING AGENTS 

Positive inotropic drugs that act via the cAMP-protein kinase 
A pathway (e.g., ft -adrenergic agonists, type 3 phosphodi- 
esterase inhibitors) have side effects and inherent limitations 
that may be avoided by drugs that increase the sensitivity of 
the myofilaments to calcium. Many calcium-sensitizing agents 
have been developed but the drug that appears to hold the most 
promise is levosimendan (48,60-62). Levosimendan binds to 
troponin C and improves the efficiency of contraction without 
a requisite increase in either cAMP or intracellular calcium. 
Although not yet approved by the Food and Drug Administra- 
tion, studies in adults suggest that levosimendan may be of 


value as an adjunct or alternative to conventional inotropic 
agents in patients with refractory heart failure and systolic 
dysfunction. The published experience with levosimendan in 
children is quite limited and additional studies are necessary 
to determine the safety and efficacy in pediatric patients with 
depressed cardiac function. 


DIURETICS 


Diuretics remain a mainstay of therapy for heart failure and 
hypertension (59,63). However, diuretics do not improve the 
neurohormonal alterations that contribute to the heart failure 
syndrome. Aggressive diuresis can actually promote activation 
of the sympathetic nervous system and the renin-angiotensin- 
aldosterone system. Hypovolemia, decreased renal blood flow, 
reduced glomerular filtration rate, or sodium depletion may 
reduce diuretic efficacy. Given the array of drugs available, it is 
helpful to classify diuretics according to their predominant site 
of action within the nephron (see below). Relative potency and 
adverse effects vary among the different classes. 

Loop Diuretics 

These agents are potent diuretics and have been widely used 
in children for a variety of indications. The most commonly 
used drug is furosemide, but ethacrynic acid and bumetanide 
are also available. Loop diuretics inhibit chloride-sodium- 
potassium cotransport in the thick ascending limb of the loop 
of Henle. This reduces reabsorption of chloride, sodium, and 
potassium and increases net excretion of free water. 

Furosemide 

Furosemide increases renal blood flow, enhances renin release, 
and reduces renal vascular resistance. It has diuretic and non- 
diuretic pulmonary effects and appears to reduce pulmonary 
transvascular fluid filtration. The primary indications for 
furosemide in children with heart disease include acute and 
chronic management of congestive circulatory states and diu- 
resis following cardiac surgery. Furosemide may be adminis- 
tered orally or intravenously. The drug is primarily excreted 
unchanged by the kidneys and the dosage must be adjusted 
in renal failure or in infants with immature renal function. 
Consequent to developmentally associated reductions in glo- 
merular filtration rate, the plasma elimination half-life of 
furosemide in preterm infants is approximately 20 hours, as 
compared with 8 hours in term infants and 1 hour in adults. 
Likewise, the plasma clearance of furosemide is reduced in all 
patients with significant reductions in renal function; a sce- 
nario that also can lead to reduced diuretic response. 

Adverse effects of furosemide include excessive contrac- 
tion of extracellular volume, electrolyte imbalances, and oto- 
toxicity. The risk of ototoxicity increases if renal dysfunction 
is present or if other ototoxic medications are administered 
concomitantly (such as aminoglycosides). Hyponatremia in 
older patients with congestive heart failure is generally due to 
excess total body water. However, in premature and term new- 
born infants with limited sodium intake, chronic or excessive 
use of furosemide may promote excessive sodium excretion 
and contribute to hyponatremia. Hypokalemia is a relatively 
common side effect of therapy with loop diuretics, and serum 
potassium should be monitored, especially in the acute care 
setting. Potassium supplementation is often required in the 
perioperative period for infants with significant congenital 
heart disease. Hypochloremic metabolic alkalosis is a common 
occurrence with furosemide therapy and if severe, chloride 
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supplementation is required. Hypocalcemia and hypomagne- 
semia are usually not significant clinically, but one must be 
alert to these potential complications, especially in the imme- 
diate postoperative period. 


Ethacrynic Acid 

Ethacrynic acid is occasionally used acutely in the manage- 
ment of patients with significant or refractory volume over- 
load. Generally, ethacrynic acid is reserved for use in children 
who do not respond adequately to furosemide. The indications 
and toxic effects of ethacrynic acid are otherwise comparable 
to those described for furosemide. 


Bumetanide 

Bumetanide is generally reserved for use in patients who have 
not responded adequately to conventional diuretic regimens. 
Bumetanide can be administered orally or intravenously. In 
contrast to furosemide, bumetanide is partially metabolized 
in the liver with approximately 50% excreted unchanged in 
the urine. Thus, the dosage may need to be reduced in patients 
with clinically significant hepatic and/or renal dysfunction. 
The indications and potential complications are similar to 
those described for furosemide. 


Thiazide Diuretics 

Thiazides inhibit sodium and chloride transport in the distal 
convoluted tubule of the nephron. Thiazide diuretics have 
been available for many years and there is broad experience 
with these agents. Hydrochlorothiazide and chlorothiazide 
are the primary drugs in this class used in children with cardi- 
ovascular disease. They are close structural analogs with sim- 
ilar mechanism of action, diuretic efficacy, and side effects. 
The main differences relate to dosage, absorption, and excre- 
tion. Following oral administration, a diuretic effect is gener- 
ally noted within 60 minutes and may persist as long as 12 
to 24 hours. Hydrochlorothiazide is more potent than chlo- 
rothiazide. A thiazide diuretic is generally used for outpatient 
management of a chronically congested circulatory state, but 
may also be useful in the inpatient setting for patients with 
more advanced heart failure. In this situation, they may be 
used in combination with a loop diuretic and/or a potassium- 
sparing agent. Adverse effects of thiazides include hypoka- 
lemia, hyperuricemia, and hypercalcemia. Nonrenal effects of 
thiazide diuretics that have been described in older patients 
and adults include carbohydrate intolerance and adverse 
effects on plasma cholesterol and triglycerides. The extent 
and implications of potential disturbances in cholesterol, 
lipoproteins, and triglycerides have not been determined in 
young children. 


Metolazone 

Metolazone is a sulfonamide derivative that blocks sodium 
reabsorption in the distal and proximal convoluted tubule. It 
exhibits several thiazide properties although it does not have 
a classic thiazide structure. In general, metolazone is reserved 
for short-term treatment of edematous states that are resistant 
to conventional therapy with loop diuretics or thiazides. The 
combination of metolazone and furosemide can be synergis- 
tic and promote marked diuresis (with associated electrolyte 
loss). Metolazone is given orally once a day or every other day. 
The major adverse effects of metolazone include significant 
volume depletion and severe electrolyte disturbances. 


Potassium-Sparing Diuretics 

Spironolactone is the prodrug of canrenone, and therefore, bio- 
activation is required for drug action. The drug competitively 
inhibits aldosterone at the distal tubule and thus reduces potas- 
sium loss in the urine. The diuretic effect of spironolactone is 
relatively weak compared with the loop or thiazide diuretics. In 
most cases, it is used in combination with either furosemide or 
hydrochlorothiazide predominantly for its potassium-sparing 
effects. The major adverse effect of spironolactone is hyper- 
kalemia, which, in most patients, is not a significant problem 
in the absence of excessive potassium intake (e.g., when coad- 
ministered with a potassium supplement), renal dysfunction, 
or hepatic dysfunction. Caution is required if spironolactone 
is used in combination with an angiotensin-converting enzyme 
(ACE) inhibitor because of the propensity for hyperkalemia. 
Similarly, if coadministration of a potassium supplement is nec- 
essary, serum potassium levels should be monitored carefully. 


VASODILATORS 


Many vasodilators are available that encompass a broad spec- 
trum of mechanisms, primary sites of action, efficacy, and toxic- 
ity (59,64,65). The major indications for the use of vasodilators 
in children with heart disease are impaired ventricular func- 
tion, pulmonary hypertension, aortic valve regurgitation, and 
systemic hypertension. The selection of a specific drug depends 
upon the primary goal of therapy, underlying or associated con- 
ditions, and whether or not the treatment is acute or chronic 
in nature. One approach to classifying vasodilators groups 
the drug classes according to their major mechanism of action 
(Table 79.8). Knowledge of the mechanism of action of a given 
drug provides a framework for understanding the pharmacology 
and therapeutic applications. Another method is to group drugs 
according to their predominant site of action (predominately 
venous, arteriolar, or balanced; Table 79.8). Depending on the 
therapeutic goals, one may select an agent that has predominant 
effects on venous capacitance, arteriolar resistance, or both. 


Nitric Oxide-Modifying Drugs 

Relaxation of vascular smooth muscle by drugs in this class 
is mediated by nitric oxide. Nitric oxide activates guanylyl 


Vasodilator Mechanisms 
and Sites of Action 


Predominant 

Mechanism 

Drug 

Examples 

Predominant 
Site of Action 

Nitrovasodilator 

Nitroglycerin 

Venous 

Calcium channel 
antagonist 

Nifedipine 

Arteriolar 

ACE inhibitor 

Captopril 

Mixed 

Angiotensin receptor 
blocker 

Losartan 

Mixed 

Natriuretic peptide 

Nesiritide 

Mixed 


Reprinted with permission of The McGraw-Hill Companies. Artman M, Mahony L, 
Teitel DF. Neonatal Cardiology. 2nd ed. New York, NY: McGraw-Hill Medical, 
2011:239; Table 12.6 Ref. (90). 
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cyclase, resulting in increased formation of cGMP in vascular 
smooth muscle cells and activation of cGMP-dependent pro- 
tein kinase. The net effect is relaxation of vascular smooth 
muscle. 

Nitroglycerin 

Nitroglycerin relaxes smooth muscle in the cardiovascular, 
respiratory, and gastrointestinal systems. At the usual thera- 
peutic concentrations, the predominant site of action is the 
venous vascular bed. Nitroglycerin therefore acts principally 
to increase venous capacitance, promoting a reduction in atrial 
and ventricular filling pressures. Nitroglycerin has been largely 
replaced by other agents, but is sometimes administered after 
cardiac surgery. At low doses, there is little effect on systemic 
vascular resistance, systemic arterial pressure, or heart rate. 
However, higher doses can produce arteriolar dilation with 
hypotension and reflex tachycardia. Nitroglycerin is rapidly 
metabolized in the liver and must be given by continuous infu- 
sion. Nitroglycerin is a potent vasodilator that must be used 
with appropriate hemodynamic monitoring. Patients with 
decreased intravascular volume (low preload) may respond 
adversely to nitroglycerin because a further decline in filling 
pressure may significantly reduce cardiac output. Overdose 
causes hypotension and tachycardia, which respond quickly to 
a reduction in dose or cessation of the infusion. 

Nitroprusside 

Nitroprusside is an extremely potent vasodilator that reduces 
systemic and pulmonary vascular resistance and increases 
venous capacitance. It is used for treating hypertensive emer- 
gencies consequent to its potency, rapid onset of action, and 
titratable effects. Nitroprusside is occasionally administered to 
pediatric cardiac surgical patients in the immediate postopera- 
tive period. In addition, it may be effective acutely in children 
with left ventricular dysfunction and low cardiac output. With 
proper monitoring and dosing, nitroprusside appears to be 
safe and effective in neonates. 

Nitroprusside is rapidly metabolized to thiocyanate and 
cyanide. While the precise relationships between cyanide or 
thiocyanate concentrations in plasma or red blood cells and 
clinical toxicity are not entirely clear, potential toxicity should 
be considered in patients with renal dysfunction who are 
receiving prolonged infusions of nitroprusside. Because of the 
rapid onset of action and rapid metabolism, the desired hemo- 
dynamic effect can be achieved by careful dose titration. The 
major adverse effects of nitroprusside are a direct extension of 
its powerful vasodilator activity. Careful hemodynamic moni- 
toring is imperative in order to avoid significant hypotension. 
Due to limited stability and photodegradation, nitroprusside 
solutions must be freshly prepared before use and protected 
from light. 

Pulmonary Vasodilators 

Nitric Oxide 

Nitric oxide is a gas that is administered via inhalation. This 
agent produces pulmonary vasodilation without affecting the 
systemic vasculature. Nitric oxide plays a central role in the 
management of infants with persistent pulmonary hyperten- 
sion of the newborn (66,67). This agent is also beneficial in 
the perioperative period for infants and children with pulmo- 
nary arterial hypertension associated with congenital heart 
disease (48). Assessment of the response includes evaluation 
of systemic oxygenation and pulmonary artery pressure. 


Echocardiography may be helpful in assessing pulmonary 
artery pressure noninvasively. Methemoglobin levels should be 
monitored regularly in patients receiving high concentrations 
or prolonged therapy. 

Sildenafil 

Sildenafil is a potent and selective inhibitor of cyclic nucleotide 
phosphodiesterase type 5, the predominant isoform involved 
in degradation of cGMP in the lung vasculature. Inhibition 
of this phosphodiesterase results in pulmonary vasodila- 
tion and will also increase the efficacy of inhaled nitric oxide 
(48,68,69). Sildenafil can be administered enterally, intrave- 
nously, or as an aerosol but most of the published experience 
in infants and children has been with the oral and intrave- 
nous forms. Orally administered sildenafil has been shown to 
be effective in treating persistent pulmonary hypertension in 
newborns and is well tolerated. However, given the lack of a 
proprietary liquid formulation of the drug, the potential exists 
for alterations in the oral bioavailability of sildenafil as a result 
of improperly constructed extemporaneous formulations. The 
primary use of sildenafil in children with cardiac disease is for 
patients with acute or chronic pulmonary hypertension fol- 
lowing cardiac surgery. It has also been used in older children 
and adolescents with primary pulmonary hypertension. 

a - Adrenergic Receptor Antagonists 

Phentolamine 

Phentolamine is a competitive nonselective antagonist of 
a-adrenergic receptors that blocks a x - and c^-receptors. Block- 
ade of presynaptic c^-adrenergic receptors may contribute to 
the tachycardia and arrhythmias that occur at high doses of 
phentolamine. Administration of phentolamine to patients 
with low cardiac output produces a decrease in systemic vas- 
cular resistance with a resultant increase in cardiac output. 
Although phentolamine is classified as a mixed vasodilator, 
the effects on venous capacitance are minimal compared with 
other mixed vasodilators. Phentolamine reduces pulmonary 
vascular resistance and pulmonary arterial pressure. Experi- 
ence with phentolamine in children is limited to short-term 
intravenous administration. In general, phentolamine is effec- 
tive and well tolerated in infants and children. Adverse effects 
include significant sinus tachycardia, arrhythmias, and exces- 
sive hypotension. 

Calcium Channel Antagonists 

Calcium channel antagonists block the opening of calcium 
channels in vascular smooth muscle, thereby promoting vaso- 
dilation. However, these drugs also block L-type calcium chan- 
nels in the heart. Newborns are more sensitive to the negative 
inotropic effects of calcium channel blockers than are older 
children, and intravenous administration of calcium channel 
blockers in infants has been associated with cardiovascular 
collapse. These drugs must be avoided or used with extreme 
caution in neonates and infants. 

Calcium channel antagonists are categorized into three 
major chemical classes: phenylalkylamines (e.g., verapamil), 
dihydropyridines (e.g., nifedipine), and benzothiazepines (e.g., 
diltiazem). Drugs of the dihydropyridine class exhibit the 
most pronounced vasodilation and should be selected if that 
is the primary goal of therapy. Most of the published pediatric 
experience with dihydropyridines is limited to nifedipine, but 
the clinically important differences among the various drugs 
in this chemical class are slight. In young infants, nifedipine 
is used primarily to treat pulmonary hypertension associated 
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with bronchopulmonary dysplasia. Oral verapamil is occa- 
sionally used in older infants with arrhythmias or hypertrophic 
cardiomyopathy. 


Angiotensin-Converting Enzyme (ACE) Inhibitors 

ACE inhibitors play a central role in the management of sys- 
temic hypertension and congestive heart failure in adults. 
However, relatively few randomized prospective clinical trials 
have been performed using ACE inhibitors in infants and chil- 
dren. Despite the relative paucity of information from well- 
controlled clinical trials, anecdotal reports, case series, and 
clinical experience suggest that the ACE inhibitors have ben- 
eficial effects in children with hypertension and heart failure, 
especially in the short term (64,70,71). 

The result of inhibiting ACE is reduced conversion of 
angiotensin I to angiotensin II, a potent vasoconstrictor. In 
addition, ACE inhibitors reduce the degradation of vasodi- 
latory bradykinins and diminish production of aldosterone. 
Hemodynamic effects of ACE inhibitors include a reduction 
in systemic vascular resistance and systemic blood pressure. 
Long-term studies of ACE inhibitors in adults with heart fail- 
ure demonstrate significant improvements in survival, reduc- 
tion in hospitalizations, and improvements in quality of life. 
The beneficial effects and safety profile of ACE inhibitors have 
prompted the recommendation that these drugs be prescribed 
for asymptomatic adults with documented left ventricular dys- 
function. 

Several ACE inhibitors are commercially available in the 
United States. These drugs are similar with regard to their 
mechanism of action but differ slightly in their metabolism 
and pharmacokinetics. Most of the published experience in 
children is with captopril, enalapril, and lisinopril. 

Captopril 

Captopril (as with all ACE inhibitors) is a mixed or bal- 
anced vasodilator that reduces systemic vascular resistance 
and increases venous capacitance. In children with congestive 
heart failure, these effects result in increased cardiac output 
and a reduction in cardiac filling pressures. Pulmonary vas- 
cular resistance generally declines and heart rate is usually 
minimally affected. Mild-to-moderate diuresis may occur 
because of increased renal blood flow and reduced aldosterone 
formation. Captopril is administered orally and peak plasma 
concentrations generally occur 1 to 2 hours after a single oral 
dose. Its plasma elimination half-life is relatively rapid with 
values ranging between 2 and 3 hours. Approximately 50% 
is excreted in the urine unchanged, and thus, captopril plasma 
clearance is reduced in patients with impaired renal function. 

Captopril is used for the treatment of systemic hyperten- 
sion and congestive heart failure in infants, children, and 
adolescents. It is generally well tolerated, but significant hypo- 
tension may occur in volume-depleted patients or in patients 
with extremely high basal renin activity. When starting capto- 
pril therapy for congestive heart failure in neonates and young 
infants, a low first dose is given and blood pressure should be 
monitored. If the drug is well tolerated, then the dosage can be 
escalated over a few days. 

Adverse effects include neutropenia and proteinuria, espe- 
cially in children with underlying renal disease. Less serious 
reactions include rash, taste impairment, and minor gastro- 
intestinal disturbances. A dry nonproductive cough is a well- 
described feature of ACE inhibitor therapy in adults, but this 
does not seem to be a major problem in children. In general, 
potassium supplements and potassium-sparing diuretics 
should not be administered concomitantly to patients receiv- 
ing captopril because of the risk of hyperkalemia. All ACE 


inhibitors are contraindicated in pregnancy because of the 
association with fetal demise and major congenital malforma- 
tions. Thus, captopril must be used with appropriate caution 
in adolescent females and should be immediately discontinued 
if pregnancy occurs. 

Enalapril and Lisinopril 

The mechanism of action, hemodynamics, and clinical 
indications for enalapril and lisinopril are similar to those 
described above for captopril. These drugs have a slower 
onset of action and longer half-life than captopril. Enalapril 
and lisinopril can be administered once daily, which may 
improve compliance compared to captopril. Enalapril is a 
prodrug that must be de-esterified to form the active agent, 
enalaprilat. Enalaprilat is commercially available for par- 
enteral administration. The overall incidence of side effects 
due to enalapril and lisinopril appears to be lower than that 
reported for captopril. 

Angiotensin Receptor Blockers 

Angiotensin (AT) receptors exist as distinct subtypes that cou- 
ple AT with specific intracellular responses. Because local tis- 
sue production of AT may occur that is not ACE-dependent, 
more complete local inhibition of the AT pathway can theoret- 
ically be achieved by direct blockade of AT receptors. Several 
selective ATj receptor blockers are commercially available and 
have been studied in adults with heart failure and/or hyper- 
tension (72). The prototype is losartan. Experience with these 
agents in infants and children is limited at present. However, 
based on theoretical considerations and results obtained from 
clinical trials in adults, these agents may prove to be useful in 
the pediatric population. 

In addition to blocking AT a receptors, losartan also blocks 
transforming growth actor (TGF-jfi) activity. This effect has 
been shown experimentally to be beneficial in animal mod- 
els of muscular dystrophy and connective tissue disorders 
(73,74). Use of these agents in pediatric patients with connec- 
tive tissue disease such as Marfan and Loeys-Dietz syndromes 
and Duchenne muscular dystrophy is a subject of current 
investigation. 


ALDOSTERONE RECEPTOR ANTAGONISTS 

Activation of the renin-angiotensin system with increased 
synthesis of aldosterone is a hallmark of the heart failure 
syndrome. Aldosterone plays an important role in promot- 
ing the abnormal collagen production and interstitial fibrosis 
that occurs in chronic heart failure. Therapy with an ACE 
inhibitor blocks angiotensin II formation and reduces aldos- 
terone production. However, aldosterone synthesis may 
“escape” despite the appropriate use of an ACE inhibitor 
(72). An escape of aldosterone production in adult patients 
is associated with sodium retention, potassium and magne- 
sium loss, excessive myocardial collagen production, ven- 
tricular hypertrophy, myocardial norepinephrine release, 
endothelial dysfunction, and a decrease in serum high-den- 
sity lipoprotein cholesterol. Administration of aldosterone 
antagonists, such as spironolactone or eplerenone, to adult 
patients with heart failure treated with conventional ther- 
apy results in increased diuresis and symptomatic improve- 
ment (72,75). Spironolactone has been used for years as 
a potassium-sparing diuretic in infants and children with 
heart failure, but it has not been extensively studied in this 
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patient population. Whether additional benefit is derived 
from inhibiting the other effects of aldosterone in pediatric 
patients remains to be determined. 


HORMONES 


Nesiritide 

Nesiritide is a recombinant B-type natriuretic peptide that has 
been studied in adults with heart failure. It is administered 
intravenously and produces vasodilation, increases glomerular 
filtration rate, inhibits renal sodium reabsorption, and pro- 
motes diuresis. Despite considerable investigation in the adult 
population, the role and efficacy of nesiritide is controversial. 
Several studies in children suggest nesiritide may increase urine 
output and reduce levels of neurohormonal markers of heart 
failure. Some centers use nesiritide acutely for infants with 
low cardiac output following cardiac surgery and for infants 
with severely depressed cardiac function due to cardiomyo- 
pathy (48,76,77). Additional studies are needed to determine 
the safety and efficacy of nesiritide in pediatric patients with 
heart disease. 

Thyroxine and Triiodothyronine 

Thyroid hormone secretion is reduced in critically ill adults 
and children following cardiac surgery. These changes in thy- 
roid hormone levels are referred to as “non- thyroidal illness 
syndrome” and generally have not been thought to represent 
true hypothyroidism. However, this concept is controversial 
and some authorities suggest that these patients may have 
acquired true central hypothyroidism as a consequence of 
their critical illness or surgical procedure. Some centers admin- 
ister either thyroxine or triiodothyronine in the postoperative 
period if thyroid-stimulating hormone is elevated, circulating 
thyroid hormone levels are reduced, and the child has evidence 
of low cardiac output (78). However, relatively little published 
information exists regarding the safety, efficacy, and long- 
term effects of thyroid hormone administration to children 
in the early postcardiac surgery period. Additional studies are 
required to determine if thyroid hormone therapy has a ben- 
eficial role in this setting. 

Vasopressin 

Vasopressin is a potent vasoconstrictor that acts directly 
on the vasculature via VI receptors and indirectly by 
potentiating the vasoconstrictor effects of catecholamines. 
Cardiopulmonary bypass produces a systemic inflamma- 
tory response that can result in low cardiac output and 
vasodilatory shock. The first line of therapy in this set- 
ting is infusion of catecholamines such as dopamine or 
norepinephrine. However, shock persists in some infants 
and children despite maximal supportive therapy. This 
clinical syndrome mimics that seen in patients with sep- 
tic shock, which has been associated with depressed levels 
of vasopressin in adults and children. In contrast to cat- 
echolamines, the responses to vasopressin are preserved 
in the presence of acidosis or hypoxia. Based on results 
from studies demonstrating a beneficial effect of vasopres- 
sin infusion in patients with vasodilatory septic shock, sev- 
eral investigators have administered vasopressin to infants 
with vasodilatory shock following cardiopulmonary bypass 
(79,80). In general, the reported results are favorable and it 
appears that vasopressin can be an effective adjunct to more 
conventional therapy in this setting. However, additional 


studies are required to more fully define the indications, 
safety, and efficacy of vasopressin treatment in children 
with heart disease. 


^-ADRENERGIC RECEPTOR BLOCKERS 

/3-Blockers can be classified as first generation, nonselective 
for /3 2 - and /3 2 -blockade (e.g., propranolol); second generation 
with relative selectivity for /^-receptors (e.g., metoprolol and 
atenolol); and third generation drugs (selective or nonselective; 
e.g., carvedilol, and nebivolol). Furthermore, individual drugs 
differ with regard to the degree of important ancillary proper- 
ties such as a-adrenergic receptor blockade, antioxidant activ- 
ity, and intrinsic sympathomimetic activity (81,82). Because 
of these important differences, the various /3-blockers are not 
interchangeable. Published experience in pediatric patients is 
limited and therapy for children is derived from adult expe- 
riences. The most commonly used /3-blockers in infants are 
propranolol and esmolol. These drugs are also used in older 
children and adolescents, but in these older age groups, drugs 
such as metoprolol, atenolol, and carvedilol are also used. 

Propranolol 

Propranolol was the first commercially available /3-adrenergic 
blocker in the United States, and consequently, this is the drug 
in this class with the most widely published experience in pedi- 
atrics. Propranolol is available for oral or intravenous admin- 
istration, but if intravenous /3-blocker therapy is necessary, the 
short-acting /3-adrenergic blocker, esmolol (see below) should 
be used because of the risk of hypotension and bradycardia 
from the intravenous administration of propranolol. 

Propranolol is used in infants for management of supraven- 
tricular tachycardia, some forms of ventricular arrhythmias, 
treatment of long QT syndromes, and hypertrophic cardio- 
myopathy. In the past, it was sometimes used in an attempt to 
reduce the frequency and severity of hypercyanotic episodes 
in infants with tetralogy of Fallot. Presently, most patients 
undergo surgical correction or palliation if hypercyanotic epi- 
sodes occur. However, some infants with critical pulmonary 
stenosis may benefit from a short course of propranolol after 
relief of pulmonary valve stenosis until the infundibular hyper- 
trophy improves. 

Propranolol is well absorbed after an oral dose, although it 
undergoes extensive first-past hepatic metabolism that reduces 
the bioavailability to approximately 30% to 40%. Class- 
dependent effects of /3-adrenergic blockers include depression 
of contractility, atrioventricular block, bronchospasm, and 
sleep disturbances. Propranolol should be avoided if possible 
in infants with significant pulmonary disease because of the 
propensity for bronchoconstriction. While the chronic use of 
propranolol in infants appears to be safe and well tolerated, 
infants are at risk for developing hypoglycemia if their oral 
intake is restricted because of other illnesses or other condi- 
tions. Blood glucose should be monitored in infants receiving 
propranolol (or other /3-adrenergic receptor blockers) who are 
unable to feed normally. 

Esmolol 

Esmolol is a ^-selective adrenergic blocker with a short plasma 
half-life (-5 to 10 minutes). The indications and precautions for 
esmolol are similar to those described above for propranolol. 
The major difference is that because of its rapid plasma clear- 
ance (and short elimination half-life), esmolol is administered 
by continuous intravenous infusion that can be easily titrated. 


1680 SECTION X ■ Other Special Problems and Issues 


Generally, esmolol is used for short periods of time in acute 
care settings (i.e., cardiac catheterization laboratory, postop- 
erative recovery unit, and neonatal intensive care nursery). 

Metoprolol and Atenolol 

Metoprolol and atenolol are relatively selective for /^-adren- 
ergic receptors (this selectivity is lost at higher concentrations). 
Metoprolol is more lipid soluble than atenolol and has greater 
passage across the blood-brain barrier as compared to atenolol. 
Consequently, metoprolol may have greater CNS effects (diz- 
ziness, depression, sleep disturbances) than atenolol. Although 
fewer CNS effects occur with atenolol, the clinical implications 
in neonates and young infants are unclear. Metoprolol is metab- 
olized more rapidly than atenolol and has a shorter plasma elim- 
ination half-life. Extended release preparations of metoprolol 
are available but are difficult to use in infants and small children 
consequent to inflexibility in the dosage form to permit weight- 
based (i.e., mg/kg) dosing. Atenolol has the advantage of requir- 
ing only once or twice daily administration because of a longer 
elimination half-life (8 to 10 hours). Flexibility in oral dosing of 
atenolol for young infants and children can be achieved via the 
extemporaneous formulation of a liquid preparation. 

Carvedilol 

Carvedilol is a third-generation /3-adrenergic receptor blocker 
that blocks and a r adrenergic receptors. In addition, 

it exhibits antioxidant, anti-inflammatory, and antiapoptotic 
activities. Results from a randomized controlled trial of carve- 
dilol therapy in children with heart failure failed to show a 
beneficial effect of the drug on a composite measure of heart 
failure outcomes (83). However, event rates were lower than 
expected, the study population was heterogeneous, and the 
trial may have been underpowered. Furthermore, the improve- 
ment rate among placebo-treated patients was higher than pre- 
dicted, and trough carvedilol concentrations in the blood were 
lower than expected (based on adult studies). Additionally, the 
high proportion of infants and toddlers may have impacted the 
overall results as this age group tends to have higher sponta- 
neous improvement rates. Additional studies are necessary to 
define the potential role of carvedilol (and other /3-adrenergic 
receptor blockers) in managing children with heart failure. 


PROSTAGLANDIN E, 

Prostaglandin E l (PCE^ is used to dilate the ductus arteriosus in 
newborns dependent upon a patent ductus arteriosus to main- 
tain either pulmonary or systemic blood flow or to improve 
mixing (e.g., d-transposition of the great arteries). The com- 
mon indications for EGE Y therapy include pulmonary atresia, 
critical pulmonary stenosis, transposition of the great arteries, 
coarctation of the aorta, interrupted aortic arch, critical aortic 
stenosis, and hypoplastic left heart syndrome. Administration 
of PGEj should be strongly considered very early in the man- 
agement of infants in whom a ductus-dependent cardiac defect 
is considered as part of the differential diagnosis, especially 
for infants with possible congenital heart disease born at a 
center without tertiary care cardiac services. In these cases, it is 
advisable to begin PGE l therapy before transport and continue 
the infusion until definitive delineation of the cardiac status 
can be accomplished. Early treatment can be lifesaving and 
conversely, withholding therapy can be disastrous if the ductus 
arteriosus closes in a patient with a ductus-dependent defect. 
Although not entirely benign, the potential benefits of EGE X 
administration outweigh its risks in this condition. 


PGEj has a short half-life and must be given by continu- 
ous intravascular infusion. Because these infants are critically 
dependent upon the infusion for maintaining ductus patency, a 
reliable intravenous line is essential. Thus, the use of a central 
venous (umbilical venous) catheter is recommended whenever 
possible. Although the intravenous route is preferred, it can be 
given via an umbilical arterial catheter. The short elimination 
half-life of PGEj also results in rapid termination of effect when 
infusions are discontinued in infants found not to have ductus- 
dependent heart lesions. In addition to relaxing the ductus 
arteriosus, PGEj dilates the systemic and pulmonary vascular 
beds and may thereby cause hypotension. If the blood pressure 
falls, reduction of the rate of infusion is generally sufficient to 
restore the blood pressure. Another potentially serious adverse 
effect is apnea. Administration of a high dose or an inadvertent 
bolus of EGE l will likely induce apnea. Thus, whenever PGEj 
is administered, personnel and equipment necessary to support 
ventilation must be available. Infusion pumps with a continu- 
ous action should be used and the intravenous line containing 
the drug must not be flushed. Additional side effects include 
fever, irritability, edema, and cutaneous flushing. 


ANTIARRHYTHMIC DRUGS 


In contrast to older children and adults in whom catheter abla- 
tion has decreased the need for pharmacologic management 
of arrhythmias, drug therapy remains important in infants 
and young children because of the technical difficulties asso- 
ciated with ablation and device placement in this age group. 
Pharmacokinetics differ in infants compared to older children, 
and developmental changes in ion channels and the autonomic 
nervous system affect the responses to these agents. Despite 
these considerations, there is a paucity of information in young 
children from prospective trials and therapeutic approaches 
are extrapolated from studies in adults. Several antiarrhythmic 
agents are available, but only the most commonly used drugs in 
the pediatric population are presented in this chapter. Additional 
information on antiarrhythmic drugs is available in Chapter 18. 

Children receiving antiarrhythmic agents must be moni- 
tored carefully because many of these agents have variable 
potential to produce arrhythmias (i.e., proarrhythmic effects) 
other than those being treated. Serial ECG examinations are 
helpful in evaluating changes in response to various agents that 
may be proarrhythmic. For those agents with defined serum 
concentration-effect profiles, therapeutic drug monitoring is 
recommended during their use to facilitate safe and effective 
treatment. It should be noted that while proarrhythmic effects 
are likely to occur soon after initiation of treatment, late 
effects for most drugs have been reported. The Vaughan Wil- 
liams classification of antiarrhythmic medications describes 
antiarrhythmic actions and is used traditionally (84). How- 
ever, the therapeutic utility of this classification scheme is 
somewhat limited from a clinical standpoint because several 
drugs have more than one effect, antiarrhythmic actions do 
not always correlate with efficacy, and some useful agents such 
as adenosine do not fit into this classification (85). 

Class I Agents 

A common feature of Class I antiarrhythmic agents is block- 
ade of sodium channels. These drugs are further subclassified 
on the basis of other electrophysiologic effects. 

Class IA (Procainamide) 

The IA drugs decrease the upstroke velocity of the action 
potential by blocking sodium channels. This slows conduction 
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time in the atrial and ventricular muscle cells, His-Purkinje 
cells, and accessory atrioventricular pathways and decreases 
automaticity. These agents also block potassium channels. 
The PR interval is prolonged, the QRS duration is increased, 
and the QTc interval is prolonged. These agents are con- 
traindicated in patients with long QT syndrome and should 
not be used with other drugs such as amiodarone that also 
prolong the QTc interval. While oral administration is com- 
mon for chronic use of procainamide in adults, the drug is 
usually administered by the intravenous route in pediatric 
patients with careful monitoring of infusion-related hypoten- 
sion. Procainamide can also cause mild depression of myocar- 
dial contractile function. The drug is also biotransformed via 
the polymorphically expressed enzyme N-acetyltransferase to 
N-acetylprocainamide (NAPA), an active moiety with Class 
III properties. The risk of proarrhythmia, especially torsade 
de pointes , is moderate and not related to serum drug con- 
centrations. 

Class IB (Lidocaine, Mexiletine, Phenytoin) 

These drugs shorten action potential duration and the refrac- 
tory period primarily in Purkinje fibers and in ventricular 
myocytes producing a decrease in automaticity. Cells in the 
sinoatrial and atrioventricular nodes and autonomic tone are 
minimally affected. The ECG may show a slight decrease in 
the QTc interval. Proarrhythmic effects are relatively uncom- 
mon with these agents. Lidocaine, the prototypical agent of 
this class, is given intravenously. High plasma concentrations 
are associated with depressed myocardial function and toxic- 
ity often causes drowsiness, disorientation, muscle twitching, 
and seizures. Mexiletine is available for oral administration 
and is used in some forms of congenital long QT syndrome 
because of its effects on sodium channels. Phenytoin is used 
rarely and is generally restricted to the treatment of ventricular 
arrhythmias associated with toxicity from digoxin and tricy- 
clic antidepressant agents. 

Class 1C (Flecainide, Propafenone) 

These agents markedly decrease the upstroke velocity of the 
action potential and decrease conduction. The PR interval is 
prolonged and QRS duration increases. Flecainide is a particu- 
larly effective inhibitor of abnormal automaticity and reentry 
within atrial and ventricular muscle and in accessory atrio- 
ventricular pathways. It has been used successfully to treat 
various arrhythmias including supraventricular tachycardia, 
persistent junctional reciprocating tachycardia, and ventricu- 
lar tachycardia. The relatively high incidence of proarrhyth- 
mia, especially torsade de pointes, limits the use of flecainide 
in patients with structural heart disease. Flecainide is useful 
for treating infants with supraventricular tachycardia and 
structurally normal hearts who do not respond to /3-adrenergic 
blocking agents and digoxin. 

Propafenone blocks sodium channels but also has /3- block- 
ing effects and is a weak calcium channel antagonist. It is effec- 
tive in controlling reentrant and automatic tachycardias but 
should be used with caution in patients with structural heart 
disease because of the risk of proarrhythmia. 

Class II (Propranolol, Atenolol, Esmolol) 

Drugs in this class are /3-adrenergic blocking agents and have 
been discussed above in this chapter. These drugs indirectly 
decrease automaticity and slow atrioventricular conduction 
by virtue of blocking the effects of catecholamines. The slow- 
ing of AV conduction and suppression of premature beats that 
may initiate a reentrant circuit explain the efficacy of these 
agents in treating reentrant tachycardias. 


Class III (Amiodarone, Sotalol) 

Class III drugs block potassium channels and prolong the 
plateau of the action potential, but action potential upstroke 
velocity is not affected. 

Amiodarone has broad and complex pharmacologic effects 
(86). In addition to blocking potassium channels, it also inhib- 
its sodium and calcium channels. Action potential duration 
is increased and the effective refractory period is prolonged 
in atrial and ventricular muscle, Purkinje fibers, and acces- 
sory AV pathways. Amiodarone also has a- and /3-blocking 
properties but does not depress myocardial function despite 
its decreasing automaticity. Changes in the ECG include sinus 
slowing, prolongation of the PR interval, minimal widening 
of the QRS complex, and prolongation of the QTc interval. 
Proarrhythmic responses are infrequent. Amiodarone has the 
potential to produce adverse reactions in multiple systems 
that include corneal microdeposits, hyper- or hypothyroidism, 
pulmonary interstitial fibrosis, hepatitis, peripheral neuropa- 
thy, and a slate-blue discoloration of the skin. These adverse 
reactions seem to be less common in pediatric patients than 
in adults. Baseline hepatic, renal, and thyroid function tests, 
ophthalmologic examination, and pulmonary function tests 
should be obtained before starting long-term therapy and then 
repeated every 6 months as long as the patient is taking ami- 
odarone. Amiodarone can be administered intravenously for 
the acute management of a variety of arrhythmias in pediat- 
ric patients (86,87) and by this route, may cause hypotension. 
Amiodarone interacts with digoxin, phenytoin, and warfarin 
and the doses of these medications should be appropriately 
decreased and closely monitored when amiodarone is coad- 
ministered. Dronedarone is a newer derivative of amiodarone 
that appears to have a more favorable safety profile (88), but 
this drug remains to be studied in the pediatric population. 

Sotalol is a nonselective /3-adrenergic blocking agent at 
low doses but shows Class III activity at higher doses. The 
QTc interval increases in a dose-dependent manner. Torsade 
de pointes occurs in up to 10% of pediatric patients, usually 
within a few days of starting therapy. Close monitoring of the 
QTc interval on the ECG is recommended. Sotalol should not 
be administered with other drugs such as procainamide that 
also prolong the QTc interval. 

Class IV (Calcium Channel Blockers) 

Calcium channel antagonists are reviewed above in this 
chapter. Calcium channel blockers prolong refractoriness 
and conduction time. Dihydropyridines have much less effect 
on electrophysiologic properties and are not used for treat- 
ing arrhythmias. Phenylalkylamines (e.g., verapamil) and 
benzothiazepines (e.g., diltiazem) are effective in managing 
supraventricular tachycardia and some forms of ventricular 
tachycardia, such as that originating from the right ventricu- 
lar outflow tract. Administration of intravenous verapamil is 
contraindicated in patients <1 year of age because of the risk 
of precipitating cardiovascular collapse. 

Digoxin 

As denoted previously in this chapter, digoxin decreases action 
potential duration and effective refractory period. Addition- 
ally, digoxin increases vagal tone causing slowing of sinus 
node rate and decreased atrioventricular node conduction. 
The ECG shows sinus slowing, prolongation of the PR inter- 
val, mild depression of the ST segment, and mild flattening of 
T waves. 

Digoxin is used primarily for its effect to inhibit atrioven- 
tricular conduction and is therefore used to decrease the rate 
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of ventricular response in atrial fibrillation, ectopic atrial tach- 
ycardia, and other refractory supraventricular tachycardias. 
Digoxin is also effective in all reentrant arrhythmias in which 
the atrioventricular node is involved in the reentrant circuit. 
However, digoxin should not be used on an outpatient basis 
in patients with Wolff-Parkinson-White syndrome because it 
may shorten the effective refractory period of the accessory 
pathway and thus allow very rapid ventricular response rates 
in patients with atrial fibrillation or flutter. 

Adenosine 

Adenosine is an endogenous nucleoside that is considered as 
first-line medical therapy to terminate supraventricular tachy- 
cardia by blocking conduction through the atrioventricular 
node (89). Adenosine has a very short elimination half-life and 
thus, it is administered as a rapid intravenous bolus injection. 
This will convert most reentrant tachycardias to sinus rhythm. 
The most common reason for failure of adenosine to convert a 
patient to sinus rhythm is probably poor administration tech- 
nique (not given as a rapid bolus). If adenosine is not effective 
after three doses or it is effective but the tachycardia recurs 
immediately, there is no reason to continue repeating the dose. 
If adenosine does not terminate tachycardia, other modalities 
should be considered because the tachycardia may not involve 
the atrioventricular node. Adenosine administration may be 
diagnostic in that the transient induction of atrioventricular 
block allows flutter waves or P waves consistent with ectopic 
atrial tachycardia to be seen more easily on the ECG. 


CONCLUSIONS 

The effective pharmacotherapy of cardiac disease and dis- 
orders in pediatric patients requires not only drug selection 
based on the pharmacologic properties of a given drug but 
also consideration of how ontogeny can influence both the 
drug’s pharmacokinetics and pharmacodynamics. While data 
pertaining to drug action in adults can be used to predict drug 
action in an infant or child, this may not be true for drug dis- 
position given that the maturation of multiple pathways that 
contribute to drug clearance may not develop in synchrony. 
Employing the “tools” of clinical pharmacology such as thera- 
peutic drug monitoring (i.e., to assess dose-concentration- 
effect relationships) and pharmacogenetics (i.e., to predict, 
based on genotype-phenotype relationships, increased likeli- 
hood for sub- or supratherapeutic response with conventional 
drug dosing regimens) can do much to improve the safety and 
efficacy of cardiovascular drug treatment in pediatric patients. 
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Abdomen 

child assessment and, 91 
visceral anatomy, 11 97/ 

Abdominal aorta 

anatomic specimen, atherosclerosis, 1515/ 
truncus arteriosus, 994 
Abdominal pain, RF and, 1314 
Abdominal situs (Sidedness), 36, 37 / 38 / 

Down syndrome, 706 
morphology, 146, 147/ 
transducer and cardiac position, 145, 146/ 
Abdominal situs ambiguus, 1195 
with asplenia, 1195 
liver and, 1195 
midline apex of heart, 34 
treatment, 1211-1212 
Abdominal situs solitus, 1195 
of atria, 1182/ 
dextrocardia and, 1195 
subcostal transverse view, 146/ 

Abernethy malformation, agitated saline contrast 
and, 164 

Aberrant right subclavian artery, 760-763, 761/ 
762/ 

diagnosis and management, 762-763 
embryology, 761-762, 761/ 762/ 

Ablation, 419/ 424^126, 425/ 
catheter manipulation, 421 
catheter projections for, 406/ 

3-D mapping systems, 405 
left cardiac sympathetic denervation, 395 
sedation and anesthesia, 401 
WPW syndrome, 417 
Ablation catheter, manipulation, 421 
Abnormal left aortic arch, 760-766 
Abnormal origin of right coronary artery from 
inappropriate sinus, 747-748 
pathology and clinical features, 748-749 
Abnormal systemic venous connection, 840-861 
Abnormal vascular communications, closure of, 
327-329 

ABO-incompatible heart transplantation, 
1387-1388 

Absence of pulmonary artery, unilateral, 996 
Absent ductus venosus, 856, 856/ 

Absent pulmonary valve, PDA, 731-732 
Absent right superior vena cava, in visceroatrial 
situs solitus, 849-850 
Absolute bioavailability (F), 1661 
Absorption, drugs, 1661 
Accelerated ventricular rhythm, 453, 453/ 
Accessory pathway-mediated tachycardia, 
444-446, 445/ 

Accessory pathways 

elimination, results, 418 
location of, PJRT and, 448 
Mahaim fibers, 448 
mapping, 421 
WPW syndrome, 446-447 
ACE inhibitors (Angiotensin-converting enzyme 
inhibitors), 479, 1678 

acquired heart disease, childhood/adolescence, 
1567, 1571 

clinical trial, children with heart failure, 1572 
congenital aortic stenosis, 1033 
DCM and, 1243 

decrease LV systolic function, 1572 

Duchenne muscular dystrophy, 1279-1283 

HLHS, 1080 

hypertension, 1542 

during pregnancy, 601 

RCM and, 1274 

RV dysfunction, arterial switch for d-TGA, 1484 


Acetylcholine (ACH), parasympathetic activity, 
63-64 

Acetylene helium rebreathing techniques, cardiac 
output, measurement techniques, 
129-131, 130/ 

ACH. See Acetylcholine 
ACHD. See Adult congenital heart disease 
Acoustic impedance, ultrasound and, 135 
Acquired AV block, bundle branch block and, 
466 

Acquired coronary disease, SCD and, 110-113 
Acquired heart disease 

childhood/adolescence, 1565-1567 
primary referral diagnosis, 20 8? 

Acquired hemolytic anemia, 1591 
“Acquired” pulmonary arterial malformations, 
792-794 
Acrocyanosis 

cyanosis and clubbing, 86 

infants and, heart disease and, 82-83 

ACS. See Antenatal corticosteroid 

ACT. See Activated clotting time 
ACTA-2 gene mutation 

bicuspid aortic valve, 804 
Actin 

microfilaments and, 56-57, 57/ 

Action potential durations (APDs), 364 
Action potentials, ventricular specialized 

conduction system, newborn v. adult 
dog, 367/ 

Activated clotting time (ACT), balloon aortic 
valvuloplasty and, 317 
Activities of daily living, 94 
aortic coarctation, 102 
aortic stenosis, 100 
atherosclerotic CAD, 111-112 
bicuspid aortic valve, 101 
congenital coronary anomalies, 110 
congenitally corrected transposition of the 
great arteries, 106 

D-transposition of the great arteries, 105 
Ebstein anomaly, 104 
heart transplantation, 109 
hypertrophic cardiomyopathy, 112 
Kawasaki disease, 111 
pulmonary hypertension, 108 
pulmonary stenosis, 102 
shunt lesion, 99 
single ventricle physiology, 106 
systemic hypertension, 113 
tetralogy of fa Hot, 104 
Activity restriction, congenital heart disease 
and, 94 

Acute carditis, surgery, 1321 
Acute hypoxia, experimental studies of, 1412 
Acute hypoxic vasoconstriction, pulmonary 
hypertension, 1412 

Acute Kawasaki disease, treatment, 1296-1297 
Acute pericarditis, 1350-1354, 1351/ 1352/ 
1353/ 1354/ 

Acute rheumatic carditis 

medical management, 1320 
treatment, 1319, 1319? 

Acute rheumatic fever, medical management, 
1310?, 1320-1321 
Acute transmural ischemia, 1378 
Acute vasodilator drug testing, 
response to, 1440 
Acyanotic heart disease, 1582 
Acyclovir, CMV and, 1393 
Adenine nucleotide translocator (ANT), 1258 
Adenosine, 458—459, 1682 

fetal pulmonary vascular resistance, 74 
Adenosine triphosphate (ATP) 


electron transport chain enzyme defects, DNA 
and, 1228 

fetal pulmonary vascular resistance, 74 
intracardiac study and, 407 
myosin and, 57-58 
sarcolemma and, 54-55 
Adenovirus 

genes of, 1260, 1260/ 

myocarditis, 1247 

positive v. negative, PCR, 1247/ 

Adjudication, quality control implementation in 
clinical trial, 1651, 1651? 

Adjunctive therapies, HLHS and, 1073 
ADO. See Amplatzer duct occluder 
Adolescent and young adult cardiac clinic, 
1489-1490 
Adolescents 
aorta and, 19 

cardiovascular disease, 1517 
chest pain, 1509-1512 

percentage distribution, 1511? 
drug disposition in, developmental changes, 
1664/ 

myocarditis and, clinical manifestations in, 
1248 

patient history, 83-84 
Adrenal insufficiency 
PCICU, 522 

Adult congenital heart disease (ACHD), 1463, 
1464/ 

cardiac catheterization volume, 1466/ 
complications and cardiac abnormalities, 
1465/ 

MRI/CT volume, 1466/ 
pediatric to, 1463, 1464/ 

Aerobic power, 119-121 
Afterload, 66 

reduction, HLHS and, 1076 
systolic function and, 64 
Afterload-reducing agents 
RCM and, 1274 

Agency for Healthcare Research and Quality 
(AHRQ), 1634 

Agitated saline contrast echocardiography 
principle, 164 

right-to-left intrapulmonary shunt and, 164 
technique and indications for, 164 
Air trapping, CHD and, 247 
Airway 

management, 502-506 
resistance, pulmonary edema and, 477 
suctioning, infant and, 504 
Airway malacia, CHD and, 253, 254/ 

Alagille’s syndrome, 618, 622?, 630-631, 630/ 
928, 1579 

Alcohol 

blood pressure and, 1539 
congenital heart defects and, 602 
pregnancy and, 1502 
Alcohol septal ablation, HCM and, 1232 
Aliasing, 138 
VEC MRI, 223 

ALLHAT study, hypertension, 1542 
Allograft rejection, pediatric heart transplanta- 
tion, 1390 

a-Adrenergic receptor antagonists, 1677 
a-ANP. See Alpha-atrial natriuretic peptide 
Alpha-adrenergic agonists 
peripheral circulation, 78 
Alpha-adrenergic blockade, Qp/Qs , 1076, 1078 
Alpha -atrial natriuretic peptide (a-ANP), 

1238, 1281 
Alpha -MHC gene, 58 

Alpha-stat strategy, cardiopulmonary bypass, 532 


l-l 
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Index 


Alternating electrical current, fatality and, 
557-558 

Alveolar capillary dysplasia, lung micrographs, 
1418, 141 8/ 

Ambiguous atrioventricular connections, 44 
Ambulatory blood pressure, monitoring, 1532 
Ambulatory Holter monitoring 
athletic screening and 
arrhythmias, 110 
cardiomyopathy, 113 
ccTGA, 106 
Ebstein anomaly, 104 
pulmonary stenosis, 102 
single ventricle physiology, 106 
Amikacin, gram-negative bacterial endocarditis, 
1373 

e-Aminocaproic acid (EACA), excessive 
fibrinolysis and, 509, 535 
Amiodarone, 1681 

arrhythmias, 456-458, 499 
catecholamine-sensitive ventricular 

tachycardia, pregnancy and, 1503 
junctional ectopic tachycardia, 430 
during pregnancy, arrhythmias, 1503 
sudden cardiac death, 1230 
A-mode ultrasound, MIT and, 134 
Amoxicillin, endocarditis, 1324 
AMP-activated protein kinase (PRKAG2), HCM 
and, 1225 

Amphotericin B, fungal endocarditis, 1373 
Ampicillin 

gram-negative bacterial endocarditis, 1373 
streptococcal endocarditis, 1372, 1373 
Amplatzer 

atrial septal occluder, ASD closure and, 1472 
cribriform septal occluder, multifenestrated 
ASDs and, 290 

membranous VSD occluder, 289, 290 / 291 
muscular VSD occluder, 291 
vascular plug, congenital cardiac lesions 
and, 291 

Amplatzer duct occluder (ADO), 290f, 291-292 
Amplatzer patent foramen ovale occluder (PFO 
occluder), 289, 290 / 

Amplatzer septal occluder (ASO) 

ASD closure, 318-321 

closure of Fontan’s fenestration and, 322, 

32 If 

secundum ASDs closure, 684-685 
septal defects occlusion, 289, 290, 290 / 
Amrinone, 1242 

Amyl nitrite, myocardial contractility, 1224 
ANA test. See Antinuclear antibody 
Anaerobic organisms, endocarditis and, 1364, 
1364t 

Anaerobic threshold, 120-121 
Analgesia, 516-518 

Anatomic correction, without coronary 
translocation, arterial switch, 
1128-1132 

Anatomic injury, blunt cardiac injury, 552-553, 
553* 

Anatomy, segmental approach, echocardio- 
graphic examination, 144-153 

Anemia 

acquired hemolytic, 1591 
cardiac catheterization and, 285 
with CHD, 1591 
cyanotic adult, 1487 
ejection murmurs and, 90 
hemolysis, 1591 
laboratory testing, 1590, 1590t 
macrocytic, 1591 
microcytic, 1590 
normocytic, 1590-1591, 1591/ 

TGA and, 1113 
Anesthesia 

cardiac catheterization and, 258-259 
CMR and, 208, 210, 210/ 

Duchenne muscular dystrophy, 1279 
stage 1 palliation, HLHS and, 1075-1076 
Aneuploidy, 625-626 

Aneurysm(s). See also specific i.e. Ventricular 
aneurysm 

coarctation of the aorta, 805 
complication of PDA, 732 


Kawasaki disease, 110 
of sinus of Valsalva, 755-756 
ANF. See Atrial natriuretic factor 
Angina, HCM, 1227 
Angiocardiography 

anomalous muscle bundles, 927 
ccTGA and, 1155-1156, 1155/ 
isolated valvar pulmonary stenosis, 919-920, 
919/ 

PAPVC, 821 
PA- VSD and, 963-965 
peripheral pulmonary arterial stenosis, 930 
pulmonary atresia and intact ventricular 
septum, 948, 950f-952/ 

TGA and, 116-1118 
truncus arteriosus, 995-996 
Angiogenesis, coronary development, 61 
Angiogram, coarctation of aorta, 1047/, 
1050-1051 
Angiography, 727 

aberrant right subclavian artery, 762 
absent right superior vena cava, in vis- 
ceroatrial situs solitus, 850, 850/ 
basic concepts of, 273 
cardiac catheterization and, 258-286 
cardiac tumors, 1551 
common atrium, 699 

complete atrioventricular septal defect, 705-706 
double-lumen aortic arch, 782 
PDA, 733-734 

pulmonary arteriovenous malformations, 793 
sinus of Valsalva aneurysms, 755-756 
specific techniques, 279-283 
subvalvular aortic stenosis, 1037/ 
systemic arterial malformations, 790 
univentricular atrioventricular connection, 
1189-1192 
Angiosarcoma, 1560 

Angiotensin II, postnatal peripheral circulation 
and, 76 

Angiotensin-converting enzyme inhibitors. See 
ACE inhibitors 

Angiotensin-receptor blockers (ARBs), 1678 
aortic root dilation, 802 
diabetes and, hypertension, 1542 
heart failure and, 1573 

Angled-tip catheters, balloon valvuloplasty, 920 
Animal models 

DNA mutations and, 560 
fetal sheep study, 649 
high frequency ultrasound, 167 
isolated valvar pulmonary stenosis, 913 
valve development, 569 
Animal research 

CMR and, 210, 219, 227 
research echocardiography and, 166-167, 166/ 
valve development, 569 
Annular dilation, valvular aortic stenosis and, 
1025 

Annular overriding, 48, 48/ 50 
Anomalies of aortic arch, CMR and, 230-233 
Anomalous coronaries, imaging, 974 
Anomalous incorporation of common pulmonary 
vein into left atrium, 812 
Anomalous left coronary artery from pulmonary 
artery, 749-752, 751/ 
angiography, 751 
cardiac catheterization, 751 
clinical features, 750, 818 
electrocardiography, 750 
natural history, 751 
noninvasive imaging, 751 
pathology, 750 

pathophysiology, 749-750, 751/ 
treatment, 751-752 
TTE and, 1382 

Anomalous mitral arcade, 1008, 1009/ 
Anomalous muscle bundles, 925 
physiology, 926 

right ventricular obstruction, 925-927, 
925-928, 926/ 927/ 

Anomalous origin of left coronary arterial 

branches, from right sinus of Valsalva, 
747, 748/ 

Anomalous origin of pulmonary artery 
from ascending aorta, 786 


from right pulmonary artery, 786-787 
imaging, 787/ 

Anomalous origin of right coronary arterial 
branches, from left sinus of Valsalva, 
747, 748/ 749/ 

Anomalous pulmonary venous connection, 809 
clinical features, 818-819 
Anomalous pulmonary venous drainage to right 
atrium, heart and lungs, 811/ 
Anomalous termination of umbilical veins, 

and absent ductus venosus, 858-859, 
859/ 

Anomalous venous channel, pulmonary venous 
drainage and, 822-833 
Anomalous venous vessels, microscopic 
anatomy, 827 

Antedromic SVT, 445, 445/ 

Antegrade catheter, patent ductus arteriosus, 

284, 284/ 

Antegrade volumes, Doppler, 142 
Antenatal corticosteroid (ACS) administration, 
475 

Antepartum, heart disease and, 1497*, 1502 
Anterior bridging leaflet, complete atrioventricu- 
lar septal defect, 702/ 

Anterior cardinal veins, 843/ 

Anterior mitral leaflet prolapse, RF heart disease 
and, 1313/ 

Anthracyclines, RCM and, 1269 
Antiarrhythmic drugs, 1680-1682 
DCM and, 1244 
fetus, 664 

intracardiac study and, 415 
QT interval, 384 

transesophageal electrophysiologic study, 415 
Antibiotic 
prophylaxis 

asplenia syndrome and, 1212 
pulmonary arterial stenosis, 935 
prosthetic valve endocarditis, 1373-1374 
therapy 

vegetation formation, IE and, 1365 
Anticoagulation 

pulmonary arterial hypertension (PAH), 1450 
therapy 

IE and, 1374 

during pregnancy, management, 1503 
prosthetic heart valves, pregnancy 
outcomes, 1503 

Anticoagulation clinics, INR and, 1450 
Antidepressants, congenital heart defects and, 

601 

Antiepileptic drugs, congenital heart defects and, 
600 

Antihypertensive drugs 

hypertension in children, 1540*-1541* 
indications for, 1540* 
severe hypertension, 1542, 1542* 
Anti-inflammatory therapy 
acute KD, 1297 
acute RF, 1320 

acute rheumatic fever, 1310*, 1320 
arthritis, 1311 
aspirin, 1296 

Antimicrobial prophylaxis, asplenia syndrome 
and, 1212 

Antimicrobial therapy, IE and, 1369-1371 
Antinuclear antibody (ANA) test, 1331, 1439 
Antioxidants, cardiopulmonary bypass, 532 
Antiphospholipid antibody test, SLE and, 1337 
Antiplatelet drugs, arterial thrombosis, 1599*, 
1601 

Aorta, 41. See also Ascending aorta 
anatomy, 19-20 
divisions of, 19, 19/ 
echocardiography, 147, 147/ 
imaging views, 279, 279/ 
position, 1196, 1197/ 
pressure tracings, 1026/ 
transesophageal echocardiography, 154 
Aortic anastomosis, postoperative measurements, 
1135, 1135/ 

Aortic aneurysm 

CMR and, 233, 234/ 

COA and, 1469-1471 

coarctation repair, 1057, 1057/ 1058/ 
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Aortic annular dimension, assessment, 152 
Aortic arch, 19-20, 730 / 

suprasternal notch view, HLHS on, 1067, 1068/ 
tetralogy of Fallot, 974 
univentricular atrioventricular 
connection, 1192 
Aortic arch anomalies, 758-796 

anatomical classifications, 758-796 
clinical classification, 759-760 
diagnostic methods, 759 
embryology, 758-759 
22qll deletion syndrome, 627-628 
TGA and, 1148 

Aortic arch arteries, development, cardiac neural 
crest, 567, 567 / 

Aortic arch hypoplasia 
in PCICU, 513 

transposition type DORV, 1165 
Aortic arch system, anomalies of, 786-788 
Aortic atresia, HLHS and, 1063 
Aortic balloon dilation, balloon aortic 
valvuloplasty and, 299 

Aortic balloon valvuloplasty, congenital heart 
disease, prenatal treatment of, 656 
Aortic coarctation 

exercise and, 101-102 
postangioplasty, MDCT and, 2 55/ 
severity evaluation, 232 / 

Aortic dissection 

coarctation repair, 1057 
pregnancy and, 1500, 1504 
Aortic insufficiency 
PDA, 732 

truncus arteriosus, 999 
Aortic insufficiency jet, Doppler, 140 
Aortic regurgitant murmurs, 89 
rheumatic carditis, 1311 
Aortic regurgitation, 1035 

balloon aortic valvuloplasty and, 297, 299 
chronic rheumatic heart disease, 1316-1317 
rheumatic carditis, 1311-1312 
subvalvular aortic stenosis, 1036-1038 
Aortic root 

anomalies, structural heart disease, 746-756 
dilation 

bicuspid aortic valve, 1467 
Turner syndrome, 626 
Tetralogy of Fallot, 984 
Aortic sac, 567 

Aortic sinuses, nomenclature of, 1100, 1101 / 
Aortic stenosis, 1023-1039 

chronic rheumatic heart disease, 1318 

congenitally bicuspid aortic valve, 1467 

exercise test, 100 

left ventricle and, 14, 15 

maternal risk and, 1500 

with patent mitral valve, HLHS and, 1063, 

10 63/ 

response to exercise, 100 
Aortic valve 

anatomy, 1024 / 

CHD and, 572 
commissure, 17 
disease 

coarctation repair, 1057 
joint study, 1467 
LAO views, 275, 277 / 
normal, 1024, 1024/ 
pulmonary atresia and intact ventricular 
septum, 941 

RAO views, 275, 277 / 278 f 
regurgitation, 1467 

truncus arteriosus, 992 
replacement, 1033 
BAV and, 1467 

truncus arteriosus correction and, 999/ 
Aortic valve areas 

calculation of, congenital aortic stenosis, 

1030, 1031/ 

Gorlin formula, 272, 272 ? 

Aortic valve atresia, TGA and, 1148 
Aortic valve flow (AVF) 

calculation of, congenital aortic stenosis, 1031 
Gorlin formula, 272 ? 

Aortic valve insufficiency, 185 

Aortic-left ventricular tunnel, 754-755, 754f 


Aorticopulmonary window, truncus arteriosus 
v., 996 

Aortogram, PDA and, 325 
Aortography 

cardiac catheterization, 948 
great vessel injury, 555 
patent ductus arteriosus occlusion, 326 
pulmonary atresia and intact ventricular 
septum, 948 

Aortopathy, in congenital heart disease, 801, 
801/ 

Aortopulmonary collaterals, 153 

obstructed pulmonary flow and, 283-285, 
284/-285/ 

tetralogy of Fallot, 974 
Aortopulmonary shunt 

pulmonary artery pressure, 1408 
thrombosis, 1598, 1600 
tricuspid atresia, 879 
Aortopulmonary window, 740-743 
cardiac catheterization, 741 
clinical features, 741 
diagnosis, 741, 743 
ECG features, 741 

echocardiographic feature, 741, 742/ 
pathology, 740-741, 741/ 
radiologic feaures, 741 
treatment of, 743 
truncus arteriosus, 994 
Apgar scores, preoperative patient and, 1581 
Apical direction, 33-34 
Apical four-chamber view, ECG, 1066, 1067/ 
Apical window, 140 
APOE genotype, 1581 
Apolipoproteins, 151 9? 
functions, 1519 
nephrotic syndrome, 1522 
Apoptosis 

cardiac development, 62 
myocarditis and, 1259-1260 
Aprotinin, cardiopulmonary bypass, 532, 535 
Arch coarctation, 153 
Arch hypoplasia, 153 

complete TGA and, 1106 
Pediatric Cardiac Intensive Care, 513 
transposition type DORV, 1165 
Arch interruption, 153 
Area under the curve (AUC), 1661, 1662/ 
Arrhythmias, 1602. See also specific i.e. 
Ventricular arrhythmias 
cardiac catheterization, 285 
CCTGA, 1485-1486 
d-TGA, 1479-1481 
Fontan and, HLHS, 1086 
Fontan patient and, 1487-1488 
intrapericardial teratomas, 1559 
modified Fontan operation, 880 
myocarditis, 1262-1263 
in PCICU 

diagnosis, 499, 499/ 
etiology and incidence, 498-499 
prevention and treatment, 499-500, 500? 
during pregnancy, management, 1503 
pulmonary stenosis and, 923 
rhabdomyomas and, 1553 
SCD and exercise, 113 
surgical treatment, 908 
TAPVC, postoperative course, 832-833 
treatment, 456-460 

Arrhythmic drugs, transesophageal electrophysi- 
ologic study, 290 

Arrhythmogenic right ventricular cardiomyopa- 
thy (ARVC) 

pre-athletic screening, 97 
SCD, in youth, 389, 390/ 

Arterial access, cardiac catheterization and, 259 
Arterial blood gases 
TGA and, 1109 

Arterial blood oxygen saturation, oximetry and, 
131 

Arterial blood pressure 
blood flow, 69, 654, 666/ 

Arterial carbon dioxide tension (PC0 2 ), 1581 
Arterial desaturation, exercise, 127 
Arterial mean pressures, pulmonary atresia and 
intact ventricular septum, 947 


Arterial pulses, coarctation of aorta, 1048 
Arterial saturation (Sa02), 1069 
range of, I069f 

Arterial shunt, pulmonary atresia and intact 
ventricular septum, 951, 952 
Arterial switch operation (ASO), 805-806, 

1128-1135. See also Neonatal arterial 
switch repair 

anatomic challenges, 1128/ 1131 
baffle obstructions and, d-TGA, 1481-1484 
cardiac malpositions, 1208 
d-transposition of great arteries, 1479 
effects of exercise, 104, 105 
results and sequelae of, 1132-1135 
supravalvular narrowing, 1132, 1135/ 
surgical technique of, 1129/-1131/ 
TGA/LVOTO, 1132 

Arterial-venous oxygen saturation, cardiac cath- 
eterization and, 262 

Arteriovenous communication, PDA, 731 
Arteriovenous malformations (AVMs), 90 
Arteriovenous saturations, parallel circulation 
and, 1065/ 1069 
Arthritis, RF, 1310, 1310? 

Artifact 

ECG and, 129 

pressure measurements and, 263 
Atrioventricular valve, size and function 
As low as reasonably achievable (ALARA) proto- 
col, 249-250 
Ascending aorta 
HLHS and, 1063 
positions of, 43, 44/ 
pulse pressure in, 263 

Ascending aortic aneurysms, truncus arteriosus, 
991 

Aschoff nodule, RF and, 1306 
Aspirin 

acute rheumatic fever, 1310?, 1320-1321 
Asplenia, 36, 38/ 1205-1207, 1207/ 
isomerism and, 34 
liver and, 1195 
TAPVC, 823 

Asplenia syndrome, 1196 
septicemia and, 1212 
Asthma, 1511 
chest pain, 1509 

Asystole, lightning -related injury, 558 
Atenolol, 457, 1680 
HCM and, 1229 
Atherosclerosis, 1514-1519 

abdominal aorta, anatomic specimen, 1515/ 
blood pressure and, 1528 
imaging, 1514, 1515 
possible risk factors, 1516? 
risk factors, 1516-1519 
Atherosclerotic coronary artery disease 
exercise and SCD, 111-112 
Athletes 

ECG and, 386 
heart, 1227, 1227/ 
valvuloplasty, 100, 104 
Athletic screening 

diagnostic testing, 95-98 
Athletics 

congenital cardiovascular disease, 93 
Atresia 

of common pulmonary vein, 833 
of coronary ostium, 752 
of right atrial ostium of coronary sinus, 860 
treatment and prognosis, 833 
univentricular atrioventricular connection, 1175 
Atria, 39, 40/ . / * 

abdominal situs solitus, 1182/ ' 
comparison, 8/ 9-10, 10? 
positions of, 42 
venous return and, 146-149 
Atrial appendages 
anatomy, 1200/ 

Atrial arrhythmias 
ASD, 685-686 

TAPVC, postoperative course, 833 
Atrial chambers 

fetal cardiovascular system and, 656 
normal, 646 
Atrial dilation, ASD, 9 
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Atrial ectopic tachycardia (AET), 448-449 
Atrial fibrillation, 429-430, 450-451, 451/ 
chronic rheumatic heart disease, 1316 
heart disease, 429-430 
WPW, 447, 447/ 

Atrial flutter 

heart disease, 429-430 
neonatal, 450, 451/ 

Atrial hypertrophy, 377, 377 / 

Atrial myxomas, 1556 

pathognomonic finding, 1557 
Atrial natriuretic factor (ANF), 350 
Atrial natriuretic peptide (ANP), 76, 1567 
Atrial refractory period, 416 
Atrial rhythm, bradycardias, 662 
Atrial septal anatomy, subcostal view, HLHS on, 
1066-1067, 1068/ 

Atrial septal aneurysm (ASA), 687 
Atrial septal defects (ASD) 
atrial dilation, 9 
closure 

in infancy, 319, 323 
results, 319-321,324/, 325/ 

CMR and, 229 

echocardiogram and, 162, 163/ 
electrocardiographic/electrophysiologic 
features, 677-678 
GATA4 mutation, 635 
genetic and environmental risk factors, 
672-673 

genetic causes, 570-571 
incidence, 672 

isolated valvar pulmonary stenosis, 916 
natural history of, 683 
NKX2.5 gene, 635 

pathogenesis and anatomic features, 672-673, 
673/-676/ 

PA-VSD and, 961 
physical examination, 677 
response to exercise, 99, 683 
survival curves, 1472, 1472/ 

TGA and, 1121-1122 
transcatheter closure of, 316-322 
transcatheter devices for, 289 
valvar pulmonary stenosis v. } 920 
Atrial septostomy, 1454-1455 
Atrial septum, 8-9, 8/ 

Doppler, 142 

echocardiogram and, 147-148, 162 
pulmonary atresia and intact ventricular 
septum, 940-941 
TEE, 162 

transcatheter device, transesophageal 
echocardiography, 162, 163/ 

Atrial situs, 1210, 1211/ 

abnormalities, 1196-1200, 1199? 
cardiac malpositions, 1202-1203 
Atrial switch operation 

inferior vena caval obstruction, 1123, 1127 / 
1128/ 

Mustard technique, 1123, 1124, 1125/ 
postoperative 

CMR of, 215, 236-237, 237/ 
results and sequelae of, 1122-1128 
Senning repair, 1122, 1124/ 
sinus rhythm, 1479 
Atrial tachycardia 

rhabdomyositis and, 1552 
Atrial transposition, fetal heart, 647, 650/ 
Atrioventricular block 

complete, 463-465, 463/ 
fetus, 657, 661 
first degree, 462, 462/ 
myocarditis, 1248, 1249/ 

NKX2.5 gene 

second-degree, 462-463, 463/ 
Atrioventricular canal defect, coarctation of 
aorta, 1044 

Atrioventricular (AV) conduction, 

377, 1201 

atrial septal defects, 672-673 
disorders, 461-466 

Atrioventricular conduction system (ACS), 
354-357, 357/-360/ 

Atrioventricular connections 
50% rule and, 1178 / 


cardiac malpositions, echocardiographicfea- 
ture, 1198?, 1210, 1213/ 
echocardiography and, 145?, 149-150 
modes of, 44, 46/ 
normal v . discordant, 1200-1201 
univentricular atrioventricular connection, 
cineangiography, 1176-1178 
Atrioventricular discordance 
TGA and, 1147 
Atrioventricular (AV) node 
anatomy, 441, 442/ 
modification, 426-428, 428/ 

Atrioventricular override, ccTGA and, 1152 
Atrioventricular septal defect (AVSD), 

1471-1472 

anatomic features, 691, 692/, 692? 
demographics, 691 

3-dimensional echocardiography, 161/ 

Down syndrome, 625 
embryogenesis, 691-692, 693/-694/ 
exercise and, 99 
imaging, 277, 278/ 
maternal risk and, 1498 
in PCICU, 513 
surgical repair, 691 
Tetralogy of Fallot, 976 
trisomy 21 and, 617 
Atrioventricular septum (AVS) 

left-right asymmetry and, 565-567, 567/ 
Atrioventricular (AV) straddling, 1201 
Atrioventricular valve(s), 10-12, 1181/ 
abnormalities, 1179/ 
antegrade Doppler, 142 
atrioventricular valve insufficiency, 188 
ccTGA and, 1150 
insufficiency, 188 

mitral/ tricuspid stenosis, 187-188, 187/ 
morphology, 39-40, 40/ 
quantitative morphometric evaluation, 
186-187, 186/ 187/ 
septal structures, 149 
Atropine 

intracardiac study and, 408 
Attention deficit hyperactivity disorder (ADHD), 
1618 

Auscultation, 88 

coarctation of aorta, 1049 
dynamic, 91 
equipment for, 85 

isolated valvar pulmonary stenosis, 920, 920/ 
Austin-Flint murmur, 90 

Autoimmune myocarditis, nitric oxide expression 
and, 1258 

Autoimmunity, myocarditis, 1258 
Automaticity, tachyarrhythmia, 441 
Autonomic nervous system, E-C coupling, 63 
Autopsy, tricuspid stenosis, 886 
Autopsy-negative sudden unexplained death, 391 
Autoregulation 

cerebral blood flow and, postnatal peripheral 
circulation, 77 

postnatal peripheral circulation, 76-77 
AV nodal physiology, 367 
AV ring bundles, 348 

Axial resolution, SPL and, 135-136, 136/ 
Axial-flow VAD, for children, 540 
Axis deviation, 377-378 

Azathioprine, pediatric heart transplantation, 
1389, 1391 

Azithromycin, endocarditis, 1322 
Azygos veins 

interrupted IVC and, 855, 855/ 
normal development, 842/ 843-844, 845/ 


B 

Back, child assessment and, 91 
Bacteremia, IE and, 1365 
Bacterial endocarditis 
ASD, 686 

coarctation repair, 1057 
prophylaxis 

congenital aortic stenosis, 1039 
supravalvular aortic stenosis, 1039 
pulmonary valve stenosis, 924 
Bacterial myocarditis, 1255 


Bacterial pericarditis, 1354-1355, 1355? 
Bactericidal antibiotic therapy, vegetation 
formation, IE and, 1369-1370 
Baffes operation, TGA and, 1121 
Baffle leaks 

arterial switch operation, 1483/ 
device closure, 1483, 1484/ 
transthoracic echocardiography, 1482, 1483/ 
Baffle obstructions 
d-TGA, 1483/ 

Balke treadmill protocol, 128? 

Balloon angioplasty 

coarctation and, 304-305 
coarctation of aorta, 1054 
for native coarctation, 1054 
peripheral pulmonary arterial stenosis, 932-933 
complications, 933 

primary stenting v., coarctation and, 305 
recurrent postoperative coarctation, 1053 
right ventricular angiogram, 932, 933/ 
supravalvular pulmonary stenosis, 1132 
Balloon atrial septostomy (BAS), 294-295, 295, 
296/ 

follow-up study, 1121-1122, 1121/ 
pulmonary atresia and intact ventricular 
septum, 947 
TAPVC, 831 

TGA, 1116, 1116/ 1118-1119 
Balloon catheter 
LSVC, 279, 281/ 

Balloon dilation 

supravalvular aortic stenosis, 1039 
Balloon mitral valvuloplasty (BMVP), 295, 303 
Balloon valvuloplasty 
aortic stenosis, 100 
aortic valve disease, 1467 
chronic rheumatic mitral stenosis, 1321 
congenital aortic stenosis, 1034 
pulmonary valve stenosis, 102 
RF, 1320 

technique, pulmonary stenosis and, 920-925, 
921/ 

Balloon-annulus ratio, 921 
Balloon-expandable intravascular stents 
baffle obstructions and, 1482 
complications, 934 

peripheral pulmonary arterial stenosis, 
933-935, 934/ 

ventricular-to-aortic pressure ratio, 934 
Balloon-in-balloon (BIB) catheter, 289 
Balloon-occlusion angiography, systemic venous 
drainage, 279, 281/ 

Balloon-occlusion aortogram, antegrade catheter, 
284, 28 5/ 

Barrier methods, CHD and, 1504 
Barth syndrome, 1593 
Basal lamina, 53 
Base-apex of heart 
axis, 33-34, 33/ 34/ 
ventricles and, 42 

Baseline drift, pressure measurements and, 263 
Basement membrane, cardiac fibroblasts, 53 
Basis of Aliasing equation, 138, 139/ 

Basis of Image Generation equation, 

echocardiography and, 135, 135/ 

Basis of Image Resolution equation 
part I, 135-136, 136/ 
part II, 136-137, 136/ 

Basis of Temporal Resolution equation, 137, 

137/ 

Baylis radiofrequency puncture generator, perfo- 
ration of atretic pulmonary valve and, 
301, 302 

B-cell alloantigen, GAS pharyngitis, 1306 
Becker muscular dystrophy (BMD), 1260, 
1283-1284 
anesthesia, 1279 

Duchenne muscular dystrophy, 1279 
Beck’s triad, cardiac tamponade, 553 
Bedrest, viral pericarditis, 1354 
Benzathine penicillin G 

rheumatic fever, 1323, 1323? 
streptococcal pharyngitis, 1322, 1323t 
Benzodiazepine 

afterload reduction and, HLHS and, 1076 
Berlin heart VAD, 540 
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Bernard-Soulier syndrome, 1594 
Bernoulli effect, heart murmurs and, 89 
Bernoulli equation, 138-139 
congenital aortic stenosis, 1029 
Beta adrenergic antagonists, 497 
Beta blockade with propranolol, acquired heart 
disease, childhood/adolescence, 1571 
Beta-adrenergic agonists, 1078 
HCM and, 1229 
peripheral circulation, 78 
(3-adrenergic receptor blockers, 1679-1680 
Beta-blockade 

aortic root dilation, 802 
BAV disease, 804 

Beta-blockers (Beta-adrenergic receptor blockers) 
catecholamine-sensitive ventricular tachycar- 
dia, pregnancy and, 1503 
DCM, 1243 
hypertension, 1542 
myocardial contractility, 1224 
pediatric heart failure and, 1573-1574 
RCM and, 1274 
trial studying, 1573, 1573 ? 

Beta-mimetic agents, pregnant women, 666 
Beta-myosin heavy chain, HCM and, 1224 
Bethesda conference report 
aortic stenosis, 100 
atherosclerotic CAD, 112 
atrial septal defect, 99 
heart transplantation, 109 
Kawasaki disease, 111 
Bicuspid aortic valve (BAV) 

ACTA-2 gene mutation, 804 

aortic dilation, 804 

aortic root dilation, 1467 

CMR, 1468/ 

diagnosis, 804 

eNOs deficiency, 804 

FBN1 synthesis defect, 803-804 

histologic abnormalities, 803, 803/ 

Notch homolog 1 gene, 804 
prevalence, 802 
therapy, 804 

Bicuspid aortic valves, exercise and, 101 
Bidirectional cavopulmonary connection, in 
PCICU, 513-514, 514/ 514? 
Bidirectional cavopulmonary shunt, univentricu- 
lar atrioventricular connection, 1193 
Bidirectional Glenn 

anastomosis, tricuspid atresia, 884 
shunt, HLHS, 1082, 1082/ 
tricuspid atresia, 882 
Bidirectional glenn anastomosis, 1600 
Bifascicular block, QRS complex, 380, 380/ 
Bilateral conal relationship, 151 
Bilateral inferior venae cavae, 856, 856/ 

Bilateral persistence of subarterial conus, 
double-outlet RV, 151 
Bilateral superior venae cavae 

with normal drainage to right atrium, 
845-853 

with unroofed coronary sinus 
clinical manifestations, 848-849 
diagnostic features, 849 
Bilateral trilobed lungs, 36 
Bilaterally deficient subarterial conus, 151 
Bile acid binding agents, elevated LDL choles- 
terol and, 1526-1527 
Bioequivalence, drug, 1662 
Biologic materials, CMR and, 210 
Bio markers 

in children, heart failure, 1567-1570 
anthracycline treatment, 1570 
BNP and NT-proBNP, cardiac disease, 
1568* 

congenital heart disease, 1570 
evaluation and management of, 1568, 
1570? 

heart transplant, 1570 
natriuretic peptide level, children, 1567, 
1568? 

pulmonary hypertension, 1570 
PDA, 727 

Biplane fluoroscopy, intracardiac technique, 421 
Biplane Simpson’s method, echocardiography, 
172-173, 173/ 


Bipolar recording system, transesophageal tech- 
nique, 412, 413/ 

Births 

central circulation, 69 
history, 84 

pulmonary atresia and intact ventricular 
septum, 949 

transitional circulation, 72 
valves of sinus venosus and, 860 
vascular resistance, 73/ 
weight, blood pressure and, 1528 
Bisoprolol, heart failure and, 1573 
Biventricular circulation, rehabilitation of branch 
pulmonary artery stenosis, 307-308 
Biventricular heart, imaging of, 274-277, 276/ 
Biventricular hypertrophy (BVH), 382-383 
truncus arteriosus, 992 
Biventricular pacing, 468 
Blade atrial septostomy, 295, 296/ 

Blade catheters, 295 
Blade septostomy, 295 
Blalock-Hanlon operation 
TGA and, 1121, 1122/ 
Blalock-Thomas-Taussig shunt, 87 
Bernoulli equation, 139 
PA-VSD and, 962 
TOF, 1476-1479 
tricuspid atresia, 879 
Blinding, clinical trial, 1646 
Blood 
cultures 

endocarditis and, 1364 
IE and, 1367 

oxygen in, 266-267, 267/ 

Blood cysts, 10 
Blood flow 

analysis, VEC MRI sequence and, 223-225 
atrioventricular valves, 10 
changes at birth, 73/ 
coronary development, 62 
measurements, VEC MRI 
accuracy of, 225 

clinical applications, 225-226, 226/ 
physical determinants of, 69, 655 
placental circulation, 654, 655/ 

Blood oxygen concentration, cerebral blood flow, 
postnatal peripheral circulation, 77 
Blood pressure 

birth weight and, 1528 
boys 

age and height percentile, 1531f-1532? 
age specific, 1533/ 
cuff bladder, adolescents, 1534 
elevation, 1527 
exercise and, 129, 129/ 
girls, age specific, 1533/ 
measurement, 85, 1534 

cardiovascular response to exercise, 
123-124, 123/ 124/ 
normal, 1529, 1529?-1532? 

first year of life, 1534? 
supravalvular aortic stenosis, 1038 
values, classification of, 1529, 1534? 

Blood stream, in PCICU, 522 
Blood volume, pregnancy, 1494 
Blunt trauma 

brachiocephalic arteries, 555 
cardiac, 552-556 

mechanisms of, 552, 553? 
types of, 552-553, 553? 
chest, heart valve injury and, 555 
Bmp2, cardiac valve and, 568 
BMPR2 mutation, PAH, 1439-1440 
BNP levels decrease, term and preterm infant, 727 
Body mass index (BMI) 
blood pressure and, 1528 
hypertension, 1537 
obesity in childhood, 1518 
Body surface area (BSA), 172 
Body surface mapping, 373-374 
Body weight, VO z max and, 120 
Bogalusa study 

atherosclerosis, 1514 

hypertension, target organ effects, 1528-1529 
obesity in childhood, 1518 
Bohr equation, 118-119, 129 


Bone morphogenetic proteins (BMPs), 1440 
Bonhoeffer-Medtronic valve, 288 
Brachial pulses, assessment, 87 
Brachiocephalic arteries 

bifurcation, echocardiography, 153, 153/ 
blunt trauma and, 555 
persistent fifth aortic arch, 782 
Bradycardias 

atrioventricular block, 461-465 
bundle branch block, 465-466, 466/ 
complete A V block and, 662 
d-TGA, 1480 
fetus, 662 

sinus, 460-461, 460/ 

sinus node dysfunction, 461, 461? 

Bradykinin, fetal pulmonary vascular resistance, 74 
Brain abscesses, TGA and, 1113 
Brain anatomy, pathology and neuroimaging, 
1579-1580 
Brain injury/death 

cardiopulmonary bypass, postoperative 
factors, 1582 

pediatric heart transplantation, 1388 
Branch pulmonary artery 
assessment, 152 
banding, HLHS and, 1075 
PAP VC and, 829 
multiplane TEE, 156/ 
stenosis, arterial switch operation, 1132 
Branch vessels, echocardiography, 153, 153/ 
Breath-by-breath measurement, ventilatory 
indices, 121 
Breathing patterns 
child inspection, 86 
infants and, heart disease and, 83 
Bridge to cardiac transplantation 
ECMO and, 534, 536 
VADs and, 540 

Bridge to recovery, pediatric ECMO, 535 
“Bright blood” imaging, CMR and, 213-214, 214/ 
Brockenbrough needle, radiofrequency energy v., 
296-297 

Bronchial anatomy, normal, 1199, 1200/ 
Bronchomalacia, CHD and, 247 
Bronchopulmonary collateral circulation, TGA 
and, 1107-1109 

Bronchopulmonary dysplasia (BPD), 1447-1448, 
1448/ 

in premature infants, prevention of, 475 
Bruce treadmill protocol, 127-128, 128? 

Brugada syndrome, 55, 396-397, 397/ 
athletic screening and, 95 
Bruits, 89 

B-type natriuretic peptide (BNP), 498, 727, 

1281, 1567 
Bulk flow, SV and, 124 
Bumetanide, 1243, 1676 
Bundle branch block (BBB), 465-466, 466/ 
myocardial ischemia, 1378, 1379/ 

QRS and, 378 

Burns, lightning-related injury, 558, 558? 
Busulfan, RCM and, 1269 
Buttoned device, 323 


C 

Ca 2+ regulation, sarcoplasmic reticulum, 

55-56, 56/ 

Ca 2 * channels, cardiac action potential, 55, 55/ 

Cadherin, cell-cell interactions, 60 

Caffeine 

congenital heart defects and, 602 
intracardiac study and, 283 
Calcification 

valvular aortic stenosis and, 1023-1024 
Calcified human valves, 572 
Calcium, 492?, 494 

blood pressure and, 1539 
mature heart and, 56 
Na +-Ca 2+, 55 

Calcium binding, troponin C, 57, 57/ 

Calcium channel antagonists, 1677-1678 
Calcium channel blockers, 458, 1681 

pulmonary arterial hypertension (PAH), 1450, 
1452 

RCM and, 1274 
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Calcium imbalance, 385 
Calcium pump activity 

dephosphorylated phospholamban, 56, 56/ 
Calcium-induced calcium release, 62 
Calibration error, marker catheter, 274 
Calsequestrin, 62 
Camera, biventricular heart, 274 
cAMP (Cyclic adenosine monophosphate) 
pulmonary vascular resistance, 73 
Capillary refill time, child assessment and, 87 
Captopril, 1243, 1678 
Carbon dioxide (CO z ), 1070 

cerebral blood flow, postnatal peripheral 
circulation, 77 

production, ventilation measurements, 131 
Carbon dioxide (CO z ) rebreathing, cardiac 

output, measurement techniques, 129 
Carcinoid disease of bowel, pulmonary stenosis 
and, 920 

Cardiac action potential, 55, 55f 
Cardiac anatomy, 1-30 
Cardiac anomalies, TAPVD and, 826 
Cardiac apex, transducer and, 145, 146 f 
Cardiac arrest, 522 
Cardiac base, 17-18, 17 / 

Cardiac base-apex axis, cardiac malpositions, 
1195, 1196/; 1197/; 1210-1211 
Cardiac catheterization, 727, 733-734 
angiography and, 258-286 
anomalous left coronary artery from 
pulmonary artery, 751 
anomalous muscle bundles, 926-927 
aortopulmonary window, 741 
atresia of common pulmonary vein, 833 
with balloon atrial septostomy, TGA and, 
1113 / 1114-1116, 1116/' 
ccTGA and, 1154-1155 
in children, complications, 410 
coarctation of aorta, 1050-1051 
common atrium, 699 
complete atrioventricular septal defect, 
705-706 

complications, 285 

congenital aortic stenosis, 1030-1031 

cor tnatriatum, 836 

DCM, 1241-1242 

Ebstein’s anomaly, 896 

ECMO and, 536, 537 

hemodynamics of, isolated valvar pulmonary 
stenosis, 918-919 
HLHS, 1084 
imperforate valve, 947 f 
indications for, 258 

isolated valvar pulmonary stenosis, 918 
neurologic morbidity, 1582 
partial atrioventricular septal defect, 699 
PA-VSD and, 963-965 
pericardial disease, 1353, 1354/ 
peripheral pulmonary arterial stenosis, 
930-931, 930/ 

pulmonary arterial hypertension, 1437-1438 
pulmonary arteriovenous malformations, 793 
pulmonary atresia and intact ventricular 
septum, 946-948 
RCM, 1272-1273, 1272/ 

RF and, 1315-1316 
sinus of Valsalva aneurysms, 755-756 
stenosis of individual pulmonary veins, 836 
systemic arterial malformations, 790 
techniques for, 258 
therapeutic, 288-343 
thrombosis, 1603 
tricuspid atresia, 881-882 
truncus arteriosus, 995-996 
ventricular septal defects, 717-719, 718/ 
Cardiac catheterization volume, ACHD, 1466/ 
Cardiac chambers, morphogenesis of, 563-564, 
563/ 

Cardiac channelopathies 

autosomal dominant long QT syndrome, 
391-395 

autosomal recessive LQTS, 395 
Brugada syndrome, 396-397, 397/ 
catecholaminergic polymorphic ventricular 
tachycardia, 396 

electrocardiographic features of, 391, 392/ 


SCD and exercise, 113 
short QT syndrome, 395-396 
Cardiac computed tomography 
CHD and 

children with, 247-256 
conclusions, 255 
contrast enhancement, 248, 249/ 
indications for, 251-255 
methods and technique, 247-251 
sedation, 247-248 
TTE and, 1382 

Cardiac concussion (Commotio cordis) 

cardiac contusion u, features differentiating, 
553* 

Cardiac conduction system 
anatomy, 349/ 

functional maturation development ( See 
Functional maturation development) 
Cardiac contusion, cardiac concussion v., 
features differentiating, 553* 

Cardiac crescent, 350 

Cardiac defects, teratogens, maternal exposure, 
84, 84* 

Cardiac development 
biology, 560 

molecular determinants, 560-573 
Cardiac dilation, DCM and, 1235 
Cardiac diseases 

congenital infections, 84 
fetal risk and, 1496, 1497* 
maternal long-term prognosis, pregnancy 
and, 1502 

maternal risk and, 1496, 1497* 

in offspring, 1502 

women of childbearing age, 1495* 

Cardiac dysrhythmias 

alternating electrical current, 557 
RF energy, 955 

Cardiac electrophysiology, 362, 364/ 
electrical impulse, atrial myocardium, 
363-364, 366/ 367/ 
heart pacemaking, 362-363, 365/ 
maturing A V conduction system, 364-367 
VCS, developmental aspects, 367, 367/ 
Cardiac embryogenesis, atrial septation and 
Cardiac examination 

in infants, isolated valvar pulmonary stenosis, 
916 

normal pregnancy, 1496 
Cardiac fibroblast, extracellular matrix and, 
52-53, 54/ 

Cardiac gating, MRI and, 207-208, 210/ 211/ 

Cardiac genetic pathways, 560 

Cardiac glycosides, 1672-1673 

Cardiac hemangiomas, 1559 

Cardiac herniation, 553 

Cardiac history, DMD and, 1279 

Cardiac hypertrophy, 1235 

Cardiac imaging, RF and, 1316 

Cardiac index, cardiac catheterization and, 

262, 262/ 

Cardiac intensive care, pediatric, 483-639 
Cardiac intervention, in premature neonate, 
479—480 

Cardiac lesions, specific, genetics of, 636 
Cardiac lipomas, 1560 
Cardiac looping, 1200, 1201/ 

left-right asymmetry and, 565-567, 566/ 
Cardiac malformations, adult consequences, 

572 

Cardiac malpositions 

Echocardiographic features, 1208-1211 
segmental approach, 1208-1211 
treatment, 1211-1212 

Cardiac mechanical support therapies, pediatrics, 
530-543 

Cardiac morphogenesis 

complex regulation, 565-570 
left-right signaling and, 566/ 
region-specific, pathways regulating, 563/ 
Cardiac MRI (Magnetic resonance imaging). See 
also Magnetic resonance imaging 
CHD and, 1463 

congenital aortic stenosis, 1030, 1030/ 
pulmonary artery stenosis, 1478, 1479/ 

TTE and, 1382 


Cardiac myocytes 

cell-extracellular matrix interactions, 58, 59/ 

development and maturation, gap junction, 61 

myocardial growth and remodeling, 62 

Na*-and Ca 2+ -ATPases and exchangers, 54-55 

plasma membrane, 54 

sarcomere, 56, 57/ 

sarcoplasmic reticulum, 55-56, 56/ 

thick filaments, 57-58 

thin filaments, 56-57, 57/ 

titin, 58 

T-tubuIes, 56 

Z-disks, 58 

Cardiac neural crest, aortic arch and, 567, 567/ 
Cardiac outflow tract 

chronic rheumatic heart disease, 1316-1319 
regulation, 567-568, 567/ 

Cardiac output, 93 

antepartum issues, 1495*, 1506 
cardiac catheterization and, 267-268, 267/ 
268/ 269* 

congenital aortic stenosis, 1031 
determinants of, 489-490, 490/ 
exercise, 121, 121/ 

HLHS, 1069 

isolated valvar pulmonary stenosis, 919 
MRI and, 225, 226 
myxomas, 1556 
oxygen uptake v., 121/ 
pregnancy, 1494 

thermodilution, 487—488, 487*— 488* 

Cardiac pathology, DMD and, 1279 
Cardiac patient, genetics evaluation and, 

636-637 

Cardiac perforation, 285-286 
Cardiac precursors, transcriptional regulation of, 
562-564, 563/ 

Cardiac resynchronization therapy (CRT), 468, 
1574 

DCM and, 1244 
Cardiac rhythm 

and conduction disorders, 441—469 
ECG and, 378 
Cardiac rupture, 554 
Cardiac sarcoma, 1560 
Cardiac segments 

anatomic features of, 1199* 
connections of, 43-44, 46/-51/ 48, 50 
positions of, 42—43, 43/— 45/ 
right-sided v. left sided, comparison, 10* 
segmental diagnosis and, 1195-1196 
Cardiac situs (Sidedness), 34, 35/ 

Cardiac sounds, TAPVC, without pulmonary 
venous obstruction, 828 
Cardiac specimens, 1-30 

examination of, 25-26, 28, 30 
photography of, 28, 30 

Cardiac stem cell, regenerative approaches and, 
572-573, 573/ 

Cardiac surgeon, cardiac interventionalists, 
collaboration of, 336 
Cardiac surgery 
IE and, 1373 
during pregnancy, 1504 
Cardiac tamponade 

pericardiocentesis, 1354 
pulsus paradoxus, 1350 
stab wound, 556 
Cardiac transplantation, 516 
Ebstein’s anomaly, 898-899 
Cardiac trauma, 552-558 
Cardiac troponin T, myocardial injury, 1379 
Cardiac tumors, 1549-1560 

diagnostic procedures, 1550-1551 
history of, 1549 
incidence, 1549-1550 

Cardiac valve, formation, 568-570, 568/-570/ 
Cardiac veins, anatomy, 746-747, 748/ 
Cardio-cerebral-pulmonary circulation, 514/ 
Cardiology databases, PCICU, 485 
Cardiomegaly 

cyanotic neonate, 946* 

Cardiomyocyte differentiation 
epigenetic factors 
microRNA regulation 
Cardiomyocyte precursors, origin of 
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Cardiomyopathy 
ECMO and, 536 
muscular dystrophy, 1284 
PCICU, 523 

pre-athletic screening, 97 
VADs and, 538 

Cardiopulmonary bypass (CPB), 530-533 
cerebral blood flow and, 1581 
children and, 530-531 

hypothermic circulatory arrest, in infants, 531 
left atrial drainage of right superior vena 
cava, 851 

management, HLHS and, 1076-1078 
MCSDs 

perioperative risk factors, 1580-1582 
postoperative bleeding, 1595-1596 
Cardiopulmonary exercise testing (CPET), PAH, 
1436-1437 

Cardiopulmonary interactions, 476-477 
congenital heart disease, 547 
left heart, 548 

normal circulation, 546-547, 547/ 
right heart, abnormal, 547-548, 548 / 
Cardiopulmonary resuscitation (CPR) 
defibrillation, 460 
pediatric ECMO, 536-537 
Cardiorespiratory disease, postmortem 
arteriogram, 1410 

CardioSEAL septal occlusion system, 289, 321, 
323 

Cardiothoracic ratio, 1, 2 / 

Cardiovascular anatomy 
assessment, CMR and, 213 
SSFP and, 214 

Cardiovascular anomalies, classification and 
terminology, 32-51 
Cardiovascular diseases 

cigarette smoking, 1517-1518 
diabetes mellitus, 1517 
Cardiovascular drugs, 1672 
Cardiovascular examination, 86 
Cardiovascular function, pressure-volume loops 
and, 65—66 

Cardiovascular Profile Score, fetal heart and, 654/ 
Cardiovascular reflexes, physiology of shock and, 
HLHS and, 1068-1069 
Cardiovascular system, 486-489 
Cardioversion, 459-460 
Carditis 

acquired heart disease, 1567 
RF and, 1311-1313 

Carey Coombs murmur, rheumatic carditis, 1313 

Carina, pulmonary situs, 1199 

Carney complex, myxomas, 1557 

Carnitine deficiency, DCM and, 1244 

Carotid pulse, HCM, 1226 

Cartesian system, axis deviation and, 378, 378 / 

Carvedilol, 457, 1680 

heart failure and, 1573, 1574 
PRIMACORP, 1244 
CATCH 22, 759 
Catecholamine(s) 

cerebral blood flow, postnatal peripheral 
circulation, 77 
DCM, 1243 
infusions 

pediatric heart transplantation and, 1388 
peripheral circulation, 78 
Catecholaminergic polymorphic ventricular 
tachycardia (CPVT), 396 
Catecholamine-sensitive ventricular tachycardia, 
treatment, pregnancy and, 1503 

Catheter 

angiography and, 261, 261f 
manipulation, cardiac catheterization and, 
261-262 

obstruction, artifact and, 263 
placement 

catheterization laboratory, intracardiac 
technique, 403, 403 / 

transesophageal technique, 411-416, 412/, 
413/ 414/ 416/ 

Catheter ablation 

atrial flutter and fibrillation, 429 
3-D mapping technology, 407 
direct current, 418 


Ebstein’s anomaly, 899 
ectopic atrial tachycardia, 428, 429 
electrode catheters, 405 
manipulation, 421 

permanent form of junctional reciprocating 
tachycardia, 426 

right anterior septal pathways, 423, 424/ 
supraventricular arrhythmias, 448 
tachycardia-induced cardiomyopathy, 455 
Catheter device closure 

infants, children, and adults, treatment of 
PDA, 737, 738/ 740/ 

preterm infant, treatment of PDA, 736, 737/ 
Catheter embolization therapy, bronchopulmo- 
nary collateral circulation, TGA and, 
1107, 1108/ 

Catheter entrapment, artifact and, 263 
Catheter “fling,” artifact and, 263 
Catheter-induced atrioventricular block, 285 
Catheter-induced damping, 308 
Catheterization laboratory (Cath lab) 
costs, 343 

intracardiac shunt and, 269 
PCICU and, 522-523 
personnel exposure, radiation dose, 274 
Catheterization of umbilical vein, anomalous ter- 
mination of umbilical veins, and absent 
ductus venosus, 858 
Catheter-related infection 
in PCICU, 522 

Catheters, electrode, 405, 406/ 

Causality, clinical trials, 1636-1637, 1639/ 
Ceftriaxone 

gram-negative bacterial endocarditis, 1373 
streptococcal endocarditis, 1372 
Cell adhesion molecules (CAMs) 

dilated cardiomyopathy and, 1258-1259 
myocarditis and, 1259 
Cell-cell interactions 
cadherin, 60 
desmin, 60 
desmosomes, 60 
intercalated discs, 60 
Cell-extracellular matrix interactions 
costameres, 59 

Cell-mediated immunity, myocarditis, 1257 
Central cyanosis 

infants and, heart disease and, 82-83 
Central nervous system (CNS) 
balloon atrial septostomy, 1113 
genetic abnormalities, 1579 
hormonal milieu, 1582 
TGA and, 1112-1113 
Central palpation, 87-88 
Central pulmonary arteries 
angiography, 279, 280/ 
hypoplastic, 965, 965/ 

PA-VSD and, 960, 961, 964, 965/ 
spin echo, 235 

Central shunts, fetal circulation, 69-70, 70/ 
Central venous catheter-related bloodstream 
infection (CLABSI) ), 1634 
Central venous circulation, 69-71 
return, pattern of, 70, 71/ 

Central venous oxygen saturation (Scv0 2 ), 486 
Central venous stent implantations, results, 312 
Centrifugal assist pump, 537-538 
circulation support and, 537-538 
Cephalosporin 

gram-negative bacterial endocarditis, 1373 
streptococcal pharyngitis, 1322, 1323/ 
Cerebral atrophy, CHD and, 1580 
Cerebral blood flow 

cardiopulmonary bypass, 1582 
Cerebral circulation 

postnatal peripheral circulation, 77-78 
Cerebral dysgenesis, fetal cerebrovascular flow, 
1579 

Cerebral protection, cardiopulmonary bypass, 
532-533 

Cerebral saturation, Norwood palliation, HLHS 
and, 1078f 

Cerebrovascular accidents 
coarctation repair, 1057 
TGA and, 1113 
Cervical aortic arch, 778 


Cesarean delivery, congenital heart disease, 651, 
653 

Chamber morphogenesis, epigenetic factors, 

563, 563/ 

Chaotic atrial tachycardia, 449, 450/ 

CHARGE syndrome, 622/, 633-634, 634/ 

CHD 7 gene, 633 

Cheatham Platinum stent, 293-294, 293/ 

Chest 

child inspection, 87-88 
heart position in 
location in, 33 

orientation of, 33-34, 33/-34/ 
palpation of, 1509 
Chest cage pain, types of, 1509 
Chest impact, blunt cardiac injury, 552 
Chest pain 

adolescents, 83, 1509-1512 
percentage distribution, 1511/ 
cardiac causes, 1512 
children, 1509-1512 

percentage distribution, 1512/ 

CK-MB and troponin I, 1381/ 
medical evaluation, 1512 
myocardial ischemia, 1377-1378 
treatment and outcome, 1513 
Chest radiography 

bilateral superior venae cavae, with unroofed 
coronary sinus, 849 
ccTGA and, 1150, 1150/ 
chronic rheumatic heart disease, 

1316-1317 

coarctation of aorta, 1049, 1049/ 

Ebstein’s anomaly, 894, 896/ 
fibromas, 1555 
HLHS, 1066 

mitral valve prolapse, 1017-1018 
myocarditis, 1248, 1250/ 
pericardial disease, 1351, 1351/ 1352/ 
peripheral pulmonary arterial stenosis, 930 
pulmonary arterial hypertension (PAH), 
1434-1435 

rhabdomyomas and, 1553 
truncus arteriosus, 993-994, 993/ 

Chest roentgenogram 

anomalous origin of pulmonary artery from 
ascending aorta, 787 

anomalous pulmonary venous connection, 
819 

innominate artery compression of trachea, 
787-788 

TGA and, 1113-1114, 1113/ 

Chest wall 

disorders of, 1415 
pain, 1509 

Chest X-ray, ASD, 678, 678/ 

Chirality, 1200, 1201/ 

Cholesterol 

arterial wall, 1514 

elevation, secondary causes, 1522-1523 
level, coronary heart disease and, 1520 
Choral hydrate, CMR and, 208 
Chorea 

RF, 1309/, 1311 
Chromosomal deletion, 627 
Chromosome 21, 617, 625 
Chromosome 7, peripheral pulmonary arterial 
stenosis and, 928 

Chromosome abnormality syndromes 
CHDs and, 619/-621/ 
genetic syndromes, 1579 
Chromosome 22qll.2 deletion syndrome, 759, 
1593 

Chromosome 7qll.23, Williams-Beuren 
syndrome, 628 
Chronic cyanosis, 1488 
Chronic heart failure, 1565-1570 
biomarker, 1567-1570 
in children, etiology of, 1565-1574 
etiology of, 1566/ 
neonates and infants, 1565 
Chronic hypoxia, 1412-1414 
clinical features, 1412 
experimental studies, 1412-1414 
Chronic pericarditis 

cardiac trauma and, 553 
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Chronic renal insufficiency, cardiovascular 
disease and, 1522 

Chronic rheumatic heart disease, 1316-1319, 
1567 
HF in, 1320 

medical management, 13 19?, 1320-1321 
surgery, 1321-1322 
treatment, 1319, 13 19* 

Chronic rheumatic mitral stenosis, intervention 
indications, 1322 
Chronotropes, 494 
Chylomicrons, 1520 
Chylopericardium 

pericardial effusion, 1356 
Cigarette smoking 

cardiovascular disease, 1517-1518 
congenital heart defects and, 602 
Cine MRI 

congenitally absent right pulmonary artery, 
235/ 

flow velocity, 224/ 

SSFP and, 214 

ventricular function and, 214 
Cineangiography 
radiation dose, 273 

Circular shunt, pulmonary atresia and intact 
ventricular septum, 955 
Circulation 

physiology, 69-80 

components of, 69, 653, 656 
general, 69, 660 
regulation, exercise, 124 
transitional, 473 

Circulatory arrest, low flow bypass, neonate 
and, 1580 

Circulatory management, Sv02, 1079, 1079* 
Circumferential end-systolic wall stress 
calculation, 166, 166/ 
midwall shortening v., 

Clarithromycin, endocarditis, 1324 
Class la agents 
arrhythmias, 456 
Class lb agents, 456 
Class Ic drugs, 456 
Class III drugs, 457-458 
Class IV agents, 458 
Claustrophobia, CMR and, 208 
Clear zone, atrioventricular valves, 10 
Clearance (CL), drug, 1662 
Cleft mitral valve, 1009-1010, 1009/ 1010/ 
Clindamycin, endocarditis, 1273, 1324 
Clinical manifestations 

pulmonary arteriovenous malformations, 
792-793 

systemic arterial malformations, 790 
Clinical risk marker, HCM, 1228-1229, 1229/ 
1230/ 

Clinical studies 

Alagille syndrome, 630 
diet, hypertension and, 1536-1537, 1539 
HLHS outcomes, 1086-1088 
myocardial viability, CMR and, 227-228 
pulmonary atresia and intact ventricular 
septum, 948-953 

research echocardiography and, 166-167, 
166/ 

Clinical trials 

advantages of, 1638? 
analysis issues for 

data management, 1653-1654 
descriptive statistics, 1654 
outcomes comparisons, 1654-1655, 1655* 
test of randomization, 1654 
appraisal and regulation, 1637-1638 
causality, 1636-1637, 1639* 
conflicts of interest, 1639 
critical appraisal of, 1656, 1659, 1659* 
data collection, 1637 
design issues for 

clinical trial phases, 1640-1641, 1641? 
cointerventions and blinding, 1646, 1646?, 
1647? 

hypothesis, 1642 

interventions and clinical trial designs, 
1642-1643 
question, 1641 


randomization, 1644-1646, 1645? 
sample size and power, 1646-1648, 1647?, 
1648? 

study aims, 1642 

study measurements, 1643-1644, 1644? 
study subjects, 1643, 1643? 
validity, 1639, 1640/ 
equipoise and execution, 1639 
execution issues for 

crossover and compliance, 1650-1651 
data and safety monitoring, 1651-1653, 
1652?, 1653? 

operationalization, 1649, 1649? 
quality control, 1651, 1651?, 1652? 
recruitment strategies, 1649-1650, 1649? 
retention, 1650 
failure of assumptions, 1639 
feasibility, 1639 
publication bias, 1639 
randomization, 1637 

reporting and appraisal issues for, 1656-1659 
resource requirements, 1639 
specialty-specific challenges, 1639, 1640? 
Closure of Fontan fenestration, 322, 327/ 

Cloves syndrome, 864 
Clubbing 

child’s general appearance, 86 
CMR (Cardiac magnetic resonance) 
antepartum issues, 1502 
BAVand, 1468/ 
clinical applications for 
examples, 229-241 

congenital heart disease, indication for, 207, 
208? 

d-TGA/Mustard, 1484 
myocardial ischemia, 226-227, 227/ 
pre-examination planning, 212-213 
sedation and monitoring, 208, 210, 210/ 

CNP (C-type natriuretic peptide), postnatal 
peripheral circulation, 76 
Coarctation 

in childhood repair, prognosis, 1056-1057, 
1056? 

iliac rupture, 305, 306/ 
recurrent postoperative, angioplasty for, 
1054-1055 

transcatheter management of, 304-307 
Coarctation of aorta (COA), 805, 1044-1058, 
1045/ 1469-1471 
clinical features, 1048-1051 
CMR and, 230-231 
complete TGA and, 1106 
complications, 1469 
diagnosis of infant, 1048 
effects of exercise, 101-102 
embryology, 1046-1047 
extracardiac vascular anomalies with, 1045 
fetal hemodynamics, 1047-1048 
Gd-enhanced 3-D MRA, 231, 232/ 
maternal risk and, 1500 
MRI and, 230 
pathology, 1044-1045 

presentation in infancy and childhood, treat- 
ment, 1051 

prevalence and etiology, 1044 
recoarctation rates, 1469, 1469/ 
repair, 1469 

repair in childhood, prognosis, 1056? 
simultaneous pressure recordings, 1047/ 
surgical repair, 1052-1053, 1052/ 1053/ 
treatment, 1051-1056 
tricuspid atresia, 877 
Coarctation stenting, 1055-1056, 1055/ 

Coaxial catheter, perforation of atretic pulmo- 
nary valve and, 301-302 
Coffin-Lowry syndrome, 1268 
Coil migration, 326-327 
Coil occlusion of arterial duct, technique, 325 
Colesevelam, elevated LDL cholesterol and, 1527 
Collagen 

DCM and, 1235 

Collagen network, myocardium, 52, 54/ 
Collateral arteries, PA-VSD and, 960, 962, 965/ 
Color-flow Doppler, 141-143, 144/ 
congenital aortic stenosis, 1027-1030 
coronary sinus diverticulum, 854 


tricuspid atresia, 880 
truncus arteriosus, 994, 994/ 

Color-flow imaging, ASD 
Combined inotropic and vasodilator support, 
1242-1243 

COMET trial, heart failure and, 1573 
Commissure, 11 

Common atrioventricular valve, 40 
leaflets of, 149, 149/ 

Common atrium, 39, 699 
Common brachiocephalic trunk, 760 
Common cardiac chambers and, 38 
Common outlet connection, great arteries and, 
47/ 48 

Common ventricle, 41 

Common-inlet atrioventricular connections, 

1176, 1176/ 

Complete atrioventricular block (CAVB), 
463-464, 463/ 
bradycardia, 662, 663/ 
fetus, 662 

in infants, children, young adults, 465 
Complete atrioventricular septal defect 
cardiac catheterization and angiography, 
705-706 

clinical course, 706 
clinical manifestations, 700, 702 
Down syndrome, 706 
echocardiography, 702-703 
electrocardiography, 705 
intermediate defect, 706 
pathology, 700 
radiography, 705 
Rastelli classification, 700, 702? 
surgical treatment, 707 

Complete cartilaginous tracheal rings, anomalous 
origin of left pulmonary artery from 
right pulmonary artery, 787 
Complete cavopulmonary anastomosis, tricuspid 
atresia, 884 

Complete transposition of great arteries 

(Complete TGA), 753, 753/ 1097, 
1098/ 

corrected, 754 

Completion Fontan, stage 3, 1082-1083, 1083/ 
Complex heart disease, echocardiogram, segmen- 
tal diagnosis and, 1195-1196, 1198? 
Compression, digital echocardiography, 165-166 
Conal septal malalignment, fetal heart, 647 
Conal septum, truncus arteriosus, 990 
CONCOR project, septal defects an, 1472/ 
Concordance, 44 
Conduction abnormalities 
athletic screening and, 105 
Conduction disturbances, muscular dystrophy, 
1280 

Conduction system 

morphogenesis, 571-572 
Conduction tissue 

specialized, ccTGA and, 1149 
truncus arteriosus, 992 

Conduit failure, truncus arteriosus repair, 1000/ 
Congenital aortic arch anomalies, 778 
Congenital aortic stenosis, 1023-1039 
in children, guidelines 
long-term outcome, 1033 
medical management, 1322 
natural history, 1031 

symptoms and physical examination, 1026 
treatment, 1031-1033 
Congenital bicuspid aortic valve, aortic 
regurgitation, 101 

Congenital cardiac defects, cardiac outflow tract, 
567-568 

Congenital cardiac lesions 

Amplatzer vascular plug for, 292 
balloon aortic valvuloplasty and, 297, 298/ 
Congenital cardiac malformations, 730-731, 990 
treatment, 1211-1212 
Congenital coronary anomalies, response to 
exercise, 109-110 
Congenital heart defects 
anatomic features of, 560 
decreased pulmonary blood flow, 1410-1412 
epidemiology 

and prevention of, 577-611 
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risk and causes, 595-602 
familial risks, 621, 623 
genetic abnormalities and, 1579 
genetics of, 617-639 
22qll deletion syndrome, 627-628 
repair, long-term neurodevelopmental out- 
come, 1582-1583 

risk factors and prevention, 597-602 
screening tools, 609, 610/ 
vascular disease in, 1401, 1402/ 1402r 
Congenital heart disease (CHD), 430. See also 
Adult congenital heart disease 
adolescents and adults, 1463-1490 
adult v. pediatric, 1463, 1464/ 
adult with, PCICU, 523 
aortic root abnormalities, 799-806, 880t 
associated anomalies, 651-653 
balloon-expandable intravascular stents, 934 
cardiac CT, children with, 247-256 
cardiopulmonary interactions 
catheter-based techniques, 288 
childhood/adolescence, 1566 
clinical agenda, 1619 
CMR 

safety and, 210-212, 212 1 
echocardiography, 247 
in gestation, 664 

health-related QOL (HRQOL), 1608 
definitions, 1608-1609 
generic, disease-specific measurement, 

1610, 1612 

instrument availability, 1613/ 10610 
instrument selection, 1610, 161l£, 1612t 
instrument validation, 1610, 1613/ 
neurodevelopmental predictors, 

1617-1618 
outcomes, 1618 

pediatric heart disease population, 
1609-1610 

psychosocial predictors, 1618 
specific heart disease subgroups, 1616-1617 
hematologic disorders in, 1590 
infants, 1565 

intrauterine fetal demise, 657, 661/ 
m-mode echocardiography, 134 
neonates, 657, 1565 
operative repair, SCD risk, 1465/ 
pediatric heart transplantation, 1384 
pharmacologic therapy for, 490^498 
pregnancy and, physiology and management, 
1494-1505 

prenatal evolution of, 656 
prenatal screening, 645-647, 649/ 
prenatal treatment of, 656-657 
prevalence, 1465/ 
primary referral diagnosis, 208t 
psychosocial function and, academic ability/ 
function, 1584 
pulmonary stenosis and, 920 
quality of life (QOL), 1060/ 1608 
right-left heart interactions, 548-550 
functional interactions, 550 
geometric interactions, 550, 550/ 
screening for, 645-647, 645/ 646/ 
surgery 

long-term neurodevelopmental outcome, 

1582- 1583 

outcomes, specific diagnostic groups, 

1583- 1584 

truncus arteriosus, 993 
visceral situs, 1196-1197 
Congenital heart lesions, angled views, 274 
Congenital heart malformations, 560, 572 
diagnosed in utero, 652, 658/ 

HCM, 1228, 1229/ 

Congenital hemangiomas, vascular anomalies, 
865-866, 866/ 

Congenital infections, cardiac diseases and, 84 
Congenital mitral stenosis 

balloon valvuloplasty, 297, 298/ 

Congenital mitral valve stenosis 
incidence of, 1003 
management and prognosis of 

balloon v., surgical management, 1018-1019 

medical management, 1018 

mitral valve replacement, 1019-1020 


Congenital pericardial defects, 1212-1214 
types of, 1214 
Congenital rubella, 935 
Congenital tricuspid stenosis, 885-886 
balloon valve dilation, 303 
Congenitally absent right pulmonary artery, cine 
MRI, 235, 235/ 

Congenitally bicuspid aortic valve, 1467 
Congenitally corrected transposition of great 
arteries (ccTGA), 1147, 1148/ 
1485-1486, 1486/ 
associated lesions, 1148, 1148/ 
conventional surgery and outcomes, 1156 
exercise and, 105-106 
maternal risk and, 1501 
morphology, 1147-1148 
natural history and management, 1156 
Congenitally malformed hearts, 368, 368/ 
Congestive cardiomyopathy 

clinical picture and treatment, 1242 
natural history of, in children, 1244 
Congestive heart failure 
atrial septal defects and 
ccTGA and, 1149 

children and, coarctation of aorta and, 1048 
feeding history, infants and, 82 
neuroendocrine abnormalities, 1281 
research echocardiography and, 166-167, 
166/ 

severe, univentricular atrioventricular connec- 
tion, 1185 

Connective tissues, human heart, 54/ 
Conotruncal Anomaly Face Syndrome, 621 1, 627 
Conotruncal septum, formation, 567 
Conotruncal syndrome, DiGeorge syndrome 
and, 651 

Consolidated Standards of Reporting Trials 

(CONSORT), 1637-1638, 1656, 1656/ 
I657t-1658t 

Constitutional symptoms, myxomas, 1557 
Constrictive pericarditis (CP), 196 
characterized by, 1358, 1358/ 
echocardiography, 1358 
hemodynamic filling patterns, 1358, 1358/ 
RCM v., 1273, 1273r 
RCM vs., 1359-1360, 1359r, 1360/ 
single-ventricle patient, 1361 
ventilator-dependent patient, 1360-1361 
Continuous murmurs, 89/ 91 
Continuous positive airway pressure (CPAP), 
475, 727 

Continuous-wave Doppler 

cardiac catheterization, coarctation of aorta, 
1050, 1051/ 

univentricular atrioventricular connection, 
1185 
Contraception 
CHD and, 1504 
statins and, 1527 
Tetralogy of Fallot, 985 
women of childbearing age, 1495t 
Contractile reserve, pharmacologic stress and, 
157, 158 

Contractility, 65/ 66 
Contrast agents, 164, 165 
PA-VSD and, 964-965 
pulmonary angiography, 279-282, 282/ 
Contrast echocardiography, 164-165 
ASD, 679 

Contrast enhancement, MDCT and, 248, 249/ 
Contrast media 

angiography and, 273 
catheters, 261/ 273 
Contrast-enhanced MRA, 215 
Controlled ventilation, CT imaging and, 248, 
248/ 

Conus artery. Tetralogy of Fallot, 753-54 
Conventional therapy 

pulmonary arterial hypertension (PAH), 
1449-1450 

Cooled-tip radiofrequency, 420 

Copy number variants (CNVs), TOF, 970 

Cor triatriatum, 833-836, 835/ 

anatomic classification, 834, 834£, 835/ 
clinical manifestations, 835 
dexter, 834 


differential diagnosis, 836 
imaging, 836 

microscopic anatomy, 834 
physiology, 835 
prognosis, 836 
sinister, 834 
Coronary anomalies 
PA-VSD and, 961 
rare, 752 

response to exercise, 109-110, 11 Or 
structural heart disease, absence of, 747-752 
Coronary arteries, MDCT, 253, 255/ 

Coronary artery 

anatomy, 746, 747/ 

ccTGA and, 1148-1149 
pulmonary atresia and intact ventricular 
septum, surgical strategies for, 953 1 
ccTGA and, 1150/ 

congenital heart defects, patterns with, 
753-754 

echocardiography, 201-202 

growth of, arterial switch operation and, 

1132, 1138 

HCM and, 1229, 1230/ 
imaging, 215, 217/ 
myocardial ischemia, 1378 
pulmonary atresia and intact ventricular 
septum, 944-945 
stenosis, 946 

supravalvular aortic stenosis, 1039 
tetralogy of Fallot, 974 
TGA, 1099, 1102/ 
trauma and, 556 
truncus arteriosus, 991-992 
Coronary artery disease (CAD), 1514 
established risk factors, 1516r 
possible risk factors, 1516t 
prevalence of, 1515/ 

Coronary artery intimal-medial thickness (IMT), 
1516 

Coronary atresia, 752 

Coronary heart disease, blood cholesterol level, 
1520 

Coronary ostium, truncus arteriosus, 992 
Coronary perfusion, echocardiography, 202 
Coronary root anomalies, structural heart dis- 
ease, 747-752 
Coronary sinus, 7, 38, 746 
anomalies of, 853-855, 853/ 

LSVC and, 846, 846/ 
normal development, 840-841 
ASD, 685 
diverticulum, 854 
orifice atresia, 854, 854/ 
pulmonary atresia and intact ventricular 
septum, 940-941 
Coronary vascular anomalies 
anatomy, 746-747 
embryology, 746 

Coronary vascular endothelium, origin, 571 
Coronary vasculature, 61-62 
Coronary vessel formation, origin, 571 
Coronary-cameral fistula, 944 
Cortical blood flow 
in young, 79 
Corticosteroids 

pregnant women and, 666 
Costameres, 59 
Costochondritis, 1509 
CPAP (Continuous positive airway pressure) 
left heart failure, 548 
CPK-MB isoenzyme 

myocardial contusions, 554 
myocardial infarction, electrical injury and, 557 
Cranial angulation, arteries and, 275 
C-reactive protein, 1516 

Creatine kinase MB isoenzyme (CK-MB), myo- 
cardial injury, 1381/ 

Cre-lox technologies, mammalian heart 
development, 561-562, 562/ 

Criss-cross atrioventricular connections, 1201 
Crista supraventricularis (Supraventricular crest), 
13-14 

Crossover clinical trials, 1642-1643 
Cryopreserved homograft tissue, truncus arterio- 
sus, 998, 998/ 
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Cryotherapy, electrophysiologic therapeutic 
catheterization, 420 

Crystalloid pump, cardiopulmonary bypass, 532 
CT (Computed tomography) 
aortic dilation, 802, 803/ 
congenital aortic stenosis, 1026, 1027 / 
peripheral pulmonary arterial stenosis, 
930-932 

pulmonary stenosis, 102 
CT angiography (CTA), 247 
CT angiography (Computed tomography 

angiography), coarctation of aorta, 
1049-1050, 1050/ 

CT scan 

patent ductus arteriosus (PDA), 734 
C-type natriuretic peptide (CNP), 1567 
Culture-negative endocarditis, 1373 
Current magnitude, lightning-related injury, 558 
Cutting balloons, 295 
Cyanosis, 730, 1110 

atresia of common pulmonary vein, 833 
bilateral superior venae cavae, with unroofed 
coronary sinus, 849 
child’s general appearance, 86 
Ebstein’s anomaly, 893 
Fontan operation, 1487-1488 
HLHS and, 1067 

infants and, heart disease and, 82-83 
inferior vena cava drainage to left atrium, 857 
isolated valvar pulmonary stenosis, 913, 914 
left atrial drainage of right superior vena 
cava, 850 
PAPVC, 818 

patent ductus arteriosus, 730 
PA-VSD and, 961 

pulmonary atresia and intact ventricular 
septum, 945 

rhabdomyoma and, 1553 
TGA and, 1111 
tricuspid atresia, 878 
truncus arteriosus, 993 
univentricular atrioventricular connection, 
1185, 1193 
Cyanotic adult, 1487 

Cyanotic cardiac lesions, pregnancy and, 1503 
Cyanotic congenital heart defects, 1475-1476, 
1475/" 

Cyanotic congenital heart disease, maternal risk 
and, 1501 

Cyanotic neonate, differential diagnosis, 946? 
Cycle ergometers, types of, 127 
Cyclosporine, pediatric heart transplantation, 
1391 

Cysts, intrapericardial teratomas, 1558 
Cytokine response, stage 1 palliation, HLHS 
and, 1075 
Cytokines 

myocarditis and, 1258-1259 
Cytolysis, myocarditis, 1256 
C> tomegalovirus (CMV) 

immunopathogenesis of, 1255 
Cytoskeletal proteins, thick filaments and, 57-58 
Cytoskeleton, and extracellular matrix, 59 


D 

Dallas criteria, myocarditis, 1250 
Damus-Kaye-Stansel technique, 1139 
TGA and, 1138-1139 
DASH diet, hypertension, 1539 
Deep hypothermic circulatory arrest (DHCA), 
531,532 

neonate and, 1580 

Defect closure devices, transesophageal echocar- 
diography, 154 
Defibrillation, 459— 460 
Deletion-Duplication syndromes, 626-630 
Delivery, prenatal cardiac diagnosis and, 653 
Dephosphorylated phospholamban, calcium 
pump activity and, 56, 56/ 

Depression of right ventricular function, atrial 
switch repair, 1125 

Desmin 

cell-cell interactions, 60 
restrictive cardiomyopathies, 1268 
Desmoglein, 60 


Desmoplakin, 60 

Desmosomes, cell-cell interactions, 60 
Devereux method of calculation, left ventricular 
mass, 1536 

Device therapy, for heart failure, 1574 
Dextrocardia 
categories, 145 

with situs inversus and atrioventricular and 
ventriculoatrial discordance, with right 
anterior aorta, 1204, 1206/ 
with situs inversus and inverted normally 

related great arteries, 1202 / 1204-1205 
with situs inversus, atrioventricular 

concordance and ventriculoatrial 
discordance with left anterior aorta, 
1204, 120 5/ 
with situs solitus, 1195 
types of, 1195 
Dextroversion, 145 
d-globulin, myocarditis, 1263 
Diabetes mellitus. See also specific i.e. insulin 
dependent diabetes 

angiotensin receptor blockers, hypertension, 
1542 

atherosclerosis, 1517 
congenital heart defects and, 597, 599 
Diagnosis and procedural groups, HRQOL, 

1615, 1617f 
Diagnostic tests 

myocarditis, 1248-1254 
Diaphoresis 

infants and, heart disease and, 83 
Diastole, 57, 57/ 188 
Diastolic dysfunction 
HCM and, 1224 
Diastolic function 
MRI and, 222-223 
Diastolic murmurs, 90 

chronic rheumatic heart disease, 1316 
univentricular atrioventricular connection, 

1185 

Diastolic pressure time index (DPTI), 1025 
Diastolic tricuspid flow murmur, 819 
Diastolic ventricular function 
color M-mode, 192, 193 / 
deformation imaging, 192-193, 193/ 

Doppler diastolic assessment, 189 
Doppler myocardial velocity assessment, 191, 
191/ 

echocardiographic diastolic function, 193-194 
echocardiographic evaluation, 189 
during exercise, 196 

left atrial volume estimation, 191-192, 192/ 
physiology of, 188-189, 188/ 189/ 
pulmonary venous doppler flow analysis, 
190-191, 190/ 

transmitral doppler flow evaluation, 189, 190/ 
Diazepam 

electrophysiologic studies, intracardiac tech- 
nique, 403 

DICOM (Digital Imaging and Communications 
in Medicine standard), digital echocardi- 
ography, 166 

Diet 

dyslipidemia, 1522 
in children, 1523 

hypertension and, 1536-1537, 1539 
individual approach, 1524-1525 
population approach, 1523, 1523t 
Dietary Intervention Study in Children (DISC), 
1525 

Dietary patterns, hypertension, 1539 
Dietary salt, blood pressure and, 1539 
Dietitians, dyslipidemia, 1525 
Differential diagnosis 

pulmonary arteriovenous malformations, 793 
systemic arterial malformations, 790 
Differential lung perfusion, MRI and, 225 
DIG trial (Digitalis Investigators Group), 
digoxin, 1572 

DiGeorge syndrome, 627-628, 759 
conotruncal syndrome, 651 
interrupted aortic arch, 99 1 
SHF transcriptional regulation, 563 
DiGeorge/velocardiofacial syndrome (DGS/VCFS) 
genetics and, 959 


Digital archiving, research echocardiography 
and, 165-166 

Digital echocardiography, 165 
Digital stethoscope, auscultation and, 85 
Digoxin, 458, 1672-1673, 1681-1682 
DCM, 1243 

duchenne muscular dystrophy, 1281fetus, 664 
HLHS, 1080 
hypokalemia and, 385 
pediatric acquired heart disease, 1572 
during pregnancy, arrhythmias, 1503 
RCM and, 1274 
rheumatic carditis, 1320 
Digoxin-withdrawal trial, 1572 
Dilated cardiomyopathy 
CAMs, 1259 

childhood/adolescence, 1567 
genes, 1236-1238, 1237?, 1239/ 
mitral regurgitation in, 1241, 1242/ 

Dilated congestive cardiomyopathy (DCM), 
1235-1244 

causes of, 1235, 1236? 
clinical features and treatment, 1240-1244 
history, 1240 

etiology and pathogenesis, 1235-1240 
long-term sequelae, 1260-1261 
Dilation of peripheral arteries, 304 
Dilation of systemic veins, technique, 311 
Dimple deformity, 927 
Diphtheria myocarditis, 1255 
Discordance, 44 
Disposition, drug, 1662 

Distal vascular system BP measurement, systolic 
blood pressure measurement v, 129, 
129/ 

Diuretic therapy, 1675-1676. See also specific i.e. 
Non-potassium-sparing diuretics 
acquired heart disease, childhood/adolescence, 
1571-1572, 1571? 

DCM, 1244 

Duchenne muscular dystrophy, 1281 
HCM and, 1230 
HLHS, 1073, 1080 
hypertension, 1542 
myocarditis, 1262 
RCM and, 1274 
rheumatic carditis, 1320 
Dizziness 

tachyarrhythmia, 443-444 
D-loop, chirality and, 1201, 1201/ 

DNA 

mutations, Zebrafish, 560 
myocarditis, 1257 
sequencing, HCM and, 1224 
Dobutamine, 492?, 493, 1673?, 1674 
DCM, 1243 
stress, 158, 159, 160/ 

Dobutamine stress CMR (DSMR) 
myocardial ischemia, 226 
Dobutamine stress echocardiogram (DSE), 160/ 
myocardial ischemia, 226 
Dofetilide, 458 
Donor(s) 

cardiac transplantation, HLHS, 1086 
pediatric heart transplantation and, 1387 
Donor right ventricle, pediatric heart transplan- 
tation, 1389 

Donor/recipient matching, 1384 
Dopamine, 492?, 493, 1673?, 1674 
Doppler assessment, history of, 134 
Doppler, C., ultrasound and, 137 
Doppler continuity equation, 141 
Doppler echocardiography 
ASD, 678-679, 679/ 
coarctation of aorta, 1050 
congenital aortic stenosis, 1027-1030, 1027/ 
1028/ 1036 

DCM and, 1241, 1242/ 

DMD and, 1280-1281 

isolated valvar pulmonary stenosis, 917-918, 
918/ 

optimizing, 140-141, 143/ 
pediatric patient and, 140 
RF and, 1314-1315 
systolic regurgitation, 946 
TGA and, 1111 
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Doppler equation, 137-138 

Doppler flow mapping, LSVC and, 846-847, 

847/ 

Doppler spectral envelopes, 140 
Doppler study, two-dimensional 
echocardiogram, 728 
Doppler tissue imaging, 138 
Doppler ultrasound imaging, 138 
Doppler velocity, echocardiography, 179, 179/ 
Doppler- derived peak, isolated valvar pulmonary 
stenosis, 917, 918/ 

Dorsal ventral polarity, primitive heart tube and, 
565 

Double aortic arch, 778-782, 779/-782/ 
with atretic left arch, 781/ 

Double balloon technique 

systemic blood pressure and, 300 
Double chambered right ventricle, 925-928, 

926/ 927/ 928 
Double conus, 14 

Double inlet LV with left-sided subaortic 

hypoplastic RV, 1182-1183, 1182/ 
Double inversion recovery, CMR and, 213 
Double outlet connection 
great arteries and, 44, 47/ 

Double outlet right ventricle (DORV), 754, 1214, 
1214/ 

adult with, 1173, 1173? 
aortogram of, 1134/ 

bilateral persistence of subarterial conus, 151 
clinical features and pathophysiology, 1163 
definition, 1161 

doubly committed VSD, 1167, 1169/ 
embryology and, 566 
incidence, 1161 
morphology, 1161-1163 
noncommitted VSD, 1167, 1169/ 

PA- VSD 14 965 

reintervention and reoperation, 1172-1173 
surgical repair, 1167, 1169 

anatomic determinants, 1169-1170, 

1169? 

clinical outcomes, 1171-1172 
timing of, 1170, 1170? 
types of, 1170-1171, 1171/ 1172/ 
tetralogy type, 1163-1164, 1164/ 
transposition type, 1164-1165, 1 1 66/— 1 1 68/ 
truncus arteriosus v 996 
VSD type, 1165 
with subpulmonary VSD, 1097 
Double outlet ventricle, fetal heart, 647 
Double-chambered right ventricle 
course and prognosis, 928 
Double-inlet left ventricle (DILV), 40, 46/ 754, 
1179, 1180/ 1183 

with hypoplastic left ventricle, 1179/ 
Double-inlet ventricle 

embryonic ventricular looping, 1178/ 
with indeterminate morphology, 1182-1183, 
1182/ 

mixed morphology, 1183, 1188/ 
Double-lumen aortic arch, 782, 782/ 
angiography, 783 

Double-orifice left atrioventricular valve, 708, 

1010,1011/ 

Double-outlet right atrium, 699 
Double-switch repair, ccTGA and, 1157, 1157/ 
outcomes for, 1157-1158 
Doubly committed VSD, DORV, 1167, 1169/ 
Down syndrome, 651, 706, 970 
CHDs and, 625, 625/ 

Mitral papillary muscle, echogenic focus, 651, 
654f 

Dronedarone, 458 

Drugs, 1503. See also specific i.e midazolam 
dosing 

absorption, 1665-1666, 1665? 
distribution, 1666-1667, 1667? 
metabolism, 1667-1669, 1669?, 1670? 
pediatric hypertension, 1540, 1540?-1541? 
and toxins 

clinical studies, 1422-1423 
experimental studies, 1423, 1426 
transesophageal electrophysiologic study, 415 
DSM criteria (Diagnostic and Statistical Manual of 
Mental Disorders criteria), CHD, 1584 


d-Transposition of great arteries (d-TGA), 
1479-1486 
arterial switch, 1485 
atrial switch with baffle leak, 1485/ 
coarctation of aorta, 1045 
exercise and, 104-105 
neurodevelopmental outcomes, 1583 
tricupsid atresia, 878 
D-type natriuretic peptide (DNP), 1567 
Duchenne carrier, 1239, 1283 
Duchenne muscular dystrophy (DMD), 1260, 
1279-1283 
anesthesia, 1279 
electrocardiogram, 1279/ 1280 
M-mode tracing, 1280/ 

MRI, 1278/ 

neuroendocrine abnormalities, 1281 
therapy, 1281-1283 
Ductal patency 
HLHS and, 1072 

pulmonary atresia and intact ventricular 
septum, 948 

Ductal-dependent lesions, pediatric heart trans- 
plantation and, 1386 

Ductus ampulla/ductus bump, chest roentgeno- 
gram, 724, 725/ 

Ductus arteriosus (Ductal artery), 42, 766 
HLHS, 1065 
PA- VSD and, 961 
postnatal closure of, 71 
Ductus venosus 

anomalies of, 858-860 
normal development, 843, 844/ 
umbilical-placental circulation, 71 
waveforms, fetus and, 654, 655/ 

Dye injection of umbilical vein, anomalous ter- 
mination of umbilical veins, and absent 
ductus venosus, 859 
Dynamic exercise 

hemodynamic responses to, 93 
ventricular septal defects and, 99 
Dynamic subvalvar obstruction, isolated valvar 
pulmonary stenosis, 913, 914/ 
Dyslipidemia 

in children, clinical recommendations, 
1523-1527 

factors causing, 1521-1523 
secondary causes, 1522-1523 
treatment, 1525-1527 

pharmacologic, 1525-1527 
Dyslipoproteinemia, secondary causes, 1522? 
Dysplasia 

mitral valve, 1006-1007, 1006/ 1007/ 
Dysplastic pulmonary valves 
pulmonary valvuloplasty, 921 
surgical valvotomy, 923 
Dysplastic tricuspid valve, transplantation, 
953-954 

Dyspnea 

atresia of common pulmonary vein, 833 
Ebstein’s anomaly, 893 
on exertion 

d-TGA, 1483/ 

peripheral pulmonary arterial stenosis, 928 
HCM, 1230 
Dysrhythmias 

lightning-related injury, 558 
postoperative, atrial switch repair, 1128- 
1132, 1130? 

Dystrobrevin, 60 

Dystrophic myotonia type 1 (DMl), 1277 
Dystrophica myotonica-protein kinase (DMPK), 
1277 

Dystrophin 

glycoprotein complex, 59-60 
muscular dystrophy and, 59 
Dystrophin gene, Duchenne muscular dystrophy, 
1239-1240, 1284 
Dystrophinopathies, 1278-1285 


E 

Early diastolic murmurs, 89/ 90 
Early repolarization, 384, 385/ 

Ebstein’s anomaly, 150, 159, 947, 956, 1169 
cardiac defects, 891-892 


children and adults, 899-908 
classifications, 890 
clinical presentation, 892-894 
congenital TV regurgitation, 909-910 
diagnostic evaluation, 894-897 
exercise and, 104 

functional outcome after surgery, 909 

genetic factors, 890-891 

history of, 889, 890/ 

maternal risk and, 1501 

natural history, 897 

neonatal 

biventricular repair, 897-898, 901/ 
cardiac transplantation, 898-899 
right ventricular exclusion, 898, 901/ 
pathologic anatomy, 889-890 
pathophysiology, 892 
persistent valves of sinus venosus, 861 
pregnancy and, 908-909 
prevalence, 889 
right coronary artery, 889 
right ventricle, 889-890, 893/ 
transplantation, 953 
tricuspid valve, 889, 890/ 
valvar pulmonary stenosis u, 920 
Ebstein’s-like anomaly 
mitral valve, 1010 
ECG (Electrocardiography) 

anomalous left coronary artery from 
pulmonary artery, 750 
anomalous pulmonary venous connection, 

819 

aortopulmonary window, 741 
athletic screening and, 96-98 
ccTGA and, 1149-1150 
coarctation of aorta, 1049 
congenital aortic stenosis, 1026 
DCM and, 1240 

developmental changes, 385-386 

DILV and, 1183 

DMD and, 1279/ 1280 

Ebstein’s anomaly, 894, 896, 897/ 898/ 

fibromas, 1555 

guidelines and indication, 387 

HCM, 1227 

history of, 372 

HLHS, 1066-1067, 1066/ 1067/ 1069/ 

HR, 128-129 

isolated valvar pulmonary stenosis, 916, 916/ 
myocardial contusions, 554 
myocarditis, 1248-1249, 1250/ 1251/ 
mitral valve prolapse, 1017, 1018/ 
myxomas, 1557 
normal, 372-387 
PA- VSD and, 962 
pediatric, reading, 375, 375? 
pericarditis, 1351, 1352/ 
principles and technical considerations, 
372-375 

pulmonary arterial hypertension (PAH), 1435 
pulmonary arteriovenous malformations, 793 
pulmonary atresia and intact ventricular 
septum, 945, 945? 

RCM, 1271-1272 
RF and, 1314 

right heart catheterization and, 263-265, 
264/ 264? 

subvalvular aortic stenosis, 1036, 1037/ 

TGA and, 1113 

tricuspid atresia, 879-880, 879/ 880/ 
truncus arteriosus, 993 
univentricular atrioventricular connection, 
1185-1189 

ventricular septal defects, 715 
waveforms of, 372, 373/ 

ECG gating (Electrocardiographic gating) 
MDCT and, 250-251, 251/ 

MRI and, 208 
ECG-triggered SSFP cine 
aortic aneurysm, 233 
ventricular function and, 215 
Echocardiographic windows, to heart, 139 
Echocardiography, 134-168. See also Two- 

dimensional echocardiogram; specific 
i.e. intracardiac echocardiography 
aberrant right subclavian artery, 763 
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Echocardiography ( Continued ) 

absent right superior vena cava, in 

visceroatrial situs solitus, 850, 850/" 
anomalous origin of left pulmonary artery 
from right pulmonary artery, 787 
antepartum issues, 1502 
ASD 

athletic screening and, 97 
atresia of common pulmonary vein, 833 
atrioventricular delay, 198 
bilateral superior venae cavae, with unroofed 
coronary sinus, 849 
cardiac anatomy, segmental approach, 
144-153 

cardiac tumors, 1550-1551 
ccTGA and, 1150-1554, 1151 / 1152 / 1153/, 
1154/ 

chamber dimensions and cardiac structures, 
172 

CHD and, 247 

chronic rheumatic heart disease, 1313/ 1316 
coarctation of aorta, 1050, 1050/" 
congenital aortic stenosis, 1027-1030, 1027/ 
1036 

cor triatriatum, 813/ 836 

coronary artery, 201-202 

double aortic arch, 782 

Ebstein’s anomaly, 896, 898* 

fibromas, 1555, 1555/ 

history, 134 

IE and, 1368, 1368* 

interrupted aortic arch, 784 

interventricular dyssynchrony, 198, 198/ 

intraventricular dyssynchrony, 198-201 

left ventricle, 172-174 

left ventricular mass, 174 

malposition of septum primum, 815/ 

myocardial contusions, 554 

myocarditis, 1248-1249, 1250/ 1251/ 

patent ductus arteriosus (PDA), 732, 733/ 

PA-VSD and, 962-963 

in PCICU, 486 

pericardial disease, 1351-1352, 1351/ 1353/ 
pulmonary arterial hypertension (PAH), 
1435-1436, 1437/ 

pulmonary arteriovenous malformations, 793 
pulmonary atresia and intact ventricular 
septum, 945-946, 946/-950/ 

RCM, 1271-1272, 1272/ 

RF, 1313/ 1314-1315 
rhabdomyoma and, 1553 
right ventricle, 174, 175/ 
stenosis of individual pulmonary veins, 837 
supravalvular aortic stenosis, 1039 
systemic arterial alformations, 790 
systolic ventricular function 
ejection fraction, 177 
fiber to pump level, 175, 176/ 
myocardial function, 175 
VCF-end-systolic wall stress relationship, 

177- 178 

ventricular function, Doppler Indices of, 

178- 182 

tricuspid atresia, 880, 881/ 
truncus arteriosus, 994-995, 994/ 
tr uncus arteriosus repair, 1000/ 
univentricular atrioventricular connection, 
1176/ 1179/ 1185-1189, 1186/ 

1187/ 1188/ 1189/ 1190/ 
univentricular heart, 175 
valve function, assessment of 

atrioventricular size and function, 186-188 
diastolic ventricular function, 188-194 
semilunar valves and great vessels, 

182-186 

ventricular synchrony, 197 
ventricular septal defects, 715, 715/-717/ 717 
wall motion, MI and, 1383 
Echo-Doppler studies, muscular dystrophies, 

1278 

Ectopia cordis, 1195, 1214-1215 
Ectopic atrial tachycardia, 428, 429/ 

Ectopic heart, 33 
Edema 

adolescents, 84 
Edward syndrome, 970 


Edwards diagrams, aortic arch anomalies, embry- 
ology, 758-759, 759/ 

Effective pulmonary flow (Qep), shunts and, 
269-270 

Effective systemic flow (Qes), 269, 269* 
Einthoven, W,, ECG, 372 
Eisenmenger syndrome (ES), 1443-1444, 1445/ 
1473-1474 
exercise and, 107-108 
labor and delivery, 1504 
maternal risk and, 1501 
therapies, 1408 
Ejection clicks, 88-89 
Ejection fraction (EF), 121, 160 
Ejection murmurs, 89/ 90 
Elastic fibers, 52 
Elastin 

arteriopathy, supravalvular aortic stenosis, 
1039, 1039/ 

gene mutations, 628, 629 

peripheral pulmonary arterial stenosis and, 

928 

vasculopathy, supravalvular aortic stenosis, 
1039 

Electrical dyssynchrony, cardiac 

resynchronization therapy, 1574 
Electrical impulse, atrial myocardium, 363-364, 
366/ 367/ 

Electrical injury, 557-558 

severity of, factors affecting, 557* 

Electricity, man-made, injury from, 

557, 557* 

Electrode catheters, 405, 406/ 

Electrogram recording, 403/ 

Electron beam CT scanners, CHD, 251 
Electronic medical record (EMR), PCICU, 485 
Electrophysiologic studies, 401 
intracardiac technique, 401-411 
planning, 401 

Electrophysiology (EP) cardiac laboratory 
components of, 403 / 405 
Elimination half-life (T 1/2 ), 1662 
ELITE trial, ARB, 1573 
Ellis-van Creveld syndrome, 623* 

Embolism, cardiac catheterization, 285 

Embolization coils, 292 

Embryo 

cardiac neural crest cell migration, 567-568, 
567/ 

embryocardiac precursors, 561-562 
human 

valves of sinus venosus and, 860, 861/ 
venous systems in, 840-845, 841/ 
pulmonary venous anomalies, 809-816 
Embryology 

aberrant right subclavian artery, 761-762, 
761/ 762/ 

atrial septal defects and 
heart, 561-562, 562/ 

Embryonic ventricular looping, double-inlet 
ventricles, 1178/ 

Emergency department 

lightning-related injury, 558 
penetrating cardiac wounds, 556 
Emery-Dreifuss muscular dystrophy (EDMD, 
1284 

restrictive cardiomyopathies, 1268 
Emotional preparation, electrophysiologic stud- 
ies, intracardiac technique, 401 
Enalapril, 1678 

End-diastolic pressure-volume curve, 65, 65/ 
End-diastolic volume (EDV) 
exercise and, 121, 122 
End-hole artifact, 263 
End-inspiratory lung volume (LVEDV), 
exercise, 127 

Endocardial fibroelastosis, HLHS and, 1064 
Endocardial visualization, contrast agents and, 
165 

Endocarditis 

childhood/adolescence, 1567 
coarctation repair, 1057 
prophylaxis, 1322-1323 
pulmonary arterial stenosis, 935 
PVS, 1475 
RF and, 1307 


risk of, cardiovascular conditions, 1364, 

1365* 

Tetralogy of Fallot, 984 
Endomyocardial biopsy 
myocarditis, 1250, 1253/ 

RCM, 1272-1273 

Endomyocardial fibrosis (EMF), 1268-1269 
Endomysium, collagen network, 52 
Endothelial function, postnatal peripheral 
circulation, 76 

Endothelial injury, cardiopulmonary bypass, 532 
Endothelial nitric oxide synthase (eNOs) defi- 
ciency, BAV, 804 

Endothelial progenitor cells (EPCs), 1455 
Endothelin 

pulmonary arterial hypertension (PAH), 1453 
Endothelin- 1 (ET-1), fetal pulmonary vascular 
resistance, 73-74 

Endothelium-derived nitric oxide (EDNO), fetal 
pulmonary vascular resistance, 72, 74 
Endovascular stents, 292-293 

cutting balloon angioplasty v., 310, 314/ 
End-systolic elastance (Ees), 66 
End-systolic pressure-volume relationship, 65/ 66 
End-systolic stress, calculation, 219 
End-systolic volume (ESV), exercise and, 121 
End-systolic wall stress (ESWS) 

166, 166/ 

End-tidal C0 2 (ETC0 2 ), 486 
End-to-end anastomosis, COA and, 1469, 1469/ 
Energy, 118-119 
sources, 418-421 
transfer, 135, 135/ 

Environment 

PA-VSD and, 959 
RF and, 1304-1305 
Environmental exposures 
CHD, 617, 618* 

Enzymes, myocardial injury, 1379 
Epicardial mapping, catheterization laboratory, 
intracardiac technique, 405 
Epicardium, 3 

Epidural anesthesia, labor and delivery, 1504 
Epilepsy 

congenital heart defects and, 600 
Epimysium, collagen network, 52 
Epinephrine, 492f, 493, 1078, 1673*, 1674 
DCM, 1243 

intracardiac study and, 407 
stage 1 palliation, HLHS and, 1076 
Epistaxis, RF and, 1314 

Epithelial to mesenchymal transition (EMT), 61 
atrioventricular canal and, 568 
Eplerenone, acquired heart disease, childhood/ 
adolescence, 1571 
Epstein-Barr virus (EBV) 
apoptosis and, 1247 

pediatric heart transplantation, 1393-1394 
Equilibrium radionuclide angiography, DMD 
and, 1281 

Equipment, transesophageal technique, 412—415, 
413/ 414/ 

Ergometers, types of, 127 
Ergotamine, RCM and, 1269 
Erythema marginatum, RF and, 1309*, 1314 
Esmolol, 457, 1679-1680 
Esophageal atresia, surgery and, 767 
Esophageal electrocardiography, 374 
Esophageal intubation, transesophageal 
echocardiography, 154 
Esophagitis, chest pain, 1510 
Ethacrynic acid, 1676 
Eustachian valve, 147/ 856 
EVC2 genes, 613* 

Excitation-contraction coupling, 62-63 
contraction portion, 63 
embryonic myocytes, 63 
“excitation” component, 62-63 
myofilament Ca 2+ sensitivity, 63 
regulation of 

intrinsic regulation, 63-64 
structural changes, 64 
Exercise 

cardiac responses to, 121-125 
coarctation in childhood repair, 1056* 
congenital aortic stenosis, 1031-1033 
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contractile reserve and, 158-159 

echocardiogram, 158 

isolated valvar pulmonary stenosis, 919 

performance, determinants of 

physiology, 118-121 

protocols, 127-128, 128? 

QT interval, 384 

regulation of circulation during, 124 
tachyarrhythmia, 4 
testing, 118-132 

athletic screening and, 93-113 
congenital aortic stenosis, 1027 
hypertension, 1539 
methodology, 127-128 
types of, 118 

ventilatory response to, 125-127 
Exercise tidal volume 
cardiac output and, 130 
Exercise tolerance 

tricuspid atresia, 885 
External topography, 4, 4 f-Sf 
Extracardiac malformations of fetus, congenital 
heart disease and, 651 
Extracellular matrix (ECM), 52, 561 
composition of, 52 
connections to, 58-61 
cytoskeleton and, 59 
remodeling, DCM and, 1235-1236 
Extracorporeal membrane oxygenation (ECMO), 
1622 

cardiopulmonary bypass, 535 
circuit guidelines, 537 
contraindications, 536 
indications for, 533, 535-536 
pediatrics 

survival, cardiac procedure and 
technical considerations, 536-537 
VADs v., 536 

ventricular assist devices, 1596 
Extrasystoles 

fetal cardiac rhythm, 660 
Ezetimibe, cholesterol absorption and, 1527 


F 

Facioscapulohumeral muscular dystrophy, 1284 

Factorial clinical trial, 1643 

Familial CHD syndrome, 637 

Familial dilated cardiomyopathy, 1236 

Familial heterotaxy, 1195 

Familial risks, CHDs and, 621, 623 

Family 

history, 84 
DCM, 1236 

pediatric heart transplantation, 1386 
preparation, electrophysio logic studies, intra- 
cardiac technique, 401 
support, pediatric heart transplantation, 

1386 

Family-centered care, PCICU, 485 
Fast imaging employing steady state acquisition 
(FIESTA), 214 
Fast spin echo (FSE) 

CMR and, 213 
TOF and, 236 

vascular rings, 233-234, 234/ 

FDA (Federal Drug Administration), CMR and, 

210,211 

Feasibility, clinical trials, 1639 
Feeding 

history, cardiac diseases and, infants and, 82 
intestinal circulation response, postnatal 
peripheral circulation and, 80 
Femoral artery pressure, electrophysiologic stud- 
ies, intracardiac technique, 403 
Femoral vessels, approach to, cardiac catheteriza- 
tion and, 259-260 

Fenestration of atrial septum, fetus and, 656 

Fenoldopam, 497, 1673?, 1674 

Fentanyl 

CMR and, 208 
labor and delivery, 1504 
stage 1 palliation, HLHS and, 1076 
Fetal aortic balloon valvuloplasty, HLHS and, 
1062 

Fetal bradycardia, treatment, 656-657 


Fetal capillary hemodynamics, postnatal v. 

schematic, 653/ 

Fetal cardiac arrhythmias 
analysis of, 663, 664/ 
therapy for, 664-666, 665/ 

Fetal cardiology 

fetal echocardiography and, 645?, 649?, 
657-660, 658? 

historical perspective of, 644-645 
Fetal cardiovascular performance, echocardio- 
graphic assessment, 647-651, 

651/, 652/ 

Fetal cardiovascular system 
atrial chamber, 646, 653/ 
human, 644 

Fetal cerebrovascular flow, cerebral dysgenesis, 
1579 

Fetal circulation, 69-70, 70/, 71/ 72 
TGA and, 1109 

Fetal congenital complete atrioventricular block, 
464-465 

Fetal congenital heart disease, Doppler^ 657 
Fetal echocardiography 

current role, 649?, 657-660, 658?-660? 
fetal cardiology and, 645-647, 645/ 646/ 
HLHS and, 1061-1062, 1062/ 
indications for, 645 

patent ductus arteriosus (PDA), 725, 725/ 
pericardial teratomas, 1559/ 
pulmonary atresia and intact ventricular 
septum, 939 
truncus arteriosus, 995 
Fetal flow pathways, 647 
Fetal heart 

four chamber anatomy, 645, 645/ 
abnormalities, 646, 646/ 
normal, 646 

hypoxic pulmonary vasoconstriction, 72 
long axis views, 647, 650/ 
pulmonary venous obstruction, 654, 655/ 
Fetal life 

ductus arteriosus, 20 
IVC blood and, 856 

physiologic pulmonary hypertension and, 18 
valve of fossa oval is and, 8 
Fetal rhabdomyomas, 1553 
Fetal right ventricular output, isolated valvar 
pulmonary stenosis, 914, 914/ 

Fetal risk 

antepartum issues, 1502 
cardiac diseases, 1496, 1497? 

Fetal tachyarrhythmias, analysis and treatment, 
663-664, 665/ 

Fetal tachycardia 

hydrops fetalis and, 662 
Fetoscopy, fetus and, 656 
Fetus 

antenatal surveillance of, techniques for, 654 

antiarrhythmic therapy and, 663 

blood cysts, 10 

cardiac defect and, 625 

great arteries, 18 

M-mode echocardiographic studies, 647, 651/ 
regional blood flow analysis and, 654-656, 
655/ 

Fever 

congenital heart defects and, 599 
Fibrillin- 1 (FBN1) gene mutations, 799 
Fibrinoid necrosis, 1401 
Fibroblast growth factor (FGF), coronary 
development, 61 
Fibroelastosis, 943, 944/ 

Fibroma, 1554-1555, 1555/ 
incidence, 1550, 1550? 
spin echo MRI, 1552/ 

Fibronectin, 52 

Fibrosis, valvular aortic stenosis and, 1025 
Fick equation, 1107, 1108 

cardiac output and, 267, 267/ 268/ 269? 
cardiac output measurement, 118-119 
congenital aortic stenosis, 1030 
Fick equation, 1039, 1041/ 1049 
single-ventricle parallel circulation, HLHS 
and, 1069-1070 
Fiedler myocarditis, 1255 
First degree atrioventricular block, 462, 462/ 


First heart sound (SI), 88 
coarctation of aorta, 1049 
peripheral pulmonary arterial stenosis, 915 
First trimester fetal nuchal thickness, 651 
First-pass effect, 1662 
First-pass myocardial perfusion CMR, 

myocardial ischemia, 226-227, 227/ 
FISH analysis, genetic testing, 638 
Fistula, 944 

coronary artery, 1382 
Fitness, repetitive exercise and, 124-125 
Flecainide, 457, 1681 
fetus, 661, 668? 

Flipper coil, 291, 292 
Flu 

congenital heart defects and, 599 
Fluorescence in situ hybridization (FSH), 618, 970 
Fluoroscopy, radiation dose, 273 
Folic acid, congenital heart defects and, 603 
Fontan, 1600-1601 
Fontan completion, 514-515 
Fontan leak, agitated saline contrast and, 164 
Fontan operation, 1487-1488, 1489/ See also 
Modified Fontan operation 
arrhythmias, 1487-1488 
cardiac catheterization, HLHS, 1084 
cyanosis, 1487—1488 
effects of exercise, 106 
HLHS, 1084 
maternal risk and, 1501 
mortality, HLHS, 1084 
protein-losing enteropathy, 1487 
tricuspid atresia, 883 

univentricular atrioventricular connection, 1185 
Fontan palliation, CMR, 215, 240-241 
Fontan-type palliation, ccTGA and, 1156 
Foramen ovale, 8-9 
Force-frequency relationship, 157 
Foreign bodies, retrieval of, 329-331, 331/ 
Four-chamber view 

ccTGA and, 1150/ 1151/ 1152/ 

HLHS, 1066, 1067/ 
ventricular function, 215, 218/ 

Framingham Heart Study, 1520, 1527 
atherosclerosis, 1514 
research echocardiography and, 166 
Frank system, 373 
Frank-Starling mechanism, 723 
Freeze-frame ultrasound image, digital echocardi- 
ography, 165 
Friction rubs, 87 
Fryns syndrome, 624?, 634 
Functional maturation development 

atrioventricular conduction system, 354-357, 

357/-360/ 

AV plane, fibrous insulation, 357-358, 361/ 
cardiac electrophysiology, 362, 364/ 
electrical impulse, atrial myocardium, 
363-364, 366/ 367/ 
heart pacemaking, 362-363, 365/ 
maturing AV conduction system, 364-367 
VCS, developmental aspects, 367, 367/ 
congenitally malformed hearts, 368, 368/ 
mammalian heart, building plan, 350-352, 
350/-352/ 

postnatal heart, conduction tissues 
recognition, 348-350, 349/ 
sinus node 

heart beat initiation, 352, 353/ 

SN development, 353-354, 354/ 355/ 356/ 
ventricular conduction network, 359-361, 
362/ 363/ 

Fungal endocarditis, 1364 
Furosemide, 1675-1676 
DCM, 1243 
drugs and, 1243 

pediatric acquired heart disease, 1571 


G 

G proteins, extracellular matrix, 54 
Gadolinium delayed contrast MRA, fibromas, 
1555 

Gadolinium-enhanced 3-D MRA 
aortic segments and, 233, 234/ 
aortopulmonary collateral vessels, 236, 237/ 
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Gadolinium-enhanced ( Continued ) 
left pulmonary artery sling, 234, 234 / 
maximal intensity projection, 229, 230/ 

PDA and, 230 

pulmonary venous anomaly, 236, 236/ 
scimitar syndrome, 217/ 
secundum ASDs and, 229 
severe aortic coarctation, 231, 232/ 

TOF and, 236, 237/ 

Gap junctions, 366 

cell-cell interactions, 60-61 
Gas exchange 

fetal circulation, 72 

Gastroesophageal reflux, chest pain, 1510 
Gastrointestinal system, 479 
chest pain, 1510 

postnatal peripheral circulation, 80 
GATA4 transcription factor, 563, 571, 635-636 
Gender 

cardiomyopathies and, 1267 
ECG and, 387-388 
Gene expression, DCM and, 1236 
Gene mapping 

22qll.2 deletion syndrome, 627-628 
General anesthesia 
CMR and, 208, 210 

electrophysiologic studies, intracardiac tech- 
nique, 401-402 

Generic, disease-specific measurement, HRQOL, 
1610, 1612, 1613?, 1614/ 

Genetic(s). See also Molecular genetics 
abnormalities 
CNS, 1579 

congenital heart defects, 1579 
CHDs, 617-639 
dyslipidemia, 1521-1523 
evaluation, and counseling, 636-638 
HCM and, 1224-1226 
mutation, peripheral pulmonary arterial 
stenosis and, 928 
myxomas, 1557 
PA-VSD and, 959 

polymorphisms, cardiac surgery and, 1581 
restrictive cardiomyopathies, 1267-1268 
syndromes, 1579 
HLHS and, 1061 

mutations in single genes, 630-634 
testing, 617-618 

pregnancy termination and, 651 
Genetic cardiomyopathy, 1239 
Genetic heterogeneity, 624?, 630 
Gentamicin 

gram-negative bacterial endocarditis, 1373 
streptococcal endocarditis, 1372 
Gestation 

congenital heart disease, 664 
HLHS and, 1062 
human, mouse embryo v., 561 
postnatal peripheral circulation, 78 
venous channels, 842/, 843 
Giant cell myocarditis, 1255 
Gianturco coils, 291, 325, 328 

abnormal vascular communications, 328 
Gianturco-Grifka vascular occlusion device 
(GGVOD) 
canine model, 292 
Glenn shunt, 18 

tricuspid atresia, 883, 884/ 
umventricular atrioventricular connection, 
1191, 1193 

Global risk assessment, pregnancy, maternal/fetal 
risk, 1496-1497, 1497? 

Glomerular filtration, neonates and, 78-79 
Glomerular filtration rate (GFR), 479 
Glycemic control, 520, 522 
Gorlin formula, aortic valve areas, 272, 272 ? 
Gorlin method, congenital aortic stenosis, 1030 
Gower sign, DMD and, 1279 
Gradient echo MRI 

central pulmonary arteries, 235 
Gram negative organisms, IE and, 1364 
Gram positive cocci, IE and, 1364, 1364? 
Gram-negative bacterial endocarditis, 1373 
Gram-negative organisms, IE and, 1364, 1364t 
Great arteries, 41-42, 42/, 1211 
position of, 43, 44/, 45/ 


Great artery connections, segmental approach, 

1202, 1202/ 

Great veins, 6-7 

pulmonary atresia and intact ventricular 
septum, 940-941 
Great vessel(s) 

echocardiography, 151-152 
injury, 555 

relationship of, echocardiography, 151-152 
Group A streptococcus (GAS) 
pharyngitis, 1303 

migratory polyarthritis, 1310 
RF and, 1303 

Growth and development, toddlers and pre- 
schoolers, 83 
Growth parameters, 86 
Gunshot wounds, 556 


H 

HACEK group, IE and, 1364, 1364? 

Hamartomas, 1552 

Hand2 

expression, 563, 565 
SHF transcriptional regulation, 563 
Handl, SHF transcriptional regulation, 563 
Haploinsufficiency of short stature homeobox 
(SHOX), Turner syndrome, 626 
Harmonic phase imaging (HARP), 221 
Haycock formula, 172 
Health status and functional status 

pediatric heart disease population, HROOL, 
1614 

Healthcare Cost and Utilization Project (HCUP), 
1634 

Healthcare Failure Modes and Effects Analysis 
(HFMEA), 1624 
Health-related QOL (HRQOL) 

congenital heart disease (CHD), 1608 
generic, disease-specific measurement, 

1610, 1612, 1613? 

health status and functional status, 1614 
instrument availability, 1613/ 10610 
instrument selection, 1610, 1611f, 1612? 
instrument validation, 1610, 1613/ 
neurodevelopmental predictors, 1617-1618 
pediatric heart disease population, 
1609-1610 

psychosocial predictors, 1618 
specific heart disease subgroups, 

1616-1617 

Heart. See also Fetal heart 

anomalous connection and, 809 

blunt cardiac injury, 552 

cell types, 52, 53/ 

cellular constituents, 52, 53/ 

contraction, 57 

imaging planes, 140, 140/ 

intrapericardial teratomas, 1550?, 1558-1559 

mammalian development, 562, 562/ 

muscular dystrophy and, 1277-1278 

normal, 1195, 1196/ 

position, 33-34 

pulmonary veins development and, 809, 810/ 

sarcoplasmic reticulum, 57 

segments of, 1196 

size and position, 1-2, 2/ 

weight, 1 

Heart beat initiation, 352, 353/ 

Heart block, ccTGA and, 1150 
Heart center, safety and quality, 1622-1634 
blame culture, 1624 
bundles and checklists, 1628-1629 
chest bleeding, 1622-1623 
criminal negligence to blameless error, 1625, 
1626/ 

culture, 1633-1634 

data drive change, 1629-1632, 1629/ 1630/ 
1631/ 

double check process, 1626, 1627/ 

ECMO, 1622 

essential ingredient, 1633-1634 
high reliability, 1632-1633 
individual failures, 1624-1625, 1625/ 
just culture, 1624-1625, 1626/ 
key driver diagram, 1627, 1627/ 


RCA, 1623-1624, 1623/ 

SAQ, 1634 

SMART aims, 1626-1627, 1627/ 

Swiss Cheese phenomenon, 1622 
model, 1624, 1625/ 
team improvement, 1625-1626 
Heart defects 

decreased pulmonary blood flow, 1410-1412 
with increased pulmonary blood flow, 
1401-1408 

increased pulmonary venous pressure, 
1408-1410 
Heart disease 
adults and, 561 

antepartum issues, 1495?, 1502 
identification, 1568 
Heart failure 
children, 1568 

atrial natriuretic peptide (ANP), 1567 
B-type natriuretic peptide (BNP), 1567 
C-type natriuretic peptide (CNP), 1567 
D-type natriuretic peptide (DNP), 1567 
Ebstein’s anomaly, 893 
HCM, 1224 

medical management, 1320 
PA-VSD and, 965 

during pregnancy, management, 1052-1053 
TGA and, 1112 

Heart fields, morphogenesis of, 561-562 
Heart murmurs 

classification of, 89-91 
HCM, 1224 
intensity of, 89 
neonatal period and, 83 
timing of, 89, 89/ 
tricuspid atresia, 879 

Heart opacification, contrast agents and, 164 
Heart pacemaking, 362-363, 365/ 

Heart rate (HR), 85 

ECG and, 128-129, 375 
exercise, 121-122, 121/ 122/ 

Heart sounds, 88 
DMD and, 1279 
intrapericardial teratomas, 1558 
truncus arteriosus, 993 
Heart surgery 

neurodevelopmental morbidities and, in 
children, 1579-1585 

Heart transplantation, 908. See also National 
Organ Transplant Act 

acquired heart disease, childhood/adolescence, 
1571 

DCM and, 1244 
exercise and, 108-109 
HLHS, 1086, 1584 
pediatric, morbidity, 1384 
RCM and, 1275 

univentricular atrioventricular connection, 1193 
Heart tube 

extracellular matrix and, 561 
formation, SHF cells, 568 
outer curvature, 565 
rightward looping, 562 

Heart valves. See also specific i.e. Mitral valves 
injury, 555 

Heath-Edwards classification 

of pulmonary vascular changes, 1402/ 
HELEX septal occluder, 291, 321, 322 
Hemangiomas, 794-796, 1559 
incidence, 1550, 1550? 

Hematocrit 

cardiopulmonary bypass, 532 
cerebral blood flow, postnatal peripheral 
circulation, 78 
CNS and, 1581 

Hematologic disorders, 1590-1603 
Hematology 

principles of, 1589-1590 
Hemiazygos veins, normal development, 

843-844, 845/ 

Hemiparesis, TGA and, 1113 
Hemodynamic data, cardiac catheterization and, 
262, 262/ 

Hemoglobinopathy, 1420-1421 

pulmonary arterial hypertension, 1445-1446, 
1446/ 
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Hemolysis, 1591 
Hemopericardium, 556, 557 
Hemostasis, 1589-1590 
disorders of, bleeding 

acquired von Willebrand Disease, 1594 
activated clotting time (ACT), 1593 
fibrinogen, 1593 
hemostatic testing, 1593 
platelet count, 1593 
platelet disorders, 1594-1595 
platelet mapping assay, 1593-1594 
thromboelastography (TEG), 1593 
Heparin 

electrophysiologic studies, intracardiac tech- 
nique, 404—405 
labor and delivery, 1504 
pregnancy and, 1503 
Heparin binding (HB)-EGF, 570 
Heparin-induced thrombocytopenia, 1594-1595 
Hepatic circulations 

normal development, 844 / 
postnatal peripheral circulation, 80 
Hepatic venous access, cardiac catheterization 
and, 260-261 

Hepatopulmonary syndrome, 164, 1444-1445 
Heterodimeric dystroglycan, 60 
Heterotaxy, 624?, 634, 1195 
interrupted IVC and, 855, 8 55/ 

High frequency ultrasound 
animal studies, 167 
intracardiac echocardiography, 162 
High reliability, heart center, safety and quality 
human factors, 1632-1633 
systems thinking, 1632 
High reliability organizations (HROs), 1633 
High-altitude pulmonary edema (HAPE), 1434 
High-density lipoprotein (HDL), 1514 
cardiovascular disease, 1520 
Higher end-inspiratory lung volume (higher 
LV-EDV), 127 

High-torque wires, balloon valvuloplasty, 920 
High-voltage electrical injury, lightning-related 
injury v., 557-558, 558? 

His bundle electrogram (HBE), 406 
HIV (Human immunodeficiency virus) 
apoptosis and, 1247 
infantile cardiomyopathy and, 84 
HLA alloantibodies, pediatric heart transplanta- 
tion, 1384 

Holmes heart, 1181/ 

Holter monitor 

muscular dystrophies, 1278 
RCM, 1275 
Holt-Oram syndrome 
CHDs, 622?, 631 
TBX5 and, 571 

Homozygous familial hypercholesterolemia, 
1521 
MRI, 1516 

Hormonal milieu, cardiac surgery and, 1582 
Hosmer-Lemeshow’s goodness of fit, cardiac 
catheterization in children, 284, 410 
Hospital length of stay, neurodevelopmental 
outcome and, 1582 

Host immune response, RF and, 1305, 1306 
Host susceptibility, CNS and, 1581-1582 
24-hour ambulatory electrocardiography, 374 
Howell-Jolly bodies, abdominal situs and, 36 
Human embryonic life developmental stages, 
351? 

Human factors, heart center, safety and quality, 
1632-1633 

Human Genome Project, disease genes and, 618 
Human immunodeficiency virus (HIV) 
pericardial effusions, 1355, 1355? 
pulmonary arterial hypertension, 1445 
Humanitarian device exemption (HDE), tran- 
scatheter devices, 288 
Hunter and Hurler diseases, 1228 
Hybrid cardiac catheterization, 336-342, 
336/-342/ 

Hybrid stage II procedure, 338, 338/ 
Hydantoin, pregnancy and, 1502 
Hydrogen protons (1H), MRI and, 207 
Hydrops fetalis 

fetal heart and, 645/ 


fetal tachycardia, 662 
Hypercyanotic episode 

cardiac catheterization, 286 
Hypereosinophilic syndrome/Loffler endocarditis, 
1269 
Hyperkalemia 

T-waves and, 385 

Hypersensitive Xiphoid syndrome, 1510 
Hypertension, 1527-1543 
in adolescents 

classification of, 1534, 1534? 
clinical evaluation, 1535? 
in children 

antihypertensive drugs, 1542? 
classification of, 1534, 1534? 
clinical evaluation, 1535? 
etiology, 1535 

measurement in children, 1532, 1534 
pharmacologic treatment, 1539-1540, 1542 
treatment, 1536-1542 

Hypertensive right ventricle, angiocardiography, 
948, 950/-952/ 

Hyperthermia 

congenital heart defects and, 599 
Hypertriglyceridemia of uremia, 1522 
Hypertrophic cardiomyopathy (HCM), 1217-1232 
athletes heart u, 1227, 1227/ 
athletic screening and, 97 
children with, SCD risk, 1228-1229, 1229/ 
1230/ 

clinical features, 1226-1227 
definition and nomenclature, 1217 
exercise and SCD, 112 
families, clinical screening strategies, 1226, 
1226? 

histopathology, 1218-1222 
in infants, diabetic mothers, 477-478 
medical management, 1229-1230 
algorithm for, 1229, 1231/ 
morphology, 1218-1222 
pathophysiology, 1222-1224 
phenotype, 1218, 1222/ 
preparticipation screening for, 1227-1228 
prevalence, 1217-1218 
pulmonary stenosis and, 920 
SCD, in youth, 389, 390/ 
surgery and alternatives, 1231-1232 
troponin I mutations, 1267 
TTE and, 1383? 
wall motion abnormalities, 159 
Hyperuricemia, cyanotic adult, 1487 
Hypnotic drugs, 1078 

Hypoalbuminemia, protein-losing enteropathy 
and, HLHS, 1085 

Hypocarbia, pulmonary atresia and intact ven- 
tricular septum, 945, 945? 

Hypokalemia, 385 
Hypoplasia 

of arch, tr uncus arteriosus, 991 
of main pulmonary artery, arterial switch 
operation, 1135 

mitral valve, 1006-1007, 1006/ 1007/ 
of right ventricle, 1180/ 1181 
tricuspid valve annulus, 150 
Hypoplastic left heart syndrome (HLHS), 305, 
336-339, 337/ 570, 1061-1089 
anatomy and, 1063-1064 
coarctation of aorta, 1045 
epidemiology and genetics, 1061 
family studies of, 621 
fetal development, 1061-1062 
fetus, 646 
HRQOL, 1617 
hybrid stage I, 337/ 338 
MRI, 239/ 

neonate, preoperative preparation, 1072-1074 
in PCICU, 510-511, 510/ 511/ 
pediatric heart transplantation, 1386 
postoperative management, 1080 
presentation and diagnosis, 1064-1067 
single ventricle, 1583-1584 
spectrum of, 1063 

stage 2 palliation, interstage management, 
1080-1082 

stage 1 palliation, postoperative management, 
1080 


venous oximetry, 486 

with ventricular septal defect, forms of, 1064 
Hypoplastic left ventricle, 1179/ 

Hypoplastic right heart syndrome, persistent 
valves of sinus venosus, 860 
Hypoplastic tripartite right ventricle with pulmo- 
nary atresia, 954/ 

Hypoplastic ventricle, 41 
Hypothermia 

cardiopulmonary bypass, 532-533 
HLHS and, 1076 

Hypothermic circulatory arrest (DHCA), 1077 
in infants, CPB and, 531, 532 
Hypothyroidism 
PCICU, 522 

pericardial effusion, 1356 
triglycerides and, 1522 
Hypotonia, Down syndrome, 625 
Hypovolemia, cardiac tamponade, 556 
Hypovolemic-septic shock, stress response, 1068 
Hypoxemia 

late Fontan and, HLHS, 1085 
TGA and, 1112 

univentricular atrioventricular connection, 
1185 

Hypoxia 

pulmonary atresia and intact ventricular 
septum, 945, 947 
pulmonary vasoconstriction, 1412 
Hypoxia-induced pulmonary vascular disease, 
1412 

Hypoxic patient, HLHS and, 1018, 1073 
Hypoxic pulmonary vasoconstriction, fetal heart 
and, 72 

I 

ICD device (Implantable cardioverter- 
defibrillator), 466, 468, 1574 
indications for, 468? 

ventricular tachycardia, pregnancy and, 1503 
Idiopathic chest pam, 1509 
Idiopathic dilation of main pulmonary artery, 
valvar pulmonary stenosis v. t 920 
Idiopathic pulmonary arterial hypertension 
(IPAH) 

congenital heart disease, 1441 
connective tissue disease, 1440-1441 
eisenmenger syndrome, 1443-1444, 1445/ 
heritable-familial pulmonary, 1439-1440, 1441/ 
operability, 1442-1443, 1442/ 1443/ 1444/ 
Idiopathic pulmonary hypertension, 1426-1429 
Illicit drugs, cardiac diseases and, 84 
Image artifacts, CMR and, 212, 212? 

Imaging. See also specific i.e. MRI 
anomalous left coronary artery from 
pulmonary artery, 751 
atherosclerosis, 1514, 1515 
DMD and, 1280, 1280/ 
double aortic arch, 779, 782 
fetal risks and, 1502 
LSVC and, 846-847, 847/ 
muscular dystrophies, 1278 
pulmonary arteriovenous malformations, 793 
systemic arterial alformations, 790, 791/ 
Imatinib, novel therapy of PAH, 1455 
Immune system 

pediatric heart transplantation, 1395 
RF and, 1305 

Immune thrombocytopenia, 1595 
Immunosuppression 

pediatric heart transplantation, 1395 
Immunosuppressive agents 
myocarditis, 1263 
Impedance cardiography, 131 
Imperforate valve, cardiac catheterization and, 
947/ 

Implantable axial-flow device, 540 
Implantable loop recorder, tachyarrhythmia, 444 
Implanted metallic objects, CMR and, 211-212 
In situ hybridization, myocarditis, 1253 
Inability to wean, pediatric ECMO, 535 
Incomplete” Right bundle branch block, QRS 
complex, 378-379 

Incremental cycle ergometer protocol, 128 
Indeterminate atrial morphology, 39 
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Individual approach, diet and, dyslipidemia in 
children, 1524-1525, 1525? 

Induced pulmonary insufficiency, 924-925 
pulmonary valve replacement for, 924-925 
Inducible nitric oxide synthase (iNOS), myocar- 
ditis, 1259 

Infantile aortic stenosis, symptoms, 1026 
Infantile cardiomyopathy, HIV and, 84 
Infantile hemangiomas (IHs), 864, 865? 
angiography, 866, 869/ 

MRI of, 866, 868/ 
ultrasonography of, 866, 867/ 
vascular anomalies, 865, 865/ 

Infants. See also Preterm infant 
atrial septal defects 
clinical features 
physiology of 
blood cysts, 10 

blood pressure measurements, conditions for, 
1535? 

cardiac examination, isolated valvar pulmo- 
nary stenosis, 916 
ccTGA and, 1149 
cervical aortic arch, 778 
CMR, 210,211/ 
coarctation of aorta, 1045, 1049 
drug disposition in, developmental changes, 
1664/ 

florid tricuspid regurgitation, 939 
intrapericardial teratomas, 1558 
isolated valvar pulmonary stenosis, 914 
LV hypertrophy, 729 
patient history, 82-83 
preterm 

physiology, 473-480 
pulmonary flow murmur, 92 
QRS complex, 386 
rhabdomyoma and, 1552 
right ventricular hypoplasia, pulmonary atre- 
sia and intact ventricular septum, 949 
Toronto transseptal catheter, 297 
treatment of PDA, 738-739, 738/ 
truncus arteriosus, 993, 996-997, 998/ 
Infarction, CHD and, 1580 
Infection 

chest pain, 1511 
neurologic morbidity, 1582 
Infectious agents, myocarditis, childhood/adoles- 
cence, 1567 

Infectious diseases, pediatric heart transplanta- 
tion, 1392 

Infective endocarditis (IE), 1363-1375 
antimicrobial therapy 

general principles of, 1369-1371 
clinical features, 1366-1367 

laboratory features and, 1366, 1366t 
diagnostic criteria, 1368 
echocardiography 

surgical intervention, 1368 
epidemiology, 1363 
laboratory features and, 1367— 1368 
micro-organisms, 1363-1364, 1364? 
mitral valve vegetations, 1369/ 
modified Duke criteria, 1368 
pathogenesis, 1364-1366, 1364? 
prophylaxis, 1374-1375, 1375? 

Inferior vena cava (Inferior caval vein), 7, 38 
anomalies of, 855-858 
drainage to left atrium, 856-858, 857/ 
echocardiogram and, 146/ 147 
normal development, 841-843, 844/ 845, 
846/ 

obstruction, atrial switch repair, 1123, 1124, 
1127/ 1128/ 
return, fetus and, 70, 71/ 
sinus venosus defects, subcostal sagittal view, 
146/ 147 

Infiltrative myopathies, 1228, 1269 
Inflammatory response 

cardiopulmonary bypass, 532 
HLHS and, 1067, 1068 
Inhaled nitric oxide, 496-497 
Inhibitors of cholesterol absorption, 1527 
In-hospital cardiac arrest, pediatric ECMO, 
535-536 

Injection drug users, IE and, 1364, 1364? 


Injury. See also Coronary artery; Electrical injury; 
Myocardial injury 
heart valves, 555 
intra-abdominal injury, 556 
lightning, 557-558 
Innocent murmurs, 91-92 
Innominate artery compression of trachea, 
787-788, 788/ 

Inotropes, 492?, 493^194, 

HLHS and, 1073 
myocarditis, 1262 
Inoue balloon, 303, 304/ 

Inspired gases, HLHS and, 1073 
Instrument availability, HRQOL, 1613/ 10610 
Instrument selection, HRQOL, 1610, 1611?, 
1612? 

Instrument validation, HRQOL, 1610, 1613/ 
1613? 

Insulin-dependent diabetes, PA-VSD and, 959 
Intact ventricular septum (IVS), and pulmonary 
atresia and, 939-956 
Integrins, extracellular matrix, 59 
Intelligence quota (IQ) scores, 1582 
CHD repair, 1582 
d-TGA outcome and, 1583 
heart surgery in children and, 1579 
HLHS, 1583 
TOP and, 1583 

Inter arterial communication, 813 
Interatrial septum, pulmonary venous drainage 
and, 826 

Intercalated discs, cell-cell interactions, 60 
Interferon, myocarditis, 1263 
Intermediate AVSD, 691 
Intermediate filament, myocyte and, 64 
Internal jugular vein, approaches to, cardiac 
catheterization and, 260 

Internal mammary artery bypass grafting, supra- 
valvular aortic stenosis, 1039 
Interrupted aortic arch, 783-786 
complete TGA and, 1106 
diagnosis and management, 784-786 
DiGeorge syndrome, 991 
embryology, 784 
types, 785 

Interrupted aortic arch type B, 22qll deletion 
syndrome, 627 

Interrupted inferior vena cava (Interrupted IVC), 
148/ 855, 855/ 

Interstage death, risk factors, HLHS, 1080 
Interstage monitoring program, HLHS, 
1080-1081 

Interstitial edema, fetal heart and, 649 
Interventional armamentarium, 289-294 
Interventricular conduction delay, cardiac resyn- 
chronization therapy, 1574 
Interventricular dyssynchrony 
echocardiography, 198, 198/ 

Intestinal circulation, feeding and, postnatal 
peripheral circulation and, 80 
Intestinal obstruction, anomalous termination 
of umbilical veins, and absent ductus 
venosus, 859 

Intra-abdominal injury, penetrating injury, 556 
Intra-aortic balloon pump (IABP) 
children and, 537 
circulation support and, 537 
pediatric circulation support and, 

537-538 

Intra-atrial baffle repair, 1126/ 

Intra-atrial communications, 294-297 
intraatrial reentrant tachycardia (IART), 430, 
451-452, 452/ 

Intracardiac echocardiography (ICE), 

transcatheter closure of atrial septal 
defects, 290 

Intracardiac echocardiography, ASD, 681 
Intracardiac electrograms 

display and recording, 405, 419 
Intracardiac electrophysiologic study, pacing 
protocols, 410? 

Intracardiac shunt 

contrast agents and, 1 64 
derived hemodynamic variables and, 266 
qualitative assessment of, 270-271 
quantitative assessment of, 269-270 


Intracardiac techniques 

comparison of, 416-417, 417? 
electrophysiologic studies, 405, 416-417 
Intracardiac teratomas, 1558 
Intracardiac tumors, pulmonary stenosis and, 920 
Intracellular calcium signaling, calsequestrin, 62 
Intramural coronary arteries, abnormal, HCM 
and, 1218, 1219 

Intrapericardial bronchogenic cysts, 1558 
Intrapericardial teratomas, 1550?, 1558-1559 
incidence, 1550, 1550? 

Intrapulmonary shunts, microbubbles in heart 
and, 164 

Intrauterine antitachyarrhythmic therapy, 
664-666 

Intrauterine devices, CHD and, 1504 
Intrauterine fetal demise 

congenital heart disease and, 657, 661? 
Intravenous agents 

intracardiac study and, 407 
Intravenous contrast injection, CT, 248 
Intraventricular dyssynchrony 
deformation imaging, 199, 200/ 
mechanical dyssynchrony in children, 199-200 
M-mode, 198 

three-dimensional echocardiography, 199, 

200 / 

tissue doppler imaging, 198-199 
Intrinsic regulation, E-C coupling 

cardiac force-frequency relationship, 63 
Frank-Starling relationship, 63 
sympathetic innervation, 63-64 
thyroid hormone, 64 
Ionizing radiation 

children, CT protocols, 247 
CT v. MRI, 247 
Isolated dextrocardia 

with AV and ventriculoarterial discordance 
and left anterior aorta-corrected TGA, 
1202-1203, 1204/ 1205/ 
with AV concordance and normally related 
great arteries, 1202 
Isolated tricuspid stenosis, 885 
Isolated valvular pulmonary stenosis, 

913-920 

differential diagnosis, 920 
embryology and pathology, 913, 914/ 
manifestations of, 914-920, 915/ 
physiology, 914, 915/ 

Isomerism, 34 
Isometric exercise, 118 
blood pressure, 124 
coarctation of aorta, 102 
HDL and, 1519 

ventricular septal defects and, 99 
Isoproterenol, 492?, 494, 1673?, 1674-1675 
DCM, 1243 

intracardiac study and, 407 
myocardial contractility, 1224 
Isotonic exercise, 118 

blood pressure, 123, 124 
oxygen consumption and, 93 
Isotropic 3-dimensional steady-state free 
precession MRI, 215, 216/ 

Ivemark syndrome, 1196 


J 

Jacobsen syndrome, 1023 
JAG1 gene mutation 
tetralogy of Fallot, 636 
Jagged 1, AJagiJJe syndrome, 630-631 
James protocol, cycle testing , 128, 128t 
Judkins right coronary guide catheters, 319 
Jugular venous approach. Fenestrations and, 322 
Jugular venous pulsations, isolated valvar 
pulmonary stenosis, 916, 916/ 
Junctional ectopic tachycardia (JET), 430-431, 
449-450, 450/ 

Juxtaposition of the atrial appendages, tricuspid 
atresia, 877 


K 

K* channels, cardiac action potential, 55, 55/ 
Kabuki syndrome, 633 
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Kaplan-Meier survival curve, 1440 / 

ES, 1473-1474, 1474/ 
programmed stimulation, 1478 
Kaposiform hemangioendotheliomas (KHEs), 864 
Kartagener syndrome, 634 
Karyotype, 617 

Karyotypic abnormalities, CHD and, 651 
Kawasaki disease (KD), 1240, 1377 
activities of daily living, 111 
aneurysm (s), 110 
Bethesda conference report. 111 
cardiac MRI, 226 
exercise and SCD, 110-111 
MDE and, 228 / 
myocardial infarction, 385 
pericarditis, 1356 
TTE and, 1382 
Kearns-Sayre syndrome, 1228 
Kidney, neonates and, 78-79 
Knott-Craig Approach, Ebstein’s anomaly, 
897-898, 901/ 

Konno procedure, subvalvular aortic stenosis, 1038 
Korotkoff sounds, 85, 1535 
KRAS mutations, Noonan syndrome, 633 
Kuhne classification system, tricuspid atresia, 877 
Kussmaul’s sign, 1351 

L 

Labor and delivery 
CHD and, 1494 
management issues, 1504 
Laid-back aortogram, 1118, 1118/, 1119/ 

Large collateral arteries, truncus arteriosus u, 996 
Large ductus arteriosus, persistent patency in, 
infants, children, and adults, 729-730 
Late diastolic murmurs, 89/, 91 
Late systolic murmurs, 89/, 90 
Lateral resolution, 136, 136/ 

Lateral thoracotomies, PA-VSD and, 966, 967/ 
Late-stage ventricular failure, arterial switch for, 
d-TGA, 1485 

Latex allergy, cardiac catheterization, 286 
LCOS. See Low cardiac output syndrome 
LDL. See Low-density lipoprotein 
Leaflets 

atrioventricular valves, 11, 11/ 
isolated valvar pulmonary stenosis, 913 
thickening, chronic rheumatic heart disease, 
1316 

valvular aortic stenosis and, 1024 
Lecompte maneuver, 1141 
Left anterior descending coronary artery from 
pulmonary artery, 752 

Left anterior Hemiblock, QRS complex, 260, 
379-380 

Left aortic arch, 758 

with cervical origin of right subclavian artery, 
765-766, 765/ 

with isolated subclavian artery, 765 
normal, 760, 761/ 
and variants, 760 

with retroesophageal diverticulum of 
Kommerell, 763, 763/ 
with right descending aorta and right ductus 
diagnosis and management, 764-765 
embryology, 764-765, 764/ 
with right descending aorta and right ductus, 
764-765, 764/ 

Left atrial appendage, 146, 147/ 

Left atrial dilation, 9 

Left atrial drainage of right superior vena cava, 
850-851, 851/ 

Left atrial free wall, 9 

Left atrial (LA) pressure, 723 

Left atrial septal structure, 146, 147/ 

Left atrioventricular (AV) valve, 40 
ccTGA and, 1151 
Left atrium, 9, 39 

microscopic anatomy, 827 
pulmonary atresia and intact ventricular 
septum, 941 

Left bundle branch block (LBBB), QRS complex, 
379, 379/ 

Left circumflex coronary artery from pulmonary 
artery, 752 


Left coronary artery, 731 
Left heart 

cardiopulmonary interactions and, 548 
catheterization, 265, 265/ 
desaturation, oxygen and, 271 
hemodynamics, right heart hemodynamics v., 
546, 547/ 

pulmonary arterial hypertension, 1447 
waveforms, left heart catheterization, 

265, 265/ 

Left innominate vein (LIV), left pulmonary 
veins, 817 

Left posterior Hemiblock, QRS complex, 380 
Left pulmonary artery sling, spin echo and, 234 
Left pulmonary veins (LPVs) 
to inferior vena cava, 817 
to left innominate vein, 817-818 
PAP VC, 817/ 

Left subclavian flap aortoplasty, coarctation 
repair, 1057 

Left superior vena cava (LSVC), 846 
venogram of, 849 
view, 146, 148/ 

Left ventricle (LV), 14-15, 15/, 41, 150-151 
diastolic function 

pseudonormal diastolic dysfunction, 
194-195 

restrictive physiology, 195-196 
stage I diastolic dysfunction, 194, 194/ 195/ 
echocardiography 

2-D and 3-D techniques, 172-174, 173/ 
174/ 

left ventricular mass, 174 
M-mode measurements, 172, 173/ 
three-dimensional echocardiography, 

174, 174/ 

two-dimensional measurement, 172, 173/ 
effects on RV, 549, 549/ 
free wall, 147, 147/ 

hypertrophy and, 1218 
mass, 1382 

Devereux method of calculation, 1536 
preparation, TGA with low left ventricular 
pressure, 1138-1139 
pressure tracings, 1026/ 
pulmonary atresia and intact ventricular 
septum, 941 

tetralogy of fallot, 983-984 
Left ventricle outflow-aortic complex, HLHS 
and, 1063 

Left ventricle with normally related great arteries 
(A-l single ventricle), 1180, 1181 / 

Left ventricular angiocardiography, pulmonary 
atresia and intact ventricular septum, 
948, 950/-952/ 

Left ventricular angiography, coarctation of 
aorta, 1051 

Left ventricular cavity hypoplasia, HLHS and, 
1063 

Left ventricular diastolic dysfunction, coarctation 
of aorta and, 1048 
Left ventricular function 

after primary arterial switch, indices of, 1139/ 
ASD, 686 

Left ventricular hypertrophy (LVH), 381-382, 
381/ 

age v. patient proportion, 1228, 1229/ 

HCM and, 1222 
morphology, 1218 
valvular aortic stenosis and, 1025 
Left Ventricular Hypoplasia, 708 
Left ventricular mass 
echocardiography, 174 
Left ventricular outflow tract (LVOT), 1106 
fetal cardiovascular system and, 646, 653/ 
stenosis, echocardiogram, 1114 
Left ventricular outflow tract obstruction 
(LVOTO), 1141-1142 
fetal intervention and, 1062-1063 
HCM, 1222-1224, 1223/ 

HLHS, 1064 
maternal risk and, 1500 
TGA, 1097, 1099/ 1101, 1104/ 1141-1142 
Left ventricular outflow, valvular aortic stenosis, 
1036 

Left ventricular pressure-volume loop, 65 


Left ventricular subendocardial ischemia, valvu- 
lar aortic stenosis, 746, 1025 
Left ventricular wall segments, 220/ 

Left ventriculogram, 283, 283/ 

Left vertebral artery, separate origin of, 760, 

761/ 

Left-right asymmetry, cardiac looping, 565-567, 
566/ 

Left-sided lesions, 1467-1471, 1468-1471 
Left-sided obstructive defects, family studies of, 
621 

Left-sided obstructive lesions, 516 
aortic coarctation, 101-102 
aortic stenosis, 100 
bicuspid aortic valves, 101 
Left-to-right shunts 
in infancy 

bilateral superior venae cavae, with 
unroofed coronary sinus, 848 
lesions, 100-102, 1471-1474 
maternal risk and, 1497-1498 
PH, 1472 

quantitative assessment of, 269-270 
TGA and, 1106 

Leftward juxtaposition of atrial appendages, 

TGA and, 1106 
Leisure activity, 94-95 
Lentigines, myxomas, 1557, 1557/ 

LEOPARD syndrome, 622*, 633 
Leukemia, 1560 

Leukocytosis, acute IE and, 1368 
Levocardia, 145, 1195, 1207 

pulmonary atresia and intact ventricular 
septum, 939 

subcostal coronal views, 146/ 

Levonorgestrel, CHD and, 1504 
Levoposition, balloon atrial septostomy, 1116 
Levosimendan, 497-498, 1243 
Lidocaine, 457, 1681 

Lifestyle modification, hypertension and, 1536 
Lightning-related injury, 557-558 

high-voltage electrical injury v., 557-558, 

558* 

Limb reduction, 65 1 
Limb-Girdle muscular dystrophies, 

1285-1286 

Limbus of fossa ovalis, morphologic right atrium 
and, 39 

Linkage analyses, Holt-Oram syndrome, 631 
Lipid deposit, arterial wall, 1514 
Lipids, 1519-1521, 1519* 

distribution in children, 1521* 
normal levels, 1520 
physical activity, 1518 
Lipoproteins, 1519-1521, 1519* 
classes of, 1519 
distribution in children, 1521* 
normal levels, 1520 
physical activity and, 1518 
Lisinopril, 1243, 1678 
Lithium 

congenital heart defects and, 600-601 
pregnancy and, 1502 

Lithium dilution cardiac output (LiDCO), 488 
Liver 

abdominal situs ambiguus, 1195 
abdominal situs and, 36, 37/ 
child assessment and, 91 
interrupted IVC and, 855, 855/ 
mass, asplenia, 1195, 1197/ 
postnatal peripheral circulation, 80 
VLDL and, 1520 

L-loop, chirality and, 1200, 1201/ 

LMNA gene, 1277 

LMWH. See Low-molecular weight heparin 
Long QT syndrome (LQTS), autopsy-negative 
SUD, 391 

Long-axis view, ccTGA and, 1152/ 

Loop diuretics, 1675-1676 
Loop of Henle, drugs and, 1243 
Low birth weight (LBW) infants, 484, 523 
Low cardiac output syndrome (LCOS) 
clinical findings in, 489* 
prevention and management of, 489-498 
pulmonary atresia and intact ventricular 
septum, 948 


Index 


Low-density lipoprotein (LDL), 1514, 1520 
outpoints for, children and adolescents, 1525, 
1525? 

receptor mutations, 1521 
sequential steps in, 1520/* 

Lower body cyanosis 

infants and, heart disease and, 82-83 
Lower end-expiratory lung volume, 
exercise, 127 

Low-estrogen oral contraceptives, CHD and, 
1504 

Low-flow deep hypothermic bypass, 531 
Low-molecular weight heparin (LMWH) 

HLHS, 1080 
pregnancy and, 1503 

Lown-Ganong- Levine syndrome, 380-381 
Low-voltage QRS complexes, 383 
LPVs. See Left pulmonary veins 
LSVC. See Persistent left superior vena cava 
Lung(s) 
biopsy 

grades of, 1403-1404 
pulmonary arterial hypertension, 1439 
pulmonary vascular bed, 1402-1405, 
1405/ 

development, 474^175 

inflation, pulmonary vascular resistance and, 
546, 547/ 

microscopic anatomy, 827 
transplantation, stenosis of individual 
pulmonary veins, 836 
underdevelopment of, 1418 
Lung disease 

differentiate, heart failure, 1568 
obstructive, 1415 
Lutembacher syndrome, 674 
LVH. See Left ventricular hypertrophy 
LVOTO. See Left ventricular outflow tract 
obstruction 

Lymphatic malformations, 872-873 


M 

Macrophages, LDL and, 1520, 1520/ 

MADIT II trial, 1574 
Magnesium 

arrhythmias, 459 
imbalance, 385 
Mahaim fiber, 448 
Mahaim’s pathway, 380 
Mahaim-type reentry tachycardia, 358 
Main pulmonary artery 
echocardiography, 152 
obstruction, univentricular atrioventricular 
connection, 1185 
positions of, 42, 43, 44/ 

Major aortopulmonary collateral arteries 
(MAPCAs), PA-VSD and, 966 
Malaligned atrial septum, 699 
Malalignment, 48, 48/-50/ 

Malformation syndrome 
genetic syndromes, 623 
mutations in single gene, 630-634 
Malformed hearts 

aortic position of, 43 
history, 32 

Malignant myxomas, 1556 
Malignant pericardial tumors, metastases and, 
1560 

Malposition of septum primum, 815-816, 815/ 
imaging, 815/ 

PAPVD and, 815 

MAPCAs. See Multiple aortopulmonary col- 
laterals 

Marfan syndrome (FBN1), 618, 1470 
aortic regurgitation, 101 
childhood/adolescence, 1567 
CMR and, 233 

congenital aortic stenosis, 1033 
3-D flow vector mapping, 226, 226/ 
labor and delivery, 1504 
maternal risk and, 1500-1501 
pregnancy and, 1504 
Marfan syndrome (MFS) 

diagnosis, 799, 800?, 801, 801/ 802/ 

FBN1 mutations, 799 


therapy, 802, 803/ 
transforming growth factor beta, 799 
Marker catheter, calibration error and, 274 
Maternal diabetes 

congenital heart defects, 597 
fetus and newborn infant, 477 
PA-VSD and, 959 
truncus arteriosus, 990 
Maternal environmental exposure, teratogens 
and, cardiac defects, 84, 84? 

Maternal hypoxemia, 78 
Maternal mortality, CHD and, 1500 
Maternal phenylketonuria (PKU) 
congenital heart defects, 599 
PA-VSD and, 959 

Maternal risk, cardiac diseases, 1496 
Maternal-Fetal Medicine community, 657, 666 
Matrix array three-dimensional echocardiog- 
raphy, tumor volume analysis, 1550, 
1551/ 

Maturing AV conduction system, 364-367 
Max LD stents, 305/ 306, 306/ 315 
Maximal aerobic power, determinants of, 
119-121, 120/ 

Maximum oxygen uptake (V0 2 max) 
age in children v., 120/ 
in children, by ethnic group, 120 
Maximum ventilation volume (MW), exercise, 
126-127 

McFee system, 373 

MCSDs. See Mechanical circulatory support 
devices 

MDCT (Multidetector computed tomography) 
electrocardiograph gating and, 251, 251/ 
future directions, 255 
8 -MDCT scanner, 252/ 

64-MDCT scanner, 249/ 251 
Mean Aortic valve gradient, 272 
Mean modal velocity, 141 
Mechanical circulatory support devices 

(MCSDs). See also Pediatric circulatory 
support systems 
duration of support, 540 
HLHS and, 1079-1080 
infants and children, indications for, 535? 
long-term, for children, 538-543 
pediatrics, 530 
short term, 530-538 
Mechanical interventions, RF, 1325 
Mechanical stimulation, cardiac fibroblasts, 
52-53 

Mediastinal radiation, RCM and, 1269 
Mediastinum, 1-2, 2/ 

heart position in, 1-2, 33 
Medroxyprogesterone acetate, CHD and, 1504 
Medullary blood flow, 78, 79 
Mega LD stents, 312, 315/ 

Membranous septum, cardiac base and, 17 
Mendelian genes, syndromes due to, 634-636 
Mental health, CHD, 1584 
Mental retardation 

intelligence quotient, 1579 
Williams-Beuren syndrome (7qll deletion), 
628-629 

Mercurial agents, RCM and, 1269 
Mercury sphygmomanometer, 1535 
Mesenchyme cells, 567, 568 
Mesocardia, 1195, 1207, 1211 
Metabolic syndrome, 1518? 
cardiovascular disease, 1518 
obesity and, 1523 

Metallic implants, Fontan palliation, CMR and, 
241 

Methysergide, RCM and, 1269 
Metolazone, 1676 
Metoprolol, 1680 
HCM and, 1229 
heart failure and, 1573, 1574 
Mexiletine, 457, 1681 
MFS. See Marfan syndrome 
MI. See Myocardial ischemia 
Microbubble “cloud,” contrast echocardiogra- 
phy, 164 

Microcytic anemia, 1590 
MicroMed DeBakey VAD Child , 540 
Micro-organisms, IE, 1363-1364, 1364? 


MicroRNA (miRNA) regulation, cardiomyocyte 
differentiation, 564-565, 564/ 
Microtubules, myocyte and, 64 
Microwave, electrophysiologic therapeutic cath- 
eterization, 420 
Midazolam 

CMR and, 208 

electrophysiologic studies, intracardiac tech- 
nique, 403 

Middiastolic murmurs, 89/ 90-91 
Midline apex of heart, situs ambiguus, 33-34 
Migratory polyarthritis, GAS infection, 1309?, 
1310 

Mild valvar pulmonary stenosis, 920, 923 
Milrinone, 492?, 493-494, 1675 
DCM, 1242 
HLHS and, 1073 

pediatric heart transplantation, 1386, 
1388-138 9 

Mini Tyshak balloons, 300 
Minimum anesthetic concentration (MAC), stage 
1 palliation, HLHS and, 1075-1076 
Minute ventilation, ventilation measurements, 

131 

Minute volume, 132 
Miracle ICD trial, 1574 
Mirror-image dextrocardia, 145 
Mirror-image right arch, 766-767, 767/ 
diagnosis and management, 767 
embryology, 767 

Miscarriages, cardiac defect and, 625 
Mitochondrial DNA, Kearns-Sayre syndrome 
and, 1228 

Mitochondrial metabolism, 58 
Mitral annulus, 1004-1005, 1004/ 

Mitral annulus reversus, 1360 
Mitral arcade, 1008, 1009/ 

Mitral atresia, 41, 827 
Mitral regurgitation 
ASD, 686 
assessment of 

dominant pulsed Doppler E profile, 1015, 
1015/ 

left atrial and left ventricular size, 1014, 
1014/ 

pulmonary venous Doppler pattern, 1015, 
1015/ 

vena contracta size, 1013-1014 
congenital 

management and prognosis of, 1020 
Doppler assessment, 1015 
Mitral stenosis, 187-188, 187/ 
chronic rheumatic, 1322 
chronic rheumatic heart disease, 1268, 12 69/ 
1317, 1318/ 
heart murmurs, 90-91 
Mitral valve(s), 12, 39-40, 1148 
abnormalities, 1106 
approaching 

chronic rheumatic mitral stenosis, 1316 
cleft mitral valve, 1009-1010, 1009/ 1010/ 
in corrected transposition, 1010, 1012/ 
development, 1003 
dilation, 303, 304/ 
disease, coarctation repair, 1057 
Doppler spectral profile, 143/ 
double-orifice, 1010, 1011/ 
dysplasia and hypoplasia, 1006-1007, 1006/ 
1007/ 

Ebstein’s- like anomaly, 1010 
echocardiography, 150 
flow, Gorlin equation for, 272? 

HCM, 1218 

hemodynamic assessment of, 1013, 1014/ 
leaflets and supporting apparatus, 1005-1006, 
1005/ 

mitral arcade, 1008, 1009/ 
morphology and function, 1003 
parachute, 1010 

straddling of, 1010-1011, 1012/-1013/ 1013 
supravalve mitral stenosis, 1008, 1008/ 

TEE, 154, 156/ 

TGA and, 1098, 1098/ 
tricuspid valves u, 39-40 
Mitral valve Doppler spectral profile, peak veloc- 
ity trace, modal velocity trace v., 143/ 
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Mitral valve prolapse (MVP), 1474-1475 
clinical presentation of 

electrocardiography, 1017, 101 8/ 
hemodynamic evaluation, 1018 
magnetic resonance imaging, 1018 
physical findings of, 1017 
radiography, 1017-1018 
echocardiographic assessment, 150, 1016/) 
1017 
IE, 1365* 

management and prognosis of, 1020 
mitral annulus, 1015-1016, 101 6/ 

MMVP1 and MMVP2, 1017 
mural leaflet, 1017 
pediatric population, 1015 
valvar pulmonary stenosis v., 920 
Mitral valve replacement (MVR), 1019-1020 
Mitral valvular regurgitation (MVR) 
chronic rheumatic heart disease, 1316 
rheumatic carditis, 1311-1312, 1313 
MLC2. See Myosin light chain 
M-mode calculation, LV mass, 166/ 

M-mode echocardiography, 644 
congenital heart disease and, 134 
Moderate ductus arteriosus, persistent patency 
in, infants, children, and adults, 729 
Moderate pulmonary valve stenosis, course and 
prognosis, 924 

Modified Blalock-Thomas-Taussig shunt 

pulmonary angiography, 279-280, 282, 282 / 
Modified Fontan operation, 879, 880, 885 
Molecular diagnostics, myocarditis, 1253-1254 
Molecular genetics, 1061 

Molecular pathways regulating sinus node devel- 
opment, 354/ 

Monitoring 

CMR and, 208,210, 210/ 

Monoclonal antibodies, pediatric heart trans- 
plantation, 1389 
Monopril, DCM and, 1243 
Morphologic right atrium, limbus of fossa ovalis 
and, 39 

Morphologic tricuspid valve, lesions of, ccTGA 
and, 1148 

Mortality. See also Survival 

anomalous left coronary artery from pulmo- 
nary artery, 749-752 
cardiac catheterization, 285 
in children, 411 

cardiac transplantation, HLHS, 1086 
DCM and, 1235 
Fontan operation, HLHS, 1084 
HCM, 1223/ 1228 
HLHS and, 1062, 1063 
PA-VSD and, 966, 967/ 
penetrating cardiac wounds, 556 
TAPVC 

surgery for, 831 
tricuspid atresia, 885 
Mortality rate 

arterial switch operation, 1132 
ccTGA and, outcomes for, 1158 
coarctation of aorta, surgical repair, 1052 
Mosaicism, 625, 626 
Motion artifact, CMR and, 208, 210 
Motion Picture Expert Group method (MPEG) 
method, digital echocardiography, 
165-166 

Motor vehicle crash, blunt cardiac injury, 552 
Mouse 

echocardiography, 166, 166/ 
embryo, human gestation v., 561 
MPI. See Myocardial performance index 
MRA (Magnetic resonance angiogram) 

LSVC and, 847, 848/ 

peripheral pulmonary arterial stenosis, 931 

TAPVC, 829 

tr uncus arteriosus repair, 1000/ 

MRI (Magnetic resonance imaging). See also 
Cardiac MRI 

absent right superior vena cava, in vis- 
ceroatrial situs solitus, 850, 850/ 
anomalous muscle bundles, 927 
anomalous pulmonary venous connection, 
820-821 

aortic dilation, 802, 803/ 


atherosclerosis, 1516 
bicuspid aortic valve, 804 
cardiac tumors, 1551, 1552/ 
ccTGA and, 1154, 1154/ 1155/ 

CHD and, 1580 

coarctation of aorta, 1049-1050 
contraindications for, 212 
cor triatriatum, 836 
diastolic function, 222-223 
Duchenne muscular dystrophy, 1281, 1281/ 
Ebstein’s anomaly, 897, 899/ 900/ 
intrapericardial teratomas, 1559 
MDCT I/., 255 
mitral valve prolapse, 1018 
pericardial disease, 1353 
peripheral pulmonary arterial stenosis, 
930-932 

pulmonary arterial hypertension, 1436 
stenosis of individual pulmonary veins, 837 
TAPVC, 829 

techniques, 207-208, 209/-210/ 
truncus arteriosus, 966/ 996 
truncus arteriosus repair, 1000/ 

Turner syndrome, 626 
ventricular septal defects, 717 
Multi Track system, 303 

Multifenestrated atrial septum, Amplatzer cribri- 
form septal occluder and, 319, 322/ 
Multifocal atrial tachycardia, 449, 450* 

Multiple aortopulmonary collaterals (MAPCAs), 
516 

Multiple lentigines syndrome, pulmonary stenosis 
and, 920 

Multisystem organ dysfunction, HLHS and, 1080 
Multi-Track catheter, 300 
Mumps virus vaccine, 1264 

Murmurs. See also specific i.e. innocent murmurs 
coarctation of aorta, 1049 
isolated valvar pulmonary stenosis, 915 
myxomas, 1556 

peripheral pulmonary arterial stenosis, 935 
rheumatic carditis, 1311 
truncus arteriosus, 993 
Muscatine studies, 1520, 1528 
obesity in childhood, 1518 
Muscle bundles, left ventricle and, 14 
Muscle strain, chest pain and, 1510 
Muscular dystrophy 
assessment tools, 1278 
cardiomyopathy and, 1277 
with clinical cardiac disease, 1277-1278 
dystrophin and 
heart in, 1277-1285 

Muscular septal defects device closure, 323-325 
Mustard procedure, 1122, 112 5/ 1479 
baffle obstructions and, 1481 
banding, 1157-1158 
ccTGA and, 1157, 1157/ 
pulmonary venous atrial morphology, 1126/ 
Senning repair v. } 1122-1128 
superior vena caval pathway obstruction, 
1123, 1127/ 

TGA, 104, 1098, 1143 
tricuspid valve regurgitation, 1483 
MUSTT trial, 1574 
Mutations, disease-related, 618 
MVP. See Mitral valve prolapse 
Mycophenolate mofetil (MMF), pediatric heart 
transplantation, 1389 
Myocardial architecture 

electrophysiologic impulses and, 1218 
MRI and, 228, 228/ 

Myocardial bridges, 752-753 
Myocardial contraction 
interventions for, 1224 
mature heart and, 52 
systolic function and, 65 
Myocardial contusions, 553-554 
autopsy-proven, history of, 554 
complications, 554 
Myocardial dysfunction, 1567 
brain death, 1388 
childhood/adolescence, 1567 
heart rate and respiratory rate, 85 
isoproterenol, 494 
neonates and infants, 1565 


Myocardial fibrosis, valvular aortic stenosis and, 
1025 

Myocardial function, 62-63 
assessment, CMR, 219 
development of, 52-66, 649 
rhabdomyositis and, 1552 
Myocardial infarction 

CPK-MB isoenzyme, 55 7 
family history, 84 

HMG-CoA reductase inhibitors, 1527 
Kawasaki disease, 385 
myocardial viability, 227 
Myocardial injury 

biomarkers of, 1379-1380 
Myocardial ischemia (MI), 855, 1377-1383 
alternating electrical current, 557 
cardiac imaging and, stress testing and, 
1380-1383 
children and, 385 
CMR and, 226-227, 227/ 
differential diagnosis, 1377-1378 
dobutamine stress CMR, 226 
electrocardiogram (ECG), 1378-1379 
examination, 1379 
HCM and, 1224 
history, 1377 

pulmonary atresia and intact ventricular 
septum, 953 

small vessel disease, 1218 
stress testing, 1380-1383 
summary, 1383 
treatment, 1383 

Myocardial necrosis, lightning-related injury, 558 
Myocardial performance index (MPI), 178, 178/ 
Myocardial perfusion 

cardiac MRI and, 226-228 
contrast agents, 165 
stress echocardiogram, 158 
Myocardial strain, analysis of, 221, 222/ 223/ 
Myocardial stress, analysis of, 221, 222/ 223/ 
Myocardial structure, development and function 
of, 52-66 

Myocardial tagging, ventricular mechanics and, 

221,222/ 

Myocardial viability, CMR and, 227-228, 228/ 
Myocarditis, 385, 1247-1264 
CAMs, 1259 
causes of, 1247, 1248* 

noninfectious etiologic agents, 1247, 1249* 
nonviral, 1247, 1248* 
viral, 1247, 1248* 

clinical manifestations of, 1247-1248, 1249/ 

cytokines and, 1258-1259 

diagnostic tests, 1248-1254 

differential diagnosis, 1254 

ECMO and, 536 

etiology and epidemiology, 1247 

infectious agents, childhood/adolescence, 1567 

left ventricle and, 15 

pathology, gross and microscopic findings, 
1254-1255 

pathophysiology of, 1254, 1257/ 

PCICU, 523 

pediatric heart transplantation, 1390 
RF and, 1259, 1307 
risk factors, 1256 
treatment, 1221-1222, 1262-1264 
viral cause/effect relationship, 1261-1262 
Myocardium 

fetal sheep study, 649 
MRI and, 228, 229/ 
myocardial ischemia, 1378 
Myocellular hypertrophy, and death, DCM and, 
1235 

Myocytes (Cardiac muscle cells), 1218, 1221/ 
DCM and, 1235 
extracellular matrix, 58-61 
membrane systems, 54-58 
myocardial structure and, 54-58 
Myofilaments, calcium and, 63 
Myosin, 57-58 

Myosin heavy chain (MHC), 58 
mutations in, 571 
Myosin light chain (MLC), 58 
Myosin-binding protein C, 58 
HCM and, 1224 
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Myotonic muscular dystrophy, 1277, 1284 
Myxomas, 1550*, 1555-1557 
histology, 1 556/ 
incidence, 1550, 1550* 
two-dimensional echocardiogram, \557f 


N 

Na + /Ca 2 + exchanger (NCX1), 55 
Na + channels, cardiac action potential, 55, 55/ 
N-acetylprocainamide (NAPA), 456 
Nadolol, 457, 1229 
HCM and, 1229 

NAFAT. See Nonautomatic focal atrial 
tachycardia 

Nafcillin, Staphylococcal endocarditis, 1372 
Na + /K + -ATPase activity, ionic gradient, 54-55 
NAME syndromes, myxomas, 1557 
NAPA. See N-acetylprocainamide 
Narrow complex tachycardia, 444, 445* 

National Center for Patient Safety (NCPS), 1623 
National Cholesterol Education Program 
(NCEP), 1523, 1524 
bile acid binding agents and, 1526-1527 
National High Blood Pressure Education 
blood pressure values, 1529, 1535* 
hypertension, adolescents and children with, 
1538/" 

physical activity, 1539 
National Organ Transplant Act (NOTA), 

pediatric heart transplantation, 1384 
Native coarctation, angioplasty for, 1054, 1054/ 
Natural history 

pulmonary arteriovenous malformations, 793 
systemic arterial malformations, 791-792 
Natural killer cells, myocarditis, 1256 
Nausea 

amiodarone therapy, 458 
NBTE. See Nonbacterial thrombotic endocarditis 
NCEP. See National Cholesterol Education 
Program 

NCX1. See Na + /Ca 2 + exchanger 
Near-infrared spectroscopy (NIRS) 

brain and somatic tissue oxygenation, 486^487 
tissue oxygen status, 1071-1072, 1072 / 

NEC. See Necrotizing enterocolitis 
Neck, cervical aortic arch, 778 
embryology, 778, 779/ 

Neck veins, child inspection, 86 
Necropsy 

HCM and, 1218 

Necrotizing enterocolitis (NEC), 479 
Negative-pressure ventilation (NPV), effects of, 
548, 548/ 

Neisseria gonorrhoeae, IE and, 1364 
Neoaortic regurgitation, arterial switch operation 
and, 1136 
Neoaortic root 

dilation, 1136, 1136/ 
echocardiograph, 1135, 1135/, 1136/ 
Neonatal anatomic correction, TGA and, 1137/ 
Neonatal arterial switch repair, 1120-1120 
Neonatal atrial flutter, 450, 451/ 

Neonatal human hearts, 349/ 

Neonatal hyperbilirubinemia, fetal tachycardia, 
662 

Neonatal one-stage arterial repair, 1132 
Neonatal period 
DMD and, 1279 
murmurs and, 82-83 

risk during pregnancy, cardiac diseases and, 
1496, 1497* 

Neonate(s) 

balloon valvuloplasty, 920, 920/ 
pulmonary stenosis and, 921 
blood pressure, 1534 
congenital heart disease, 644-667 
fibromas, 1555 
great arteries, 18 

HLHS and, preoperative preparation, 
1072-1073 

hypertension etiology, 1535 
IE, 1367 

64-MDCT scanner, 254 
pulmonary valvuloplasty, 921 
pump flow rates, 531 


right ventricular-to-coronary artery 
connections, 946 

ventricular tachycardia in, 454, 454/ 

Nerve growth factor (NGF), E-C coupling, 63 
Nesiritide, 498, 1679 
Nester coils, 291 

Neural crest disruption, SHF development, 568 
Neuro fibromatosis, pulmonary 
stenosis and, 920 
Neuroblastoma, 1560 
Neurodevelopment(al) 
fetus, 656 

morbidities, after heart surgery, 1579-1585 
outcomes, HLHS, 1086-1088 
Neurodevelopmental predictors, HROOL, 
1617-1618 

Neuroendocrine cells, reactive pulmonary 
circulation, 1406 
Neurofibroma, 1550, 1550* 

Neurohormonal response, stage 1 palliation, 
HLHS and, 1075 

Neurologic morbidity, causes, 1582 
Neurorepellants, E-C coupling, 63 
New England Regional Infant Cardiac Program, 
pulmonary atresia and intact ventricular 
septum, 939 

New York Heart Association, functional 
classification, TOF and, 1477 
Newborn 

acute myocarditis, mortality, 1263 
atrial flutter, 450 

intrapericardial teratomas, 1558, 1559/ 
myocarditis and, clinical manifestations in, 
1247 

patient history, 82-83 
pulmonary atresia and intact ventricular 
septum, 945 

rhabdomyoma and, 1552 
thoracic ectopia, 1215/ 
tricuspid atresia, 878 
Newton-meter, 118 
NF1 mutations, 569 
Nicardipine, 497 

Nit-Occlud PDA occlusion system, 292, 292/ 
Nitric oxide, 1676-1677 

reactive pulmonary circulation, 1408 
Nitric oxide (NO) 
expression 

autoimmune myocarditis, 1258 
Nitric oxide-cGMP pathway (NO-cGMP) 
fetal heart and, 73, 73/ 
perinatal pulmonary circulation, 73, 73/ 
Nitroglycerin, 492*, 495, 1677 
Nitroprusside, 1677 
SVR and, 1078 

NKX2.5 gene, CHDs and, 635 
NO-cGMP. See Nitric oxide-cGMP pathway 
Nocturnal oximetry 

obstructive sleep apnea (OSA), 1438 
Nomenclature, heart and, 32 
Nonatherosclerotic coronary artery disease, MI, 
1383* 

Nonautomatic focal atrial tachycardia (NAFAT), 
449 

Nonbacterial thrombotic endocarditis (NBTE), 
1365 

Noncommitted VSD, DORV, 1167, 1169/ 
Noncompaction cardiomyopathy, 360 
SCD and exercise, 113 

Nondipping, ambulatory blood pressure, 1534 
Non-ECG-triggered Gd-enhanced 3-D MRA, 
secundum ASDs and, 215, 217/ 
Non-Hodgkin lymphoma, 1560 
Non-potassium-sparing diuretics, acquired heart, 
1571 

Nonsteroidal anti-inflammatory drugs (NSAIDs) 
PDA, 724 

viral pericarditis, 1354, 1354* 

Noonan syndrome, 569, 622*, 631-633, 632/ 
913,930, 935 

pulmonary stenosis and, 920, 928, 930, 932 
Norepinephrine, 494^495, 1673*, 1674 
Norepinephrine, E-C coupling, 63 
Normocytic anemia, 1590-1591, 1591/ 
Norwood procedure, 1141 
coarctation of aorta, 1053 


HLHS and, 1064, 1072/ 

NOTCH 1 gene 
mutations, 636 

valve disease and, 570 
valvular aortic stenosis, 1023 
Notch homolog 1 (NOTCH1) gene 
bicuspid aortic valve, 804 
NOTCH signaling pathway, Alagille syndrome, 
631 

Nuchal fold, congenital heart disease and, 651 
NuMED 

CP stent, 306 
sizing balloon, 318-319 
Nutrition 

HLHS, 1081-1082 

Nykanen RF perforation wire, perforation of 
atretic pulmonary valve and, 301 


O 

Obesity 

cardiovascular disease, 1518 
congenital heart defects and, 601 
metabolic syndrome, 1523 
Obstructed pulmonary flow, aortopulmonary 

collateral vessels, 283-285, 284/-285/ 
Obstructive lung disease, 1415 
Occlusion of septal defects, transcatheter devices 
for, 289 

Occlusion of vascular structures, devices for, 291 
Ohm’s law, 557 
blood flow, 69 

pulmonary vascular resistance, 271 
Oligemic lungs, cyanotic neonate, 946* 
Omphalomesenteric veins, normal development, 
844/ 

Open commissurotomy, chronic rheumatic mitral 
stenosis, 1274, 1322 

Open heart surgery, perioperative risk factors, 
1580-1582 

intraoperative support techniques, 

1580- 1581 

postoperative factor, 1582 
preoperative factors/host susceptibility, 

1581- 1582 

Opioids, stage 1 palliation, HLHS and, 1075 
OPTN. See Organ Procurement and Transplant 
Network 

Organ Procurement and Transplant Network 
(OPTN), 1384 

Organ procurement organizations (OPOs), 1384 
Organ transplantation, 1384. See also specific i.e. 
Heart transplantation 
pretransplant status, VAD, 538 
Organic pulmonary atresia, transplantation, 953 
Origin of left coronary artery from inappropriate 
sinus, abnormal, 748-749 
Oromotor apraxia, d-TGA outcome and, 1583 
Orthodromic SVT, 445, 445/ 

OSA. See Ostructive sleep apnea 
Ostium primum atrial septal defects, 816 
Ostructive sleep apnea (OSA) 
nocturnal oximetry, 1438 
Overdilation, endovascular stents, 294 
Overriding aortic valves 

ventriculoarterial connections and, 48, 50/ 
Overriding atrioventricular valves, 50, 50/-51/ 
Overriding semilunar valves, 48, 49/ 

Overriding valves, 48, 48/-51/ 

Oximeters, cardiac catheterization and, 266 
Oximetry 

arterial blood oxygen saturation and, 127 

PAP VC and, 821 

TAPVC, with pulmonary venous obstruction, 
831 

ventilation measurements, 131 
Oxygen (0 2 ) 

in blood, 266-267, 267/ 
cardiopulmonary bypass, 532 
Oxygen consumption (V0 2 ), 1069 
HLHS and, 1080 
hypnotic drugs and, 1078 
measurement methods, 257-258, 2 57/ 258/ 
workload v., 119/ 

Oxygen delivery (DO z ), 1080 
determinants of, 489^490, 490/ 
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HLHS and, 1068, 1080 

Oxygen flux, in single-ventricle parallel circula- 
tion, HLHS and, 1069-1070 
Oxygen saturation 

cardiac catheterization and, 266-267 
HLHS, 1583 
tricuspid atresia, 881 
Oxygen uptake 

cardiac output v., 121/ 
ventilation measurements, 131, 132 


P 

P wave, pacemaker, 375, 377 

PAC. See Premature atrial contractions 

Pacemaker, 466— 467 

atrial switch repair, 1127 
d-TGA, 1483/ 
origin of, 375, 377 

pediatric population, indications, 467f 
Pacemaker channel expression, 3 65 f 
PAH. See Pulmonary arterial hypertension 
Palliative atrial switch repairs, TGA and pulmo- 
nary vascular obstructive disease, 1143 
Palliative procedures, tetralogy of Fallot, 

978-979 
Palliative therapy 
TGA and, 1119 

univentricular atrioventricular connection, 
1192 

Palmaz P308 stents, 294 

Palpation of precordium, coarctation of aorta, 
1048 

Palpitations, 87-88 

Ebstein’s anomaly, 893 
older children, abnormal heartbeat, 83 
“Pancaked” ventricle, 10 99/ 1117 
Pancarditis, acquired heart disease, 1567 
PANDAS (Pediatric autoimmune neuropsychiat- 
ric disorders associated with streptococ- 
cal infections), Sydenham chorea, 1311 
Panel reactive antibodies (PRA), pediatric heart 
transplantation, 1385 

Pansystolic crescendo-decrescendo murmur 
anomalous muscle bundles, 926 
pulmonary atresia and intact ventricular 
septum, 945 

Papillary muscle, mitral valve, 1005/ 1006 
Papillary muscles, 11 
Papillary tumors, 1560 
Parachute deformity, 708 
Parachute mitral valve, 1010 
Paradoxical embolization 
Ebstein’s anomaly, 893 
Parallel circulation 

arteriovenous saturations in, 1067-1068, 
1070t 

HLHS and, 1067-1068 
monitoring, 1070-1072, 1072/ 1073/ 
Parasternal window, 139, 140 
Parenteral nutrition, HLHS and, 1073 
Parents, prenatal diagnosis and, 651, 652 
Parietal band, 13-14 
Parietal pericardium, 2-3, 3/ 

Parkes Weber syndrome, 864 
Paroxysmal atrial fibrillation, 363 
Partial anomalous pulmonary venous connec- 
tion (PAP VC), 809, 811-813, 816-822, 
816/ 831 
anatomy, 816-818 

associated cardiac defects and syndromes, 819 
with atrial septal defect, 818 
connection to umbihcovitelline system, 826 
to coronary sinus, 822 
surgical treatment, 821 
differential diagnosis, 821 
to inferior vena cava, surgical treatment, 822 
with intact atrial septum, 818 
to left cardinal system, 825 
of left pulmonary veins, 817 
of left pulmonary veins to innominate vein, 
surgical treatment, 822 
physiology of, 818 
prognosis 

postoperative course, 822 
untreated, 822 


to right azygos vein, 824 
to right superior vena cava, 824 
sites of, 818 
treatment, 821 

Partial atrioventricular septal defect 
angiography, 699 
cardiac catheterization, 699 
clinical manifestations, 692-693 
common atrium, 699 
double-outlet right atrium, 699 
echocardiography, 693, 695, 697, 699 
electrocardiography and electrophysiology, 

699 

pathology, 692, 694/-695/ 
radiography, 699 
surgical treatment, 707 
Partial exchange transfusion, cardiac 
catheterization and, 258 
Partial venous return repair, TGA and, 1121 
Patau syndrome, 970 

Patch enlargement of coronary ostial stenosis, 
supravalvular aortic stenosis, 1039 
Patent ductus arteriosus (PDA), 325-326, 
722-723, 1110, 1474 
anatomy, 722 

aneurysm/calcification, 732, 732 / 
aortic insufficiency, 732 
arteriovenous communication, 731 
clinical differential diagnosis, 731—732 
clinical features, 725 
CMR and, 230, 231/ 

congenital cardiac malformations, 730-731 
diagnostic testing 

angiography, 733-734, 734/ 
cardiac catheterization, 733-734 
CT scan, 734, 736/ 
echocardiography, 732, 733/ 

MRI, 734, 736/ 

Down syndrome, 625, 637t 
endarteritis, 732 
exercise and, 99 
incidence, 473—474 
left coronary artery, 731 
maternal risk and, 1497 
NSAIDs, 724 
PA-VSD, 877, 961-962 
peripheral pulmonary stenosis, 732 
persistent patency 

infants, children, and adults, 728-730, 728/ 
premature infants, 725-728 
physiology, 474, 722-724 

delayed closure, infant, 724, 725/ 
fetus role, 722 
left-to-right shunt, 723-724 
patency, 723 

postnatal closure, 722-723 
premature closure in utero, 724-725 
pulmonary circulation and lungs effect, 724 
posterior-anterior chest roentgenogram, 728, 
728/ 

pulmonary atresia, 732 
pulmonary valve, 731-732 
Q and taller R wave, 729 
ruptured sinus of valsalva, 731 
total anomalous pulmonary venous 
connection, 731 
treatment approach, 474 
truncus arteriosus, 732 
truncus arteriosus t/., 996 
venous hum, 731 
ventricular septal defect, 732 
Patent foramen ovale (PFO), 687-688, 687/ 
atrial dilation, 687, 687/ 
embryology and, 673, 673/ 

HLHS and, 1064 
PA-VSD and, 961 

Patent mitral valve, HLHS and, 1008, 1062 
Patient 

education, electrophysio logic studies, 
intracardiac technique, 401 
preparation 

catheterization laboratory, intracardiac 
technique, 403, 403/ 

CMR and, 210, 211/ 
procedure room, transesophageal tech- 
nique, 411^112 


Patient-reported outcomes measurement informa- 
tion system, 1608 

Pattern of inheritance, CHD and, 621 
PA-VSD. See Pulmonary atresia with ventricular 
septal defect 

PCICU. See Pediatric Cardiac Intensive Care Unit 
PCQLI. See Pediatric cardiac quality-of-life 
inventory 

PDA. See Patent ductus arteriosus 
PDA aneurysm, treatment of, 731/ 

PDA occluding device, VSDs and, 323 
PD AY study (Pathobiological Determinants of 

Atherosclerosis in Youth), atherosclero- 
sis, 1514 

PDI. See Psychomotor Development Index 

PDSA. See Plan-Do-Study-Act 

Peak concentration (C max), 1662, 1662/ 

Peak systolic pressure, left ventricle and, 265 
Peak work capacity, 119 
Pectinate muscles, 7-8 

Pediatric Cardiac Intensive Care Unit (PCICU) 
cardiac OR and catheterization laboratory, 

484 

central nervous system issues, 516-518 

continuous quality improvement, 484-485, 485/ 

CPR and ECPR IN, 522 

endocrine issues, 522 

family-centered care, 485 

infection in, 522 

multidisciplinary team approach to, 484 
patient safety, 484-485 
renal dysfunction in, 518-520 
Pediatric cardiac quality-of-life inventory 
(PCQLI), 1615, 1616f, 1617t 
higher disease severity score, 1615/ 1616/ 
score variation, 1617/ 

Pediatric cardiology programs 645, 647 
Pediatric circulatory support systems 
children 

anatomic differences in, 530 
physiologic differences in, 530 
Pediatric echocardiography laboratory, digital 
echocardiography, 166 
Pediatric ECMO, 533-537 
Pediatric heart disease population, HROOL, 
1609-1610, 1616/ 

health status and functional status, 1614 
neurodevelopmental predictors, 1617-1618 
psychosocial predictors, 1618 
Pediatric Heart Transplant Study, pediatric heart 
transplantation, 1393 
Pediatric heart transplantation 
morbidity, 1389 
myocarditis, 1390 

postoperative management, 1388-1396 
pretransplant evaluation, 1384-1386 
pretransplant management, 1386-1387 
risk factors, post-transplantation, 1393 
Pediatric hypertension, medications, 1540, 
1540f-1541t 

Pediatric RIFLE (pRIFLE), 519, 519/ 

Pedunculated fibromas, 1555 

Peel operation, truncus arteriosus, 998, 999/ 

Penetrance, DCM and, 1236 

Penetrating injury, intra-abdominal injury, 556 

Penetrating wounds, cardiac injury and, 556-557 

Penicillin 

RF and, 1303 

staphylococcal endocarditis, 1372 
Penicillin and sulfa-allergic patients, rheumatic 
fever, 1323, 1323t 

Penicillin G with gentamicin, IE and, 1370 
Penicillin-allergic patients 

streptococcal endocarditis, 1372 
streptococcal pharyngitis, 1322, 1323t 
Percussion, role of, 91 

Perforation of atretic pulmonary valve, 301-303 
Pericardial cysts, 1358, 1358/ 

Pericardial defects, 1212-1214 
Pericardial diseases, 1350-1361 
Pericardial effusion 

autoimmune and connective tissue diseases, 
1357 

miscellaneous causes, 1355-1357 
neoplastic disease, 1356-1357 
trauma, 1350-1351, 1351/ 
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Pericardial effusions 

blunt chest trauma and, 553, 554 
intrapericardial teratomas, 1557 
Pericardial injury, 553 

Pericardial lacerations, thoracotomy and, 553 
Pericardial reflection, 3-4, 3 / 

Pericardial teratomas, 1558/ 
fetal ECG, 1559/ 

Pericardiectomy, pericardiac lacerations, 553 
Pericardiocentesis 

acute pericarditis, 1354 
intrapericardial teratomas, 1559 
Pericarditis 

autoimmune and connective tissue diseases, 
1357 

bacterial, 1354-1355, 1355* 
cardiac catheterization, 1353, 1354/ 
cardiac tamponade, 1350-1351 
chest pain, 1511-1512 
chest radiography, 1351, 1351/ 1352/ 
chylopericardium, 1356 
constrictive, 196, 1358-1361 
drug-induced, 1356, 1356* 
echocardiography, 1351-1352, 1351/ 1353/ 
electrocardiography, 1351, 1352/ 

HIV, 1355, 1355* 
hypothyroidism, 1356 
Kawasaki disease, 1356 
MRI, 1353 

physical examination, 1350 

postpericardiotomy syndrome, 1357 

recurrent and chronic, 1357 

renal failure, 1355 

RF and, 1306 

ST-segment, 384 

symptoms, 1350 

tuberculous, 1355 

viral, 1354, 1354* 

Pericardium, 2-4 

absence of, 1357-1358, 1357/ 
anatomy and physiology of, 1350, 1351/ 

MRI and, 228 

Perimembranous ventricular septal defects 
device closure, technique, 289 
22qll deletion syndrome, 627, 628 
Perimysium, collagen network, 52 
Peripheral circulation, postnatal peripheral 
circulation and, 78 
Peripheral emboli, myxomas, 1556 
Peripheral gating, MRI and, 208, 209/ 

Peripheral pulmonary arteries 
PA-VSD and, 964 

Peripheral pulmonary stenosis (PPS) 
classification of, 928, 928/ 
differential diagnosis, 932 
embryology and pathology, 928 
with intact ventricular septum, 928 
manifestations of, 929-932 
murmur, 92 
physiology, 929 

valvar pulmonary stenosis v., 928 
Peripheral pulmonary stenosis, PDA, 732 
Peripheral pulses 
PA-VSD and, 962 
truncus arteriosus, 993 
Peripheral vascular injury, cardiac 
catheterization, 286 
Periprosthetic leaks, 331 
Perlecan, 54 

Permanent implanted pacing, atrial switch repair, 
1127 

Permanent junctional reciprocating tachycardia 
(PJRT), 448,448/ 

Persistent eustachian valve, 860 
Persistent left superior vena cava (LSVC), 817 
anatomy, 846 

clinical manifestations, 846, 846/ 
diagnostic features, 846-848 
echocardiographic features, 847/ 

HLHS and, 1064 
tricupsid atresia, 877 
Persistent pulmonary hypertension of the 
newborn (PPHN) 

normal perinatal pulmonary vasculature, 
1417-1418 

underdevelopment of the lung, 1418 


Persistent valves of sinus venosus, 860-861 
PET (Position emission tomography), myocardial 
ischemia, HCM and, 1224 
PFO. See Patent foramen ovale 
pH strategy, cardiopulmonary bypass, 532-533, 
1581 

Pharmacodynamics, 1662 
developmental, 1671 
Pharmacogenetics, 1662 
Pharmacogenomics 

developmental, 1671-1672 
Pharmacokinetics, 1662 
developmental 

drug absorption, 1665-1666, 1665* 
drug distribution, 1666-1667, 1667* 
drug metabolism, 1667-1669, 1669*, 

1670* 

physiologic factors, drug disposition, 
1664-1665, 1664/ 

renal drug elimination, 1670-1671, 1670* 
Pharmacologic stress 

blood flow measurements, 225-226 
contractile reserve and, 157 
postoperative atrial switch, CMR of, 237 
Pharmacologic treatment, arrhythmias, 459/ 
Pharmacology 

adrenergic agonists, 1673-1675, 1673* 
aldosterone receptor antagonists, 1678-1679 
antiarrhythmic drugs, 1680-1682 
beta-adrenergic receptor blockers, 1679-1680 
calcium-sensitizing agents, 1675 
cardiac glycosides, 1672-1673 
cardiovascular drugs, 1672 
definition, 1661-1663 
developmental pharmacodynamics, 1671 
developmental pharmacogenomics, 
1671-1672 

developmental pharmacokinetics, 1664-1671 
diuretics, 1675-1676 

exposure-response relationship, 1663-1664, 
1663/ 

hormones, 1679 
pediatrics, 1661 

phosphodiesterase inhibitors, 1675 
prostaglandin El, 1690 
vasodilators, 1676-1678, 1676* 
Phase-velocity cine, blood flow, 224/ 
Phase-velocity cine MRI, myocardial stress, 221, 
222 / 

Phenoxybenzamine, 1078 

afterload reduction and, HLHS and, 1076, 
1076/ 

Sa0 2 relationship and, 1076, 1076/ 
SV0 2 -blood pressure relationship, 

1076, 1077/ 

Phenoxymethylpenicillin 

rheumatic fever, 1322, 1323* 
streptococcal pharyngitis, 1322, 1323t 
Phentolamine, 1677 
Phenylephrine, 492*, 495, 1673*, 1675 
myocardial contractility, 1224 
Phenylketonuria (PKU) 
maternal, 599 

congenital heart defects, 599 
PA-VSD and, 959 
Phenytoin, 1681 

Phosphocreatine (PCr)-ATP system, 118 
Phosphodiesterase inhibitors, 1675 
DCM, 1242 

Phosphodiesterase inhibitors, PAH 
combination therapy 

atrial septostomy, 1454-1455 
transplantation, 1455 

V0 2 peak, cardiopulmonary exercise, 1454, 
1454/ 

Phospholamban, immature heart, 56 
Photosensitivity 

amiodarone toxicity, 457-458 
Physical activity 

cardiovascular disease, 1518-1519 
congenital heart disease, 95 
dyslipidemia, 1525 
exercise and, 93-95 
hypertension, 1539 
types 

activities of Daily Living, 94 


competitive sports, 95 
leisure and recreational sports, 94 -95 
Physical examination, 1270 

athletic screening and, 82-92, 96/ 

chest pain, 1512 

coarctation of aorta, 1048-1049 

DCM and, 1240 

DMD and, 1279 

Ebstein’s anomaly, 894 

HCM, 1226 

neonate, HLHS, 1065-1066 
PA-VSD and, 962 
truncus arteriosus, 993 
Physical health status and physical function, 
QOL, 1610/ 

PiCCO. See Pulse contour analysis 
cardiac output 

PISA. See Proximal isovelocity surface area 
“Pistol shot” sounds, 87 
PJRT. See Permanent junctional reciprocating 
tachycardia 

Placental circulation, blood flow, 654, 655/ 
Placental vascular resistance, 654 
Plakoglobin, 60 
Planar xanthomas, 1521 
Plan-Do-Study-Act (PDSA), 1625 
Platelet function analyzer (PFA-100), 1593 
Platelets, 1589-1590 
disorders of 

Bernard-Soulier syndrome, 1594 
heparin-induced thrombocytopenia, 
1594-1595 

immune thrombocytopenia, 1595 
thrombocytosis, 1595 
PLE. See Protein-losing enteropathy 
Plication, 908 

Pneumococcal conjugate vaccine, asplenia 
syndrome and, 1212 
Pneumothorax, chest pain, 1512 
Poiseuille’s law, pulmonary vascular resistance, 
271 

Polyarthritis, and fever, causes, 1310, 1310* 
Polyclonal antibodies, pediatric heart 
transplantation, 1389 
Polycythemia, 1593 
cyanotic adult, 1487 
TGA and, 1113 
Polyhydramnios, 651 
Polymerase chain reaction (PCR) 
mumps virus, 1253 
Polysplenia, 34 

bilateral superior venae cavae, with unroofed 
coronary sinus, 848 
cardiac situs, 34 
inferior vena cava, 38 
interrupted IVC and, 855, 855/ 

PAPVD and, 819 

Polysplenia syndrome, 1207, 1209, 1209/ 
abdominal situs and, 36 
Polysplenia syndrome and dextrocardia, 1207 
Population-based diet 
dyslipidemia, 1523 
dyslipidemia in children, 1523, 1523* 

Portal hypertension, 1421 

Portal vein, normal development, 844-845, 844/ 
Portal venous blood, hepatic circulations, 

postnatal peripheral circulation and, 80 
Portal-systemic encephalopathy, postnatal 
persistence of ductus venosus, 860 
Portopulmonary hypertension (PPHTN), 1434, 

1444_1445 

Postcardiotomy, pediatric ECMO, 535, 535* 
Posterior aortic sinus, 9, 17 
Posterior cardinal veins, 843/ 

Posterior mural leaflet, echocardiography, 150 
Posterior sinus of Valsalva, coronary arterial 
branches from, 748 
Post-myocardial infarction VSD, 289 
Postnatal circulation, 70-71 
Postnatal heart, conduction tissues recognition, 

348 - 350 , 349/ 

Postnatal persistence of ductus venosus, 860 
Postoperative pulmonary insuficiency, dysplastic 
pulmonary valves, 921 

Postoperative structural heart disease, childhood/ 
adolescence, 1566 
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Postpericardiotomy syndrome, 1357 
Postpericardiotomy syndrome, ASD, 685 
Poststreptococcal reactive arthritis, 1311 
Postural orthostatic tachycardia syndrome 
(POTS), 124 
Potassium 

blood pressure and, 1539 
Potassium channels, sarcolemma and, 55 
Potassium imbalance, T- waves and, 385 
Potassium-sparing diuretics, 1676 
POTS. See Postural orthostatic tachycardia 
syndrome 

Potts operation, Tetralogy of Fallot, 1476 
Potts shunt, tricuspid atresia, 883 
PPHN. See Persistent pulmonary hypertension of 
the newborn 

PPS. See Peripheral pulmonary stenosis 
Pre-athletic participation screening 
economic consequence of, 98 
electrocardiogram analysis, 97-98 
sudden cardiac death 

American Heart Association, 96, 96 f 
electrocardiogram screening, benefits, 96-97 
incidence of, 95 
screening purpose, 96 

Precapillary arteries, near-term fetus and, 72 
Preconception counseling 
cardiac disease, 1502 
maternal risk and, 1502 
Pre-contraception counseling, women of 
childbearing age, 1495t 
Precordial activity, palpation of, 87 
Precordial catch syndrome, 1510 
Pre-excitation, 380, 432 
Preexcitation syndromes, 432, 435-436 
Pregnancy 

cardiac surgery, 1504 
CMR and, 211 
corticosteroid, 666 
high-risk conditions, 1503-1504 
management issues, 1502-1504 
PA-VSD and, 967 

physiologic changes during, 1494-1496 
physiology and management, CHD and, 
1494_1505 

Tetralogy of Fallot, 985 
women of childbearing age, 1495 1 
Pregnancy termination 

fetal congenital heart disease, compassionate 
care in, 657, 659t } 660t 
genetic testing, 644 

pulmonary atresia and intact ventricular 
septum, 939, 955 

Preload 

altered, fetus and, 654 
contraction and, 66 
drugs and, 1235 

Premarket approval (PMA), transcatheter 
devices, 289 

Premature atrial contractions (PAC), 455^156, 

4 SSf 

Premature ventricular contraction (PVC), 456 
Premedication, cardiac catheterization and, 
258-259 

Prenatal cardiac diagnosis 

delivery planning and, 653, 654, 655f 
parents and, 653 
TAP VC, 829 
Prenatal care 
history, 84 

screening CHD, 645-647, 649f 
Pressure measurements, cardiac catheterization 
and, 262-263 

Pressure tracing, cardiac catheterization, RCM, 
1230, 1230/, 1272, 1272 / 
Pressure-volume loops, cardiovascular function 
and, 65—66 

Presystemic clearance (first-pass effect), 1662 
Presystolic murmurs, 89/, 91 
Preterm infant 
BNP levels, 727 
ECG and, 386 
physiology, 473-480 
treatment of PDA, 734, 736-737, 737/ 
Prevalence 

pulmonary arteriovenous malformations, 792 


systemic arterial alformations, 789 
Preventive therapy, Duchenne muscular dystro- 
phy, 1281 
PRIMACORP trial 
carvedilol, 1242 

Primary benign myocardial tumors, 1560 
Primary cardiac tumors, frequency of, Boston 

Childrens Hospital, 1549, 1550, 1550t 
Primary graft failure, pediatric heart transplanta- 
tion, 1388 

Primary heart field, 561, 562 
Primary hypertension, historical information 
suggesting, 1536f 
Primary infundibular stenosis, 925 
Primary malignant myocardial tumors, 1560 
Primary stenting, balloon angioplasty u, coarcta- 
tion and, 305 

Probe manipulation, transesophageal echocardi- 
ography, 154, 154/ 

Procainamide, 456, 1680-1681 

catecholamine-sensitive ventricular tachycar- 
dia, pregnancy and, 1503 
intracardiac study and, 407 
Procedure room, patient preparation in, 

transesophageal technique, 411-412 
Propafenone, 1681 

Prophylactic antiplatelet therapy, HLHS, 1080 
Prophylactic closure, preterm infant, treatment 
of PDA, 737 

Propofol 

CMR and, 208 

electrophysiologic studies, intracardiac tech- 
nique, 408 

Propranolol, 457, 1679 
fetus, 661 
HCM and, 1229 
intracardiac study and, 410 
Prostacyclin 

pulmonary arterial hypertension (PAH), 
1422-1453, 1452/ 

pulmonary vascular resistance, 72, 73 
Prostaglandin 

pulmonary atresia and intact ventricular 
septum, 945, 947, 948, 955 
Prostaglandin El, 1110, 1690 
balloon valvuloplasty, 922 
HLHS and, 1072-1073 
neonatal arterial switch repair and, 

1120-1121 

newborns, rhabdomyomas and, 1554 
TGA, 1103 
Prostaglandins, 496 
Prosthetic heart valves 

anticoagulation therapy, pregnancy outcomes, 
1503 

IE and, 1364 

maternal risk and, 1501-1502 
pulmonary valve replacement, 924 
Prosthetic patch aortoplasty, coarctation of 
aorta, 1052, 1053/ 

Prosthetic reconstruction, thoracic ectopia cordis, 
1215 

Prosthetic valve endocarditis 

infectious organisms, 1354f, 1364 
Prosthetic valve, staphylococcal endocarditis, 
1374 

Protein binding, 1662 
Protein-losing enteropathy (PLE) 
fontan operation, 1487 
late Fontan and, HLHS, 1085 
Proteins, Z-disk, 58 
PROVED trial, digoxin and, 1572 
Proximal isovelocity surface area (PISA) 
mitral regurgitation, 1015 
Proximal thoracic aorta, stenosis, 1044, 1045/ 
Pseudoaneurysms 

COA repair site and, 1469-1471, 1470/ 
Pseudoprolapse, 1313/ 1316 
Pseudotruncus arteriosus, 991 
Psychological testing, TGA and, 1113 
Psychomotor Development Index (PDI), 1580 
Psychosocial evaluation, pediatric heart 
transplantation, 1386 
Psychosocial predictors, HROOL, 1618 
PTPN11 gene, Noonan syndrome, 632 
Publication bias, clinical trials, 1639 


Pulmonary arterial hypertension (PAH) 
after birth, 18, 19/ 
anticoagulation, 1450 
biomarkers, 1438-1439, 1440/ 
calcium channel blockers, 1450, 1452 
cardiac catheterization, 1437-1438 
cardiac lesions, 1433, 1435t 
chest radiography, 1434-1435 
clinical evaluation 

diagnostic algorithm, 1434, 1436/ 
high-altitude pulmonary edema (HAPE), 
1434 

portopulmonary hypertension (PPHTN), 
1434 

clinical presentation, 1433 
coarctation of aorta and, 1048 
cogenital systemic-to-pulmonary shunts, 
1433, 1434t 

conventional therapy, 1449-1450 
definition, 1433 

echocardiography, 1435-1436, 1437/ 
electrocardiography, 1435 
endothelin, 1453 
exercise capacity, 1436-1437 
hemoglobinopathy, 1445-1446, 1446/ 
hepatopulmonary syndrome, 1444-1445 
human immunodeficiency virus, 1445 
laboratory assessment, 1438, 1439t 
left heart disease, 1447 
lung biopsy, 1439 
magnetic resonance imaging, 1436 
nocturnal oximetry, 1438 
novel therapy of, 1455-1456 
pediatric pulmonary hypertensive vascular 
disease, 1433, 1435t 
pH, idiopathic pulmonary arterial 
hypertension, 1439-1444 
pharmacologic therapy of 
drug classes of, 1449, 1449/ 
survival curves , IPAH, 1449, 1452/ 
treatment algorithm in adults, 1449, 
1451/ 

treatment algorithm in children, 1449, 
1450/ 

phosphodiesterase inhibitors, 1453-1455 
portopulmonary hypertension, 1444-1445 
prostacyclins, 1422-1453, 1452/ 
pulmonary capillary hemangiomatosis, 
1446-1447 

pulmonary function testing, 1438 
PVOD, 1446-1447 
reflux and aspiration evaluation, 1438 
respiratory disease, 1447-1448, 1448/ 
serotonin transporter, 1408 
signs and symptoms, 1434 
thromboembolic disease, 1448-1449 
vasoreactivity testing, 1450 
ventilation-perfusion scintigraphy, 1438 
wedge angiography, 1439 
World Health Organization (WHO) 
classification, 1433, 1434t 

Pulmonary arteries, 18-19, 18/ 19/ 

all coronary arteries from, syndrome of, 752 
anomalies, CHD and, 235, 235/ 
banding, 1138 
TGA and, 1138 
catheters 

labor and delivery, 1504 
imaging of, 279, 279/ 

MDCT, 251, 252/ 537 
PA-VSD and, 959, 960/ 
pediatric heart transplantation, 1386 
truncus arteriosus, 991 
univentricular atrioventricular connection, 
1192-1193 

Pulmonary arteriovenous fistula (AVF) 

univentricular atrioventricular connection, 
1191-1192 

Pulmonary arteriovenous malformations, 
792-794, 792/ 
angiography, 793 
cardiac catheterization, 793 
clinical manifestations, 792-793 
differential diagnosis, 793 
echocardiography, 793 
electrocardiography, 793 
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Pulmonary arteriovenous malformations 
{ Continued ) 
imaging, 793 
natural history, 793 
pathology, 792 
prevalence, 792 
radiography, 793 
treatment, 793 
Pulmonary artery, 42 
banding 

tricuspid atresia, 880 
Tetralogy of Fallot, 974 

Pulmonary artery catheter monitoring, hemody- 
namic formulae, 48 It 
Pulmonary artery pressures 
altitude, 1412 
banded piglet, 1411 / 
birth, 72, 73 / 

chronic rheumatic heart disease, 1317 
experimental studies, 1408 
Pulmonary artery sling, CT, 254/ 

Pulmonary artery stenosis 
cardiac MRI, 1478, 1479 / 

Pulmonary artery wedge pressure, right heart 
catheterization and, 265 
Pulmonary atresia, 42, 48, 516 
fetal heart, 656 

hypoplasia of individual pulmonary veins, 837 
mirror-image right arch, 766 
Tetralogy of Fallot, 974 
truncus arteriosus v., 996 
valvar pulmonary stenosis v., 920 
Pulmonary atresia, PDA, 732 
Pulmonary atresia with intact ventricular septum 
(PA-IVS), 939-956 

abnormal coronary artery anatomy, surgical 
strategies for, 953* 
clinical features, 945-948 
differential diagnosis, 94 5* 
echocardiographic features, 945-946, 
946/-950/ 

electrocardiographic features, 945, 945* 
epidemiology, 939 
morphogenesis, 939-940 
neonates and, 302, 302 / 
pathology and physiology, 940-945 
transcatheter techniques, 954-955 
treatment, 948-955 

Pulmonary atresia with ventricular septal defect 
(PA-VSD), 959-967 
differential diagnosis, 965 
embryology, 959-960 
environmental factors, 959 
genetics and, 959 
natural history, 965-966 
pathology, 960-965 
preoperative aortogram, 966/ 
treatment, 966-967 
Pulmonary balloon valvuloplasty 
indications, 923 
PVS, 1475 

Pulmonary blood flow 

abnormal distribution of, TGA and, 110 9f 
angiocardiography, 882 
heart defect and, 1401, 1402/-1403/ 1402* 
physiology, 818 

pulmonary atresia and intact ventricular 
septum, 946 
tricupsid atresia, 877 

Pulmonary blood supply mapping, PA-VSD 
and, 965 

Pulmonary capillary hemangiomatosis 
pulmonary arterial hypertension (PAH), 
1446-1447 
Pulmonary circulation 
fetal circulation, 72 
fetus and, 72 

morphologic development, 71-74 
pulmonary atresia and intact ventricular 
septum, 941-942, 948 
structural remodeling and growth, 

1401-1402, 1404 f 1404 * 

TGA and, 1106-1111 
transitional circulation, 72, 73 / 
univentricular atrioventricular connection, 
1191-1192 


Pulmonary fibrosis 

amiodarone therapy, 458 
Pulmonary flow murmur 
of childhood, 92 
of infancy, 92 

Pulmonary function testing, 1438 
Pulmonary homograft, 1467 
Pulmonary hypertension, 475 

biomarker in children, heart failure, 1570 
exercise and, 107-108 

granulomatous and collagen vascular diseases 
and immune/infectious diseases, 
1421-1422, 1423/ 

high-flow congenital heart defects, 1401 
left-to-right shunts and, 1472 
of newborn, 1415-1420 
patent ductus arteriosus (PDA), 723 
pathophysiology of, 1401-1429 
in PCICU 

diagnosis, 501-502, 502/ 
etiologies, 500-501 
treatment, 502 

pediatric heart transplantation, 1386 
treatment of PDA, 739-740 
Pulmonary hypertension (PH) 
atrial septal defects in infancy 
atrioventricular septal defects and, 99 
rheumatic carditis, 1312 
stress echocardiography, 159 
Pulmonary hypertension, ASD, 685 
Pulmonary hypertensive crisis, 1405 
Pulmonary infection 
in PCICU, 522 
Pulmonary insufficiency 
rTOF, 1476 

transcatheter valve therapy, 341/ 

Pulmonary isomerism, 36, 37/ 

Pulmonary out flow murmur, 819 
Pulmonary outflow tract obstruction 
ccTGA and, 1148 
DILV and, 1181f 

Pulmonary regurgitant murmurs, 92 
Pulmonary regurgitation, 150 
fetus and, 654, 655/ 

MRI and, 236, 237/ 
tetralogy of Fallot, 980-981 
Pulmonary resistance 
truncus arteriosus, 993 
Pulmonary situs (Sidedness), 34, 36, 36/ 37/ 
1199 

Pulmonary stenosis 

exercise and, 102, 103* 

Pulmonary stenosis (PS), 913-935 
course and prognosis, 927-928 
with intact ventricular septum, embryology 
and pathology, 928-929 
maternal risk and, 1501 
with systemic diseases, 920-925 
truncus arteriosus v. t 996, 997 
Pulmonary valve 

pulmonary atresia and intact ventricular 
septum, 940, 940/ 
replacement 

indications, 924-925 
ventricular volumes, 1478, 1478/ 
Pulmonary valve dysplasia, 913, 914/ 
Pulmonary valve leaflets 

Tetralogy of Fallot, 975-976, 975/ 
Pulmonary valve regurgitation, 185-186, 186/ 
Pulmonary valve replacement 
monitoring after, 984 
Tetralogy of Fallot, 983 
timing of, 984 

Pulmonary valve stenosis (PVS), 1475 
echocardiography, 152 
fetal cardiovascular system and, 646 
GATA4 mutation, 635 
Pulmonary valvotomy 
indications, 923 
Pulmonary valvuloplasty 
children, 922 
complications from, 922 
Pulmonary vascular bed 
analysis of, 1401-1402 
factors affecting, 546 
maladaptation of, 1418, 1420 


maldevelopment of, 1420 
structural remodeling and growth, 

1401-1402, 1404/ 1404* 

Pulmonary vascular disease 
atrial septal defects and 
cardiac catheterization, 286 
reactive pulmonary circulation, 1405-1408 
TGA and, 1110-1111, 1111/ 

Pulmonary vascular lesions, 1401 
Pulmonary vascular obstruction, atrial switch 
repair, 1131 

Pulmonary vascular obstructive disease (PVOD), 
1471 

truncus arteriosus, 996-997 
Pulmonary vascular resistance (PVR) 

afterload reduction and, HLHS and, 1076 
cardiac catheterization and, 258 
fetus and, 72 
HLHS, 1065, 1073 
physiologic regulation of, 72-74 
postnatal central circulation, 70-71 
Qp/Qs, 1073 
surgery and, 1068 

TGA and pulmonary vascular obstructive 
disease, 1143 

Pulmonary vasodilators, 1677 
Pulmonary vein(s), 7, 38-39 
abnormal numbers of, 809 
development of, 809 
echocardiography and, 148-149 
MDCT, 251,252/ 

Pulmonary vein stenoses 
stenting of, 310, 314/ 
transcatheter interventions, 310-311, 314/ 
Pulmonary vein wedge angiography, 282-283, 
283/ 

Pulmonary veno-occlusive disease (PVOD), 
1446-1447 

Pulmonary venous anomalies, 809-838 
CMR and, 235-236, 236/ 
embryology, 809-816 
embryonic classification of, 809, 811* 
Pulmonary venous connections, 1207 
Pulmonary venous doppler flow analysis, 
190-191, 190/ 

Pulmonary venous drainage, site of obstruction, 
826 

Pulmonary venous hypertension, experimental 
studies, 1409-1410 
Pulmonary venous obstruction 

atresia of common pulmonary vein, 833 
atrial switch repair, 1124, 1127/ 
baffle, 1482, 1483/ 
fetal heart, 654, 655/ 

TAPVC, postoperative course, 832 
Pulmonary-to-systemic flow ratio (Qp/Qs), 1069, 
1074 

CMR and, 229 

Pulsatile masses, cervical aortic arch, 778 
Pulsatile VAD pump 
mechanics of, 541/ 
pediatrics, 540— 541 
troubleshooting algorithm, 541, 542* 

Pulse contour analysis cardiac output 
(PiCCO), 488-489 
Pulse oximetry screening, 85 
Pulse pressure, ascending aorta and, 265 
Pulse rate, assessment, 87 
Pulsed Doppler assessment 
mitral regurgitation, 1015 
Pulsed wave Doppler, 143 
flow analysis, fetal heart, 647 
mitral valve velocities, 143/ 

Pulsed wave Doppler flow analysis, fetal heart, 
third trimester pregnancy, 647 
Pulsus paradoxus, cardiac tamponade, 

1350 

Pump failure, heart failure and, 1574 
Pump flow rates, neonates and, 531 
Purkinje fibers, 348-350 , 349/ 

Purkinje fibers, functions of, 52 
PVC. See Premature ventricular contraction 
PVOD. See Pulmonary vascular obstructive 
disease 

PVR. See Pulmonary vascular resistance 

PVS. See Pulmonary valve stenosis 
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Q 

22qll.2 microdeletion syndrome, 970 
Q waves, 381, 381/" 

ccTGA and, 1149, 1150 
DMD and, 1279, 1280/ 

QRS axis 

ECG and, 377-378 

isolated valvar pulmonary stenosis, 916, 916/ 
tricupsid atresia, 879 
QRS complex, 1248 

age-related transitions, 385 
intrapericardial teratomas, 1559 
myocarditis, 1208, 1210/, 1248, 1251/ 
tachyarrhythmia, 444 
QRS duration 

sudden death and, 1476/ 
ventricular tachycardias, 1476/ 

QRS vectorcardiogram, 373 
QT interval, ventricular repolarization, 384 
Quadrivalent meningococcal vaccine, 1212 
Quality of life (QOL) 
evaluation, 1608-1619 
HLHS, 1086-1088 
Quinapril, DCM and, 1243 


R 

Race, ECG and, 386-387 
RADI Pressure Wire, 308 
RADIANCE trial, digoxin, 1572 
Radiation, dose and exposure, angiography 
and, 273 

Radiation protection, CT, 249-250, 250/ 
Radiofrequency catheter ablation 
cardiac dysrhythmias and, 955 
Radiofrequency, electrophysiologic therapeutic 
catheterization, 417/ 418-^120 
cooled-tip, 420 

Radiofrequency (RF) perforation of pulmonary 
valve plate, 301-303 
Radiographic source, biventricular heart, 
274-277, 276/ 277/ 278/ 

Radiography. See also Chest radiography 
cor triatriatum, 836 

isolated valvar pulmonary stenosis, 916, 917/ 
PA-VSD and, 962 

peripheral pulmonary arterial stenosis, 930 
pulmonary arteriovenous malformations, 793 
pulmonary atresia and intact ventricular 
septum, 945, 945f 

stenosis of individual pulmonary veins, 837 
TAPVC, with pulmonary venous obstruction, 
831 

truncus arteriosus, 993-994 
Radiology 

coarctation of aorta, 1049, 1049/ 
congenital aortic stenosis, 1026 
univentricular atrioventricular connection, 1189 
RADIUS trial, 647 

RAIV. See Retroaortic innominate vein 
Ramp protocol, 118, 128 
Ranitidine, 456 

Rapamycin, pediatric heart transplantation, 1390 
Rapidly involuting congenital hemangioma 
(RICH), 864 

ras/MAPK pathway, Noonan syndrome, 631 

Rastelli classification, 700, 702f 

Rastelli operation, TGA/VSD, 1140, 1141/ 

RBCs. See Red blood cells 
RCM. See Restrictive cardiomyopathy 
Reactive pulmonary circulation, 1405-1408 
Real-time CMR, MRI and, 208 
Real-time 3-D imaging, 159 
Recanalization of obstructed superior vena cava 
Recoarctation rates, CO A and, 1469, 1469/ 
Recording apparatus, transesophageal technique, 
412 

Recording speed, 406/ 

Recording/stimulation technique, transesophageal 
technique, 405^110, 412-415 
Recreational sports, 94-95 
Red blood cell control, postnatal peripheral 
circulation, 76 
Red blood cells (RBCs) 

hematologic disorders and, 1590-1593 
normal development of, 1589 


Reentry mechanism, tachyarrhythmia, 441, 442/ 
Regional blood flow analysis, fetus, 654-655 
Regional flow, MRI and, 225 
Regional oxygen saturation (rS02), 486 
Regional vascular beds, postnatal peripheral 
circulation, 77 

Regional wall motion, analysis of, 220, 

220 / 221 / 

Regurgitant volume, 139 
Rehabilitation of branch pulmonary artery 
stenosis 

Relative bioavailability, 1661 
Relaxation 

diastolic, 65, 65/ 

Renal circulations, postnatal peripheral 
circulation, 78-79 
Renal failure 

pericarditis, 1355 

Renal replacement therapy, 519-520 
Renal system, 479 
Renin-angiotensin system, 78, 79 
Reoperation 

ccTGA and, 1156 

supravalvular pulmonary stenosis, 1133 
Research echocardiography, 166-167, 166/ 
Resistance exercise, HDL and, 1519 
Resistant pulmonary artery stenosis, balloon 
angioplasty, 933 

Respiratory compensation point, exercise, 121, 
126 

Respiratory distress syndrome, 725 
Respiratory examination, 86 
Respiratory gating, MRI and, 207-208, 210/ 
211 / 

Respiratory motion, MRI and, 207-208 
Respiratory navigator, 210/ 

Respiratory physiology, 475—476 
Respiratory rate, 85 

Respiratory rate (RR), ventilation measurements, 
131 

Respiratory support, HLHS and, 1073 
Respiratory syncytial virus (RSV), 478 
congenital mitral valve stenosis, 1018 
Restenosis 

pulmonary stenosis and, 923 
pulmonary vein stenoses and, 310-311 
systemic vein stenoses, 311-312 
Restrictive cardiomyopathy (RCM), 

1267-1275 

clinical presentation, 1270 
CP v., 1273, 1273t 
diagnostic studies, 1270-1273 
differential diagnosis, 1273-1274 
epidemiology, 1267 
etiology, 1268-1269 
management, 1274-1275 
pathology, 1270, 1270/ 
pathophysiology and clinical presentation, 

1270 

prognosis, for children, 1274 
Restrictive fetal ventricular myocardium, 652/ 
Retinal vascular change, evaluation, 1536 
Retinoic acid 

congeners, 599-600 

maternal exposure, tetralogy of Fallot, 617 
PA-VSD and, 959 
pregnancy and, 1502 

Retroaortic innominate vein (RAIV), 852-853, 
852/ 

Retrograde ascending aortogram, 263 
Retrograde catheter, angiography and, 263 
REV (Reparation a Vetage ventriculaire), Rastelli 
operation v, 1140 

Reynolds number, heart murmurs and, 89 
RF. See Rheumatic fever 
Rhabdomyomas, 1550*, 1551-1554, 1552/ 
incidence, 1550, 1550f, 1551 
Rhabdomyomas in utero, fetal echocardiogram, 
1552/ 1553/ 

Rhabdomyositis, 1552 
RHD. See Rheumatic heart disease 
Rheumatic aortic valve stenosis, 1318 
Rheumatic carditis 
natural history, 1306 
Rheumatic fever (RF) 

acquired heart disease, 1567 


clinical manifestations, diagnosis and 

evaluation, 1308, 1308f, 1309£, 1310f 
crude death rates from, 1303, 1304/ 
environment and, 1304-1305 
epidemiology, 1303-1305 
pathogenesis, 1257-1260 
pathology, 1306-1307 
primary prophylaxis, 1322-1323, 1323f 
RHD and, 1303-1325 
secondary prophylaxis after, 1323-1324, 
1323f 

Rheumatic heart disease (RHD) 

RF and, 1303-1325 
Rheumatic mitral stenosis, 1317 
Rheumatic tricuspid valve disease 

chronic rheumatic heart disease, 1321 
surgical approach, 1322 
Rho-Kinase inhibitor, PAH, 1456 
Rifampin 

Staphylococcal endocarditis, 1373 
Right anterior oblique views (RAO views) 
aortic valve, 275 
left ventricle, 275 
Right aortic arch, 758, 766-778 

with brachiocephalic branching, truncus 
arteriosus, 991 

with isolation of contralateral arch vessel, 
776-778, 776/ 777/ 
with left descending aorta 

and aberrant left subclavian artery, 774/ 
and left ductus arteriosus, 772-774, 773/ 
7734/ 

with retroesophageal diverticulum of 
Kommerell, 769-772, 770/ 771/ 
diagnosis and management, 771-772 
embryology, 771 

with retroesophageal innominate artery, 
775-776, 775/ 

with retroesophageal left subclavian artery, 
767-769, 768/ 
tricupsid atresia, 877 
Right aortic sinus 
free wall and, 9 

Right atrial appendage, sagittal view, 146, 147/ 

Right atrial flap, 860 

Right atrial free wall, 7-8, 8/ 

Right atrial isomerism with asplenia, fetal heart, 
651, 654 

Right atrial sail, 860 
Right atrial spinnaker, 860 
Right atrial windsock, 860 
Right atrioventricular valves, 40 
Right atrium, 7-9 

septal structures of, 146 
tricuspid atresia and, 860, 861/ 877, 878/ 
Right bundle branch block (RBBB), QRS com- 
plex, 378-379 

Right cardiac isomerism, 34, 35/ 

Right coronary artery 

Ebstein’s anomaly, 889, 892/ 
from pulmonary artery, 752 
Right heart 

abnormal, cardiopulmonary interactions, 
547-548, 548/ 

catheterization, 263-265, 264/ 264* 
disease, chronic rheumatic heart disease, 
1318-1319 

hemodynamics, left heart hemodynamics v., 
546, 547/ 

obstructive lesions, fetal flow pathways, 647 
waveforms, right heart catheterization and, 
263-265, 264/ 264f 
Right parasternal window, 139, 140/ 

Right pulmonary artery, flow waveforms, fetus 
and, 647, 655/ 

Right pulmonary veins 
to inferior vena cava, 817 
to superior vena cava, 816 
Right reduction atrioplasty, 908 
Right sided heart failure, rhabdomyomas and, 
1555 

Right superior vena cava (RSVC) 
echocardiogram, 146, 148/ 
normal development, 840-841 
Right upper pulmonary vein 
transducer sweeping, 148 
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Right venous valve 

pulmonary atresia and intact ventricular 
septum, 940-941 
remnants of, normal, 861/ 

Right ventricle (RV), 10?, 13-14, 14 / 41, 150 
angiogram, 275, 2 76 
atrial switch repair, 1128-1132 
atrialized, 908 

Ebstein’s anomaly, 889-890, 893/ 
echocardiography, 174, 175/ 

doppler assessment of, 196, 197/ 
fractional area change, 181, 181/ 
tricuspid annular planar systolic excursion, 
181, 1 8 If 
effects on LV, 549 
exclusion of, 548 

isolated valvar pulmonary stenosis, 913 
PA-VSD and, 960, 960/ 
pulmonary atresia and intact ventricular 
septum, 941, 942/ 943/ 
tetralogy of fallot, 980-981, 981/ 

Right ventricle (RV) angiogram, truncus arterio- 
sus repair, 1000/ 

Right ventricular contractile performance, 
reduced, 547 

Right ventricular diastolic dysfunction 
Tetralogy of Fallot, 982-983 
Right ventricular diastolic function 
abnormal, 547-548, 548/ 

Right ventricular dysfunction 
arterial switch for d-TGA, 1484 
ccTGA and, 1156-1157 
Right ventricular ejection fraction, atrial switch 
repair, 1107/ 1124 

Right ventricular failure, following physiologic 
correction, surgery for, 1142 
Right ventricular function 
contrast agents, 165 
four-chamber view, 1066, 1067/ 

Right ventricular hypertrophy (RVH), 382, 382/ 
PA-VSD and, 962 
Right ventricular hypoplasia 

infants, pulmonary atresia and intact 
ventricular septum, 949 
Right ventricular outflow tract (RVOT) 

anomalous muscle bundles and, 925-927, 926/ 
obstruction 

anomalous muscle bundles and, 925-928, 
926/ 

Right ventricular outflow tract obstruction, 
860-861, 973-974, 973/ 

Right ventricular overload, adverse effects, 548 
Right ventricular pressure tracing, right heart 
catheterization and, 264 
Right ventricular pressure-volume relationship, 
546, 547/ 

Right ventricular volumes, 3-dimensional echo- 
cardiography, 160 

Right ventricular wall segments, 220, 221/ 

Right ventricular-dependent coronary artery 
circulation, 944-945, 94 5? 

Right ventricular-to-coronary artery connections, 
neonates, 944 

Right-left heart interactions 
congenital heart disease, 550 
Right-sided obstructive lesions, 516 

congenitally corrected transposition of the 
great arteries, 105-106 
D -transposition of the great arteries, 104-105 
Ebstein’s Anomaly, 104 
Eisenmenger syndrome, 107-108 
heart transplantation, 108-109 
pulmonary hypertension, 107-108 
pulmonary stenosis, 102, 103? 
single ventricle physiology, 106 
Tetralogy of Fallot, 103-104 
Right-to-left shunts 

agitated saline contrast and, 164 
quantitative assessment of, 270-271 
Root cause analysis (RCA), 1623 
cause-and-effect, 1623, 1623/ 

HFMEA, 1624 
individual failures, 1624 
liver transplant graft survival, 1623 
process implementation, 1624 
sentinel events, 1624 


system failures, 1624 
Ross procedure 

aortic valve disease, 1467 
rhabdomyomas and, 1554 
Ross/Konno procedure, subvalvular aortic 
stenosis, 1038 

RSV. See Respiratory syncytial virus 
RSVC. See Right superior vena cava 
Rubella 

cardiac diseases and, 84 
congenital heart defects and, 599 
Ruptured sinus of valsalva, PDA, 731, 755 
RVH. See Right ventricular hypertrophy 
RVOT. See Right ventricular outflow tract 
R-wave amplitude, RVH and, 382 
Ryanodine, relaxation and, 62 


S 

51. See First heart sound (SI) 

52. See Second heart sound (S2) 

53. See Third heart sound 

S. aureus bacteremia, IE and, 1364 
Sacroplasmic reticulum, calcium, 55-56, 56/ 
Safety attitudes questionnaire (SAQ), 1634 
Safety, CMR and, 210-212, 212? 

Sagittal views, atrial septum, 147 
SAM. See Systolic anterior motion 
Sa02. See Arterial saturation 
Sarcoglycans, isoforms of, 60 
Sarcolemma, myocardial structure and, 54 
Sarcomere 

cytoskeletal proteins, 56, 57/ 
protein composition, 56, 57/ 
schematic diagram, 57/ 

Sarcoplasmic reticulum (SERCA-2), 55-56, 56, 
56/ 157 

calcium release channels, 56, 56/ 

Scalar electrocardiogram, 372-373 
interpretation, 372 
SCD. See Sudden cardiac death 
Scimitar syndrome, 817, 818, 821/ 

SCN5A gene mutations, 55 
Si-coincident murmurs, 89/ 90 
Scoliosis, 91, 651 

Screening obstetric ultrasound, HLHS, 1064 
SCV. See Superior vena cava 
Second heart field, 350 
Second heart sound (S2), 88 
ccTGA and, 1149 
coarctation of aorta, 1049 
HLHS, 1066 

isolated valvar pulmonary stenosis, 915 
peripheral pulmonary arterial stenosis, 915-916 
pulmonary atresia and intact ventricular 
septum, 945 

Second Natural History Study, pulmonary 
stenosis and, 923 
Secondary cardiac tumors, 1560 
Secondary heart field (SHF) cells 

mammalian heart development, 562, 562/ 
regulation of, 562, 563/ 

Secondary hypertension 

historical information suggesting, 1536? 
physical examination findings, 1537? 
Second-degree atrioventricular block, 462— 463, 
463/ 

Secundum atrial septal defects 
imaging, 229, 230/ 
maternal risk and, 1497-1498 
Sedation 

cardiac catheterization, 258-259 
cardiac CT, 247-248 
CMR and, 208, 210, 210/ 
electrophysiologic studies, intracardiac 
technique, 401-403 
transesophageal electrophysiologic 
study, 403 
Segmental analysis 

cardiac malpositions and, 1208 
complex heart disease, echocardiogram, 1196, 
1198? 

Segmental ventricular wall motion, analysis of, 

220 , 220 / 221 / 

Segmented k-space fast gradient recalled echo 
(fast GRE) sequence, 214 


Selective coronary arteriography, indications for, 
283, 283/-284/ 

Self-gating, MRI and, 208 
Semaphorin 3a (Serna 3a), E-C coupling, 63 
Semilunar valves, 15-18, 16/ 41 
angiocardiogram, 1116, 1117/ 
comparison of, 17-18 
and great vessels 

aortic valve insufficiency, 185 
pulmonary valve regurgitation, 185-186, 
186/ 

quantitative anatomic assessment of, 
182-183 

semilunar valve stenosis, 183-184, 184/ 
valve areas calculation, 184-185 
obstruction, myxomas, 1556 
stenosis, 183-184, 184/ 

Senning repair, 1122, 1124/ 1479 
ccTGA and, outcomes for, 1158 
Mustard repair v. s 1122-1128 
TGA and, 1098 

transposition of great arteries, 104 
SENSE technology (Sensitivity encoding technol- 
ogy), ventricular function and, 215 
Septal band, 13/ 14 
Septal bulge, in TGA, 1098, 1098/ 

Septal convexity, pulmonary atresia and intact 
ventricular septum, 941 
Septal defects 

CONCOR project, 1472/ 
human, genetics of, 570-571 
landmarks for, 14, 14/ 

Septal disruptions, 554-555 
Septal malalignment, 48, 48/ 

Septal myectomy, HCM and, 1231 
Septicemia, asplenia syndrome, 1212 
Septum primum flap, rupture, balloon atrial 
septostomy, 1118 

Sequential segmental analysis, 32-33 
SERCA-2. See Sarcoplasmic reticulum 
Series circulation, monitoring, 1070-1072, 
1070/ 

7qll deletion. See Williams-Beuren syndrome 
Severe aortic coarctation, Gd-enhanced 3-D 
MRA, 231,232/ 

Severe aortic stenosis, TTE and, 1378 
Severe hypertension, treatment, 1542 
Sheath placement, catheterization laboratory, 

intracardiac technique, 403-405, 404/ 
SHF. See Secondary heart field 
Shone syndrome, 1045 

Short-axis plane, ventricular function, 215, 217, 
218/ 

Shortening fraction, 159 
Shortest preexcited RR interval (SPERRI), 447 
SHP-2 gene, Noonan syndrome, 632, 633 
Shunt lesion 

atrial septal defect, 99 
atrioventricular septal defect, 99 
competitive sports, 99-100 
leisure activities and activities of daily 
living, 99 

patent ductus arteriosus, 99 
pre-athletic participation screening, 99 
ventricular septal defect, 99 
Shunts. See also specific i.e. Aortopulmonary 
shunts 

lesions, CMR and, 229-230 
pulmonary atresia and intact ventricular 
septum, 956 
tricuspid atresia, 883 
Sickle cell anemia, 1420-1421 

cardiac manifestations, 1591-1592 
chest pain and, 1511 
Sideris “buttoned device 685 
SIDS. See Sudden infant death syndrome 
Signal void, 231/ 

Signal-averaged electrocardiography, 374 
Signaling cascades, mutations in, 568 
Sildenafil, 496, 1677 

Simple valvotomy, dysplastic pulmonary valves, 
923 

Simultaneous left ventricular and aortic pressure 
tracings, 1029/ 

Simultaneous surface electrocardiographic leads, 
transesophageal technique, 413, 413/ 
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Single coronary artery, 747-748, 750 / 

complete transposition of great arteries, 753, 
753/ 

echocardiogram, 749 
Single nucleotide polymorphisms (SNPs) 
chromosomal deletions/duplications, 629 
Single outlet connection, great arteries and, 

44, 47 / 

Single photon emission computed tomography 
(SPECT), 219 

Single ventricle, 1177 / 1184, 1487-1489 
aortopulmonary shunts thrombosis, 

1598, 1600 

bidirectional glenn anastomosis, 1600 
CMR 

before stage I palliation, 238 
before stage II palliation, 238-239, 
239/-240/ 
fontan, 1600-1601 

neurodevelopmental outcomes, 1583-1584 
parallel circulation, HLHS and, 1069-1070 
physiology, exercise and, 106 
Single-inlet right ventricle with left atrioventricu- 
lar valve atresia, echocardiogram, 1186, 

1190 / 

Single-nephron phenomenon, postnatal periph- 
eral circulation and, 79 

Sinotubular junction, supravalvular aortic steno- 
sis, 1038-1039 
Sinus arhythmia, 444 
Sinus bradycardia, 460— 461, 460/ 
atrial switch repair, 1127 
Sinus node, 441 

development, 353-354, 354 / 3 55/ 356/ 
heart beat initiation, 352, 353/ 

PA-VSD and, 961 

Sinus node dysfunction, 460-461, 460/ 461, 
461f 

Sinus of Valsalva aneurysms, 755-756 
anatomy and physiology, 755 
Sinus rhythm 

atrial switch operation and, 1481/ 

Sinus venosus 
ASD, 685 

defects, 813-815, 813/, 814/ 850 
echocardiogram, 813/ 
embryology, 840, 841/ 

Situs inversus totalis, 1207 

Six-minute walk test (6MWT), PAH, 1437, 

1438/ 

Sjogren syndrome, 662 

Slipping rib syndrome, 1510 

Small vessel disease, myocardial ischemia, 1218 

Smydl chromatin remodeling protein (Bop), 563 

SNPs. See Single nucleotide polymorphisms 

Sodium channel blocker, 457 

Sodium nitroprusside, 495—496 

Sodium-potassium pump, sarcolemma and, 55 

Somatic growth, HLHS, 1081-1082 

SOS1, Noonan syndrome, 632, 633 

Sotalol, 458, 1681 

catecholamine-sensitive ventricular tachycar- 
dia, pregnancy and, 1503 
fetus, 661 

Sox 9, mitral valve development, 1003 
“Spade deformity,” HCM, 1218 
Spatial modulation of magnetization (SPAMM) 
myocardial tagging, 221 
Spatial pulse length (SPL), axial resolution and, 
136, 136/ 

Spatial relationships, 3-D imaging, 140 
Speckle tracking imaging, echocardiography, 

180, 180/ 

SPECT. See Single photon emission computed 
tomography 

SPERRI. See Shortest preexcited RR interval 
Spironolactone, 1676 

acquired heart disease, childhood/adolescence, 
1571 
DCM, 1243 

Splanchnic circulation, postnatal peripheral 
circulation and, 79-80 

Spleen 

child assessment and, 91 
postnatal peripheral circulation, 79-80 
Splenic anomalies, 34, 1196 


Spontaneous abortion. Turner syndrome, 626 
Sports 

classification of, 94-95 
competitive, 95 

aortic coarctation, 102 
aortic stenosis, 100-101 
atherosclerotic CAD, 112 
atrioventricular septal defect, 99-100 
congenital coronary anomalies, 110 
congenitally corrected transposition of the 
great arteries, 106 

d-transposition of the great arteries, 105 
Ebstein’s anomaly, 104 
heart transplantation, 109 
hypertrophic cardiomyopathy, 112 
Kawasaki disease, 111 
pediatric cardiomyopathy, 113 
pulmonary stenosis, 102 
single ventricle physiology, 106 
systemic hypertension, 113 
tetralogy of fallot, 104 
screening, and participation, 93-113 
SPTI. See Systolic pressure time index 
SR Ca 2+-ATPase (SERCA2a), 56 
SSFP. See Steady-state free precession 
ST segment, 384 

abnormalities affecting, 384-385 
myocardial ischemia, 1378, 1381/ 

Stab wound, cardiac tamponade and, 556 
Staged palliation 

cardiac transplantation, HLHS, 1088 
HLHS, PVR and, 1074-1088 
Standardization, quality control implementation 
in clinical trial, 1651 
Staphylococcal endocarditis, 1372-1373 
prosthetic valve and, 1374 
Staphylococcus 

acute pericarditis, 1354-1355 
STARFlex septal occlusion system, 321 
Starling’s law, stroke volume and, 63 
Starnes approach, Ebstein’s anomaly, 898, 901/ 
Static 3-D imaging, 159 
Static magnetic fields, CMR and, 207 
Statins (HMG-CoA reductase inhibitors), choles- 
terol and, 1527 

Statins, novel therapy of PAH, 1455 
Steady-state free precession (SSFP) 

ECG triggered, 214, 214/ 

TOF and, 236, 237/ 

VCG triggered, 214 
Stenosis 

anatomy, 837 

of common pulmonary vein, 833 

of coronary ostium, 752 

of individual pulmonary veins, 836-837 

manifestations, 837 

treatment, 836 

Stenotic connections, pulmonary veins and, 809 
Stent(s). See also specific i.e. Endovascular 
stents 

biodegradable, 935 
implantation 

complications, 935 
placement, MDCT, 255, 255/ 256/ 
re-dilation, 935 
therapy, COA and, 1469 
Sternal closure, HLHS and, 1080 
Steroids 

acute rheumatic fever, 1308, 1308/ 
cardiopulmonary bypass, 532 
Stethoscope, auscultation and, 85 
Stillborn fetuses, cardiac defect and, 625 
StilPs murmur, 92 
Stimulator system, transesophageal 
technique, 413 

Stimulus current, transesophageal technique, 413 
Stoke-Adams episodes, atrial switch repair, 1127 
Stomach 

abdominal situs and, 36, 37/ 
visceral situs, 1196, 1196/ 

Storage, digital echocardiography, 165 
Storage diseases, 617, 1269 
Straddling valves, 50, 50/ 51/ 1177, 1178 / 
double-inlet right ventricle and, 1183 
Straight back syndrome, valvar pulmonary 
stenosis v., 920 


Straight wire, cardiac catheterization and, 328 
Strain, echocardiography, 179-180, 180/ 
Streptococcal endocarditis, 1364, 1372 
Streptococcal infection 
arthritis and, 1305 
RF and, 1308 
Streptococcal pharyngitis 

primary prophylaxis, 1322-1323, 132 3t 
secondary prophylaxis, 1323-1324, 132 3t 
Stress 

renal cortical blood flow, 79-80 
stage 1 palliation, HLHS and, 1076 
testing, MI and, 1380-1383 
Stress CMR. See Dobutamine stress CMR; Stress 
echocardiography 
Stress echocardiography, 156-157 
MI and, 1382? 
technical aspects, 158 
wall motion abnormalities, 158-159 
Strip-chart recorder, transesophageal technique, 
412—413, 413/ 

Stroke, 1514 
Stroke volume (SV) 
equation, 131 

exercise and, 106, 122-123, 122/ 
mitral regurgitation, 1015 
Starling’s law and, 63 
Structural heart disease, 747-752 
ST-segment 

lightning-related injury, 558 
ST-T waveforms, intrapericardial teratomas, 
1559 

Subaortic conus, identifying, 151 
Subaortic gradient 
HCM and, 1224 

LV wall thickness and, 1227, 1227/ 

Subaortic membrane, imaging, 379/ 

Subaortic obstruction, 1179, 1180 / 

Subaortic stenosis, 708-709, 1468-1469 
Subclavian artery anomaly, 759 
Subclavian flap aortoplasty, coarctation of aorta, 
1053, 1053/ 

Subclavian steal syndrome, 778 
coarctation repair, 1057 
Subclavian vein, approach to, cardiac 
catheterization and, 260 
Subcostal coronal views, atrial septum, 147 
Subcostal view 

ccTGA and, 1152/ 1153/ 

ECG, HLHS on, 1066-1067, 1068/ 

Subcostal window, 139 
Subcutaneous nodules, RF and, 1308, 1308? 
Subendocardial ischemia, 1378/ 1379 
Subpulmonary conus, 151 
Subpulmonary obstruction, 1117 
TGA/VSD and, 1105/ 

Subtotal cor triatriatum, 834, 835/ 

Subvalvular aortic stenosis, 1035-1038 
long term outcome, 1038 
natural history, 1036 
pathology, 1035 
physiology, 1035 
prevalence and etiology, 1035 
treatment, 1036-1038 
Sudden cardiac death (SCD), 1463, 1574 
athletes, 1227 
in athletes 

acquired coronary disease, 110-113 
congenital coronary artery abnormalities, 
109-110 

CHD operative repair, 1465/ 
epidemiology of, in youth, 389-390, 390/ 
infantile deaths, 389 
LV wall thickness and, 1229 
postmortem examination, 389 
pulmonary atresia and intact ventricular 
septum, 956 
RCM and, 1274 
rhabdomyositis and, 1552 
right coronary artery from pulmonary artery, 
752 

risk assessment for, 1228-1229 
rTOF, 1478 

single coronary artery, 747 

TOF, 1476, 1477, 1477/ 

in youth, prevalence and causes, 389-390 
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Sudden death, 1230 

aortic stenosis, 100-101 
athletic participation and, 95-97 
incidence of, 95 
in infancy, myocarditis, 1255 
Sudden infant death syndrome (SIDS), 389, 1218 
HCM and, 1228 
Sudden unexpected death (SUD) 
atrial switch repair, 1129 
Superior cavopulmonary connection, HLHS, 
1082, 1082/ 

Superior vena cava (SVC), 6-7, 6/ 38, 145 
anomalies of, 845-853 
d-TGA, 1485 

pathway obstruction, Mustard repair and, 
1123, 1127/ 

Supply/demand mismatch, 1378 
Suprasternal long-axis view, HLHS, 1067, 1068/ 
Suprasternal notch view 
HLHS on, 1067, 1069/ 

Suprasternal notch window, 139, 140 
Supravalvar stenosing ring, ccTGA and, 1152 
Supravalve mitral stenosis, 1008, 1008/ 
Supravalvular aortic stenosis, 1038-1039 

arterial switch operation, 1133, 1133/, 1134/ 
clinical features, diagnostic method and, 
1038-1039 

long-term outcome, 1039 
natural history, 1039 
pathology, 1038 
physiology, 1038 
prevalence and etiology, 1038 
treatment, 1039 

Supravalvular narrowing, arterial switch opera- 
tion, 1132, 1133/ 

Supravalvular pulmonary stenosis, arterial switch 
operation, 1133 

Supraventricular tachycardia (SVT), 444, 445? 
treatment of, 448 

Surfactant administration, in premature infants, 
475 

Surgery. See also specific i.e. Open heart surgery 
acute carditis, 1321 
alternatives to, HCM and, 1232 
anomalous left coronary artery from pulmo- 
nary artery, 751 

anomalous muscle bundles, 927 
chronic rheumatic heart disease, 1321-1322 
congenital pericardial defects, 1212-1214 
coronary artery anatomy, abnormal, pul- 
monary atresia and intact ventricular 
septum, 953? 

HCM and, 1190, 1231-1232 
HLHS, PVR and, 1068 

inferior vena cava drainage to left atrium, 858 
interrupted aortic arch, 783 
myxomas, 1557 
PA-VSD and, 966-967, 967/ 
pulmonary arterial stenosis, complications, 
934-935, 935/ 
resection, cor triatriatum, 836 
rheumatic carditis, 1314 
right aortic arch with retroesophageal diver- 
ticulum of Kommerell, 767 
right coronary artery from pulmonary artery, 
752 

RV failure, following physiologic correction, 
1142-1143 

stage 1 palliation, HLHS and, 1074-1075, 
1075/ 

supravalvular aortic stenosis, 1039 
survival, 1579 
TGA, 1122-1143 

TGA and pulmonary vascular obstructive 
disease, 1143 

TGA/LVOTO, 1140-1143 
thoracic ectopia cordis, 1215 
tricuspid atresia, 882-885 
truncus arteriosus, 997-100, 998/ 1000/ 
univentricular atrioventricular connection, 
1193-1194 
Surgical closure 

infants, children, and adults, treatment of 
PDA, 739 

preterm infant, treatment of PDA, 736 
Surgical commissurotomy, 303 


Surgical dissection of umbilical vein, anomalous 
termination of umbilical veins, and 
absent ductus venosus, 859 
Survival. See also Kaplan-Meier survival curve 
curves, ASD, 1472, 1472/ 

ECMO cannulation, neonates, 533, 533? 

ES and, 1473-1474 
PA-VSD and, 966, 967/ 
pediatric heart transplantation, 1384 
rTOF, 1477/ 

transposition of great arteries, 1097, 1098/ 
VAD implant and 
SV. See Stroke volume 
SVB. See Systemic venous baffle 
Sv02. See Systemic venous saturation 
SVR. See Systemic vascular resistance 
SVT. See Supraventricular tachycardia 
Sweeping technique 

heart imaging planes, 139-140, 140/ 

Swiss Cheese phenomenon, 

heart center, safety and quality, 1622 
Sydenham chorea, 1309/ 1311 
Sympathetic innervation, E-C coupling, 63-64 
Sympathetic nervous system 
neurotransmitters of, 63 
Syncope 

adolescents, 83-84 

Syndromes. See also specific i.e. Down 
syndrome 

peripheral pulmonary arterial stenosis and, 

935 

Syringe, pulmonary angiography, 283, 283/ 
Systemic arterial alformations, 789-792 
angiography, 790 
cardiac catheterization, 790 
differential diagnosis, 790 
echocardiography, 790 
imaging, 790, 791/ 
natural history, 791-792 
pathology and pathogenesis, 789-790 
physiology and clinical manifestations, 790 
prevalence, 789 
treatment, 791-792 
ultrasound, 790 
Systemic arterial desaturation 
tricupsid atresia, 879 

Systemic arterial pressure, pregnancy, 1494 
Systemic atrioventricular valve regurgitation, 
1157/ 

Systemic blood pressure, double balloon tech- 
nique 

Systemic circulation, univentricular atrioventricu- 
lar connection, 1193 

Systemic diseases, pulmonary stenosis and, 
920-925 

Systemic hypertension 
COA, 1469 
SCD and exercise, 113 

Systemic inflammatory response, cardiopulmo- 
nary bypass, 532 
Systemic oxygen delivery 
HLHS, 1069-1072 
Qp/Qs, 1069, 1071 
Systemic right ventricle, maternal risk 
and, 1501 

Systemic vascular resistance (SVR) 
equation, 269?, 271 
pregnancy, 1494 
Qp/Qs, 1071 

Systemic vein stenoses, transcatheter 
management, 31-32 
Systemic veins 
cardiac CT, 251 
echocardiogram and, 146-147 
Systemic venous anomalies 
CMR and, 235-236, 236/ 
treatment, 1207 
Systemic venous baffle (SVB) 
d-TGA, 1483 

Systemic venous drainage, balloon-occlusion 
angiography, 269 

Systemic venous return, HLHS and, 1064 
Systemic venous saturation (Sv02) 

circulatory management and, 1069, 1070? 
Systemic ventricular dysfunction, childhood/ 
adolescence, 1567 


Systemic ventricular failure, in CCTGA, 1486, 
1486/ 

Systemic-pulmonary anastomosis, TGA and, 
1122 

Systemic/pulmonary (s/p) patch aortoplasty, 

COA and, 1470, 1470/ 
Systemic-to-pulmonary artery shunt 
HLHS and, 1074, 1075 
pulmonary artery banding, 1140 
Systemic-to-pulmonary artery shunts, 512-513 
Systemic-to-pulmonary collateral arteries, 
PA-VSD and, 964, 965/ 

Systems thinking, heart center, safety and quality, 
1632 

Systolic anterior motion (SAM) 
mitral valve, 1229/ 
of mitral valve, HCM, 1218 
Systolic arterial hypertension, coarctation of 
aorta and, 1048 
Systolic blood pressure 

coarctation of aorta, 1048 
isolated valvar pulmonary stenosis, 919 
Systolic crescendo-decrescendo systolic ejection 
murmur, congenital aortic stenosis, 

1026 

Systolic ejection murmur 

congenitally bicuspid aortic valve, 1467 
HCM and, 1226 

peripheral pulmonary arterial stenosis, 929 
Systolic function 

determinants of, 65 
developmental aspects of, 65 
Systolic murmurs, 89 
cyanotic neonate, 946? 

HCM, 1226 

isolated valvar pulmonary stenosis, 916, 916/ 
peripheral pulmonary arterial stenosis, 932 
supravalvular aortic stenosis, 1038 
Systolic pressure time index (SPTI), 1025, 1026/ 
Systolic regurgitant flow 

Doppler echocardiography, 946 
Systolic thrill 

isolated valvar pulmonary stenosis, 916 
univentricular atrioventricular connection, 
1185 

T 

T3. See Triiodothyronine 
T waves, 384 

abnormalities affecting, 384-385 
age-related transitions, 386 
myocardial ischemia, 1378, 1379 
tricupsid atresia, 879, 880/ 

Tachyarrhythmia. See Tachycardia 
Tachycardia 

atrial ectopic, 448^149 
atrial fibrillation, 450-451, 451/ 
atrial flutter, 450, 451/ 
atrial switch repair, 1127 
basic mechanisms, 441, 442/ 443 
cardiomyopathy, 455 
chaotic atrial, 449, 450? 
characterization of, 444 
d-TGA, 1481 

ECG evaluation, 443-444, 443/ 
intraatrial reentrant, 451-452, 452/ 
junctional ectopic, 449-450, 450/ 

Mahaim fiber, 448 

narrow complex tachycardia, 444, 445? 
nonautomatic focal atrial, 449 
normal resting heart rates, pediatric patients, 
443, 443? 

permanent junctional reciprocating tachycar- 
dia, 448, 448/ 

premature atrial contractions, 455-456, 4 55f 
premature ventricular contraction, 456 
prophylaxis, during pregnancy, 1503 
sinus arhythmia, 444 

unidirectional retrograde accessory pathway, 
448 

ventricular tachycardia, 453-454, 453/^455/ 
wide complex, 452-453, 452/ 453/ 
Wolff-Parkinson-White syndrome, 446-448 
Tachypnea 

complete AVSD, 700 
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partial atrioventricular septal defect, 692 
pulmonary atresia and intact ventricular 
septum, 945 

TAPVC without pulmonary venous obstruc- 
tion, 828 
Tamponade 

cardiac rupture, 504 

chest radiography, 1351, 1351 / 

TAPSE. See Tricuspid annular planar systolic 
excursion 

TAPVC. See Total anomalous pulmonary venous 
connection 

Target organ abnormalities, evaluation of, 
1535-1536 

Taussig-Bing anomaly, 1097, 1101, 1104 / 
Damus-Kaye-Stansel technique, 1139 
surgical arterial switch and, 1132 
Taussig-Bing double outlet right ventricle, coarc- 
tation of aorta, 1045 
TBX2, cardiac valve and, 568 
TBX5 mutations, 631 
TBX1 transcription factor 

22qll deletion syndrome, 970 
Di George syndrome, 563 
T-cell(s) 

activation inhibitors, pediatric heart trans- 
plantation, 1390 
myocarditis, 1256 
TDI. See Tissue Doppler imaging 
Team improvement, heart center, safety and qual- 
ity, 1627-1628, 1627/; 1628/, 1629/ 
1630/ 

model, 1625, 1626/ 

seven step problem solving model, 1625 

Six-Sigma DMAIC, 1625 

SPDSA, 1625-1626 

TED. See Thromboembolic disease 

TEE. See Transesophageal echocardiography 
Temporal resolution, 137, 137/ 

Temporary pacing, CICU, 500 
Tenascin-C 

perinatal pulmonary vasculature, 1417 
photomicrographs, 1409/ 

Tendinous cords, leaflets and, 10 
Teratogens 

maternal exposure, cardiac defects, 84, 84 1 
pregnancy and, 1502 

Terminal transferase labeling, apoptosis, 1259 

Terminology, diversity of, 32 

Tetralogy of Fallot (TOF), 708, 748/ 749/ 

753-754, 781, 804-805, 1476-1479 
activities of daily living, 104 
aortic arch, 974 
aortic root, 984 

aortopulmonary collaterals, 974 
atrioventricular septal defect, 976 
competitive sports, 104 
contraception, 985 
conus artery, 753-54 
coronary artery, 974 
endocarditis, 984 
JAGl gene mutation, 636 
left ventricle, 983-984 
palliative procedures, 978-97 9 
percutaneous palliation, 978 
Potts operation, 1476 
pregnancy, 985 
pulmonary artery, 974 
pulmonary atresia, 974 
pulmonary regurgitation, 980-981 
pulmonary valve leaflets, 975-976, 975/ 
pulmonary valve replacement, 983 
22qll deletion syndrome, 627 
retinoic acid, maternal exposure, 617 
right ventricle, 980-981, 981/ 
right ventricular diastolic dysfunction, 
982-983 

right-sided obstructive lesions, 103-104 
Tetralogy of Fallot repair (rTOF), 1476 
long-term problems for, 1478-1479 
New York Heart Association functional clas- 
sifflcation, 1477/ 

QRS duration over time, 1477/ 

Tetralogy type DORV, 1163-1164, 1164/ 
adult with, 1173 

TGA. See Transposition of great arteries 


TGFp. See Transforming growth factor beta 
Thalassemia syndromes, 1592-1593 
Thalidomide, 599-600 

Thermodilution method, oxygen consumption, 
268 

Thiazide diuretics, 1676 
Thick filaments 

cardiac myocytes, 57-58 
myosin, 57-58 

Third degree atrioventricular (AV) block, 
463-464, 463-465, 463/ 

Third heart sound (S3), 88 
HLHS, 1066 

Thoracic aortic aneurysm and dissection (TAAD) 
disease, ACTA-2 gene mutation, 804 
Thoracic ectopia cordis 
newborn and, 1215/ 
treatment, 1215 

Thoracic impedance, stroke volume and, 131 
Thoracic roentgenography, DCM and, 1241, 
1241/ 

Thoracic sarcomas, 1560 
Thoracoabdominal ectopia cordis, congenital 
heart disease and, 1215 
Thoracocervical ectopia cordis, 1214, 1214/ 
Thoracotomy, 87, 557 

pericardiac lacerations, 553 
Thorax, heart position in, 33 
Three-dimensional CT angiogram, coarctation of 
aorta, 1049, 1050/ 

Three-dimensional echocardiography, 159-162 
ASD, 681, 682/ 
ccTGA and, 1154, 1154/ 
rhabdomyomas and, 1553 
Three-dimensional magnetic resonance angiogra- 
phy, coronary arteries and, 215 
Three-dimensional mapping 

abnormal flow patterns, 226, 226/ 
intracardiac electrograms, 421, 422/ 

Thrills. See also Systolic thrill 
anomalous muscle bundles, 926 
child assessment and, 87 
pulmonary atresia and intact ventricular 
septum, 945 
Thrombocytosis, 1595 
Thromboembolic disease (TED), 1448-1449 
CHD and, 1580 
clinical features, 1420 
Thromboembolism, 1085-1086 
Thrombosis, 1522 

bridging therapy, 1603 
in children and adolescents, 1596 
congenital heart disease 
altered blood flow, 1596 
antiplatelet, anticoagulant, and thrombo- 
lytic therapies, 1598, 1599t 
arrhythmias, 1602 
cardiac catheterization, 1603 
cardiomyopathy/myocarditis, 1603 
early postoperative thromboses, 1598 
hypercoagulability, 1596 
inflammation and bloodstream infection, 
1598 

Kawasaki disease, 1602-1603 
prosthetic valves, 1601-1602, 1602t 
single ventricle population, 1598, 
1600-1601 

in cyanotic heart disease, 1598 
during pregnancy, management, 1503 
therapy in children and adolescents, 1 603 
Thrombosis clinic, anticoagulation therapy, 
pregnancy, 1503 
Thrombus 

formation, endocarditis, 1365 
right atrial enlargement and, 8 
TEE, 159/ 

THs. See Thyroid hormones 
Thyroid dysfunction 

amiodarone therapy, 458 
Thyroid hormones (THs), 58 
E-C coupling, 64 
Thyroxine, 1679 
Tidal volume (VT), 125 
exercise and, 125 
ventilation measurements, 131 
Tietze syndrome, 1509 


Tissue, characteristics of, MRI and, 228-229, 
229/ 

Tissue Doppler imaging (TDI), 189 
Tissue oxygen status, monitoring, 1071 
Titin, 57/ 58 

TNE See Tumor necrosis factor 
Toddlers 

CMR and, 207 
patient history, 83 

Toronto transseptal catheter, infants and, 
296-297 

Torsades de pointes, 454, 455/ 

Total anomalous pulmonary venous connection 
(TAPVC), 809, 811, 816, 818, 819, 
821-836, 838/ 

v. anatomic site comparison, 825/ 
anatomy, 823-826 
chest radiogram, 817/ 819 
to coronary sinus, surgical techniqu, 825 
genetics and epidemiology, 823 
to left innominate vein, surgical technique, 
825 

manifestations of, 828 

with obstruction, microscopic anatomy, 827 

PDA, 731 

postoperative course, 832 
prognosis 

postoperative course, 832 
untreated, 832 

with pulmonary venous obstruction, 

827, 830 

clinical features, 830-831 
differential diagnosis, 831 
physiology, 827 
surgical treatment, 831-832 
without obstruction, microscopic anatomy, 
827 

without pulmonary venous obstruction, 828, 
830/ 

clinical features, 827 
microscopic anatomy, 827 
Total anomalous pulmonary venous 
return, 512 

Total cavopulmonary anastomosis, tricuspid 
atresia, 885 

Total systemic vascular resistance (SVR) 
equation for, HLHS and, 1068 
Totipotential aortic arch, embryology, 759/ 760 
Trabeculations, ventricular myocardium, 1180, 
1181 / 

Tracheomalacia, 247, 787 
Tracking, lipids, 1520 
Transcatheter closure 

of fenestrations, 322-323 
of VSDs, 289 

Transcatheter device, transesophageal echocardi- 
ography, 155 

Transcatheter occlusion of persistent ductus 
arteriosus, 325-327 
Transcatheter procedures 

pulmonary atresia and intact ventricular 
septum, 954-955 

pulmonary vein stenoses and, 310-311 
rehabilitation of branch pulmonary artery 
stenosis, 307-310 

Transcatheter stent therapy, complex arch stent- 
ing, 305 

Transcription factors 

cardiac precursors, 562-570 
coronary development, 572 
SHF regulation, 562-563 
Transducer position, Doppler echocardiography, 
140 

Transesophageal atrial pacing 
protocols, 41 Of 

transesophageal technique, 403/ 405 
Transesophageal echocardiography (TEE), 
153-156 
approach, 154 
ASD, 679, 682/ 
cardiac tumors, 1550 
ccTGA and, 1154 
congenital aortic stenosis, 1029 
imaging planes, 155/ 
intraoperative, 154 
ventricular septal defects, 717, 718/ 


I “30 Index 


Transesophageal electrophysiologic study 
complications, 410-411 
drug administration, 403 
education and emotional preparation, 401 
objectives of, 416-417 
pacing protocols for, 41 Of 
Transesophageal recordings, 412, 414 / 
unipolar v. bipolar, 415/ 

Transesophageal techniques 

catheter placement, 403-405, 404/ 
comparison of, 416—417, 417 1 
Transforming growth factor beta (TGFp), 799 
Transient bacteremia, endocarditis, 1365 
Transitional AVSD, 691 
Transitional circulation, 473 
birth, 72 
TGA and, 1110 

Transmitral doppler flow evaluation, 189, 190/ 
Transparency, clinical trial reporting, 1656 
Transplant rejection, PCICU, 523 
Transposed great arteries, tricupsid atresia, 
878-879 

Transposition complexes, terminology, 44 
Transposition of great arteries (TGA), 1097- 
1143, 1098 
angiogram, 1119 
arterial repair, 1122 

with associated right ventricular outflow tract 
obstruction, surgery for, 1141-1142 
balloon atrial septostomy, 1114, 1116/ 
cardiac segments, 1098, 1098/ 
clinical manifestations, 1111-1119 
CMR of, 236-238 
coarctation of aorta, 1045 
coexisting anomalies, 1101-1106 
coronary artery distribution, 1099, 1102/ 
coronary patterns, frequency distribution of, 
1103/ 

echocardiographic features, 1115/ 
maternal risk and, 1501 
effects of exercise, 104-105 
HRQOL, 1616 

infants and, surgical options, 1122-1143 
intracirculatory mixing, 1107/ 1116-1107 
with IVS, 1097, 1098/ 1106, 1106, 1107/ 
1107/, 1113-1114, 1113-1116 
angiogram, 1119 

echocardiographic features, 1115/ 
prostaglandin El, 1120-1121 
without associated outflow tract obstruc- 
tion, 1122-1128 
with large VSD, 1113 

with low left ventricular pressure, surgery for, 
1138-1139 

with LVOTO, 1097, 1098/ 1101-1103, 
1103, 1104/ 

preoperative v. postoperative, 1142/ 
surgery for, 1140-1143 
morphogenesis and etiology, 1098, 1098/ 
neoaortic dysfunction 

arterial switch operation, 805-806 
echocardiographic assessment, 806 
histologic abnormalities, 806 
prevalence of, 805 
nomenclature, 1097 
oxygen saturation, 1116 
PA- VSD v., 965 
with PDA, 1097 

physiologic-clinical classification, 1112t 
physiology, 1106-1111 
with pulmonary blood flow 

and large intercirculatory shunt, 1112 
and small intercirculatory shunt, 1112 
pulmonary vascular obstructive disease and 
restricted pulmonary blood flow, 1112 
surgery for, 1143 

restricted pulmonary blood flow, 1112 
with situs solitus of atria and viscera, 1097 
surgical arterial switch and, 1131 
surgical repair, electrophysiologic 
consequences of, 1130t 
treatment, 1119-1122 
with VSD, 1097, 1101 , 1103/ 1104/ 
Transposition type DORV, 1164-1165, 

11 66/"— 1168/ 
survival, 1173 


Transpulmonary contrast echocardiography, 
164-165 

Transpulmonary resection, TGA/IVS, 1140 
Transseptal puncture, 295-297 
Transtelephonic event recording, 374-375 
Transthoracic echocardiography (TTE) 

IE and, 1368 
MI and, 1380 

Transverse arch, HLHS, 1067, 1068/ 

Transverse tubule system, 56 
Trauma, chest pain and, 1510 
Traumatic cardiac tamponade, 553 
Traumatic pericarditis, 553 
Triangle of Koch, 9, 24 
Triatriatum dextrum, 860 
Tricuspid annular planar systolic excursion 
(TAPSE), 181, 181/ 
pulmonary arterial hypertension, 1436 
Tricuspid atresia, 44, 46/ 516, 877-885 
classification of, 877, 878/ 

ECG features, 879-880, 879/ 880/ 
pathology of, 877, 878/ 
persistent valves of sinus venosus, 860 
prognosis, 885 
RA, 877, 878/ 
treatment, 882-885 
truncus arteriosus v. y 996 
Tricuspid regurgitation, 1156 
atrial switch repair, 1124 
ccTGA and, 1157 
Mustard operation and, 1484 
pulmonary atresia and intact ventricular 
septum, 945 

Tricuspid stenosis, 885-886 
Tricuspid valve (TV), 10t, 11-12, 11/ 

149-150 

anatomy, four-chamber view, 1066, 1067/ 
angiocardiography, 1116-1118 
anomalies, 1103, 1105 

pulmonary atresia and intact ventricular 
septum, 942/ 
ccTGA and, 1154 
dilation, 303 
disease of, 877 
dysplasia, HLHS and, 1064 
Ebstein’s anomaly, 516, 889, 890/ 891/ 

892/ 

Broussais approach, 902 
cone reconstruction, 902 
da silva approach, 900, 902, 904/ 
Danielson repair, 900, 903/ 
history, 900 
ventriculization, 902 
HLHS and, 1064 
insufficiency, 886 
mitral valves u, 39-40 
morphology, 39 
obstruction, 861 

pulmonary atresia and intact ventricular 
septum, 941, 942/ 946 
replacement, 903, 906-907 
surgery, 1142 

Triggered activity, tachyarrhythmia, 441 
Triglycerides 

genetics and, 1521 
hypothyroidism and, 1522 
Triiodothyronine, 1679 
Trimethadione, PA-VSD and, 959 
Triphosphate nick end labeling (TUNEL), 1259, 
1259/ 

Trisomy 18, 619, 625-626, 657 
Trisomy 21 

atrioventricular septal defects, 625 
fetus and, 651 
tetralogy of Fallot, 617 
Tropomyosin, 57, 57/ 

Troponin, 1267 
complex, 56-57 
Troponin C 

calcium binding, 57, 57/ 

Troponin I, 57 

myocardial injury, 1381/ 

Troponin T, 56-57 

Troponin-tropomyosin complex interaction, 
actin filament, 57, 57/ 

Trough drug concentrations (C min), 1663 


True fast imaging with steady precession 
(TrueFISP), 214 
Truncal valve 

dysfunction, 100 
incompetence, 994 
truncus arteriosus, 991 

Truncus arteriosus (Common truncal artery), 42, 
150, 153, 512, 754, 990-1001 
anomalies associated with, 993 
classification system, 990, 992/ 
differential diagnosis, 996-997 
embryology, 990 
long-term issues, 1001 
manifestations of, 993-996, 996/ 
natural history and treatment, 997 
pathology, 990-993, 991/ 

PDA, 732 

22qll deletion syndrome, 627 
Trypanosoma cruzi , myocarditis, 1255 
TSE. See Turbo spin echo 
TTE. See Transthoracic echocardiography 
T-tubules, 56 

T-type voltage-gated calcium channel, 362 
Tuberculous pericarditis, 1355 
Tuberous sclerosis syndrome, cardiac 

rhabdomyoma, manifestations of, 1553 
Tumor necrosis factor (TNF),1258 
Tumor volume analysis, matrix array three- 

dimensional echocardiography, 1550, 
1551/ 

TUNEL. See Triphosphate nick end labeling 
Turbo spin echo (TSE) 

abdominal coarctation, 232/ 
central pulmonary arteries, 235 
CMR and, 213 

with double inversion recovery, 234, 234/ 

fibroma, 1552/ 

hemangioma, 214/ 

left pulmonary artery sling, 234 

pericardial teratoma, 228/ 

Turner syndrome, 657, 819, 1023 
CHD, 618 

coarctation repair, 1057 
women, 626 

22qll deletion syndrome 
mutations and, 1579 
testing, 627-628 
tetralogy of Fallot, 627 

Two-chamber plane, ventricular function, 215, 
218/ 

Two-dimensional echocardiogram 

anomalous muscle bundles, 926, 926/ 
cardiac tumors, 1550 
coarctation of aorta, 1050, 1050/ 
doppler study, 728 
fibroma, 1555/ 

HLHS and, 1061-1062, 1062/ 1066 
IE and, 1368 

isolated valvar pulmonary stenosis, 916-917, 
918/ 

myxomas, 1557/ 
physics of, 134-139 
RCM, 1271, 1272/ 
rhabdomyomas and, 1553, 1553/ 

TGA and, 1110 

truncus arteriosus, 994-995, 994/ 

Type B interrupted aortic arch, 8-month child, 248/ 
Type IV collagen, 54 


U 

U waves, 384 

abnormalities affecting, 384-385 
UHL anomaly, 886-887 
associated anomalies, 911 
clinical presentation, 910 
differential diagnosis, 911 
history, 910 
pathology, 910 
prevalence, 910 
treatment, 911 
Ultrafiltration, 1078 
Ultrasonography, 759 
Ultrasound 

atherosclerosis, 1516 

systemic arterial alformations, 790 


Index 


Umbilical artery, recording of, normal fetus, 655 
Umbilical catheters 

in newborns, congenital heart disease, 479 
Umbilical veins 

ductus venosus, 458, 4 59/ 
recording of, normal fetus, 654 
Umbilical venous access, cardiac catheterization 
and, 260 

Umbilical-placental circulation 
postnatal central circulation, 71 
postnatal peripheral circulation and, 78 
Unblinding, clinical trial, 1646 
Unfractionated heparin, pregnancy and, 1503 
Unifocalization procedures, PA-VSD and, 966, 
966/ 

Unipolar recording system, transesophageal 
technique, 412, 413/, 415/ 

Unipolar transesophageal simultaneous 

recordings, transesophageal technique, 
412,415/ 

United Network for Organ Sharing (UNOS) 
allocation algorithm, 1384 
Univentricular atrioventricular connection, 44, 
1175-1194 

anomalies having, 1177, 1178/ 
cardiac catheterization, 1189-1192 
clinical features, 1185 

echocardiogram, 1176 / 1179/, 1185-1189, 
1186/ 1187/ 1188/ 1189/ 1190/ 
electrocardiographic features, 1185-1189 
embryology, 1178/ 
goals of, 1189 
radiologic features, 1189 
treatment, 1192-1194 

Univentricular heart, 175, 182. See also Double- 
inlet left ventricle 

Unoperated structural heart disease, childhood/ 
adolescence, 1566 

Unroofed coronary sinus, coronary sinus defect 
and, 853-854, 853/ 

Upper airway obstruction, 1415, 1416/ 1417/ 
1417* 

Upper body cyanosis, infants and, heart disease 
and, 82-83 

Upper limb abnormalities, Holt-Oram syndrome, 
631 

Upper septum abnormalities, 15 
Urinary infection, 522 


V 

Vaccination, myocarditis, 1222, 1263-1264 
VACTERL association, 634-635 
VAD. See Ventricular assist device 
Valid randomization, 1645, 1645* 

Valproic acid, pregnancy and, 1502 
Valsalva maneuver 
foramen ovale and, 9 
HCM, 1226 

myocardial contractility, 1224 
Valvar pulmonary stenosis, 923-924, 923-925 
Valve areas 

calculation of, 272* 
pressure gradient across, 272 
Valve remodeling, EGF signaling and, 569 
Valves of sinus venosus, embryology of, 

860, 861/ 

Valvotomy 

balloon valvuloplasty v., 923 
congenital aortic stenosis, 1031-1033 
Valvular aortic stenosis, 1024, 1024/ 
embryology and pathology, 1024-1025 
in infancy 

clinical features, 1033-1034 
evaluation and management, 1034-1035, 
1034/ 

physiology, 1025-1026 
prevalence and etiology, 1023-1024 
Valvular obstruction, myxomas, 1556 
Valvular regurgitation 
ccTGA and, 1152 
rheumatic carditis, 1311-1312 
Valvuloplasty 

aortic stenosis, 100 

congenital mitral valve stenosis, 1019 

pulmonary valve stenosis, 102 


Valvuloplasty catheter, partially inflated, 920, 
920/ 921/ 

Van Praagh Classification System, 32 
truncus arteriosus, 990, 992/ 

Vancomycin 

staphylococcal endocarditis, 1373 
streptococcal endocarditis, 1372 
Variant repolarization, myocardial injury and, 
1380/ 

Vascular access, cardiac catheterization and, 259 
Vascular anomalies, 788-789 
Alagille syndrome, 631 
classification, 789, 789* 
classification of, 864 
coarctation repair, 1057, 1057/ 1058/ 
embryology and genetics, 864 
embryology and pathogenesis, 788-789 
imaging of, 866-867 
management of, 867 

Mulliken and Glowacki classification of, 864 
vascular tumors, 865-867 
Vascular endothelial growth factor 
(VEGF), 788 

coronary development, 61 
pulmonary artery pressures, 1408 
Vascular interstitial cells (VIC), ECM, 569 
Vascular malformations, 794-796 
capillary malformations, 873 
fast-flow vascular malformations, 873-874, 
976 

imaging of, 873 

lymphatic malformations, 872-873 
venous malformations, 867-868, 870 f {see 
also Venous malformations) 

Vascular resistance 

cardiac catheterization and, 271-272 
changes at birth, 72, 73/ 

Vascular response, hypnotic drugs and, 1078 
Vascular rings, 253, 253/ 759-760, 760t, 760* 
aortic arch anomalies, 759 
double aortic arch, 778-782 
mirror-image right arch, 766-767, 767/ 768/ 
769/ 

MRI, 233-234, 234/ 
turbo spin echo, 234, 234/ 

Vascular sheaths, 424 
Vasculitis, RF and, 1307 
Vasculogenesis, 61 

distal coronary development, 571 
Vasoactive medications, HLHS and, 1076 
Vasoconstrictor neuropeptide-containing nerves 
reactive pulmonary circulation, 1406, 1407/ 
Vasoconstrictors, 494-495 
Vasodilating drugs 

cardiopulmonary bypass, 532 
pediatric heart transplantation, 1394 
Vasodilators, 492*, 495^97, 1676-1678, 1676* 
Vasopressin, 495, 1679 

cerebral blood flow, postnatal peripheral 
circulation, 76 
kidney and, 79 

Vasoreactivity testing, pulmonary arterial 
hypertension, 1450 

VAT. See Ventilatory anaerobic threshold 
VATER association, 624*, 634-635, 1579 
Vaughan-Williams classification 
action potential changes, 456/ 
chaotic atrial tachycardia, 449, 450* 

VCS. See Ventricular conduction system 
VEC MRI sequence, blood flow analysis, 

223-225 

Vectorcardiography, 373 
Vegetation formation 

antibiotic therapy, IE and, 1365 
endocarditis, 1365 

Velocardiofacial syndrome, 621*, 627-628 
Velocity-time integral (VTI), 131 
Vena caval injury, trauma and, 556 
Venoarterial extracorporeal membrane 

oxygenator (ECMO), HLHS and, 1079 
Venoatrial connections, 44 
Venous collateral vessels, angiogram, 279, 281/ 
Venous connections 

cardiac malpositions, 1210 
univentricular atrioventricular connection, 
1189 


Venous drainage, LSVC, 279 
Venous hum murmur, 92 
Venous hum, PDA, 731 
Venous malformations 

congenital phlebectasia, 868, 871/ 
histological features of, 867 
intralesional venography, 868, 871/ 
localized intravascular coagulation, 868 
macrocystic lymphatic malformation, 

868, 872/ 

MRI of, 867, 870/ 
sclerotherapy, 868, 871/ 
treatment of 

compression stocking for, 869 
extralesional extravasation, sclerosant, 

871, 875/ 

sclerotherapy, 869-870 
Venous murmurs, 92 

Venous oximetry, intravascular oxyhemoglobin 
monitoring, 486 

Venous systems, embryology, 840-845 
Venous valves, pulmonary atresia and intact 
ventricular septum, 940-941 
Ventilation measurements, 131-132 
Ventilation-perfusion scintigraphy 

pulmonary arterial hypertension (PAH), 1438 
Ventilatory anaerobic threshold (VAT), 120-121 
Ventilatory threshold (VT), 120-121 
Ventricle repair, 907-908 
Ventricles, 40-41, 40/ 1089 
anatomy, 1211 
base-apex characteristics, 4 
comparison of, 13/ 15 
general features, 4 
positions of, 42-43, 43/ 

Ventricular aneurysm, 504 
MRI and, 228 
posttraumatic, 555 

Ventricular aneurysmectomy, ventricular aneu- 
rysm, 555 

Ventricular arrhythmias 

athletic screening and, 103, 104 
rTOF, 1476 

Ventricular assist device (VAD) 
adverse events, 539, 539* 
clinical criteria for, 538-539, 538/ 539/ 
extracorporeal membrane oxygenation 
(ECMO), 1596 

implant in children, by era, 539-540, 540/ 
541/ 

implant, survival and, 539/ 
pediatric patients, short-term VADs v. chronic 
pulsatile device, 539* 
pediatrics, 538-542 

Ventricular chambers, fetal cardiovascular system 
and, 645/ 646 

Ventricular conduction network, 359-361, 362/ 
363/ 

Ventricular conduction system (VCS) 
developmental aspects, 367, 367/ 

Ventricular depolarization, 376/ 377 
Ventricular diastole, 188 

Ventricular dysfunction, late Fontan and, HLHS, 
1085 

Ventricular failure, DMD and, 1279 
Ventricular fibrosis, 981-982 
Ventricular function 

quantitative evaluation, steps in, 215, 

217-219 

SSFP and, 215,218,219 
Ventricular ischemia, myxomas, 1556 
Ventricular mass, in children, blood pressure 
and, 1528 

Ventricular morphology, 41 
myocardial, 1180, 1181 / 
univentricular atrioventricular connection, 
1190-1191, 1192/ 

Ventricular myocardium, morphology, 
1190-1191, 1192/ 

Ventricular out flow tracts (OFTs), 349 
Ventricular outflow 

tracts, fetal cardiovascular system and, 650/ 
Ventricular outlet septum, malalignment defects 
of, 1117 

Ventricular output 

preferential pattern of, 70, 70/ 
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Ventricular pacing, 500 

Ventricular pressure, isolated valvar pulmonary 
stenosis, 913, 914/ 

Ventricular pressure-volume relationships, right 
v. left, 546, 547/ 

Ventricular rate, 375 
Ventricular repolarization, 384 
Ventricular septal defect 
in PCICU, 513 
response to exercise, 99 

Ventricular septal defect (VSD), 926, 1114, 1401, 
1471-1472 

angiocardiography, 882 
ccTGA and, 1148, 1152 
chest radiography, 715 
clinical outcomes and prognosis, 720 
CMR and, 229 
coarctation repair, 1057 
differential diagnosis, 719 
Ebstein’s anomaly, 890-891 
echocardiography and, 162, 715, 715/-717/ 
717, 1114-1116 
electrocardiography and, 715 
fetal heart, 647, 650/ 

GATA4 mutation, 635 
imaging of, 229, 231/ 
interrupted aortic arch, 784 
magnetic resonance imaging, 717 
maternal risk and, 1497-1498 
medical therapy, 719 
mirror-image right arch, 766 
pathology, 713-714 
PDA, 732 

physical examination, 715 
physiology, 714 
prevalence, 713 
surgical therapy, 719-720 
tricuspid atresia, 877, 878/ 
truncus arteriosus, 990 
univentricular atrioventricular connection, 
1177 

Ventricular septal myotomy-myectomy operation 
(Morrow procedure), 1231 
Ventricular septation, univentricular 

atrioventricular connection, 1193 
Ventricular septum, 14, 14/ 
echocardiography, 150 
hypertrophy and, 1217 
TGA and, 1098, 1098/ 

Ventricular situs 

abnormalities, 1197-1200 
morphology, 1201 
Ventricular synchrony 
echocardiography, 197 
Ventricular tachycardia(s), 431, 453-454, 
453/-455/ 

Duchenne muscular dystrophy, 1284 
myocarditis, 1208, 1210/ 1249, 1251/ 
rTOF, 1478 

Ventricular transesophageal pacing, 414-415 
Ventricular volumes, 160 


CMR, accuracy/reproducibility/reference 
values, 219 

determining, error sources, 219 
image analysis and, 217-218, 218/ 
Ventricular-great artery connections, 1211 
univentricular atrioventricular connection, 
1189-1190, 1192f 

Ventricular-great artery discordance, subaortic 
obstruction, 1179, 1180/ 
Ventricular-to-aortic pressure ratio, balloon- 
expandable intravascular stents, 934 
Ventricular-vascular coupling, normal 
fetus, 655 

Ventricular-ventricular interactions, 182, 550 
tetralogy of fallot, 983-984 
Ventricles, anatomy, 1211 
Ventriculoarterial connections, 44, 47/ 151 
Ventriculocoronary artery communication, 

persistent valves of sinus venosus, 860 
Ventriculography, 265 
Verapamil 

HCM and, 1229 
intracardiac study and, 410 
Very low density lipoprotein particles (VLDL), 
1520 

Viral genome, myocarditis, 1253-1254 
Viral pericarditis, 1354, 1354? 

Viral studies, myocarditis, 1250-1253 
Viruses, apoptosis and, 1259 
Visceral heterotaxy, PAPVD and, 819 
Visceral heterotaxy with asplenia, bilateral 

superior venae cavae, with unroofed 
coronary sinus, 848 

Visceral pericardium (Epicardium), 3, 571 
Visceral situs (Sidedness), 34, 35/-37/ 36, 1195, 
1197/ 

abnormalities, 1196-1200, 1198? 
cardiac malpositions, echocardiographic 
features, 1197/ 1208-1210, 1208/ 
1209/ 1210/ 

Visceral situs ambiguous, 1210, 1210/ 

Visceral situs inversus, 1208, 1209/ 

Visceral-atrial situs, 1195, 1197/ 

Vital signs 

assessment, 85 

congenital aortic stenosis, 1026 
Vitamin A, congenital heart defects and, 603 
VLDL. See Very low density lipoprotein particles 
Volume of distribution (VD) (apparent volume of 
distribution), 1663 

von Willebrand Disease (vWD), 1594 

von Willebrand factor (vWF) tethering, 1589-1590 

VSD. See Ventricular septal defect 

V-slope method, pediatrics and, 121 

VT. See Tidal volume; Ventilatory threshold 

VTI. See Velocity-time integral 


W 

Warfarin therapy 

chronic rheumatic heart disease, 13 19?, 1320 


mitral valve prolapse, 1020 
pregnancy and, 1502, 1504 
Waterston operation, Tetralogy of Fallot, 1476 
Waterston shunt 

tricuspid atresia, 883 
WBCs. See White blood cells 
Wedge angiography, 1405, 1406/ 1406? 

pulmonary arterial hypertension (PAH), 1439 
Weight loss, hypertension and, 1536 
Wenckebach’s periodicity, 366 
Werd nig -Hoffman disease, 1415 
White blood cells (WBCs) 
disorders of, 1593 
normal development of, 1589 
WHO (World Health Organization) 
cardiomyopathies and, 1267 
Doppler echocardiography, RF and, 1314 
Wide complex tachycardia, 452-453, 452/ 453/ 
Williams syndrome, 620?, 628-629, 628/ 933, 
1579 

balloon angioplasty, 934 
peripheral pulmonary arterial stenosis and, 
928 

peripheral pulmonary arterial stenosis v ; 932 
Williams-Beuren syndrome (7qll deletion), 
628-629 

Wolff-Parkinson- White pattern, 374 
Wolff-Parkinson-White syndrome (WPW syn- 
drome), 358, 446-448, 1271 
ablation, 417 

accessory pathways, 446-447 
atrial fibrillation, 447, 447 / 
risk stratification, 447-448, 447/ 

Wood unit, 271 
Work, 118-119, 119/ 

HR v., in children, 121/ 122 
Workload, oxygen consumption v ., 119/ 


X 

X chromosome, 1277-1278 
Turner syndrome, 626 
X-linkage, BAV, 804 

X-linked cardiomyopathy, Duchenne muscular 
dystrophy, 1284 

X-linked recessive inheritance, Kartagener syn- 
drome and, 634 


Y 

Yin-Yang relationship, 137 


Z 

Z-disk 

myocyte and, 58 

Zebrafish, DNA mutations and, 560 
Zinc-finger transcription factor, 567 
Zink finger protein 9 gene (ZNF9), 1277 
ZNF9. See Zink finger protein 9 gene 
Z-scores, echocardiography, 172 



